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Abstract: One of the key elements in describing the flow of floodwaters is to determine the resistance created by
friction acting along the surface wetted by water and created by objects directly washed by water. Flow resistance
(roughness) influences flow velocity, water level, and, consequently, the river's capacity (Aberle 2020). This paper
analyses the effect of the manner of defining roughness coefficients in one-dimensional models on the stability of
these models and the results of model calculations. Three methods of defining the transverse variation of roughness
coefficient in cross sections were used in the model calculations: Distributed, High/Low Flow Zones and Uniform.
The greatest model stability, the highest flow rate values and the lowest water table ordinates were obtained when
Distributed was selected. This has a major impact on determining the extent of flood hazard zones.
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1. Introduction

The flow of water in open channels occurs due to the force of gravity setting the water in motion, which is
balanced by frictional forces. Natural river channels are characterised by varying bed and slope structure and,
thus, by varying surface roughness. Flow resistance (roughness) varies along the river's course and within its
cross-section, i.e., along the length of the wetted perimeter. In river channels, flow resistance is affected by
numerous and diverse factors. The major ones include the roughness of the channel material, the degree of
irregularity of the cross-section, the variability of the cross-section along the length of the river, obstacles
present in the channel, vegetation and the spatial configuration of the channel (meandering).

The number of publications on flow resistance in open channels demonstrates the importance of this top-
ic, as the issue of properly defining roughness affects many calculation procedures in various contexts (Daw-
son & Fisher 2003, Morvan et al. 2008, Simmons & Richardson 1963, Yen 1991, Yen 2002).

Researchers who studied flow resistance issues related to the occurrence of various bedforms and riverbed
sediment transport included Aberle & Smart (2003), Carling et al. (1992), Hey (1988), Knighton (1998), Parker
& Peterson (1980). Arcement & Schneider (1989), Horn & Richards (2007), Philips & Tadayon (2007) also
covered the influence of vegetation in their discussion of factors that determine the resistance to motion in river
channels. On the other hand, Gozdzik (2006) and Strupczewski (1989) considered the cross-section's dimen-
sions and shape to be one of the more significant factors influencing flow resistance.

A fundamental issue in many scientific studies or practical applications in the field of environmental hy-
draulics is the adoption of a specific way of describing the roughness of a given channel.

Previous experience and research on flow resistance in river channels have shown that the most effective
way of understanding and assessing these phenomena is through field surveys, which portray the actual state
of the river channel (Bezzola et al. 2004, Stowik-Opoka & Brozek 2015, Smart et al. 2002, Zelazo 1992).
Accurate determination of the roughness of natural watercourse channels is not always straightforward due
to its random nature, i.e. the spatial variability of river channels. Field observations and measurements are
usually expensive and often difficult to carry out. In the case of transient motion, where hydraulic parameters
such as discharge, depth and average velocity change over time, roughness studies are difficult to carry out,
but their results are nonetheless important, especially when considering flow resistance in rivers during
floods (Morvan et al. 2008).

As an alternative to the costly and time-consuming field surveys, tabulated values of roughness coeffi-
cients quoted in textbooks resulting from many years of experimentation and reflection by the authors are
used (Chow 1959, French 1986, Streeter & Wylie 1979) and empirical formulas.
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The most common coefficient used to quantify roughness is the Manning coefficient n (1).

1

n=%-I%-R§ [m_Es] (D

where:

v — mean flow velocity of water in the channel (m/s),
I — hydraulic gradient (-),

R — hydraulic radius (m).

The roughness coefficient, according to Manning, depends on the shape and material of the channel.
A comprehensive assessment of roughness under complex flow conditions based on the Manning coefficient
was proposed by (Cowan 1956). In the method he developed, the roughness coefficient that characterises the
total resistance in a river channel is presented as the sum of partial coefficients, which include the roughness
coefficient of the channel material and corrections due to the degree of irregularity of the banks and bed,
changes in the size and shape of cross-sections along the length of the river, the intensity of vegetation, the
degree of obstruction in the bed, the presence of obstacles in the bed and the degree of river meandering (2).

n=n,+(n+ny+n3+n4) - ns (2)

where:

no — roughness coefficient of the channel material,

n;-n4 — corrections to the ny values resulting from the complex nature of the cross-section and the topography
of the channel and vegetation,

ns — degree of river meandering.

