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Features of the hydrography of Europe: rivers, lakes, reservoirs

Khilchevskyi V.K.

Europe has a dense hydrographic network, mainly related to the Atlantic Ocean basin. A certain part of the
rivers of Eastern Europe belongs to the basin of the endorheic Caspian sea-lake. Only a few rivers carry their waters
to the seas of the Arctic Ocean. Thus, 43 large rivers with a catchment area of more than 50 thousand km2, among
which 8 are connected with the territory of Ukraine, are distributed as follows:

a) the basin of the Caspian Sea-lake - 9 rivers (Volga, Ural, Kama, Oka, Belaya, Vyatka, Ufa, Sura, Moksha);
b) the basin of the Arctic Ocean - 3 rivers (Pechora, Northern Dvina, Mezen); c) North Atlantic basin - 9 rivers (Rhine,
Elbe, Vistula, Western Dvina, Neman, Oder, Warta, Seine, Narew); d) the basin of the South Atlantic - 6 rivers
(Tagus, Loire, Douro, Guadiana, Guadalquivir, Garonne); e) the Mediterranean Sea basin (together with the Black
and Azov Seas) - 16 rivers (Ebro, Rhone, Danube, Dnieper, Don, Dniester, Desna, Siverskyi Donets, Khoper, Tisza,
Sava, Kuban, Southern Bug, Pripyat, Po, Maritsa ).

With significant water content, the rivers of Northern, Western and Southern Europe are characterized by a
small length and basin area. This is due to the relatively small area of the territory of Europe, its strong horizontal
dissection and the frequent alternation of mountains and plains. On the expanses of the East European Plain, rivers
get the opportunity to develop a catchment area and a channel network. Therefore, among the largest rivers in
Europe, whose basin area exceeds 50 thousand km?, the rivers of Eastern Europe account for more than 60%.

An important feature of European rivers is the transboundary nature of their basins. Among the huge rivers,
with a catchment area of more than 50 thousand km? , transboundary rivers account for 51%.

In Europe, there are about 16 thousand Iakes with a surface area exceeding 1.0 km?. Three quarters of the
continent's lakes are located in Norway, Sweden, Finland and the Karelian-Kola part of Russia, and are of glacial-
tectonic origin. The largest in Europe Ladoga (area 17700 km? ) and Onega (9720 km? ) lakes are located in Eastern
Europe (north-western part of Russia) and significantly exceed other European lakes in size. The deepest lake in
Europe is Lake Hornindalsvatnet (Norway) - 514 m.

In Europe, about 7,000 large reservoirs have been created with a total area of more than 100 thousand km?,
of which 50% is the area of reservoirs in the European part of Russia. Among the 13 European reservoirs with an
area of more than 1000 km?, a dozen are located in Russia, two (Kremenchug Reservoir and Kakhovka Reservoir)
are in Ukraine, and one (IJsseImeer) is in the Netherlands. The states with the largest number of reservoirs are Spain
(about 1200) and Ukraine (about 1050). Other countries with a large number of reservoirs are Turkey (610), Great
Britain (570), Italy (570), France (550), Norway (360), Russia (250) and Sweden (190).

Key words: hydrography, rivers, lakes, reservoirs, Europe.
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FUNCTIONALITY OF SPATIAL ANALYSIS IN THE ASSESSMENT OF THE IMPACT OF
LAND COVER ON THE EROSION PROCESS PREDICTION

Erosion is a process shaping the earth's surface, responsible for supplying sediment to the fluvial system.
Identification of areas vulnerable to erosion is a critical element of sediment management in the catchment, enabling
the assessment of the degree of its degradation. The research was based on the use of spatial data, Digital Terrain
Model (DTM), and Corine Land Cover (CLC) on the example of two sub-catchments located on the lower Brda River.
The main aim of the research was to assess the impact of land cover on the spatial prediction of the erosion process
at the catchment scale. The Maximum Entropy Method was used to determine the spatial probability distribution of
environmental variables related to the erosion process. Results showed the greatest predictive power of relief-related
environmental features, associated with specific types of land cover. Predictive models can be successfully used to
predict areas potentially exposed to erosion.

Keywords: erosion; Maximum Entropy Model; prediction; Corine Land Cover (CLC); spatial analyses; Brda
River catchment

Introduction. As is commonly known, erosion is a natural process that modifies the relief
of the Earth surface. The second component of the changes is the transformations of the terrain
resulting from human activity. Erosion and sediment yield depend on several factors, related to
geological, lithological, topographic, climatic, etc. conditions (Guerra et al., 2017). Hydrological
responses related to erosion processes in the catchment scale also depend on land use and
vegetation (Siriwardena et al., 2006). Understanding the erosion process enables sustainable
sediment management at the catchment scale.

Geographic Information Systems (GIS) tools enable remote control of environmental
processes, including the erosion process. In addition, the use of models enables a better
understanding and forecasting of processes taking place in the environment. Soil erosion
prediction models are classified into two groups: empirical and physical process-based models.
The most commonly used are The Universal Soil Loss Equation (USLE) (Wischmeier and
Smith, 1978), The Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1997), and
Erosion Potential Method (EPM) (Amiri, 2010), etc. They achieve the best results on small
scales, while their wider application for large areas is difficult (Merritt et al., 2003). Stochastic
models based on presence/absence factors with environmental variables are not commonly
used in erosion process research. It is a user-friendly tool, using the ROC (receiver operating
characteristics) curve, enabling the study of a large area in a relatively quickly.

The main aim of the research was to assess the impact of land cover on the prediction of
the erosion process on the example of two sub-catchments of the lower Brda River. In the
research, spatial data were used: a Digital Terrain Model (DTM), and a database of the
European land cover system - Corine Land Cover (CLC). The primary research hypotheses
were: (i) relief in connection with the type of land cover, mainly determines the probability of the
erosion process, (ii) local conditions strongly modify the sources of supply, transport paths, and
deposition of eroded sediment in the catchment; (iii) predictive models enable a qualitative
assessment of the erosion process at the catchment scale. To verify the assumed hypotheses,
the Maximum Entropy Model tool was used, to determine the predictive power of environmental
variables. The conducted research is significant from the point of view of the possibility of using
new tools in the qualitative determination of the circulation of sediment in the catchment scale.
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Study area. The Brda River catchment amounts to 4661 km? and a length of 245 km
(Map, 2007), which is a lowland tributary of the Vistula River (Poland). The geomorphological
genesis of the catchment is related to the accumulation stage of the last glaciation (Galon,
1953). The Brda valley is built of different-grained sands, surrounded by moraine uplands. The
Brda River catchment is intense modified by hydrotechnical structures: dams i Mylof Reservoir

in the middle course of the river, and Lower Br de

reservoirs) in the lower course (Szatten et al., 2018). At the same time, the hydrological regime
of the estuary section of the Brda River, due to hydrotechnical works started in the Middle Ages
- weirs, sluices, and canalization, is strongly transformed (Szatten, 2022).

The study area is two sub-catchments located in the lower part of the Brda River.
Considering the physical-geographical regionalization of Poland (Solon et al., 2018), the Z1
catchment is located in the Southern Pomerania Lakeland macroregion (314.6-7), on the border
of two mesoregions: Southern Krajna Lakeland (314.74) (western part), and the Brda River
Valley (314.72) (eastern part). However, the catchment area Z2 is located within the Southern
Pomerania Lakeland macroregion (314.6-7) (the northern part of the catchment), the
mesoregi ons: Br da River Val |l ey (314.72) a
Eberswal de 1 ce Marginal Val l ey macroregi on
choice results from intense morphometric and land cover diversity. In the case of the C1
catchment, 9 types of land cover were distinguished, while in the C2 catchment, 15 types of
CLC were defined (Figure 1). The C1 catchment area T Brda River below the Koronowo
Reservoir, amounts to 29.38 km?. The area is dominated by non-irrigated arable land (type CLC
2.1.1) covering 20.31 km? of the catchment area (69%). The C2 catchment area i the estuary
part of the river within the city of Bydgoszcz, amounts to 111.79 km?. The land cover of this
catchment is dominated by coniferous forest (type CLC 3.1.2) 42.91 km® (38%), and
discontinuous urban fabric (type CLC 1.1.2) 24.33 km? (22%) (Fig. 1).

A B

-
%
g

Fig. 1. Corine Land Cover (CLC) of the Brda River sub-catchment area: C1 (A), and C2 (B).

