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Abstract: Modeling of water flow in multi-chan-
nel river system in the Narew National Park.
Anastomosing rivers constitute a rare example
of multi-channel systems, which used to be very
common before the agricultural and industrial de-
velopment. Presently few of them remain world-
wide and the only example in Poland is the Up-
per River Narew within Narew National Park.
Although hydraulic modeling using one-dimen-
sional models is commonly used to describe water
flow in rivers, for multi-channel rivers problem is
more complicated. For this type of rivers it is ex-
pected that the feedback between process of plants
growth (expressed by Manning’s coefficient)
and distribution of flow in anabranches is high.
However, assignment procedure on roughness
coefficients in splitting and rejoining channels
is laborious and difficult. Therefore, for efficient
water flow modeling in multi-channel systems
a stand-alone hydraulic model equipped with au-
tomatic optimization procedure was developed.
Optimization and validation stages, based on field
measurements data of discharge and water levels,
indicated that the model accurately simulates wa-
ter flow in multi-channel system.

Key words: anastomosing river, steady-flow
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INTRODUCTION

Multi-channel anastomosing rivers occur
in a variety of topographical and climatic
environments (Nanson and Croke 1992,
Nanson and Knighton 1996). They were
historically common before extensive ag-
ricultural and industrial development in

river valleys (Walter and Merritts 2008,
Lewin 2010, Marcinkowski et al. 2017).
Presently, few of them persist and their
protection is an international conserva-
tion priority. One of the last preserved
examples of anastomosing type of river
in Europe is in the Upper River Narew
(north-eastern Poland). The unique
river planform is formally protected as
a Narew National Park (NNP) and Nat-
ura 2000 site (so-called Birds and Habi-
tats Directives).

Hydraulic modeling using one-di-
mensional models is commonly used
to describe water flow in rivers (Hor-
ritt and Bates 2002, Romanowicz et al.
2009, 2010, Mashriqui et al. 2014). Less
popular, because of the limited number
of research areas, is the use of models
for multi-channel rivers. The specificity
of such systems requires detailed recog-
nition of flow distribution conditions be-
tween existing anabranches and accurate
measurement of their geometry (Van et
al. 2012). An important factor influenc-
ing the flow resistance in channels of the
anastomosing river system is vegetation
(Kiczko et al. 2011). River channel ca-
pacity depends on the density of aquatic
vegetation — determining the distribu-
tion of flow. The degree of channel ob-
struction by plants strictly depends on
the flow velocity (Riis and Biggs 2003).
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Therefore, in multi-channel systems
it is expected that the feedback between
process of plants growth and distribution
of flow in anabranches is high.

One of the most crucial steps in water
flow modeling is identification of model
parameters. Whilst in single channel sys-
tems this procedure is relatively simple
and can be done manually, in complex
interconnected system of channels it be-
comes difficult and laborious. Addition-
ally, due to closed-source character of
the hydraulic models it is not possible to
interfere in model code to build an auto-
matic optimization procedure for exist-
ing models. Therefore, for efficient water
flow modeling in multi-channel systems
it was necessary to develop a stand-alone
hydraulic model equipped with automat-
ic optimization procedure.

Against this background, the objec-
tive of this study is to develop a one-
-dimensional steady flow model for the
anastomosing section of the NNP sup-
ported by the automatic procedure for
parameters optimization.

MATERIAL AND METHODS

Site description

The Upper River Narew is a lowland,
low-gradient (0.0002 m/m) river situated
in north-eastern Poland (Fig. 1). Within
the NNP, the river is characterized by
a complex network of small intercon-
nected, unconfined channels draining
peat substrate. The river valley is oc-
cupied by wetlands with early growth
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FIGURE 1. Study location



sedge and reed communities. In recent
decades uncontrolled expansion of com-
mon reed (Phragmites australis) became
a serious problem causing significant loss
of biodiversity (Prochnicki 2005) and
the loss of anabranches (Marcinkowski
et al. 2017). The abundance of aquatic
vegetation in river channels depends on
the water depth and current velocity. Ac-
tive channels deeper than 2 m are free
of vegetation but shallower stretches are
promptly colonized by both, emergent
and submerged macrophytes. The study
focuses on a four-kilometer long stretch
of the anastomosing section within the
NNP.