The formula proposed by Cowan (1956) allows a comprehensive estimation of Manning's n-values for
natural channels based on a description of their various features. Arcement & Schneider (1989) documented
and extended this formula to flood plains.

Manning's coefficient of roughness # is often used as a parameter for model calibration. This means it is man-
ually adjusted so that the simulated water levels and flow rates are equal to the measured values (Aberle 2020).
The success of this approach (trial and error method) depends on the experience of the model builder and
his/her expertise in the area being modelled. However, it is noteworthy that the way calibration is carried out
depends on the application domain of the numerical model. For a model used for flood forecasting, a calibra-
tion method based on comparing simulated values with measured records of flood occurrences is not the
most appropriate (Vidal et al. 2007).

The values from Manning's formula are related to other commonly used roughness coefficients, such as C
by Cheza or Strickler's k. resistance coefficient (Kubrak & Nachlik 2003). A comparison of the Manning,
Cheza and Strickler formulas shows that:

1 1
C=—-Re 3)

and
1
kst = H (4)

Regardless of the resistance factor applied, it should always be borne in mind that the resistance values
are usually strongly dependent on the depth and, therefore, on the flow rate (Dawson & Fisher 2003,
Knight et al. 1989, Simmons & Richardson 1963, Wallis & Knight 1984).

In one-dimensional models for flood forecasting, determining the roughness in each defined cross-section
of the watercourse and specifying how the values of this parameter will be distributed along the length of the
cross-section are key elements of the simulation calculations.

The purpose of this study was to determine the effect of how roughness coefficients are defined in one-
dimensional models on their stability and the results of model calculations. DHI's MIKE 11 software pack-
age has several options for defining flow resistance (MIKE 11... 2017). When 'Uniform' is selected, a single
flow resistance value will be assigned for the entire cross-section. The 'High/Low flow zones' option allows
different roughness values to be adopted in the riverbed and on the right and left flood plains, while the 'Dis-
tributed' option allows different values to be adopted for each set of x and z data in the table of points form-
ing the cross-section. The flow resistance can be characterised by different coefficients, depending on the
calculation method adopted, e.g. Manning coefficient n [m'?/s], Chezy coefficient C [m'"?/s] or Darcy-
Weisbach coefficient (k). The Manning roughness coefficient n or its inverse, the M number, is most com-
monly used to characterise flow resistance in open channels.
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2. Area of Research

Modelling studies were carried out on rivers belonging to the Upper Odra Water Region in Poland. Under
Polish law, a water region is a part of a river basin district defined based on hydrographic criteria for the
purpose of water resources management (Act of 20 July 2017...). The Upper Odra Water Region, with an
area of 3,830 km?, is located in the south-eastern part of the Opolskie Voivodeship (11.5% of the area of the
voivodeship) and the south-western part of the Silesian Voivodeship (22.3% of the area of the voivodeship)
(Figure 1). According to Kondracki's physico-geographical division (Kondracki 2009), the Upper Odra Wa-
ter Region comprises the following macro-regions: Eastern Sudetes and the Silesian Lowlands to the west,
the Silesian Uplands to the east, and the Ostrava Basin, the West Beskid Foothills and the Western Beskids
to the south.

] 20 40 &0 Kilometry
|

river courses
boundary of The Upper Odra Water Region

Fig. 1. The Upper Odra Water Region

The main watercourse in the Upper Odra Water Region is the section of the Odra River starting from the
point where the Odra enters Poland north of the village of Chatupki, up to the town of Kozle together with
the catchment area of the Ktodnica River. This section is 67 km long, and the overall length of the hydro-
graphic network of the upper Odra catchment area is approximately 2,125 km. The major right-bank tributar-
ies include Olza (22.9 km), Ruda (53.3 km), Bierawka (57.6 km) and Klodnica (80 km). The most significant
left-hand tributary is Psina (52.6 km) (Hobot 2010). In accordance with the division into water bodies,
91 surface water bodies (SWBs) were identified in the Upper Odra Water Region, which were then aggregat-
ed into 13 integrated water bodies (ISWBs).

More than 59% of the area of the water region in question is agricultural land. Forests cover almost 940
square kilometres, representing 24.5 per cent of the area of the Upper Odra Water Region. A large area of
approximately 575 km? (15% of the water region's area) is affected by anthropogenic changes. The highest
industry concentration is in the Upper Silesian Industrial District (GOP), dominated by the mining, smelting,



338 Aleksandra Czajkowska

transportation, power generation, machine-building and chemical industries. In the southwest, the GOP is
adjacent to the Rybnik Coal District, where hard coal mining and processing prevail. The remaining land,
approximately 1.5%, comprises water bodies (Hobot 2010).