Materials and methods. The input data was a Digital Terrain Model (DTM) obtained from
the resources of the Head Office of Geodesy and Cartography in Poland. Data in ASCII format
file in the 1992 coordinate system, with a horizontal resolution of 1 x 1 m, and a vertical pixel
accuracy of 0.1-0.25 m. The Corine Land Cover 2018 data was obtained from the resources of
the Copernicus Land Monitoring Service (CLMS). According to technical assumptions, CLC
uses a Minimum Mapping Unit of 25 ha for area phenomena and a minimum width of 200 m for
linear phenomena (Heymann, 1994).

Spatial analyzes in QuantumGIS (v.3.4.12), and SAGA software (Conrad et al.,, 2015)
were performed. Based on the Map of the hydrological division of Poland (2007), a sub-
catchment for further research was identified. DTM was preprocessed using the Fill Sink
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formula (Planchon and Darboux, 2002), and then selected geoprocessing tools to determine 4
basic spatial parameters were used: LS-Factor - LSF (Moore et al., 1991), Melton Ruggedness
Number - MRN (Marchi and Fontana, 2005), Stream Power Index - SPI (Moore et al., 1991) and
Topographic Wetness Index-TWI  ( SBrensen et al ., 2005).

The spatial probability distribution for the four environmental variables for the analyzed
sub-catchments was determined using the Maximum Entropy Method (Phillips et al., 2006). The
method is based on the Gibbs distribution and has been successfully used in environmental
research (Kornejady et al ., 2017; Bosino et
al., 2021). The dependent variables for the two studied sub-catchments were 10,000 random
presence/absence background points, according to the basis defined by Phillips and Dudik
(2008). The model was randomly validated, using it as a training sample (80% of data) and test
sample (20% of data). The results define the percentage share of environmental variables in the
model, using the AUC (area under curve) values, which determine the model's effectiveness.
According to the criterion introduced by Hosmer and Lemeshow (2000), AUC>0.7 indicates
acceptable model results, 0.8<AUC<0.9 indicates an excellent probability, and AUC>0.9
indicates an outstanding prediction.

Results and discussion. Results of spatial analyses of environmental variables allow for
characterizing the study area in terms of the erosion process. The first one, the slope-length
factor (LSF) is a commonly used indicator of erosion, proposed by Wischmeier and Smith
(1978) in the USLE model. For C1 it assumes values in the range from 0.00 to 7.22 (average
0.29), and for C2 in the range from 0.00 to 18.49 (average 0.17). In the case of both analyzed
catchments, the LSF maximum values are related to the area of the river valley edges, for C1 -
the Brda River valley, and for C2 - the marginal zone of the moraine plateau (Fig. 2). A similar
spatial distribution for the second analyzed index MRN (Fig. 2) is observed. Index described a
flow accumulation index, related to terrain relief (Melton, 1965). For C1 it assumes values in the
range from 0.00 to 2.75 (average 0.21), and for C2 in the range from 0.00 to 2.39 (average
0.28). The research of Saha et al. (2019) also shows that relief variability is strongly related to
susceptibility to soil erosion in the catchment. The next indicator is SPI, which determines the
erosive power of flowing water (Moore et al., 1991). For C1 it assumes values in the range from
0 to 45979 (average 796), and for C2 in the range from 0 to 171003 (average 41). Linking the
value of the SPI with the water surface slope makes it possible to characterize the ability to
sediment transport, indicating that C2 has a much lower potential (Fig. 2), due to the regulated -
canalized water regime of the river channel (Szatten, 2016). The SPI index was also included in
the research of Pournader et al. (2018), where the prediction results of the Maximum Entropy
Method indicated it as significant in the preparation of erosion susceptibility maps. The last

indicator i T WI describes a potenti al generation of

a potential area of sedimentation. This indicator has been successfully used in determining the
potential erosive power of the surface runoff in the small catchment (Bosino et al., 2022). For
C1 it assumes values in the range from 5.29 to 20.88 (average 9.46), and for C2 in the range
from 4.49 to 23.17 (average 10.21). The spatial distribution of the maximum TWI values for the
C1 catchment indicated the upper areas as potential areas of supply of eroded sediment, and
the bottom of the Brda River valley as an area of sediment accumulation (Figure 2). However, in
the case of the C2 catchment, the environmental variable indicated the potential path of the
sediment transport associated with surface runoff (Fig. 2).

Depending on the type of CLC, the percentage share of the tested environmental
parameters in the Maximum Entropy Model had a unique distribution. The dominant
environmental variable identified by the model was the MRN for both analyzed catchments (Fig.
3). Depending on the type of CLC, the maximum percentage in the model was 88.01% for CLC
2.1.1 (catchment C1), and 96.59% for CLC 3.2.4 (catchment C2). The average MRN value in
the model was 49.03% for the C1 catchment, and 63.81% for the C2 catchment. The other
three environmental variables had significantly smaller contributions to the model results (Fig.
3). The average model shares for LSF, SPI, and TWI were respectively 19.70% (C1) and 12.62
(C2), 11.66% (C1) and 9.28% (C2), 19.61% (C1) and 14.29% (C2).

al
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Fig. 2. The spatial image of morphometric characteristics of the study area catchment: C1,
C2i analyzed sub-catchments; ai LSF,bi MRN, ci SPI, d - TWI.
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Fig. 3. Percentage of the dominant parameter in Maximum Entropy Model in the examined
sub-catchments (C1 - A, and C2 - B) for selected CLC types.

In the case of the C1 catchment, the spatial distribution of the model results indicates
that the areas with AUC>0.9 are the edge zone of the Brda River valley (type CLC 3.1.1), and
the fragmentarily sandur area (type 2.3.1) (Fig. 4). The total area of the C1 catchment
corresponding to the value of AUC>0.9 is 0.64 km? Areas with lower predictive power
(0.7<AUC<0.9) are unevenly distributed for other types of CLC, most concentrated for CLC
2.4.3 located in the bottom of the Brda River valley.
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For the C2 catchment, the spatial distribution of the model results indicates that the
areas with AUC>0.9 are fragmentary edge zone (southern) of the moraine plateau (type CLC
1.4.1), fragmentary edge zone (north) of the moraine plateau (type 2.4.3) and partly the edge
zone (northern) moraine plateau covered by forest (type 3.1.1) (Fig. 4). The total area of the C2
catchment corresponding to the value of AUC>0.9 is 2.56 km?. Areas with lower predictive
power (0.7<AUC<0.9) are unevenly distributed for the remaining types of CLC, most
concentrated within the narrow valley of the Brda River.

Conclusion. Based on the results of the conducted research on the assessment of the impact
of the catchment area land cover on the prediction of the erosion process, using the Maximum
Entropy Method, the following conclusions can be drawn:

1. The lithological, and hydrological characteristics of the catchment determine its erosion
potential to a large extent. In the case of the studied catchments, the diversification of the
terrain relief showed the highest predictive power in the model. Among the studied indicators,
the MRN showed a positive correlation with the potential sources of sediment supply from the
catchment. The impact of local morphological conditions of the catchment, which intense modify
the sources of supply, transport paths, and deposition, should be taken into account.

2. The modeling results related to the types of CLC: 1.4.1, 2.3.1, 3.1.1, link with the local
characteristics of the independent environmental variables (LSF, MRN, SPI, TWI) showed the
highest predictive power, illustrated by the value of AUC>0.9.

ISSN:2306-5680 | ' HietsdEE' W v ¢ B k'slRs dZs@6) v .

21

2 (



3. The conducted research showed the need to implement predictive models, including the
Maximum Entropy Method, in the qualitative assessment of the erosion process and the
circulation of sediments at the catchment scale. These tools can be successfully used to predict
areas potentially exposed to denudation, considering the variable land cover, to determine the
directions of anti-erosion protection in the catchment. It is a tool for sustainable sediment
management in the catchment.
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WATER EROSION POTENTIAL OF THE CONGO RIVER IN THE STANLEY-POOL BAY

In this paper, a scientific study on the understanding of the erosion and transfer processes of suspended
solids or sediments from the Congo River into the Stanley-Pool Bay was conducted. For this purpose, a treatment of
rainfall data over three decades (1990-2020), parameters influencing the process of erosive dynamics leading to the
realization of the water erosion map using the Universal Soil Loss Equation (USLE), was done. Using open access
spatial data and GIS, this USLE model allowed quantifying the rate of material transported over the three decades: a
spatialization of erosion risks on the right bank of the Congo River, notably in the Stanley-Pool Bay, a topography
dominated by steep slopes up to 10%, a high erosivity and erodibility and a low soil protection were revealed.

Finally, the results of the study show that about 40% of the study area is subject to soil loss. The erosion risk
is very severe despite the vegetation cover.

Key words: Solid transport, sediments, modelling, models, Stanley Pool, Congo River.