Fieldwork and modeling approach

The specificity of such systems requires
detailed recognition of flow distribution
conditions between existing anabranches
and accurate measurement of their ge-
ometry. Field measurements conducted
for the purpose of this research included
discharge measurements at all conflu-
ences and channel geometry and water
level measurements using GPS (Fig. 1).
To capture the impact of vegetation on
water level and flow distribution meas-
urements were conducted in two differ-
ent periods: during high water levels in
dormancy season; during low water lev-
els in growing season. In both cases only
river flows bellow bankfull stages were
considered.

In this research in the first instance
Hydrological Engineering Center — Riv-
er analysis system (HEC-RAS model)
was used as one of the most common
tools for solving eco-hydraulic problems
(Pappenberger et al. 2005, Cisowska and
Hutchins 2016). Model HEC-RAS was
developed by the US Corps of Engineers
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(Brunner 1995) and for the Narew River
its one-dimensional module was used.

In the first step HEC-GeoRAS module
was used to build-up geometry network
based on one-meter resolution digital ele-
vation model (DEM) obtained from light
detection and ranging (LiDAR) scan-
ning. For each cross-section in-stream
bed and bank elevations were automati-
cally corrected and replaced by actual
values from field GPS measurements. In
the second step an enhanced geometry
was interpolated with 50-meter spac-
ing between measured cross-sections
and exported to text file and imported to
HEC-RAS version 4.1.0.

The one-dimensional module for
a steady state flow allows to model the
flow distribution in multi-channel sys-
tem. It is done under the assumption that
for subcritical flow the energy line at
a junction where channels split should be
equal. The flow distribution is obtained
by minimizing the differences of the en-
ergy head at such splitting junctions with
the respect to the discharge. However,
preliminary results of HEC-RAS optimi-
zation algorithm for the flow distribution
in the multi-channel system, appeared to
be inconvenient, as both discharges and
parameters describing the channel resist-
ance, had to be identified. Because of
HEC-RAS closed-source form the use of
any automated parameter identification
techniques is infeasible.

Multi-channel flow routing model
in MATLAB

Difficulties in applying the automated
procedure for parameters optimization in
HEC-RAS for a complex anastomosing
river system consisting of interconnect-
ed channels required elaborating a new
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tool. For this purpose a one-dimensional
steady flow model was developed in the
MATLAB computing environment, here-
after referred to as multi-channel flow
routing model (MFRM). To capture the
impact of vegetation on water levels and
flow distribution MFRM was applied for
two different hydrological and vegeta-
tion conditions: during growing season;
during dormancy season. Computations
were started from the most downstream
cross-section with fixed (measured) wa-
ter level and were processed progres-
sively up-stream between cross-sections
for each branch. At junctions, calculated
water level from downstream branch was
assigned to upstream branch/branches.
For parallel rejoining branches mean
water level was assigned to downstream
branch.

For the purpose of this research fol-
lowing assumptions were made: steady
flow conditions; one-dimensional flow
is considered (only the velocity compo-
nents in the flow direction are taken into
account, and the elevation of the energy

line is the same in the whole cross-sec-
tion; river flow can be expressed in terms
of energy conservation equation; dis-
charge within each river branch is uni-
form; flow is subcritical.

Equations

Likewise in HEC-RAS, in newly de-
signed MATLAB model, Bernoulli’s
energy conservation equation was used
(Fig. 2), which for neighboring cross-
-sections can be expressed as follows:
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where:
z1, zp — water level in cross-sections 1
and 2 (m);

oy, oy — Coriolis coefficients in cross-
-sections 1 and 2;

vy, v» — mean flow velocities in cross-
-sections 1 and 2 (m/s);

g — acceleration of gravity (m/s?);

hj,ss — energy loss/hydraulic gradient.
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FIGURE 2. Description of Bernoulli’s energy conservation equation components



Energy losses of the stream (/)
due to flow resistances between the two
cross-sections are referred to as the hy-
draulic gradient (J):

2.2
von

J = (2)
R3

where:

n — Manning’s coefficient (m‘l/ 3.3),
R — hydraulic radius (m).