In the Upper Odra Water Region, areas with impaired natural water retention include built-up and urban-
ised areas, among them cities: Katowice, Zabrze, Ruda Slqska, Gliwice, Rybnik, Zory, Wodzistaw Sla,ski,
Raciborz, Kedzierzyn-Kozle and Jastrzgbie-Zdréj, where the majority of the ground surface is covered with
asphalt or concrete. In these areas, rainwater infiltration is impeded, increasing surface runoff. The increase
in surface retention is also the effect of mining activities, primarily coal mining, the impact of which is mani-
fested over a large area of the water region in question, including the Upper Silesian Coal Basin (GZW). The
GZW is the only area in the country where human impact has led to such a significant transformation of the
natural environment, including the underground hydrosphere (Szczepanski & Rézkowski 2007). Under the
influence of mining activities, including the dewatering of existing workings and the flooding of decommis-
sioned mining areas, changes in the groundwater table are observed. The effects of mine drainage are complex.
The lowering of the groundwater table leads to soil drying, while subsidence of the land surface as a result
of mining activities leads to the creation of drainless flood plains, deformation of watercourse channels, the
formation of counter falls that interfere with gravitational water runoff conditions and increase waterlogging
and flood hazard.

3. Materials and Methods

Research on the roughness coefficient was carried out using one-dimensional hydraulic models of select-
ed rivers of the Upper Odra Water Region, i.e., Baryczka, Biata, Budkowiczanka, Drama, Jasienica, Opawi-
ca, Piotrowka (Fig. 1) (Hydraulic models ... 2021). The models were developed according to the "Methodol-
ogy for the development of flood hazard maps and flood risk maps for the 2nd planning cycle", as part of the
task "Preparation of new flood hazard maps for rivers or river sections indicated in the Preliminary Flood
Risk Assessment (WORP) (Methodology... 2020) for the 2nd planning cycle". Hydraulic modelling was
carried out using DHI's MIKE software (MIKE 11... 2017). The one-dimensional (1D) models were based
on the full one-dimensional Saint-Venant equations — the mass conservation and energy conservation equa-
tions. The solution of Saint-Venant's mathematical equations follows an implicit finite difference scheme
developed by Abbott and Ionescu (Popescu 2012). Calculations were performed under the assumption of
transient motion.

Building the models started with the schematisation of the river network. The rivers were inserted into the
models using previously prepared vector layers. Watercourses were vectorised after verifying their course
with the Hydrographic Partition Map of Poland on a scale of 1:10,000. The modelled river sections were
assigned a mileage, adopting the topological node with the recipient as kilometre 0+000.

Based on the landform analysis, flood plains were delineated as distinct flood flow paths. Their route was
determined based on a numerical terrain model. In particular, sections where the flood flow is clearly sepa-
rated by flood embankments or dikes and sections where the floodplain flow path should be shortened com-
pared to the channel flow path (highly meandering sections) were considered. For separated flood plains, link
channels were defined.

The models were based on cross-sections of the watercourses measured geodetically in the channel part
and in the valley part, which were determined based on a digital terrain model (DTM). To represent the val-
ley correctly, the models were supplemented with additional cross-sections, interpolated in the channel part
and the valley part generated from the DTM, similarly to the basic cross-sections. Additional cross-sections
were created using the MIKE procedure and in a GIS environment. The cross-sections were split into the
channel zone and the left and right floodplain zones. These zones were delineated using the so-called mark-
ers, which, when assigned to a particular point in the cross-section, marked the boundary of a particular zone.
The model used the following markers: 4, 5 — channel edge markers 1, 3 — markers marking the end of the
flood plain and 2 — lowest point of the cross-section. An example cross-section is shown in Fig. 2. All cross-
sections were analysed for hydraulic capacity. In numerous cases, significant local depressions on flood
plains that distorted the cross-sectional capacity and retention of the river valley were removed.
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Fig. 2. Example of a cross-section

Objects significantly affecting flood flow conditions were incorporated into the model. A method was
used to map bridges by using two related hydraulic elements to describe the flow of water over the bridge
and inside its structure (across its span). In MIKE 11, the 'structures — culverts/weirs' module is in the
NWKI11 river network file. An example of a bridge implementation in the form of a culvert and weir combi-

nation is shown in Figures 3 and 4.
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Fig. 3. Hydro structure — part representing the flow under the bridge (culvert)
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Fig. 4. Hydro structure — part representing the flow over the bridge (weir)

The other method used was a module dedicated to bridges, using methods that simultaneously simulate
free flow (i.e. when the water table is below the underside of the bridge structure) as well as under pressure
(water table between the underside of the bridge structure and the carriageway level), and under conditions
of flow above the structure (water table above the carriageway level) — the 'Energy Equation' method.