Introduction. The Congo River is the longest river in Africa (4,700 km) after the Nile, the
second | ongest in the world after “yamkhasAanbasnon i |
area of 3.7 million km] at its mout h. It serves
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of Congo (Brazzaville side) and the Democratic Republic of Congo (Kinshasa side) and in its
lower part between Angola and the Democratic Republic of Congo (Boma and Matadi) in Bas-
Congo. Understanding how it works is therefore crucial in the 21st century when water is a
major issue for Africa.

Despite the proliferation of agreements and conventions on the environment (RIO+20 in
Brazil), it is difficult, especially for African countries, to follow up on the implementation of the
decisions of these conventions at the local level; for example, the desilting of large basins such
as the Congo River basin.

Upstream of the two capital cities of the Republic of Congo and the Democratic Republic
of Congo, Brazzaville and Kinshasa, lies the Stanley Pool (Mbamou Island), a vast depression
21.4 km long and 12.6 km wide on average, marked in the dry season (from June to August,
sometimes until September depending on the year) by imposing sandbanks. Recent scientific
hypotheses in the field also highlight the accentuation of erosion problems of an anthropic
nature that affect the slopes and banks around the Stanley Pool and in the vicinity of
Brazzaville. These problems considerably aggravate the silting up of the navigation channels of
the Brazzaville River Port.

Numerous studies carried out at the Stanley Pool in Brazzaville and other scientific
documents have shown that the Congo River is increasingly experiencing, in the middle part of
its course, active sedimentation due to a significant transport of suspended matter, the volume
of which seriously disrupts, in the dry season, port activities at the level of the Ubangi and also
at the level of Brazzaville in the bay of the Stanley Pool, and more specifically at the
Autonomous Port of Brazzaville. Studies have revealed that river navigation on the Ubangi
River has become almost impossible for more than 200 days per year since 2002 due to a
longer annual low water period.

In Brazzaville, in the Stanley Pool, at the Autonomous Port, since the extension works
undertaken in 1975, this port has been confronted with the problems of sediment deposits
(imposing sandbanks) like those of the Oubangui, thus disrupting its river traffic, the only means
of transporting people and goods to connect the cities and countries drained by this vast
hydrographic network (the Congo River basin). Indeed, solutions must be found because the
economic, social and cultural impacts on the local activities of the Port, but also on the hydric
and biological balance of the Congo River, are very considerable. Water and soil are a
necessary capital for human beings. Solil is a resource that renews itself very slowly (even on a
millennial scale) and in semi-arid areas the soil is washed away by water, this is called water
erosion [1]. The combined action of rain and runoff sometimes leads to irreversible soil loss, and
water erosion is considered one of the causes of soil degradation [2]. On the right bank of the
Congo River, for several years silting has disrupted port activity and caused economic
disruption. Until now, the Maintenance Joint Service of Waterways of the Autonomous Port of
Brazzaville has been dredging in some places to temporarily facilitate traffic.

With a view to finding sustainable solutions, several studies have been carried out: the
quantification of matter in the Congo River by Spronck [3], the first to quantify matter in solution
(82mg/l), i.e. an export of 106x10° tons/year. Symoens [4] quantified the transport of dissolved
mineral substances on an annual basis at 46.5x10° tons/year in 1968, then 35.5x10° tons/year
in 1980. In order to refine certain results, during a five-year period (1987 to 1992), the solid and
dissolved matter transport of the Congo River was measured monthly at the surface, making it
possible to evaluate the solid flow of the river [5]. During this study period, the Congo River had
a flow of 37700 m¥s, allowing an average export of 91.8 x10° tons of material distributed as
7.9x10° tons of dissolved matter (DM). The 12% of TSS is made up of particulate organic matter
(POM) and 29.5% of dissolved matter (DM). The rest of the load corresponds respectively to
particulate mineral matter (88% of TSS) and dissolved matter (70.5% of DM). Compared to the
world's major rivers, this interannual average concentration of these transports (76.2 mg/l) is
low. Laraque and al. [6] estimate that in this year the Congo River transported 26.3 ton/km?
lyear with an average runoff of 120 mm [7] and a liquid flow of 41,700 m?® /s [8]. The total
distribution of this solid transport at the main station of Brazzaville, which controls more than
95% of the total basin area, shows that 30.6x10° tons of solids are transported per year. All
assessments made on the Congo River at the Stanley Pool were made in a global and sporadic
way. Kinga-Mouzeo [9], reiterating earlier results, estimates that the average annual tonnage of
suspended exports is 40.56x10° tons. Molinier [10] carried out a series of monthly samples from
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January 1978 to February 1979. At the same time he tried to diversify the sampling points on
the measurement sections. The results of his work are very interesting since they show that the
values of the contributions in suspension vary in a significant way between the surface and the
bottom, contrary to the dissolved contributions which are approximately identical along a
vertical.

Several studies are being conducted to solve this problem without taking into account the
relationship between various phenomena, namely (i) water erosion which carries the material
into the Congo River, (ii) the different materials transported by the river current according to
three modes of transport, (iii) as well as the interaction between the minor bed which is the
place of deposition of the suspended material which, when the flow velocity decreases in certain
places, is deposited to form sandbanks, and the major bed which transports the material.

This study is a contribution to sustainable solutions for the silting problem in the
Autonomous Port of Brazzaville. Using satellite data from the Djiri, Tsieme,Lifoula, la Lefini and
BRAZZAVILLE stations, the study uses hydrological modelling (Fig. 1) to estimate the rate of
material transported by the Congo River on the right bank over three decades (1990-2020).

MATERIALS AND METHODS

Presentation of the study area. The Congo Basin (Fig. 1), with a length of 4700 km,
drains a watershed with a surface area of 3,700,000 km? covering a large part of Central Africa,
with a high density hydrographic network and a slope of about 0.033% allowing water runoff.

Several projects have been initiated to understand the hydrological, hydrogeological and
hydroclimatic functioning of the Congo Basin [11]. The Stanley Pool at its entrance constitutes a
control threshold for the Maluku limnimetric station.

At this point in the river, the flow undergoes a variation due to the widening of the straight
section of the river. A second natural sill can be observed at the exit of the rapids which controls
the scales of the Brazzaville Beach. The surroundings of the Stanley Pool are very permeable
to water infiltration, thus characterizing the rich potential of the groundwater in the vicinity of the
Stanley Pool; the increasing distribution of clays from the mainland to the river increases a
decrease in the permeability of the soil in the vicinity of the Stanley Pool. In the area around the
Stanley Pool, where the slab is absent, the sandy plateau and the Stanley Pool sandstone form
a thick, permeable mass, which is favorable to the deep infiltration of rainwater.
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Materials: data and software used. The data (Table 1) are processed in a multi software
platform (Arc Gis 10.4.1 and MS Excel 2010), in order to elaborate a very rich database
allowing the manipulation, the update of these data, as well as the visualization.
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Table 1. Data and software used

N A Documents and download platforms Software Logiciels
Digital Terrain Model, Image Shuttle Radar Topography Mission (SRTM) of 30 m | Arcgis

1 | resolution of 2014 10.4.1.
Obtained from the website : http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp. MS
Carte num®rique du sol du monde ¢ Digitad

2 | Obtained from the website:
http://www.fao.org/geonetwork/srv/en/metadata.show?id=14116

LANDSAT 8 OLI satellite image of 14/08/2019 with 30 m resolution Excel
3 | Precipitation recorded at the Brazzaville station between 1990 and 2020 2010
Obtained from the website: https://gis.ncdc.noaa.gov/maps/ncei/cdo/alltimes

Presentation of the model. Erosion is a multiplicative function of rainfall erosivity (the R-
factor which is the potential energy) multiplied by the resistance of the environment, which
includes the K-factor (soil erodibility), LS (the topographical factor), C (the vegetation cover and
cultivation practices), P (takes into account the anti-erosion practices) These different factors
control: climatic aggressiveness, soil erodibility, slope inclination and length, land use and
erosion control practices [12 , 13]:

A=R3LS K G F (1)

where: A is the annual rate of soil loss in ton/halyear, R is the rainfall erosivity factor, K is the

soil erodibility, LS is a dimensionless factor representing slope (S in %) and slope length (L in

m), C is a dimensionless factor representing the effect of vegetation cover, P is also a

dimensionless factor that accounts for erosion control techniques such as contour ploughing.
RESULTS

R-factor. The R-factor (Erosivity in ton/ha/year) is calculated as follows:
R=0.53P Z2.7: 2

With: P: Annual precipitation in (mm). Using average annual precipitation in (mm) from different
regions in and around the study area.

