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We investigated the formation of different types of rivers depending on slope, total discharge, and grain size. Calculations
were performed using numerical package CCHE2D, developed by the National Center for Computational Hydroscience and
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Engineering. The model is based on the Navier-Stokes equations for depth-integrated two-dimensional turbulent flow and
the three-dimensional convection-diffusion equation of sediment transport. For each model we use the same river geometry,
suspended load concentration, and bedload transport rate. We distinguish three types of rivers using two methods for classi-
fication (single-channel, multiple-channels and transitional). We found that the trend line for transitional rivers is an increas-

ing function of Q in space (Q, d) and that for large S the number of multichannel rivers decreases.

Key words: river classification, multiple-channel rivers, single-channel rivers, sedimentation.

INTRODUCTION

River systems are important factors that shape the surface
of the Earth. The analysis of river systems are based on differ-
ent criteria. Generally, four pure types of river are considered:
single-channel — straight and meandering; multiple-channel —
braided and anastomosing (e.g., Schumm, 1981; Nichols,
1999). In addition to these “pure” types there exist also “inter-
mediate” (transitional) rivers that have the properties of a few
pure types (e.g., wandering rivers — Schumm, 1981).

Lane (1957) and Leopold and Wolman (1957) proposed
analysis based on parameters Q and S. The space (S, Q) is di-
vided into two regions (meandering rivers, braided rivers) sepa-
rated by lines specified by simple equations. Another approach
is the Rosgen classification (Rosgen and Silvey, 1998; Fig. 1).
This classification concerns two basic types: single-channel
and multiple-channel rivers. The Rosgen classification is based
on the slope and size of the dominant grains of the channel ma-
terial. Note, however, that for a given slope and grain size there
are several possible types of the river according to the Rosgen
classification, e.g. A4, F4b, B4, E4b, C4b, and D4b types for the
same range of slope (0.02-0.039) and the same grain size
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(gravel). In fact, this classification does not specify the condi-
tions for forming any type of river.

However, according to Leeder (2011: p. 250): “No rigid clas-
sification of any single-channel on anything longer than a reach
level (a dozen or so channel widths) is universally practicable
since many rivers show downstream combinations of sinuosity
and braiding. However, many do not and some rational discrimi-
natory classification may be worthwhile”. It means that there ex-
ists a large group of transitional rivers that are not included in
the common classification. Moreover, Leeder (2011: p. 250)
stated also: “On the face of it, the magnitude of the energy avail-
able to a stream channel and the grain size of the sediment sup-
plied to it might be considered to be primary dynamic variables”.
Note, the stream energy is given by the formula:

Q=pgQS
where: p —density of liquid, g—gravity, Q—discharge, and S —slope.

In the present paper we used a numerical model of the
river and tried to determine the values of the parameters — dis-
charge Q (m3s™), slope S (rad) and grain size d (mm)— neces-
sary for the formation of a given type of river. There are many
papers (e.g., Magnuszewski and Gutry-Korycka, 2009a, b)
that concentrate on the practical aspects e.g., hydrotechnical,
flood control, and protection. However, according to our best
knowledge our paper is one of the first presenting classifica-
tion for this range of parameters (relatively high slope S and
small or medium discharge Q) based on numerical model sim-
ulations.
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PARAMETERS OF CONSIDERED
MODELS

The notation of some parameters of the model used in the
paper is shown in Table 1 and Appendix 1*. We used a rather
high slope of the channel S — in the range of 0.01-0.04. We in-
vestigated the behaviour of a river with such a range for a few
reasons:

— this range is less explored,;

— we plan in future to use our calculations for comparison
with rivers on Titan, where the typical slope is probably
higher (e.g., the range 0.03-0.07 was found by Perron et
al., 2006) than for many terrestrial rivers.

The chosen discharge Q (30-200 m®s™) corresponds with
small and medium terrestrial rivers and medium Titanian rivers
(e.g., Jaumann et al., 2008; Burr, 2010). The largest Titanian
discharge is probably ~1600 m® s™. This value is obtained for
an episodic river under the assumption that the flow has short
recurrence intervals.

The sizes of grains d of the river bed, bedload, and sus-
pended load are the same for a given model and for each model
we used grains of one size only. The calculations are performed

for the following grain sizes: 0.1, 1, 10, 100, 200 mm. These
sizes are common in terrestrial as well as in Titanian rivers (e.g.,
Leopold and Emmett, 1976; Tomasko et al., 2005). Taking
grains of one size only is a typical physical approach to simplify
the situation. In natural rivers it corresponds to cases where one
grain-size dominates. The single value (D50) is often used as a
parameter characterizing the grain size distribution (e.g., Yalin,
1992: section 1.5).