Uncontrolled hydrotechnical objects, such as transverse barriers and water barrages, were represented in
the models by a weir (module "structures — weirs").

Upper, lower and internal boundary conditions were employed in the hydraulic models. The upper boundary
conditions were defined in terms of discharge hydrographs. According to the calculation scenario adopted,
these were hypothetical flood waves culminating in flows with a probability of occurrence of p = 0.2%.
The hydrographs of the water level for the receiving waters or the elevations of the receiving water table at
the mouth of the modelled river were used for the lower boundary conditions. The internal boundary condi-
tions were adopted as distributed flows (Qr) considering the increase in catchment size and concentrated
inflows (Qs) for the watercourses not included in the modelling.

The models were calibrated by comparing the observed hydrographs (from historically raised water) with
the calculated hydrographs (derived from the model). The models were then verified similarly, using a his-
torical raised water other than that used in the calibration. It was impossible to carry out calibration and
model verification for uncontrolled watercourses due to the lack of historical flood wave hydrograph data.

A fundamental issue was the determination of the roughness coefficients in each cross-section. Rough-
ness coefficients in one-dimensional modelling reflect the resistance to flow due to a specific land cover with
a specific geometric representation of the modelled reality. In the model calculations carried out, three meth-
ods were applied to define the transversal variation of the roughness coefficient in the cross-sections:

e method of variable roughness coefficient in cross-section (Distributed),
e mean roughness coefficient method with division into main channel and flood plain (High/Low flow zones),
e method of the mean roughness coefficient over the entire cross-section (Uniform) (MIKE 11... 2017).

In the Distributed option, the initial roughness coefficients were assigned to individual measurement
points in the cross sections. Land use layers derived from the 1:10000 scale Topographic Objects Database
were used to determine roughness coefficients for the flood plains. The isolated land cover forms were as-
signed codes along with the initial values of Manning's roughness coefficients n. The values of the roughness
coefficients were adopted according to the Methodology for developing Flood Hazard Maps and Flood Risk
Maps in the 2nd planning cycle (2020). Surveying measurements were used to determine cover codes in the
main channel. For the channel section, the roughness coefficient n values ranged from 0.032 (sand) to 0.1
(channel with overwater vegetation, i.e. emergent vegetation, reeds), and for the flood plains, from 0.025
(concrete, asphalt) to 0.3 (large buildings, multi-family housing, blocks of flats).
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In the second method used to specify roughness coefficients — High/Low flow zones — in the models ana-
lysed, flow conditions were analysed in each cross-section, and 3 flow zones (main riverbed, right and left
flood plain) were identified and then assigned averaged roughness coefficient values for the section. The
values of the roughness coefficients for each flow zone were determined as a weighted average of the differ-
ent land uses and their corresponding initial roughness coefficient values (Methodology... 2020).

In the Uniform option, roughness coefficients were determined by assigning one flow resistance value to
each entire cross-section, which was determined as a weighted average of the values assigned to each land
cover code in the cross-section.

Different methods of defining roughness coefficients while keeping the other parameters of the models
unchanged were intended to determine the impact of the flow resistance sizing method on the modelling
results and the stability of the models.

4. Results

As a result of the model calculations obtained information on the maximum water level in the calculated
cross-sections, water depths and maximum discharge at the model calculation points. The calculations were
carried out for a flood scenario assuming a low probability of flooding once in 500 years (0.2%). Figures 5-11
show the variability of discharges along analysed rivers, while Figures 12-18 show the hydrographs of the
maximum discharges at the model calculation points, marking each point with a different colour.