HN
JA
4

Fig. 2. Rerosivity factor Map

Soil erodibility factor K. The soil erodibility factor K expresses the sensitivity of the soil
to water erosion. We evaluated the K index of the different soil types using the equations of
WILLIAMS [15] and using the Digital Soil Map of the World (DSMW). Processing this map in
ArcGis gave us the rates of different soil types; sand, clay, silt and organic matter. The soil
erodibility factor was calculated by the formula of WILLIAMS [15]:

FACTOR K: Isand 3 fcl si 3forgC ﬁhisanw’ (3)

. is a factor that lowers indicator K in soils with high coarse sand content and

csand”

higher for soils with some sand, f___: gives low soil erosion factors for soils with high rates of

cl-si*

where: f

: lowers the K-

silt clay, f, . reduces K values in soils with high organic carbon content, f.,..:

values for soils with extremely high sand content.
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These three equations allowed the calculation of the K-factor, the results are
represented.The calculated K values were interpolated using an IDW interpolation method on
ArcGis 10.4.1 The values of the K index in the study area (Fig. 3) range from 0 to 0.1, showing
the fragility of the soils susceptible to erosion. The map obtained shows that more than half of
the study area represents a high erodibility than the others. The rest of the area has relatively
low values of the soil class showing almost no erodibility caused by the forest reserve.

Fig. 3. Erodibility factor Map K

Topographic factor LS. The topographic factor combines the effects of slope length (L)
and slope steepness (S) on erosion. These two factors are calculated from the digital terrain
model in Arcmap (Eq.4).

3 2 Asl eIengthN_(Sl
LS=§0.065 +0.0456 (slopg ~ 8.006541 Slopf 9 5 (@)

¢ constant

where: Slope = slope inclination (%), Slope length (m), Constant = 22.1 in Sys. Metric (72.5 in
Imperial units), NN: see Table 2.

Table 2 : NN Values

Slope <1 1 O sl ope 3 O slope O 5

NN 0,2 0,3 0.4 0,5

The LS factor represents a ratio of soil loss under given conditions, the higher the slope, the
greater the risk of erosion. In fact, upstream of the right branch of the Stanley Pool, the slope
varies up to 0.1. At these locations, the risk of erosion is very noticeable (Fig. 4).

>z

[ 1015

En Fig. 4. Topographic factor map LS

B

Vegetation cover factor C. Vegetation represents the effects of plants, soil cover, soll
biomass and soil destructive activities in erosion processes. The determination of this factor is
developed from the mapping of vegetation density on a satellite image (LC08 Landsat 8 OLI of
14/08/2019 of 30 m resolution), the latter was analyzed on the Arcgis software platform (version
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10.4.1) by calculating the NDVI (Normalized Difference Vegetation Index). Afterwards, we used
equation (9) of Van der Knijff et al., [16]:
a2- NDVI
FactorC exw (5)
The C-factor map, presented in Fig. 5, shows variant values between 0.407 and 1.097.
These results show that these values correspond to a better protection of the soils and are
favorable for forest formations where anthropic activities are low.

Legend
@ swvocs

<VALUE>

I o.007 0829

Fig. 5. Vegetation cover factor
Map

Factor of anti-erosion practices P. In the case of the watershed, there are some anti-
erosion practices. Thus the factor P, referring to the reality of the field thanks to satellite images
and the map in Fig. 6, has been assumed to be equal to 0.8. This map (Fig. 6) shows that about
60% of the study area is relatively protected while the rest is exposed to very high water erosion
risks.

_ Fig. 6. Map of erosion control
0 . practices

Kilomatras

[ e e e e T T

Water erosion rates. The multiplication of the different USLE parameters under ArcGis
software is given by:

Watererosionrate R factoB K factor3® LS factor 3 @cfor P factor. (6)

The simulation yielded the erosion risk map (Fig. 7), informing on the erosion potential in
t/halyear per spatial unit (DTM pixel) at a few points of the watershed with values ranging from 0
to 1381 tons/hectares/year. This map shows a clear spatial variability of water erosion risks
within the study area. The right branch of the Congo River, which is a final spillway of the
hydrographic network of the city of Brazzaville, is one of the causes.
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uuuuuuuu =l Fig. 7. Soil loss map in
| —— (tons/halyear) in the Watershed
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0

Kllométres N Coorinats System: SGS WGS 1964
Datum: WGS 1984

Conclusion. This study is based on the use of open access spatial data and GIS for a
spatialization of erosion risks on the right bank of the Congo River, particularly in the Stanley-
Pool bay which is the study area. It showed that in this area of the Congo River, the topography
is dominated by steep slopes up to 10%, the erosivity is high, the erodibility is high and the soil
protection is low. In addition, the existence of an urban and agricultural area in the steep slope
zone accentuates the risk of erosion at this location. The results of this study show that
approximately 40% of the area is subject to soil loss. The risk of erosion is very severe despite
the vegetation cover.

The good management of the hydrographic network, the methods of soil survey by the
installation of grass strips are better adapted to face the risk of erosion in this zone, the
afforestation of the zones with weak vegetation cover and the support of the efforts undertaken
by the population will make it possible to protect in a durable way this territory.

The use of the USLE model, GIS techniques and open access multi-source data can be
applied at a reasonable cost to map the risk of erosion at the territorial scale, the analysis of the
variability of erosion intensity and the identification of priority areas for soil conservation in the
Republic of Congo.
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APPLICATION OF HEC-RAS MODEL TO ANALYZE OF SEDIMENT TRANSPORT DYNAMIC
PRE AND POST CONSTRUCTION OF FALL STRUCTURES
AT LOWER NARA CANAL OFF-TAKING FROM UPPER NARA CANAL,
SUKKUR BARRAGE, INDUS RIVER, SINDH, PAKISTAN

This paper presents the research study using the HEC-RAS model to evaluate sediment dynamic problems in
lower Nara canal pre and post-construction of fall structures at RD-77 and 101 respectively which is a major tributary
of upper Nara canal that off-takes from Sukkur barrage on the left bank of Indus River. As a result, the hydraulic
model has computed longitudinal and cross-section, velocity, water surface profiles, and sedimentation dynamics.
Sediment transportation without fall structure is aggradation (5.75 ft and degradation (4.50 ft) and with fall structure
aggradation (4.25 ft) and degradation (2.75 ft) respectively. Sediment transportation without fall structure is
aggradation 500,000 tons and degradation 225,000 tons and with fall structure aggradation 155,000 tons and
degradation 125,000 tons. Sediment transportation without fall structure is degradation 600,000 tons and with fall
structure is aggradation 110,000 Tons and degradation 165,000 Tons. Sediment transportation without fall structure
is aggradation 1,750,000 Tons and with fall structure is aggradation 1,300,000 Tons. Hence the results of the model
revealed that aggradation at u/s and degradation at d/s of fall structures that is a true representation of the behavior
of fall structures. Whereas, the section is wider than aggradation occurred and degradation is experienced in narrow
sections in both scenarios (with and without fall structures). The positive impact of constructed fall structures was
analyzed on the morphology of the canal. Hence, the construction of fall structures are essential at the change of
country/steeper slope to avoid unnecessary erosion.

Key words: HEC-RAS model, lower Nara canal, Indus River, fall structure, sediment transportation,
aggradation degradation.
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Introduction. Large Rivers of World have been receiving Average suspended load
annually, Amazon (1200 MT), Huanghe (Yellow) (1080 MT), Ganga-Brahmaputra (1060 MT),
Changjiang (Yangtze) 480 MT, Mississippi, 400 MT, Irrawaddy, 260 MT. Indus, 259 MT with
delta 29524 km 2 . Indus River receives sediment Load material from two origins: catchment and
its banks and bed. It changes behavior and location with temporal, spatial varying channel
dimension and pattern and frequently flooding. Morphology of Indus braided with high to low
meanders, Reach of the river, where Sukkur barrage is located, has great variability of
sediment. Prior to construction of barrages and dams the annual sediment load ranged from
270 to 600 MT (Kimani,1993). Estimated Heavy Sediment load is about 200 MT per year in
Tarbela reservoir. And about average 330 MT at Kotri d/s of Sukkur barrage (Karim, A. et
al.,2000). Average annual sediment load in the Indus River at Sukkur was 360 MT during 1902
to 1960. Average Sediment Load 0.715 MT per day, Thus approximately 260 MT per Year
(Feasibility of Study Sukkur, 2006). Rivers are affected by natural and human factors; rivers
usually undergo severe erosion on bed or banks, sedimentation and sectional movements.
These factors caused dramatic changes to rivers in long run leading to what is known as
geomorphological changes. One of the key topics in river engineering is to investigate river
morphology that describes the river geometry, bed shape and longitudinal profile, cross-
sections and changes of river shape (Van Rijn, L.C., 1993, Graf, W.H., 1984). Sediment
deposition is a culprit in the slow reduction of aquatic habitats and increased water velocity,
which changes the morphology of rivers (Ehteram, Ghotbi et al. 2019)

