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Preface to “Modeling and Practice of Erosion and
Sediment Transport under Change”

This book titled “Modeling and Practice of Erosion and Sediment Transport under Change” is
composed of five keywords. Two out of the five keywords—“erosion” and “sediment transport”—are
related to processes. They are two consecutive processes; one, the former, comes after the other, the
latter. Sediment particles are first detached from their original location by erosion under the effect of
different agents, such as wind, rainfall, and runoff, and are then transported. Another two keywords
are “modeling” and “practice”, which are mutually linked—both based on each other. Good practice
is not possible without a theoretically well-established model nor is modeling valuable when it is not
applicable to practice. Finally, the crucial keyword, “change”, is a kind of mirror to the future of the
above four keywords. Erosion and sediment processes should be modeled and practiced considering
hydrological conditions under continuous change. “Change” is the most challenging and uncertain
keyword of the book title, as it is born not only of natural reasons but also due to anthropogenic
disturbances. It is a common belief of the editors that all the papers in this book should be considered
a contribution to addressing the erosion and sediment transport problem in hydrological watersheds
at different scales of space and time and also under any kind of change. This book is expected to

attract the interest of hydrologists, water resources researchers, practitioners, and decisionmakers.

Hafzullah Aksoy, Gil Mahé, Mohamed Meddi
Special Issue Editors
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Abstract: Climate and anthropogenic changes impact on the erosion and sediment transport processes
inrivers. Rainfall variability and, in many places, the increase of rainfall intensity have a direct impact
on rainfall erosivity. Increasing changes in demography have led to the acceleration of land cover
changes from natural areas to cultivated areas, and then from degraded areas to desertification. Such
areas, under the effect of anthropogenic activities, are more sensitive to erosion, and are therefore
prone to erosion. On the other hand, with an increase in the number of dams in watersheds, a great
portion of sediment fluxes is trapped in the reservoirs, which do not reach the sea in the same amount
nor at the same quality, and thus have consequences for coastal geomorphodynamics. The Special
Issue “Modeling and Practice of Erosion and Sediment Transport under Change” is focused on a
number of keywords: erosion and sediment transport, model and practice, and change. The keywords
are briefly discussed with respect to the relevant literature. The papers in this Special Issue address
observations and models based on laboratory and field data, allowing researchers to make use of
such resources in practice under changing conditions.

Keywords: Anthropocene; climate change; deposition; erosion; modeling; practice; sedimentation;
sediment transport; watershed

1. Keywords of the Special Issue

This Special Issue entitled Modeling and Practice of Erosion and Sediment Transport under Change is
focused on five keywords. Two out of the five keywords are related to processes, which are erosion
and sediment transport. Sediment particles are first detached from their original location by erosion
under the effect of different agents, such as wind, rainfall, and runoff, followed by transportation.
Another two keywords are the modeling and practice, which are mutually linked and both based on
one other. Good practice is possible without a theoretically well-established model nor is modeling
valuable when it is not applicable to practice. Finally, the crucial keyword, change, comes in the title of
the Special Issue and serves as a kind of mirror to the future of the previous four keywords. Erosion
and sediment processes should be modeled and practiced considering the hydrological conditions
under continuous change. The keyword change is the most challenging and unclear of the Special Issue
as it is born not only of natural reasons but also as a result of anthropogenic disturbances.

2. Erosion and Sediment Transport

Erosion is the process of detachment and transportation of soil materials by erosive agents [1] such
as wind, rainfall, or runoff. In cold regions, snowmelt can cause significant erosion due to freshet and
ice jams during the period of spring break-up [2-5]. Earthy or rock materials are loosened or dissolved,
and they are removed from any part of the Earth’s surface by erosion [6]. Erosion is a very important
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natural phenomenon that ends in soil loss. It causes also storage volume loss in river reservoirs where
eroded sediment deposits. Water erosion is affected by the climate, topography, soil, vegetation, and
anthropogenic activities such as tillage systems and soil conservation measures [7]. Land use and land
cover characteristics are also important in the erosion process [8].