The Baryczka is a right-bank tributary of the Stobrawa River, and its total length is 15.7 km. The model
of the Baryczka River was based on 41 cross-sections and covered a river section 6.739 km long. There were
9 geodetically measured bridges along the modelled section of the river. Roughness coefficients defined
based on land use forms took values between 0.025 and 0.3 s/m"? (Methodology... 2020). The variability of
discharge along the modelled river section for the different options for defining roughness coefficients is
shown in Figure 5. The highest discharge values in the Baryczka mouth section of 12.725 m’/s were ob-
served in the model developed using the Distributed option, while the lowest values of 8.473 m?/s were ob-
served when using the Uniform option. Considering the discharge hydrographs at the Baryczka model calcu-
lation points, the largest oscillations were observed in the model using the Uniform option (Figure 12). The
largest differences between the minimum and maximum flow rates occurred here at km 1.914 (28.428 m?/s)
and km 2.115 (29.780 m?/s).

The Biata River is located in the catchment area of the Osobtoga River being its left tributary. Its total
length is ca. 37.2 km. A one-dimensional river hydraulic model was created for a section 35.6 km long.
A total of 385 cross-sections and 14 bridges and 1 uncontrolled hydrotechnical object were included in the
model. Due to the complex flood flow conditions, flood plains were delineated for 16 sections and 148 link
channels were defined. Analysis of the land use forms in each cross-section allowed the assignment of
roughness coefficients, which adopted values ranging from 0.025 to 0.3 s/m'? (Methodology... 2020). The
magnitude of the discharge in the Biata River ranged from 1.95 m?/s at the model's initial cross-section to
53.765 m®/s (Distributed), 54.937 m*/s (High/Low flow zones) and 56.247 m®/s (Uniform) at the mouth (Fig-
ure 6). In the section of the watercourse from its start to around km 15.000, the flow rate curves are regular
and similar for each option tested. The rest of the river shows marked fluctuations in discharge (Figure 6).
This is related to the flow conditions of the floodwaters, which are separated by dikes and flood embank-
ments, and also to the creation of flood plains in the model along this section of the river, together with link
channels. The water flow rates of the Uniform option are generally lower than those obtained with the other
models. This is reflected in the water levels, the highest elevations observed in the model developed with the
Uniform option. Regarding computational stability, the largest flow oscillations were observed in the model
where roughness coefficients were introduced into the model using the Uniform method (Figure 13).

Budkowiczanka River is a left-bank tributary of the Stobrawa River with a length of 56.657 km. A total
of 136 geodetically measured channel cross-sections and 231 interpolated cross-sections were used for mod-
elling. After analysing the river valley's water retention capacity and shape, the flood plains and the links
between them, which occur along almost the entire length of the river, were delineated. Objects significantly
affecting flood flow conditions were incorporated into the model. A total of 39 bridges and 19 hydro struc-
tures were included in the model. The complex water flow conditions are reflected in the discharge curves
(Figure 7). The flow rate varies from 0.43 m?/s at km 56.656 in each model, regardless of the option used to
define roughness coefficients, to 47.004 m’/s in the Distributed option model, 44.362 m’/s in the Uniform
option model and 35.659 m’/s in the High/Low flow zones model at the mouth. The lowest discharge values
along the river are observed in the model, where the values of roughness coefficients were taken as averages
over the entire cross-section. At the same time, the curve showing the variation in discharge for this option is
the most 'jagged' (Figure 7). This translates into water levels generally higher in the Uniform model than in
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the Distributed model (up to 0.88 m) and the High/Low flow zones model (up to 0.78 m). The model with
the Uniform option is the least stable; large flow oscillations are observed in many sections (Figure 14).

The 25.792 km long Drama River is located in the catchment area of the Ktodnica River being its right-
bank tributary. A one-dimensional model of the River Drama was based on 78 geodetically measured cross-
sections and 103 interpolated cross-sections. Flood plains on the right and left banks of the river (8 sections
in total) and link channels (36 channels) were also included in the model. There are 33 bridges and 2 geodet-
ically measured hydro objects along the modelled section of the river. The curves showing the discharge
along the river have a similar pattern for all the roughness definition options used. At the created links to the
flood plains, clear decreases in flow rates are visible in the model (Figure 8). The differences in flows only
become substantially apparent in the mouth section of the Drama River, where the models with the High/Low
flow zones and Uniform option applied to see an increase in discharge to 85.916 m*/s and 85.084 m?/s respec-
tively, while in the model with the Distributed option, the discharge decreases to 53.575 m’/s (Figure 8).
At the same time, minor flow oscillations become apparent in this model, which are not present in the mod-
els with High/Low flow zones and Uniform options (Figure 15). Higher water levels are observed in the mod-
el with the Uniform option; in the mouth section, a maximum of 1.06 m compared to the level in the Distrib-
uted model and by 1.79 m compared to the level in the High/Low flow zones model.