Silting of reservoirs and rivers is another important aspect of sediment transport, the
storage capacity of reservoir is reduced by its silting, thereby, reducing its use and life. The
design and execution of a flood control is chiefly governed by the peak flood levels, which in
turn, depends on the scour and deposition of sediment. Firstly, the bed levels may change by
direct scouring of deposition of sediment; and thereby changing the flood levels. Secondly, the
scouring and silting on the river banks may create sharp and irregular curves, which increase
the flow resistance of the channel, and thereby, raising the flood levels for the same discharge.
The phenomenon of sediment transport causes large scale scouring and siltation of irrigation
canals, thereby increasing their maintenance. Many poorly designed artificial channels get silted
up so badly, then they soon become inoperable, causing huge economic loss to the public
exchequer. The artificial channels should, therefore, be properly designed, and should not fail to
carry the sediment load admitted at the canal head works. Sediment transport, thus, poses
numerous problems, and is a subject of great importance, and possesses enough potential for
further research and development. The sediment in a canal is a burden to be borne by the
flowing water, and is therefore designated as sediment load. The sediment may move in water
either as bed load of as suspended load. Bed load is that in which the sediment moves along
the bed with occasional jump into the channel. While, the suspended is the one in which the
material is maintained in suspension due to the turbulence of the following water
(Santosh,2007).

Laneds principle provide visual approach
river/canal water discharge, slope, and sediment load and sediment size. In this simplified
qualitative the river tries to achieve its dynamic equilibrium by adjusting these four main
variables. When reduction in water discharge (due to diversion, the river/canal will try to restore

i ts equilibrium by deposing t he e X ¢ e s Balanzd
(Raudikivi, 1993).
The sedi ment particlesd movement i ncorpo

suspended load. The bed load which moves very near to the bed is of main concern. The
sediment is transported by flowing water and/or it slides along the bed or bounces instantly over
the bed. The bed load transport is accumulated when there is low velocity with stream heavier
grain sizes. While suspended load occur more at higher stream smaller/lighter grain size moves
along the bed and are kept in suspension with moving water (Susana, et al., 2011).

Sediment transport capabilities have been added to the Hydrologic Engi neer i n
River Analysis System (HEC-RAS). HEC-RAS can be used to perform sediment routing and
mobile bed computations. The existing in HEC-RAS to compute a series of steady flow

t o

rate

g Ce
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profiles used to develop hydrodynamic parameters for sediment transport. The result is a
continuous simulation of the change in cross sections as sedimentation processes adjust to
the hydraulic conditions imposed by the inflowing water- sediment hydrograph and the base
level control boundary conditions.

Sediment routing and mobile boundary simulations are commonly employed in
support of various U. S. Army  C o ofp Bngineer missions. However, many of the core
capabilities of HEC-6 have recently been incorporated into HEC- RAS, leveraging the robust,
existing, hydrodynamic capabilities in RAS and providing helpful user interfaces for one
dimensional sediment transport modeling. The study by Ghimire and De Vantier used a one-
dimensional HEC-RAS numerical model integrated with Arc-GIS to develop a sediment
deposition model at the Olmsted Locks and Dam area (Ghimire GR et al., 2016). When flow
velocity increases gradually over a sedimentary bed, the motion of sediments occur if the bed
shear stress (available shear stress) induced by the flow exceeds a certain critical value of
shear stress (Ahmad et al., 2011). Flow regime is mainly impacted by interactions of diverse
hydraulic and hydrodynamic forces. This leads to a dynamic river system and changing cross-
sections due to periodic sedimentation and erosion (Delphi, M., et al., .2010)

Most of the canal network on Indus Basin Irrigation System (IBIS) is directly fed from
rivers that may carry heavy sediment particles; heavy silt particles may settle down in canal
beds which create serious operation and maintenance problems. Sediment flow in natural
channels and rivers varies in several ways in irrigation canals. Though irrigation canals and river
both are much similar at the same time there are also many variations such as the width ratio,
sediments load, the hydraulics and dynamics (Galappatti, 1983). The design system of canals is
adopted in such a way that most of sediment particles remain suspended and being distributed
into off-taking canals to reach in irrigation fields. Despite this, these particles tend to settle down
and become probl em in canal sb operation
maintenance and de-siltation is required to keep the canal operational that cause an additional
burden on national economy (Munir, 2011),

Nara Canal off-takes from left bank of Sukkur Barrage located on Indus River. This canal
reaches its tail after traversing a distance of about 119 canal miles (595RDs) from its head
regulator. The Jamrao Weir/Head Regulator controls the flows into the Lower Nara Canal. Two
canals namely Jamrao Canal and Jamrao Twin Canal off-take from the right side, as well as the
Ranto Canal (which also feeds Chotiari Reservoir) off-takes from the Nara Canal on the left side
at the Jamrao canal (SIDA report 2015).

The bed load logically is dependent on the local properties of the channel so that the most
of sediment discharge formulae predict bed-load discharge. The bed load formula was chosen
mainly because the forecast of suspended sediment transport is more difficult. Most of the
sediment discharge formulas predict bed and suspended load discharge, because bed load is
logically dependent on the local properties of the channel. The prediction of suspended
sediment transport is more difficult since the transport at any cross section depend on the
balance between the particles in suspension and their deposition from suspension over a long
up stream reach.

Irrigation canals receives high silt load directly from Indus River. Beside this, erosion in
canal banks, scour bed as well as non-cohesive bed material further increase the problem.
Design of canal sé system is made toons as mast o i
sediment particles remain in suspension and being distributed into tertiary canals to reach in
agricultural fields. Sediment particles tend to settle down in canals due to wider sections having
low velocity which create severe silt deposition resulting to reduce the water carrying capacity
system. Canal requires de-siltation to keep section capable for taking design discharge which is
very costly. To analyze dynamic sedimentation behavior and morphological conditions of the
Lower Nara Canal. To analyze dynamic sediment transport impact on Lower Nara Canal profile
after construction of Fall structures at RD-77 and RD-101

Study Area and methodology of Using HEC-RAS Model. Study was carried out on
Lower Nara canal which receive Water from main Nara canal which off-takes from Sukkur
barrage on its left bank. Nara is the largest canal in Sindh, having length of 364 kilometers with
its designed capacity of 13,602 cusecs. It behaves like a river and about two million acres of
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agricultural land is irrigated by this canal. The Upper Nara canal exhibits varying hydraulic
gradient with wider and narrower sections at a number of locations. The major problems of the
Nara canal are excessive quantities of silt delivered through the system due to erosion from the
canal prism as a result of scouring at upstream or silt fed into the Nara canal system at the head
regulator of upper Nara canal, and the reduced discharge provided to the lower Nara canal. The
currently three fall structures were constructed (as shown in fig.1) along the Nara canal to
stabilize the flow regime and curb the menace of silt deposition. One of these three fall
structures is located at RD 550 of upper Nara canal, second and third at RD 70 and RD 110
respectively of lower Nara canal. The study has also been carried out to find out and analyze
dynamic sediment transport impact on Lower Nara Canal profile after construction of fall
structures at RD-77 and RD-101.
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Fig.1. Shows Study area

Sediment Transport. Used for calculation related to geomorphological changes in long
run, erosion and sedimentation on river and canals bed, changes of roughness factor in
floodplain in sediment management (Smadi-Boroujeni, et al. 2008).

HEC-RAS Model. Sediment computations in HEC-RAS utilize one dimensional, cross-
section averaged, hydraulic properties f r o m RhdBadllie engines to compute sediment
transport rates and update the channel geometry based on sediment continuity calculations.
This Hydrodynamic HEC-RAS model has been developed by Hydrologic Engineering Center of
the US Army Corps of Engineers (USACE) which can perform: i) Unsteady flow analysis in
Rivers/Channels; ii) Water Quality analysis, iii) Sediment Transport analysis, iv) Hydraulic
Design functions regarding (barrages, bridges, spillways, culverts, weirs and drops) (Manual
HEC-RAS, 2017). Geospatial capabilities have been added to the Hydrologic Engineering
Centerodés River An&AS) wialow tBeyhydraalimengined @ more efficiently
develop hydraulic models through visualization of model results and refinement of model
geometry within a consistent modeling environment.