Four different processes that accomplish sediment removal and transport are the detachment
by raindrop impact and runoff, and transport by raindrop splash and runoff. Flow and raindrop
detachment rates are not simple and are, therefore, given by empirical formulas [9]. Once eroded,
sediment is transported. Sediment particles have become detached are transported within flow as long
as sediment load in the flow is smaller than its sediment transport capacity. The shear stress exerted
by flow should also be greater than the critical value such that sediment particles are removed from
their current locations. Otherwise, deposition takes place, which is the actual rate of mass temporarily
reaching the overland surface. Deposition might exceed soil entrainment, which is called the net
deposition; the opposite case is called net erosion, where the entrainment is higher than deposition.
In the case of an equality of entrainment with sedimentation, equilibrium is reached in terms of
erosion [10]. Sediment transport is influenced not only by hydraulic properties of flow but also by the
physical properties of soil and surface characteristics.

3. Modeling and Practice

There are numerous methods are available in the literature for quantifying sediment transport over
watersheds or in streams. The usual practice is to analyze the streamflow and sediment discharge time
series statistically [11,12] and to correlate the available streamflow and sediment discharge data [13,14].
Empirical approaches [15] are also frequently used in practice. Statistical analysis and stochastic
modeling techniques have always been attractive alternatives because the monitoring and sampling
are not easy tasks and, in most cases, the simultaneous streamflow and sediment discharge records
are not available for comparatively long periods to enable conclusive deterministic relationships
between sediment concentration and streamflow discharge. Therefore, time series models [16], in
particular, were found to be useful in dealing with sediment transport problems. Among the many
available studies, a number [17-20] are based on the time series modeling technique. However,
traditional equations [21] as well as soft computational techniques [22] have also received great
attention. In the meantime, monitoring, sampling, and surveying [23] as well as remote sensing
and the use of geographical information systems [24] have continued to be important in sediment
transport modeling.

As far as modeling is concerned, the Universal Soil Loss Equation (USLE) was designed as a tool to
be used in the management practices of agricultural lands. It is one of the earliest attempts to compute
the sediment yield in a catchment. Its development is based on data from the United States though it
has subsequently been widely used all over the world. The USLE, along with some modifications and
revisions (MUSLE and RUSLE), is still a useful tool in watershed management. A large number of
the existing erosion and sediment transport models are based on the USLE. Their applications are,
however, limited to the environmental circumstances from which the USLE was generated. The WEPP
model in the United States and the SHESED and EUROSEM models in Europe were derived based on
physical description of the erosion and sediment transport processes. Although preparation of data for
physically based models is a hard task, they have been extensively used. It is obvious that a physically
based model has much more detail than either USLE or its derivatives. Therefore, there has been a
great effort towards developing physically based erosion and sediment transport models.

Due to their importance, hydrological models accommodate erosion and sediment transport
modules in which the movement of sediment—that has been eroded by wind, rainfall, or flow, and
transported—through the existing river channel to the reservoir is predicted. The SHESED [25],
WEPP [26], SWAT [27], and WEHY [28,29] models are some of the well-known examples.

Erosion and sediment transport models are extensions of hydrological models. Therefore, erosion
and sediment transport equations are coupled to existing hydrological algorithms. In such a coupling,
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the output of the hydrological model becomes the input for the erosion part of the model. In the same
sense, an erosion and sediment transport model can be easily extended to a nutrient transport model,
as it is known that nutrients are mainly transported by sediment particles. It is much easier to extend a
multi-size erosion and sediment transport model to a nutrient transport model since nutrient transport
is a size-selective process. For an extensive review on erosion and sediment transport, please refer
to [30,31].

4. Climatological and Anthropogenic Changes

The world’s climate exhibits natural and unnatural variations and changes, with time scales
ranging from millions of years down to one or two years. Over periods of several years, fluctuations
of a few tenths of a degree in surface air temperatures over continents are common. These changes
are related to global, regional, and even local scale events. Not only the climatological changes but
also anthropogenic activities that could be superimposed on this varied hydrometeorological basis
affect a wide variety of water use and management approaches. The individual components of
the hydrological cycle are affected by the change. They might cause hydrological extremes such as
droughts and floods, which are environmental issues turning back as direct consequences of natural or
anthropogenic changes. Similarly, erosion and sediment transport over hydrological watersheds are
heavily affected by such changes. Any change in either of the components of the hydrological cycle
affects the hydrological behavior of the watershed and, thus, the erosion and sediment transport from
the watershed surface.