The Jasienica River is located in the catchment area of the Ktodnica River being its left tributary. Its total
length is 16.1 km. A total of 145 cross-sections and 12 bridges were included in the model. One flood plain
and 13 link channels were also defined. The Jasienica is a small watercourse with balanced flows, varying
from 1.564 m*/s at the source to approximately 33 m*/s at the mouth, regardless of the option used to define
roughness coefficients (Figure 9). The short valley cross-sections and the small variability of land cover
forms within them mean no large differences in modelling results are observed with the roughness coeffi-
cient input options. The models are stable and show no oscillation of discharge (Figure 16).

The Opawica River, which is 35.68 km long, is a left-bank tributary of the Opawa River. The mouth sec-
tion of the Opawica is located in the Czech Republic. The one-dimensional model covered the river section
from km 4.129 to km 10.921. 22 geodetic cross-sections and 14 interpolated cross-sections were included in
the model, flood plains were delineated for 5 sections, and 21 link channels were defined. There are 2 bridg-
es and 1 uncontrolled hydro object on the modelled section of the river. Discharges on the modelled river
section vary from 94.67 m’/s to 178.175 m’/s in the Uniform option, 178.725 m’/s in the High/Low flow
zones option and 178.904 m*/s in the Distributed option (Figure 10). The discharge in the model developed
with the Distributed option is, on average, 0.27 m*/s (6.42 m*/s maximum) higher than the discharge in the
model with the High/Low flow zones option and on average by 1.17 m*/s (13.5 m*/s maximum) higher than
the discharge in the model with the Uniform option. The highest water levels are observed in the model with
the Uniform option; on average, they are higher by 0.3 m compared to the level in the Distributed model and
by 0.19 m compared to the level in the High/Low flow zones model. At the same time, the model with the
Uniform option was, in contrast to the others, the least stable (Figure 17).

The Piotréwka River is a right-bank tributary of the Olza River with a length of 39.031 km. The one-
dimensional model of this river was based on 193 cross-sections. Flood plains were delineated for 32 sec-
tions, and 180 link channels were defined. Objects significantly affecting flood flow conditions in the form
of 7 bridges and 3 hydro structures were included in the model. The complex flood flow conditions and the
presence of numerous sections of flood plains in the model result in a high variability of discharge along the
river. The highest discharge variability occurs in the model with the Uniform roughness coefficient definition
option (Figure 11). The flow curves in the models with the other two options are similar to each other. The
highest flow rates are observed in the Distributed model, ranging from 8.28 m?/s to 124.43 m’/s (average
59.25 m%/s), while the lowest is observed in the Uniform model, ranging from 8.28 m’/s to 109.84 m?/s (av-
erage 49.92 m?/s). The water level reaches the highest elevations in the Uniform model, which are, on aver-
age, 0.33 m higher than the level in the Distributed model and 0.25 m higher than in the High/Low flow
zones model. In addition, the model with the Uniform option shows large discharge oscillations at several
cross-sections (Figure 18).
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Fig. 12. Discharge hydrographs for the Baryczka River model calculation points (discharge hydrographs at individual
calculation points are colour-coded);
a) Distributed option, b) High/Low flow zones option, c) Uniform option
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Fig. 13. Discharge hydrographs for the Biata River model calculation points;
a) Distributed option, b) High/Low flow zones option, ¢) Uniform option
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Fig. 14. Discharge hydrographs for the Budkowiczanka River model calculation points;
a) Distributed option, b) High/Low flow zones option, ¢) Uniform option
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Fig. 15. Discharge hydrographs for the Drama River model calculation points;
a) Distributed option, b) High/Low flow zones option, c) Uniform option
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Fig. 17. Discharge hydrographs for the Opawica River model calculation points;
a) Distributed option, b) High/Low flow zones option, ¢) Uniform option
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Fig. 18. Discharge hydrographs for the Piotrowka River model calculation points;
a) Distributed option, b) High/Low flow zones option, ¢) Uniform option
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5. Discussion and Summary

Flow resistance in river channels is a topical and extremely important issue, especially in the context of
flood hazard zone modelling. From the point of view of the model calculations, the key issue is how to de-
termine the magnitude of the roughness coefficient as a characteristic feature of the substrate, as well as one
that determines the flow velocity, the water level and the stability of the model.