Energy losses caused by friction are
expressed by the Manning’s equation:

L2
v:—R3J2
n
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After transformation of Equation (1)
water level in upstream cross-section
(z1) can be calculated as follows:

azvg_a1V12+J1+J2AL (4)
2g

Z1222+

Flow distribution among the river
branches was modeled in a same manner
as in the HEC-RAS. According to Equa-
tion (4), for the subcritical flow condi-
tions the energy level at the cross-sec-
tion immediately downstream the split
of two or more channels depends only
on the downstream water level and ve-
locity. However, at the split the energy
levels should be equal to preserve the
subcritical flow profile. This additional
condition allows determining the flow
distribution among branches that ensures
same energy levels at the split. In multi-
-channel flow routing model it was done
by minimizing differences between en-
ergy levels in first cross-sections down-
stream the split. It has to be noted that
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it did not require determining discharge
values for all branches. Using a bal-
ance equation that arises from the river
network topology it was possible to set
certain values of discharge as independ-
ent and remaining as dependent. In the
result for 22 branches it was necessary to
determine only 8 values of discharge in
minimization task, for a given total dis-
charge. Minimization was done using the
MATLAB algorithm for the constrained
optimization (finincon function).

Identification of the roughness
coefficients

One of the main difficulties in the pre-
sented study was the problem of iden-
tifying models’ parameters, which were
Manning’s roughness coefficients. It
was assumed that each channel can be
characterized with a single value of the
coefficient. Floodplain roughness was
not considered, as only channel flows
were investigated (bellow bankfull
stages). Nevertheless, for the analyzed
river reach, it was necessary to identify
22 values of roughness coefficients. The
difficulty came with dependency of the
flow distribution among channels on the
roughness. In the direct form the param-
eter identification would require estima-
tion of 22 + 12 variables (22 roughness
coefficients and 12 discharge values).
Here however, the problem could be
simplified, as the observations of water
levels at junctions with measured flow
distributions were available.

In the first step non-linear program-
ming solver finding minimum of con-
strained non-linear multivariable func-
tion was applied to identify Manning’s
coefficient for all branches. At this stage,
for all branches, measured discharge was
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implemented as a fixed value and water
level at each junction was compared with
the GPS measured value. As the result,
a set of Manning’s coefficients were esti-
mated for which the minimum difference
between computed and measured water
level, under fixed flow conditions for
each junction, was obtained.

However, at part of the junctions,
identified roughness coefficients still
gave different (£5 cm) water levels at re-
joining branches, and hence to eliminate
these differences the flow distribution
was recalculated to ensure agreement of
energy levels at channel splits. At this
stage, identified Manning’s coefficients
from the first stage were used. After-
wards, absolute differences between
measured discharge and water levels and
simulated ones at each junction were
computed to assess the model accuracy.

To validate the model independent
dataset of measured discharges and wa-
ter levels was used. The validation pro-
cedure started from initiating the meas-
ured water level at the most downstream
branch and optimization of flow under
fixed Manning’s coefficients. After-
wards, optimized discharge distribution
and water levels were compared with the
measured ones and the differences were
calculated.

RESULTS AND DISCUSSION

In the first stage model was developed
for high water levels (Q = 16 m%/s) for
the dormancy season, when vegeta-
tion abundance in channels is very low.
Roughness coefficients’ optimization,
based on fixed discharges, resulted in
identification of a set of 22 Manning’s co-
efficients, for all river branches, ranging

from 0.027 to 0.054 (0.040 on average),
which appears to be reasonable compar-
ing with the literature (Arcement and
Schneider 1989). In the second stage of
optimization — based on fixed Manning’s
coefficients — discharge distribution was
slightly adjusted and the differences in
energy levels at parallel branches were
eliminated (average difference equal to
1.7-10® m). Since the flow distribution
between branches slightly changed (by
0.09 m’/s on average), absolute differ-
ences between measured and modeled
water levels were recalculated and gave
satisfactory results ranging from 0.1 to
5 c¢m (2 cm on average) — Table 1.