A particularly important issue linked to the change in hydrology could be linked to stochastic
modeling, which is based on the assumption that the time series is stationary. Generated sequences
of any hydrological process under investigation, sediment discharge for instance, are considered
stationary; i.e., they have the same statistical characteristics as the observed sequence. On the one hand,
the stationarity is considered dead [32] with the change in hydrological processes [33-36]. On the other
hand, however, it is still alive and inevitably useful in modeling hydrological processes [37-40] because
it is convenient to use for making reliable predictions in engineering design. Also, the modeling
concept based on the observed data is a useful practice due to the fact that the past is representative of
the future [40]. Yet, any gradual and sudden changes due either to natural variation of the process
under investigation or to any anthropogenic intervention should not be ignored. Such changes that
could arise in the form of either a trend or a jump could be considered through the existing trend
detection mechanisms and segmentation tools [41-44] to eliminate the nonstationarity of the process.
Any jump or trend, when they exist, are determined and added into the modeled hydrological variables
such that the nonstationary behavior of the process is taken into account.

5. Summary of the Special Issue

Eleven papers have been published in the Special Issue among a much larger collection of
submissions. The published papers deal with different aspects of erosion and sediment transport
by using different methodologies, through different practices, implementing different scale datasets,
collecting in situ data from the field or gathering experimental data, modeling the process with
different approaches, and performing case studies from Europe and the Mediterranean North Africa to
typhoon-dominated Asia and even to polar Antarctica. The Special Issue therefore represents highly
diverse research activities.

A summary of the papers in the Special Issue follows, given in the order in which they appear.

The grain size distribution of bedload transported within a given water discharge has been
investigated for two polar catchments in Antarctica [45], aimed at determining how the grain size
distribution is modified during times of peak discharge, determining the relationship between the
grain size distribution and its parameters, and the amount of transported material in gravel-bed
rivers, and examining whether the modification of grain size distribution during efficient bedload
transport events allow for the identification of the development stage of river throughs during changing



Water 2019, 11, 1665

meteorological conditions. These questions were answered after a measurement campaign in two creeks
with proglacial gravel-bed channels. At the end it is confirmed that the variability and modification
of grain size distributions are strongly related to the daily variability of bedload transport dynamics.
The increased proportion of medium and coarse gravel was strictly proportional to the increase in
water discharge. An efficient erosive process, which is confirmed by the general conditions of both
streams, is significantly influenced by bedload transport.

Urban sewer conduits prevent flooding in urban areas by discharging runoff generated during
rainfall. With an improper design of urban sewer conduits, severe soil sedimentation can occur in the
conduits which threatens the capacity and ability of the system to discharge the flood during the rainy
season or at localized heavy rainfalls. Soil slurry deposited on the surface of the Earth during rainfall
that flows into urban sewer conduits was investigated [46] to propose a functional relationship between
critical tractive force in urban sewer conduits and the physical properties of particles in a conduit bed
which are taken as the inlet flow velocity of the soil slurry mixture, the volume concentration of the soil,
and its particle size. For the two-phase soil slurry flow, a numerical analysis was performed based on
various flow conditions to conclude that the findings of this study may be helpful to prevent conduit
clogging or conduit damage that may occur during heavy rainfall events. As this study considered
only the inflow of a large amount of soil slurry at the beginning of rainfall events, it is open for further
investigation to introduce various types of rainfall events by using data from real conduit systems.

Algeria, in northern Africa, has always been confronted with severe periodic droughts as well
as catastrophic floods, both being major constraints against the economic and social development
of the country [47]. In order to combat both natural hazards, the total number of dams increased
quite quickly, from 14 in 1962 to 65 in 2014. The scale of aggradations and the raising of the bottom
of these dam impoundments by successive deposits of sediments—brought by the watercourses and
the wind—are serious problems whose negative consequences are considerably felt in the agriculture,
farming, fishing, electricity, and navigation fields. The sedimentation in North African dams is very
high in relation to what is noted in the watershed of Wadi Mina in semiarid northwest Algeria, and it
has been the subject of the study of Hallouz et al. [47]. Also, with a trend starting in the late 1980s, the
annual production of sediment became seven times larger than the previous period, with a four times
greater increase in the rates of contribution in the dry season. By comparing the results, it is observed
that the upstream basin is the greatest sediment producer towards the dam.