The size and initial topography of the domain of calculations
are given in Figure 2. The length of the domain is 1 km and its

Table 1

Common parameters used for all models considered

Parameter Value
Gravitational acceleration [m s 9.817
Specific gravity 2.65
Kinematic viscosity [m? s™"] 1.52 x 107°
Suspended load concentration [kg m™] 0.1
Bedload transport rate [kg m™'s™] 0.1
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Fig. 1. Classification of rivers according to Rosgen and Silvey (1998)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1330
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Fig. 2. The initial bed topography and other information about the domain used for our simulations

A — topography, B — cross section along the river, C — cross-section across the river;
arrows indicate places where initial or boundary conditions are specified

width is 0.2 km. This width allows for the development of a few
parallel channels. Note that the domain is constant, so lateral
boundaries represent "rigid banks" that cannot be eroded. For-
tunately, the modelled river is rather narrow and the stream (or
streams) is usually separated from the boundary of the domain
by lateral bars. These bars could be subject to erosion, so some
lateral motion of the river channel could be also simulated (in
the range of the domain).

The initial and boundary conditions for all models are given
in Figure 2, Table 1 and Appendix 1. The discharge Q, bedload,
and suspended load are given at the inflow. For the values of Q
used in our simulation, the flow is approximately steady and the
bed change is relatively slow. Using the same grain size for the
bedload and the suspended load at the inflow is not a crucial as-
sumption because “natural” distributions (i.e. distributions cor-
responding to current velocity fields and the intensity of turbu-
lence) will be established in a few tens of metres from the begin-

ning of the section of the river considered. Then the fine fraction
will become the suspended load, while the coarse fraction will
become the bedload.

We modelled the evolution of the river for at least 100-200
days. This time is long enough to achieve stabilization (i.e. the
initial artificial shape of the water surface changes into a natural
one after a few days). Note also that the evolution for the first 11
days could include some transient effects resulting from the arti-
ficial initial shape of the channel. Later, transient effects are
small and the river could be treated as a natural one.

The Manning coefficient and porosity are given in Figures 3
and 4. The values of the Manning coefficient for grains up to
1 mm and for some chosen greater values are taken from
Melosh (2011, after Arcement and Schneider, 1989) and
Arcement and Schneider (2013). For other larger grains an in-
terpolation is used. A similar procedure is used for the porosity
(Fig. 4 based on table 2_1 from McWhorter and Sunada, 1977).
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Fig. 3. Manning coefficient versus size of grains (interpolation is made
by a logarithm function represented by black, straight line)
Data are obtained by interpolation of the data from Melosh (2011,
after Arcement and Schneider, 1989) and Arcement and Schneider (2013)
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Fig. 4. Porosity versus size of grains

Data are obtained by interpolation of the data from McWhorter and Sunada (1977)

NUMERICAL MODEL

We chose numerical modelling as our method of investiga-
tion. Of course, even the best numerical program uses some
simplifications. However, this method has some advantages
compared to field research and laboratory models. Contrary to
field research, we have good control of the parameters (e.g.,
discharge). On the other hand, the laboratory models are much
smaller than real rivers. We used the same numerical package
as in our previous work (Misiura and Czechowski, 2015; Witek
and Czechowski, 2015), i.e. CCHE2D package. Basic informa-

tion about this program is given below. Full information is in Wu
(2001), Jia and Wang (2001) and Zhang (2006).

In the package CCHE2D, flow dynamics is determined by
solution of the Navier-Stokes equations for depth-integrated,
two-dimensional turbulent flow and a depth-integrated continu-
ity equation (Jia and Wang, 2001). The transport of sediments
is modelled using a three-dimensional convection-diffusion
equation. The k—e model of turbulence is used (Zhang, 2006).
The package uses the finite element method. The numerical
mesh for our model consists of quadrilateral finite elements with
9600 mesh nodes (for details see Zhang, 2006). In these mesh
nodes the solver gives: velocity vector, velocity magnitude (i.e.
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the absolute value of the velocity), river depth, bed change (i.e.
the difference of the current bed topography from the initial bed
topography), bedload, and suspended load. The formulas for
bedload and suspended load are given in Wu (2001). The von
Karman constant is assumed to be 0.41 (see also discussion in
Frenzen and Vogel, 1994). The initial time step is 1 s, however,
if necessary it is reduced for stability. The package is widely
used for scientific and engineering applications (e.g., for Vistula
River; Wu, 2001; Jia and Wang, 2001; Zhang, 2006; Magnu-
szewski and Gutry-Korycka, 2009a, b).