Method for computing process using HEC-RAS Model: The fig.2 reveals that at initial
stage data should collected for preprocessing. This data sets have been used/applied for
running the Model for hydraulic simulation and further model has been calibrated and validated
with Manning N values and computed the results.
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Fig.-2 Shows computing process for application of HEC-RAS Model

Input to the Model. Geometry Data: i) Design parameters of Hydraulic structures ii)
longitudinal and cross-section survey of Canal. iii) Remotely sensed freely available Digital

Surface Model (DEM) The Digital Surface Model (DEM) has been downward and Cross-section
Longitudinal section has been digitized as project area (sea fig.3).

Fig.3. Shows Canal Profile and L-Section of Lower Nara RD 01-165

Sediment Data: i) Initial conditions and Transport Parameters; ii) size distribution; iii)
Gradation Curve.

The data of sediment samples taken from the canal reach with discharge including grain
sizes of canal bed and D50 as shown in table 1.

34

Tablel. Shows Discharge and sediment Concentration
High Flow (July, 2014) Measurements Data
Canal _ Sgdiment Concentration
Location Q Clay Silt Sand Total
RD Cusecs ppm ppm ppm ppm
lower Nara 8+200 6,043 252 764 168 1184
Location Low Flow (April, 2014) Measurements Data
Sediment Concentration
Q Clay Silt Sand Total
(RD) Cusecs ppm ppm ppm ppm
Lower Nara 8+200 2,882 41 303 166 510
ISSN:2306-5680 Hydrology, Hydrochemistry and Hydroecology. 2022.
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Six different transport functions are currently available in RAS including Ackers and White
(1973), Englund- Hansen (1967), Laursen (1958), Myer-Peter-Muller (1948), Toffaleti (1968),
and Yang (1972). Total transport capacity is calculated by invoking the similarity hypothesis
(Armanini, 1992 and Vanoni 1975 after Einstein, 1950) by dividing the sediment gradation
curve into discrete size classes, independently computing a transport potential for each size
class and then weighted by the relative abundance in the active layer.

piate:  [EEECRNEN - [ 45 % B Enter Multiple Gradations in a Table.
Finer 100

%

Finer
\\\

Fig. 4. Bed Material Gradation Curve

Boundary Conditions. i) U/s Condition (Flow Series) ii) D/s Condition (Normal Depth)
and iii) Gate Openings. Flow specification for sediment transport computations currently follows
the A g u-a § e aftbw approach of HEC-RAS. An event or period of record is approximated
by computing a series of steady flow profiles (Fig. 1). Each of these each steady flow profiles is
then associated with a duration and transport parameters are generated at each crosssection.
Usually, however, bathymetry updates are required more frequently than the flow increment
duration, so a computational time step is specified. The geometry file is updated and new
steady flow hydrodynamics are computed at the beginning of each computational time step.

Results and Discussion. The Geometry data, Hydraulic Data and Sediment Data have
been given to HEC-RAS of Model for computing hydraulic and discharge parameters such as
total discharge maximum and minimum velocity water surface elevation flow width and Froude
No. (see Fig.6) and Model has computed sediment transport.

=] Flow Series for Nara Lower 157153
CRiREN Table |

Hydrograph Data

ot i 2 o m 2 o T
| bpr01s | Wayz015 Jurao1s

Date 04/29/2015 09113, 6501.69
) I é ] ) P’w

Fig.5. Hydrograph as boundary condition

ISSN:2306-5680 | ' HietsdEE' W v ¢ B k'slRs dZs@6) v .

35

2 (



Table 2. Shows hydraulic parameters

i Profile Output Table - Standard Table 1

File Options Std. Tables Locations Help

Profile E.G. Elev [E.G. Slope
(= 5] o | | LFE) | | | tza fa
==y i5zias OSIunZ015 0000 | S529.20 EEN-rY 104,04 104, 10| ©.000125 2.0%| =27i6.8%
Lever iazias CSIun2015 0000| S5529.20 =2.99 103,35 103,45 0.000137 2.01| 27as.84
Gver 19z195 02Junzois 0ooo| Ssze.zo @0, 56 woz.52 102, 70| o.000162 z.32| =3s3.49
L 137145 ©8Iunzo15 0000 | S5529.20 22.75 101,98 i02.02| o.000114 185 3003.12
Lewwer 7 |0S0un=015 oooo|  ss2a.20 ar.as 101,37 101.44| 0.000116 2.06| 2eve.89
Lowver =195 OSJunZo15 0000| S529.20 @s.61 100.95 101,00 o.000067 1.73| 3195.33
Lever 1551495 OSIun2015 0000 | S5529.20 &7.53 100, 55 100,64 0.00007F 180 3087.99
Ger 17 08Junzois oooo| sSsze.zo a7, 77 100,13 100,19 | o.000107 1,94 zess.04
L 12145 ©8Iunzo1s 0000 | S5529.20 =53 29,74 29.78 | 0.000089 172 3azis.ss
Lenwer ET=Ed GSIunP01s 0000 | SS29.20 a1.a2 aa. sa S9.88 0.000025 1.26| a3mz.ar
=Yy 10z1as OSJunZ015 0000| S529.20 @o0.33 EERey S=.48 0.000017 115 47539.55
Lever S7iaa CSIun2015 0000 | S5529.20 &s5.13 =9.32 959,35 0.000037 141 3919.61
Ser SZ1a9 0SJunzois oooo| ssze.zo 1.4 28,95 99,02 0.000153 z.05| 203,37
L S1271.84 |093unz015 cooa| ss529.20 =117 ==.45 2=:.52 0.000175 z.11| =sa7.77 432.37 a.
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The fig.6 shows the water level/computed flow at RD-01. This figure reveals the visual
phenomenon regarding water level in cross section of channel.
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Fig.6. Computed Flow at RD-01

The fig.7 shows the outflow in Lower Naran at Fall Structure (RD-77). While fig.8: 3-D
view of Fall Structure in Lower Nara at RD-77. These figures are representing the flow behavior
at fall structure in 1-D and 3-D. Hence, result of model are nice as technical and other
stakeholders can understand easily phenomenon flow passing through hydraulic structures.
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The Fig.9 Profile of L-Section, without Fall Structures at RD-77 shows that there is no any
hydraulic drop in the channel before construction of fall structure, hence there is no any Impact
on velocity and Sediment transport Load. Fig.10: Profile of L-Section, Fall Structures at RD-77 &
101 which reveals the drop/cut off between upstream and downstream of fall structures. Hence.
This phenomena has reduced velocity and sediment behavior in channel.

The fig.11, 12 and 13 exhibit that there aggradation and degradation at upstream and
downstream of fall structures. This development of aggradation and degradation is true
representation of results of model. The Fig.14 Profile shows the maximum velocity without Fall
Structure which is 6 ft /sec. The high velocity remained cause of erosion and scouring banks
and bed respectively.

St -omm “ wamcx -omm

Nara-Lower RS721464

raded Bed (2 ft | s
o L _— Original Bed { Original Bed |

r=m

O NN & [
Fig.11. Cross-section at u/s and d/s of Fig.12. Cross-section at u/s and d/s of Fall-
Fall-Structure- at RD-77 showing aggradation Structure- at RD-77 showing degradation

P, - oEm

Nara-Lower RS:72144,66305.85

- g e ! D/s x-section |
i FallStrycture

/u]“ _~~ U/sx-section
\ | FallStructure
/

qhﬂﬂ@

Fig.13. Cross-section at u/s and d/s of
Fall-Structure- at RD-77 showing aggradation
and degradation

Fig.14. Profile (without Fall Structure)
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The fig.15 shows the maximum velocity has been reduced due to construction of fall
structure from 6 ft/see to 3.75 ft/see. The construction of fall structures which have developed
drop and reduced flow velocity and improve the sediment transport. Hence, model is giving
good result regarding simulation flow at fall structures.
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Fig.15. Velocity Profile (with Fall Structure)

The fig.16 shows the water surface in channel before construction of fall structures. The
Water surface is changing with increasing discharge in the canal from RD-01 to 115.
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Fig.16. Water Surface (without Fall Structure)

The fig.17 shows that water surface after construction of Fall structures. The Water
surface in canal showing drop between fall structures which were constructed RD-77 and RD-
101. These structures have reduced water surface and maintenance the velocity of canal for
developing the regime conditions.
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Fig.18 shows Invert Change (Ft) Sediment transportation without fall structure is
aggradation (5.75 ft and degradation (4.50 ft), while fig.19 reveals with fall structure aggradation
(4.25 ft) and degradation (2.75 ft) respectively.
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Fig.18. Invert Change (Ft) due to Sediment transportation (without Fall Structure)
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Fig.20 and 21 show Mass Bed Change Cum (Tons) Sediment transportation without fall
structure is aggradation 500,000 tons and degradation 225,000 tons and with fall structure
aggradation 155,000 tons and degradation 125,000 tons respectively.
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Fig.21. Mass Bed Change Cum (Tons) due to Sediment transportation (with Fall Structure)