In the second stage input dataset,
e.g. measured water levels and dis-
charges, covering the low flow period
(O = 7.4 m%/s) during the growing sea-
son, was introduced to MFRM. To assess
the significance of roughness coefficients
in model performance, previously iden-
tified set of Manning’s coefficients was
kept in the first iteration. Results indicat-
ed that the average difference between
measured and computed water levels
differed on average by 30 cm. It means
that during the growing season, when
the abundance of in-stream vegetation
is high, roughness coefficients should
be — as expected — much higher. After
the first stage of optimization new set
of Manning’s coefficients was obtained,
ranging from 0.027 to 0.089 (0.61 on
average). Differences in measured and
computed water levels at the junctions
were slight (2 cm on average). The next
step required optimization of discharge
distribution (by 0.03 m®/s on average) at
junctions. Recalculation of absolute dif-
ferences between measured and comput-
ed water levels at the junctions based on
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TABLE 1. Differences in water level obtained during subsequent optimization procedures for high

water period
Difference in energy level Difference between measured and
Junction number between parallel branches computed water level
(m) (m)
1 1.7E-08 0.053
2 3.7E-08 0.017
3 - 0.041
4 2.3E-08 0.002
5 - 0.008
6 1.7E-08 0.018
7 - 0.002
8 - 0.013
9 3.2E-08 0.010
10 - 0.016
11 - 0.050
12 3.0E-08 0.031
13 - 0.021
14 3.7E-08 0.000

TABLE 2. Differences in water level obtained during subsequent optimization procedures for low water

period
Difference in energy level between Difference between measured
Junction number parallel branches and computed water level
(m) (m)
1 5.1E-04 0.018
2 2.1E-04 0.023
3 - 0.058
4 5.3E-04 0.014
5 - 0.019
6 0.0E+00 0.079
7 - 0.075
8 - 0.058
9 6.7E-04 0.058
10 - 0.038
11 - 0.030
12 6.7E-04 0.091
13 - 0.072
14 6.7E-04 0.033
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slightly adjusted flow distribution gave
satisfactory results (from 0.1 to 9 cm,
5 cm on average) — Table 2.

Validation stage was based on the
independent set of discharge and water
level observations during low flow peri-
od. This step was aimed at evaluating the
accuracy of Manning’s coefficients val-
ues identified in the optimization stage.
Results indicate moderate differences in
discharge distribution (0.1 m?/s on aver-
age) that was obligatory to obtain simi-
lar water levels at parallel branches and
additionally against measured ones at
junctions. Absolute differences between
calculated and observed water levels at
river junctions ranged between 1.6 and
15.6 cm (6.6 cm on average). Taking
into account the absolute differences
between modeled and measured water
levels at parallel branches after flow

optimization inaccuracies were negligi-
ble (1.04-107 m) — Table 3.

There are few studies investigating
similar research problems in the litera-
ture. It is mainly related to the lack of
multi-channel anastomosing rivers that
remain worldwide. Tabata and Hickin
(2003) concluded their study, concern-
ing hydraulic efficiency of anastomosing
Columbia River (Canada), that there is
a great need for additional studies inves-
tigating inter-channel hydraulic proper-
ties and flow conditions in anastomosing
rivers. Similar to ours, but more simpli-
fied study was presented by Van et al.
(2012), who developed a one-dimen-
sional, steady-state HEC-RAS model for
anastomosing section of Mekong river,
considering two different hydrological
conditions (high and low water stages).
Since they declared no field measure-