RESULTS

The initial shape of the river valley (the computational do-
main) is very simplified (Fig. 2). The initial morphologic type of
river is determined to some degree by this artificial shape, and
therefore cannot be used for classification. The channel gradu-
ally evolves during the simulation into a “natural” shape. There-
fore we used the following procedure for classification of our
modelled rivers:

1 — Starting and continuing the simulation for 11 days. The
behaviour of the river during this period is not used for the
classification of the results.

2 — Continue simulation for the next 100-240 days. During
this time some stabilization is achieved indicating that the
river could be treated as a natural river.

3 — We used two approaches for river classification:

a. based on the spatial and temporary changes;
b. based on braid-channel ratio B (see definition of B in
Friend and Sinha, 1993).

4 — For the first approach, the behaviour from the 11th day
to the end of simulation is used for classification in the fol-
lowing way:

— if the river flows in a single-channel for the whole dura-

tion it is classified as a single-channel river;

— if the river flows in a single-channel in some part of the
domain but formed a multiple-channel river in another
part of domain or during simulation it changes its type
(e.g., initially multiple-channel river evolves in a sin-
gle-channel river) it is classified as transitional type;

— iftheriver flows in a few channels in the domainitis clas-
sified as a multiple-channel river.

5 — For the second approach we used the following proce-

dure:
a. we calculate the coefficient B for the final form of the
river (usually after 240 days of simulation);
b. we define three ranges of B:
— B <1.2 — single-channel river;
—1.2< B <1.7 — transitional river;
— B £1.7 — multiple-channel river.

These ranges give good characterization of a river.

The results of the simulations are presented in Figures 5-8.
Figure 5 gives some examples of the types of river in our re-
sults. Note that most of the examples are “transitional” rivers
rather than pure river types.

DISCUSSION

We found that many of our simulated rivers belong to the
transitional type. In fact this indicates that our calculations are
realistic because most of the real rivers are also of transitional
type (see quotation from Leeder, 2011 in Introduction).

The number of transitional types depends on the chosen
number of pure types. Assuming 4 pure types (straight, mean-
dering, braided, anastomosing) then e.g., a slightly sinuous
river could be treated as a transitional one between straight and
meandering rivers depending on the parameter of sinuosity K.
In our research we used two pure types: single-channel rivers
and multiple-channel rivers. The rivers are classified using pa-
rameter B (braid-channel ratio) defined in Friend and Sinha
(1993). We use criterion 1.2< B <1.7 for transitional rivers.

Let us discuss Figure 6. It gives the positions of rivers in
space (Q, d) for all considered slopes S (i.e. in factin 3D space).
We used a regression to determine a power function that ap-
proximates data for transitional rivers. For all figures we use the
same colour code: blue for single-channel rivers, red for transi-
tional rivers, and green for multichannel rivers. The size of the
circle corresponds to the value of S (see legend in Fig. 6). We
found that the trend line for transitional rivers is an increasing
function of Q. This is in agreement with the theory (e.g., Leeder,
2011) that gives the formula: S = a a® Q° where a, b, and c are
positive numbers. It could be also explained in the following
way: the type of river is partly determined by the transport of
sediments, so larger d requires higher velocity and conse-
quently larger Q. Figure 6 indicates also that single-channel
rivers are formed for low Q for all ranges of d and for large Q if d
is also large.

The next figure (Fig. 7) presents our results but in 2D space
(d/IQ, S). As before, for transitional rivers we calculated the
trend line represented by a power function. It is also an increas-
ing function. This figure shows better different properties than
Figure 6. In particular note that for increasing values of S the
number of multichannel rivers is decreasing (6 for S = 0.01 and
2 only for S = 0.04).

A comparison of our results with the results of Lane (1957)
and Leopold and Wolman (1957) is given in Figure 8. Note that
our results for S are significantly higher than for S in those pa-
pers. In fact we do not know of any other systematic research of
rivers evolution for our range of S. Both our trend line (red line in
Fig. 8) and trend lines from Lane (1957) and Leopold and
Wolman (1957) are increasing power functions. Note, however,
the significantly lower absolute value of the exponent in our
function (our 0.026 comparing to 0.23 and 0.44).