Fig.22 and 23 show that Long Cum Mass Change (Tons) Sediment transportation without
fall structure is degradation 600,000 tons and with fall structure is aggradation 110,000 Tons

and degradation 165,000 Tons respectively.
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Fig.24 and 25 exhibit that Mass in Cum (Ton) Sediment transportation without fall
structure is aggradation 1,750,000 Tons and with fall structure is aggradation 1,300,000 Tons.
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The results of hydraulic parameters and sediment transport that HEC-RAS now has basic
sediment transport capabilities. RAS utilizes quasi-steady hydrodynamics and one of several
transport equations to solve the sediment continuity equation. Sediment surpluses and deficits
are modified with temporal and physical constraints and translated into bed aggradation
and degradation. After each computational time step the RAS geometry file is updated based
on bed elevation changes for the hydrodynamics and sediment potential computations to use
during the next time step. RAS includes a convenient user interface to specify the necessary
data for a sediment analysis and a wide range of available outputs for analyzing a simulation
(Stanford Gibson, et al.2006).

Conclusion. As a result, Model has computed longitudinal and cross-section, velocity and
water surface profiles and sedimentation dynamic. Further Model results show the
sedimentation dynamic computation in Invert Change (Ft) Sediment transportation without fall
structure is aggradation (5.75 ft and degradation (4.50 ft) and with fall structure aggradation
(4.25 ft) and degradation (2.75 ft) respectively. Mass Bed Change Cum (Tons) Sediment
transportation without fall structure is aggradation 500,000 tons and degradation 225,000 tons
and with fall structure aggradation 155,000 tons and degradation 125,000 tons. Long Cum Mass
Change (Tons) Sediment transportation without fall structure is degradation 600,000 tons and
with fall structure is aggradation 110,000 Tons and degradation 165,000 Tons. Mass in Cum
(Ton) Sediment transportation without fall structure is aggradation 1,750,000 Tons and with fall
structure is aggradation 1,300,000 Tons.

Hence the results of Model revealed that aggradation at u/s and degradation at d/s of fall
structures that is true representation of behavior of fall structures. Whereas, section is wider
that aggradation occurred and degradation is experienced in narrow section in both Scenarios
(with and without fall structures). Positive impact of constructed fall structures was analyzed on
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morphology of canal. Hence, the construction of fall structures are essential at change of
country/steeper slope to avoid unnecessary erosion.
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HYDRODYNAMIC FUNCTIONING OF THE LOBO RIVER RESERVOIR,
West-Centr al of Clte doOolvoire

Built to improve water supply for the populations of the city of Daloa, the Lobo River reservoir is no longer
functioning properly due to human activities near its reservoir. This study, based on a 2D hydrodynamic model,
carried out with the Mike21 HD software, allowed the reconstruction of the flows in the Lobo River reservoir. The
results of the simulation indicate that the hydrodynamic model could reproduce the variation of water levels at the
free surface of the reservoir. Also, the results are very sensitive to the boundary conditions of the model but also to
the initial conditions. The results of the influence of pumping on the dynamics of water levels in the Lobo River
reservoir showed that water levels are not significantly modified by pumping (less than 1.3 mm). Therefore, pumping
has little impact on the hydrodynamics of the Lobo River because the pumped flows are much less than the inflow to
the reservoir.

Key words : Hydrodynamics; Modeling; Reservoir; Lobo River.

Introduction. Artificial water storage, created by the construction of water reservoirs, is
essential for the sustainable health and well-being of populations as it provides water for human
consumption, irrigation, fishing practice and energy production. In addition, water retention
reservoirs are also used for recreational activities, flood and drought control (Buyukyildiz et al.,
201 4; Lu2s and Cabral, 2021) .

Like other Africancount ri es, Cite d'lvoire is not
(Koffi et al., 2020b; Kouassi et al., 2013). The advanced eutrophication of some water reservoirs
used to supply drinking water to the population sometimes makes it difficult to treat these waters
due to siltation at the water intakes. Built to improve the supply of drinking water to the people of
the city of Daloa, the Lobo River reservoir has been subject to all kinds of anthropogenic
pressures for several years. Despite the efforts made by the competent authorities, recurrent
problems of water supply are still observed in several districts of the town of Daloa. However,
the water reservoir used to supply drinking water to the population has not yet been the subject
of hydrodynamic studies to understand its functioning in order to adopt management strategies.
Moreover, the combined effect of climate change, the absence of protection perimeters around
the water reservoir, rapid urbanization and agricultural activities could affect the morphology
and quality of the water. It is in this context that this study was initiated to understand the
hydrodynamic functioning of the Lobo River reservoir.

Material and Methods

Study area. Located in west-c ent r al Citte d'lvoire bat e "'|

36"’ West and |l atitudes 6e57" 0 and 6e57'
km from the town of Daloa (Fig. 1). This river is one of the tributaries of the Sassandra River
(Koffi et al.,, 2020a; Yao et al., 2012). The Lobo River impoundment is the main source of
drinking water supply for the people of the city of Daloa.

Hydrometric data. Hydrometric data from the Adjoukrou station located upstream of the
reservoir were used in this study. These data cover the period 2019-2020. All hydrometric data
used in this study are at daily time step.

Bathymetric survey. Bathymetric surveys were conducted using a Lowrance Elite Ti 9
echo sounder. This device consists of three parts. Bathymetric measurements were made at a
frequency of 450 kHz to allow the waves emitted by the echo sounder to not penetrate the
sediment (Lowrance, 2019). The development of a quality hydraulic model is highly dependent
on good bathymetry. To this end, the areas covered by the bathymetry take into account the
fluvial and lacustrine portion of the Lobo River impoundment reservoir. In order to obtain a
regular grid of points, all the data were interpolated by the nearest neighbor method using the
MIKE 21 software.
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Hydrodynamic model. The distribution of currentology and water levels in the Lobo River
impoundment were evaluated through the development of 2DH numerical modeling, performed
using MIKE 21 FM software (DHI, 2020). This is a software package that simulates the variation
of water levels, flows and sediment transport in two dimensions (2D). It solves the classical
two-dimensional Saint-Venant equations by the finite volume method on a flexible mesh grid.
The vertically integrated conservation of mass and momentum equations used by the MIKE 21
model are used to describe the flow and water level variations (DHI, 2020). A triangular mesh
was used to generate the 2D model topography. Next, the mesh is smoothed to achieve the
largest possible angles and feature area. After this step, the mesh is interpolated with the initial
bathymetry using natural neighbor interpolation. When generating the model mesh, a correction
is made to ensure good mesh quality. The domain mesh consists of 8125 nodes and 14628
elements (Fig. 2).

Boundary and initial conditions. Two boundary conditions were imposed in the
hydrodynamic model. The flows are imposed as boundary conditions upstream of the domain.
For the upstream boundary conditions, we positioned ourselves far enough (4.2 km from the
weir) from the lake area to be able to parameterize the model with the river flow. As for the
downstream boundary of the model, a constant water level (-1 m) and the spillway of the
reservoir allowed to control the hydrodynamic model. In this study, a water level (-1) was
imposed as an initial condition. This value represents the initial elevation at the surface of the
Lobo River impoundment.
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Fig. 2. Meshing of the study area
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Results

Calibration and validation model. The results of the calibration of the steady-state
model show a good synchronization between the observed water level-discharge curve and the
one simulated by the model in periods of low water and high water (Fig. 3). Although the model
is able to reproduce the water levels correctly, there are some discrepancies between the
observed values and the simulated values for flood flows between 20 m*/s and 47 m*/s. Also, it
should be noted that during the various simulations, the time to reach the steady state for very
low flows (0.98 m?/s), observed in dry periods, is quite long. On the other hand, for a maximum
river flow of 55 m®/s, the time to reach the steady state is quite short. In other words, the lower
the flow, the longer it will take to reach the steady state.
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Fig. 3. Calibration and validation model

Velocity distribution. The results of the velocity current distribution are shown in Fig. 4.
There is a large variation in velocity currents in the reservoir. The velocities decrease from
upstream to downstream. The maximum velocities are observed upstream of the reservoir. The
speeds are between 0.054 and 0.76 m/s. It is noted that the maximum speeds are observed at
the entrance of the reservoir, where they can reach 0.76 m/s. The currents are directed from
East to West. However, in the reservoir, the simulated velocities are relatively weak and
included between 0,0051 and 0,36 m/s. They remain relatively weak at the banks. In the vicinity
of the spillway of the reservoir, we observe that the flow is accelerated by the presence of the
weir and the currents are between 0.04 and 0.40 m/s. A hydraulic load allows the water to
create a phenomenon of hydraulic jump downstream of the spillway with an increase of the
speeds of the order of 0,45 m/s.
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Fig. 4. Velocity current distribution in the Lobo River impoundment (a). In the area of the old
(b) and new (c) water intake
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Impact of pumping on the variation of water levels in the reservoir. The
hydrodynamic model took into account the water intake in the Lobo River impoundment. This
intake corresponds to a pumping of 675 m*h, or 0.1875 m*/s continuously. The results show
that the water levels from the models of the situations without pumping are very close to those
of the situations with pumping. During the driest month of the year (February), the water levels
in the Lobo River reservoir are not significantly modified by pumping (less than 1.3 mm).
Pumping has little impact on the hydrodynamics of the Lobo River (Fig. 5).