TABLE 3. Differences in water level obtained during subsequent validation procedures for low water

period
Difference in energy level Difference between measured and
Junction number between parallel branches computed water level
(m) (m)
1 1.5E-05 0.020
2 7.8E-06 0.017
3 - 0.020
4 1.1E-05 0.026
5 - 0.070
6 0.0E+00 0.083
7 - 0.080
8 - 0.063
9 4.3E-05 0.063
10 - 0.157
11 - 0.017
12 2.6E-05 0.130
13 - 0.111
14 4.3E-05 0.072




ments on the flow distribution and river
cross-sections, they limited the research
only to one bifurcation, finding more
complex system too difficult to deal with
using HEC-RAS model, supported exclu-
sively by remotely sensed data. Never-
theless, their results indicated that for
two different hydrological conditions,
different Manning’s coefficients are nec-
essary, also obtaining higher coefficients
for low water stages.

Yang et al. (2014) stated that selection
of an appropriate value for Manning’s
coefficient significantly impacts the ac-
curacy of a hydraulic model. However,
they found it highly difficult as rough-
ness depends on flow circumstances,
stream’s geomorphology and physical
conditions. Even if it is done for a spe-
cific event it may not apply to another
event due to its time- and site-depend-
ency. In this study a detailed recognition
of streams’ geometry and flow distribu-
tion helped to reduce the inaccuracy of
model simulations based on branch-as-
signed Manning’s coefficients for differ-
ent events.

CONCLUSIONS

Automatic procedure of Manning’s
coefficient identification constitutes
a great modeling challenge, to date not
present in the literature. The problem
gets more complicated in anastomosing
multi-channel systems, which are not
frequently modeled. It determined de-
veloping a new MATLAB-based tool for
one-dimensional steady-flow modeling
(MFRM) supported by automatic rough-
ness coefficient optimization algorithm.
In this study two different conditions, in

Modeling of water flow... 175

terms of hydrology and vegetation de-
velopment, were investigated separately
to highlight the impact of vegetation on
flow distribution. For both cases field
measurements were collected, necessary
for model performance accuracy evalua-
tion. Optimization and validation results
clearly indicate that the MFRM is a suf-
ficient tool for water flow modeling in
anastomosing rivers. Therefore, it can be
used for further analysis investigating the
potential impact of protection measures
on flow distribution and maintenance of
anabranches in the NNP, which lately
suffers from their extinction.
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Streszczenie: Modelowanie przephywu wody
w wielokorytowym systemie rzecznym w Narwian-
skim Parku Narodowym. Rzeki anastomozujace
sa bardzo rzadkim przyktadem rzek wielokory-
towych, ktore byly czgsto spotykane przed inten-
sywnym zagospodarowaniem dolin rzecznych na
rzecz rolnictwa i przemyshu. Obecnie na $wiecie
zaledwie kilka rzek utrzymato wielokorytowy
charakter, a ostatnim przykladem w Polsce jest
fragment rzeki Narew w Narwianskim Parku Na-
rodowym. Mimo ze modelowanie hydrauliczne
przy wykorzystaniu modeli jednowymiarowych
jest czgsto uzywane do opisu przeptywu waod, dla
rzek wielokorytowych problem ten jest duzo bar-
dziej ztozony. Dla tego typu rzek oczekiwane jest
silne sprzgzenie zwrotne migdzy intensywnoS$cia
wzrostu ro§lin (wyrazona poprzez wspotczynnik
Manninga) a rozdzialem przeplywu migdzy ra-
mionami rzeki. Proces identyfikacji wspolczyn-
nikow szorstkosci w rozgateziajacych i ponownie
taczacych si¢ odnogach rzeki jest trudne i pra-
cochtonne. Dla efektywnego modelowania prze-
ptywu wod rzek wielokorytowych opracowany
zostal osobny model wyposazony w procedurg
automatycznej identyfikacji parametrow szorstko-
Sci. Proces optymalizacji i weryfikacji modelu na
podstawie pomiardéw terenowych rzgdnych zwier-
ciadla wody oraz natgzenia przeptywu wykazat
jego poprawnos$¢ i duza doktadnosé w symulowa-
niu przeptywu wod w rzekach wielokorytowych.
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