The criterion used for the choice of transitional rivers in Fig-
ure 8 (without B) is different than the criterion used in Figures 6
and 7 — see description in Results. Generally the results of both
criteria are rather similar with some exception, described above
in Figure 5. Our lines of trend in Figures 6 and 7 are consistent
with formula S = a d® Q° after Leeder (2011).

CONCLUSIONS

Using numerical simulations we investigate river evolution
for large S, i.e. larger than rivers investigated by most of other
scientists (e.g., Lane, 1957).

Simulations for small grains (i.e. d = 0.1 mm) often meet nu-
merical problems (e.g., too large area of dry regions).

We obtained three main types of rivers (single-channel,
multiple-channels, and transitional). There is also a nice exam-
ple of a braided river (No. 31, S = 0.02).

We used two methods for classification of the rivers (with B
calculated for the final form of the river and method without B
but considering also changes in time). Both methods are equiv-
alent for most cases.

We found that the trend line for transitional rivers is an in-
creasing function of Q in space (Q, d). This is in agreement with
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Bed change [m]

3.891

2.401

0.911

0.578
-2.068
-3.558
5.048
£.538
-8.027
9.517

S =0.02, No. 31, B=2.31 — multiple channel river

Time = 240(d): 6(h): 19(m): 25.4302(s)

Bed change [m]

S =0.03, No. 25, B = 1.87 — multiple channel river

1.821
0.269
-1.283
-2.835
-4.387
-5.939
-7.492
-9.044
-10.596
-12.148

Time = 240(d): 6(h): 15(m): 8.60462(s)
Bed change [m]

5.229
3.328
1.428
0.473
2374
-4.274
£.175
-8.075
-9.976
-11.877

S =0.04, No. 21, B=1.2 — a transitional type. It is a single channel river
in a part of the domain but forms multiple channels in another part of domain Time = 240(d): 6(h): 13(m): 32.1734(s)

Bed change [m]

4.209
1.684
0.841
3.366
5.890
8.415
10.940
13.465
-15.989
-18.514

S =0.04, No. 15, B = 1.77— a transitional type. It is finally single

. X . Time = 240(d): 6(h): 14(m): 44.8643(s
channel river but evolves from a multiple channel river SRR (€)

Bed change [m]

1.971

0.974

-0.023
-1.020
-2.017
3.014
-4.011
-5.008
-6.005
-7.002

S =0.02, No. 15, B =1.03 — a single channel river

Time = 104(d): 22(h): 25(m): 0.975866(s)
Fig. 5. Some examples of the types of river in our results

Different colour scales are used for different panels; note that nr 15 for S = 0.04 is classified as transitional river type
according to criterion a), but also as a multiple-channel river according to criterion b)
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Fig. 6. Positions of obtained rivers in space (Q, d) for all considered slopes S
and trend line for transitional rivers

Only circles corresponding to transitional rivers (i.e. red) are used for a regression to determine power
function; note that at any given point (Q, d) there could be a few results corresponding to different values
of S; the power function obtained increases with Q according to prediction of theory (e.g., Leeder, 2011);
we divide all rivers based on parameter B (different colours) and on slope (different sizes of circles) —

see legend next to the graph

L 1] ® e o0 L]

T
£
™y

* e o e eoe o
¢ so0 o o * eee o
0.001 0.01

@

s(d/Q)

o0 o000
o0 o000
o0 o000

0.1
dfa

0.05

® @004 00 @ @

® © 003 ¢80 0 @

® @002 00 0 o

@ @001 o0 @

®B<1.2 ®12=<B<1.7 ®B=>1.7

y = 0.0267x0:0352

Fig. 7. Positions of obtained rivers in space (d/Q, S) for all considered slopes S
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Only circles corresponding to transitional rivers (i.e. red) are used for a regression to determine power
function; note that the function obtained increases with Q according to prediction of theory
(e.g., Leeder, 2011); we divide all rivers based on parameter B
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Fig. 8. Positions of simulated rivers in space (Q, S) for all considered d
and trend line (red) for transitional rivers (a power function)

The transitional rivers to this graph are chosen according to the criterion described in point 4
in Results (i.e. B is not used); there are shown also braiding and meandering predictors
of Lane (1957) and Leopold and Wolman (1957) — the blue and yellow lines

formula: S = a d® Q. Figure 6 indicates also common sin-
gle-channel rivers for small Q or for large Q if d is also high.
For large values of S the number of multichannel rivers de-
creases (Fig. 7).
The exponent in power function for the trend line for large
values of S is significantly lower than for low S (Fig. 8).
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