0.052

‘ —— Without Pumping With Pumping ‘
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Fig. 5. Water level in the situations before and with water intake during the dry period
(February 2020)

Discussion. Simulated current velocities in the Lobo Reservoir, using MIKE 21 FM
software, range from 0.051 to 0.72 m/s. The currents decrease from upstream to downstream of
the reservoir. This result correlates closely with the work of Giovanni (1994); Kouassi et al.
(2013); Teal et al. (2015); Guertault et al. (2018); Tang et al. (2021) who report that when a river
enters a reservoir its velocities decrease significantly. However, near the inlet and after the weir,
current velocities are observed to be higher than in the open ocean. This increase in current
speed at the new water intake is due to the pumping carried out by the water distribution
company of Ctte d'lvoire (SODECI) for the supply <
the weir, the currents are of the order of 0.28 m/s. This phenomenon could be explained by the
hydraulic load that allows the water to create a hydraulic jump downstream of the weir. It is also
noted that the water intake has very little impact on the variation of levels in the Lobo River
reservoir. This weak influence of the water intake on the variation of the water levels in the
water reservoir could be due to the fact that the water inflow is largely superior to the pumping
flow of the water intake.

Conclusion. This study provided an understanding of the hydrodynamic functioning of the
Lobo River impoundment. The results of this study showed that water levels are not significantly
modified by pumping (less than 1.3 mm). The pumping has little impact on the hydrodynamics
of the Lobo River because the pumped flows are much lower than the inflow to the reservoir.
For a better management of the reservoir, this study must continue by updating the bathymetry
data and the realization of a sediment transport model in order to quantify and determine the
preferential zones of sediment deposition in the Lobo River reservoir.
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Analysis of altered hydrological regime of the Dniester river as basic for ecological flows assessment

Huliaieva O.0. Usov O.Ye.

The theoretical and practical aspects of implementing the concept of ecological flow in Ukraine in accordance
with the Water Framework Directive and C1 S gui dance dfiExcwmenti amatinedimtsedarticle.
On the example of the Dniester, a hydrological method has been applied which is the first step in a three-tiered
hierarchy approach to accommodate ecological flows applications. The transformation of the water regime owing to
flow regulation has been analyzed using hydrological alteration indicators.

With the help of the specific IHA v.7.1 software, a spatial comparative analysis between the average daily
discharges water in hydrologic sections Zalishyki, including the lateral tributaries, and Mohyliv-Podilskyi from 1990 to
2020 has been carried out. In the article 33 hydrologic parameters which characterize attributes of the flow regime
relevant to the ecosystem functioning and 34 parameters for various types of ecological flow have been analyzed
using parametric statistics. As a result, we came to the conclusions that duration, pick flow, timing of extreme values
(minimum and maximum flow) and characteristics that determine the frequency of changes in the hydrological
situation and fall rate of high flow pulses are subjected to the greatest changes due to regulations flow.

As a result of the intra-annual redistribution of runoff by the reservoir, the discharge water on March is suffered
the greatest transformation. It is related with the accumulation of water in the Dniester reservoir to the normal water
level for the purpose of carrying out ecological release on April-May. The obtained values of the characteristics may
have a keen practical interest in establishing regulations for artificial spring hydrographs of release.

Approbation of IHA method confirmed the possibility of its application on the rivers of Ukraine, provided long-
term series of hydrological monitoring are available. The obtained results can serve as a basis for the development of
a hydroecological monitoring programs for establishment an ecologically justified mode of operation of reservoirs. But
there is still a lot of work of investigating and documenting organism- and community-specific responses to the
above-mentioned hydrological alterations.

Key words: ecological flows, indicators of hydrological alteration, hydrological parameters, discharge of flow,
Dniester river.
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Sokolchuk K.1.

Application of different spatial interpolation methods to hydrological data on the example of the
Pripyat river basin (within Ukraine)

The article is devoted to the description and comparison of methods of spatial interpolation for hydrological
data. Four spatial interpolation methods are considered: inverse distance weighted interpolation (IDW), triangulation
(TIN), spline interpolation and Kriging. The data source is a permanent measuring hydrological network located on
the territory of the Pripyat river basin and adjacent river basins, within the borders of Ukraine. Based on them, maps
of the spatial distribution of the average annual specific discharge were created. Relief, physical and geographical
conditions are changing smoothly, allowing spatial interpolation with sufficiently reliable results.

The accuracy of the obtained results was assessed by mathematical and visual comparison. According to both of
them was established, that IDW method gives better and results for the interpolation of hydrological data on the
studied territory. The isolines are quite smooth, no artifacts were noticed, the errors of the obtained values are small.
IDW is also easy to use, changing inner settings, such as distant coefficient, could significantly decrease negative
effects. A certain extrapolation of the data can also be an advantage.

The next most reliable method is the spline interpolation. The smoothest transitions between values and
correspondingly extracted isolines, lack of artifacts make its results closer to the expected nature of changes in
hydrological parameters. It can also be considered one of the most promising for implementation.

Kriging is characterized by small errors, but rather significant unnatural distortion of the results and the
number of artifacts. It is valid for both spherical and exponential versions.

The TIN method was the least reliable among the studied methods. If it is necessary to clarify the data in the
central parts of the territory over which the values are interpolated, it is better to use the linear version, which
demonstrated slightly less distortion.

Key words: Spatial interpolation, GIS, IDW, TIN, Kriging, Spline, specific discharge, Pripyat.
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Analysis of the State of Study of the Rivers of the Dniester Basin in Ternopil Region

Kapusta T., Syvyj M., Bytsyra L.

The purpose of the study is to analyze the study of the river basin systems of the left tributaries of the
Dniester, located within the Ternopil region of Ukraine. Information is provided regarding previously made
generalizations regarding the study of the rivers of the basin from the works of the 19th century. to modern
monographic publications and individual articles.

The study of the first publications summarizing the regime of the rivers of the basin and their use shows that it
was the needs of shipping that determined the beginning (in the middle of the 19th century) of regular observations of
water levels on the Dniester, when the first four water measuring posts were opened. The first water measuring posts
on the left-bank tributaries of the Dniester within the region were opened during the times of Austria-Hungary - in the
80s and 90s of the 19th century. Measurement of water consumption at individual stations began at the beginning of
the 20th century. Since the end of the 80s of the last century, the number of posts on the Podil tributaries of the
Dniester within Ternopil Oblast has remained unchanged and amounts to 11 units. A significant drawback of
stationary hydrometric observations within the basin for the period from their beginning to the middle of the 20th
century. there is an interruption in the series of observations at almost all posts, since a significant part of the
materials of observations at posts that worked within the boundaries of the former Austro-Hungarian (before the First
World War), Polish and Romanian parts of the basin in the interwar period (20-30s of the XX century. ) turned out to
be lost.

The analysis of the state of study of the rivers of the region and their basins shows that the greatest attention
in the works of domestic scientists is devoted to the analysis of various aspects of the hydrological regime of the
rivers of the region. Research on the hydrochemical regime and water quality, the hydroecological component,
attracted much less attention. Scientists of the Ukrainian Hydrometeorological Institute of the State Emergency
Service of Ukraine and the National Academy of Sciences of Ukraine, Taras Shevchenko Kyiv National University,
Odesa State Ecological University, Ivan Franko Lviv National University, Mykhailo Kotsyubynsky Vinnytsia State

Pedagogical University, Ternopil National Pedagogical Volodymyr Hnatyuk University.
Keywords: track record; Dnister; Ternopil region; river-basin systems; vivacity; main publications.
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