The choice of the method for representing roughness coefficients should depend on the specific character-
istics of the flood plains and the variability of land use types, while it is also important to bear in mind that
roughness coefficients account not only for flow resistance but also for the geometric representation of the
watercourse and the valley. In the case of varying land use in the cross-section, a variable roughness coeffi-
cient value is recommended, as confirmed by the results of this work.

This paper presents the results of model calculations for selected rivers of the Upper Odra Water Region
using three methods of defining the transversal variation of roughness coefficients in valley cross-sections:
Distributed, High/Low flow zone and Uniform. The highest discharge values were observed in those models
where the initial roughness coefficients were assigned to individual measurement points in the cross-sections
based on the isolated land cover forms. This is because this method represents most accurately the actual
roughness in the channel and on the floodplains, resulting in outcomes closest to the observed ones. Howev-
er, models developed using the Distributed option were not always computationally stable. Oscillations were
frequently observed in selected cross-sections. In the High/Low flow zone method, the initial roughness coef-
ficients were averaged using a weighted average and assigned to the flow zones corresponding to the right
and left flood plains and the main riverbed. In this method, the distribution of discharges along the rivers was
very similar to that in the Distributed method, although flow rate values were generally lower (by 0.55 m*/s
on average). Models in which roughness was defined in terms of a single flow resistance value assigned to
the entire section were the least stable, in terms of computational quality, of all the options tested. Discharges
had the lowest values along the watercourses. Large fluctuations in discharges were also observed. At the same
time, in the models developed with the Uniform option, the simulation results showed the highest water level.

Typically, the roughness coefficients in the riverbed are lower than those of the coefficients adopted for
floodplain terraces, which are generally vegetated. Therefore, averaging these values over the entire length of
the cross-section results in an erroneous overestimation of roughness in the channel and its underestimation
on the floodplain terraces. For this reason, models that have averaged roughness coefficients show lower
discharges and higher water levels. It directly affects the extent of the flood hazard zones. This is extremely
important, especially for models developed for rivers flowing through highly urbanised areas and subject to
strong anthropogenic impacts. Under such conditions, any change in the value of roughness coefficients increas-
ing to the extent of flood zones can have serious consequences. Averaging the roughness coefficient across
a cross-section, lowering its value in relatively high roughness areas will result in a higher flow, lower water lev-
els and therefore a smaller floodplain extent than expected. This is a situation that generates potentially high haz-
ards due to the underestimation of risk. The opposite situation, associated with an increase in the roughness coef-
ficient, as a result of its averaging, in areas with relatively low values outside the channel, will result in an overes-
timation of risk in the form of a larger extent of the flood zone, but this in itself is less dangerous.

It is worth noting that the described differences in discharges and water levels are greater, the more complex
the model design and the more complex the flow conditions are. In simple models with little variation in land
use, flow rates and water levels are similar regardless of the option used to define roughness coefficients.

In the case of the models developed with the Distributed as well as High/Low Flow Zones and Uniform
options, flow oscillations are observed in some rivers (Fig. 12, 13, 14). This is mainly the case in rivers with
complex flow conditions, where the flood wave is split due to the creation of flood plains with connecting
channels in the river section. Oscillations also occur at calculation points below bridges, which narrow the
flow to high waters into the lumen of the structure, implying a decrease in flow velocity. Once the 'obstacle’'
is bypassed, there is a sharp increase in discharge. These phenomena affect the appearance of 'peaks' in the
flow hydrographs. The fact is that with the Uniform option, the oscillations are greater, which is further in-
fluenced by the large change in the averaged roughness coefficient between successive cross-sections.

Roughness is very often used as a calibration parameter in computational models. The way it is defined
has an impact on the quality of model calculations. Each time the roughness in a channel with a given geo-
metrical configuration increases, the resistance to flow increases, resulting in higher water levels and slower
flow. On the other hand, in a channel with a certain roughness, slope, and cross-sectional geometry, this re-
sistance depends on the discharge. When the rough elements are entirely underwater, they decrease with
increasing discharge. These factors must be considered when designing hydro structures and taking any
measures to reduce flood risk.
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Summing up the results presented in this study may provide helpful material for those performing work
with similar tools, particularly to support decisions on choosing methods for simplifying or detailing rough-
ness information.
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