The Mediterranean Maghreb Basin (MMB), that extends over Morocco, Algeria, and Tunisia, is a
region where both mechanical erosion rates and the anthropogenic pressure on surface water resources
are high and were subject to analysis [48]. Based on sediment trapping, calculated by the models using
information and limited data from 470 out of 670 reservoirs in the area, it is confirmed that natural
sediment yields are clearly above the world average, with the largest being in Morocco and the smallest
in Tunisia. Trapping rates have an opposite order, being the highest in the Tunisian part of the basin,
followed by the Algerian and the Moroccan parts. Trapping of the sediment in their reservoirs greatly
reduces the natural sediment flux of the dams in the entire Mediterranean Maghreb Basin to the sea;
only slightly more than one-third of the natural river sediment fluxes reaches the coastal Mediterranean
waters of the Maghreb [49,50]. The effect of small reservoirs and hillside reservoirs should not be
ignored in the interception of sediment compared to large reservoirs, although they have shorter life
spans than large reservoirs, and their economic exploitation is limited in time. Understanding the
impact of dams and related water infrastructures on riverine sediment dynamics is key in arid zones
such as the Mediterranean Maghreb Basin, where global warming is predicted to cause important
changes in the climatic conditions and the water availability.

Small-scale laboratory rainfall simulator experimental data based on high-precision DEM are
evaluated to provide accurate, but affordable, soil loss estimates [51]. Laser-scanned topography and
sediment yields were collected every 5 min in each test. The difference between the DEMs from laser
scans of different time steps gives the eroded soil volumes and the corresponding estimates of soil loss
in mass. It is seen that sediment yield and eroded soil volume increased with rainfall duration and
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slope. It is demonstrated that the stripe laser-scanning method is applicable in soil loss prediction
and erosion evaluation in laboratory case studies, and could be taken for further case studies of larger
scales such that a method that is useful, in practice, can be generated.

Climate change and human activities are two major factors affecting runoff and sediment load in
hydrological basins [52]. Gradual or sudden changes in hydrometeorological characteristics, such as
annual rainfall, air temperature, runoff, and sediment load, are important in simulating the watershed
hydrological cycle. These gradual and sudden changes are mainly linked to the contributions of climate
change and human activities to runoff and sediment load under change. Results showed that both
rainfall and air temperature increased whilst runoff and sediment load decreased. The air temperature
experienced a sudden increase and sediment load decrease in 1988. Soil erosion was found to be
worse in the upper part of the basin than other parts, and it is the highest in cultivated land. Climate
change exacerbates runoff and sediment load with overall contribution to the total change while, on
the other hand, human activities decreased runoff and sediment load with overall contribution to the
total change. The conclusion of the study is that the variation of runoff and sediment load in the Xihe
River Basin in China is largely caused by human activities.

Soil, hillslopes, and watercourses in small catchments possess a degree of natural attenuation
that affects both the shape of the outlet hydrograph and the transport of nutrients and sediments [53].
The headwaters of such catchments are expected to add additional attenuation primarily through
increasing the amount of new storage available to accommodate flood flows. The actual types of
so-called natural-based solutions include swales, ditches, and small ponds (acting as sediment traps).
A modeling study was performed on a small subcatchment of 1.25 km? in order to address the impacts
of land management by altering hydrological flow paths and the overall catchment attenuation capacity
on flow rates and nutrient losses. The model results implied that a small decrease in the order of
5%-10% in the peak concentrations of suspended sediment and nutrients was observed with an
increase in the catchment storage.

An indoor laboratory-scale experimental study is quite beneficial to the sediment transport
problem as the urban drainage and sewer systems are final reaching points for any type of sediment to
be washed into the channels or conduits [54]. Using the self-cleansing concept, different cross-section
channels were tested to better clarify the fuzziness between the incipient deposition and incipient
motion of sediment particles moving within the flow. With this aim, an experimental study carried out
in trapezoidal, rectangular, circular, U-shape, and V-bottom channels for four different sizes of sand as
the sediment in the experiments was performed in a tilting flume under nine different longitudinal
channel bed slopes. The shear stress approach was considered for the analysis in which the well-known
Shields and Yalin methods were used. The circular channel was found to be the second most efficient
after the rectangular channel, and the V-bottom channel the least in transporting sediment within the
drainage system. The outputs of this study are expected to be useful for practical use in the design of
urban drainage and sewer systems that collect the sediment load together with nutrients.

Extreme weather phenomena which have been a part of daily hydrometeorological practice
worldwide bring catastrophic disasters under the impact of climate change; and Taiwan has no
exemption, due to an increase in the frequency of extreme rainfall events [55]. Extreme rainfall
events might cause riverbed migrations, such as degradation and aggradation. The extrapolation of
typhoon events—observed in the past by the CCHE1D model—under the climate change scenario of
representative concentration pathways 8.5 (RCP8.5) and dynamical downscaling of rainfall data in
Taiwan shows that the average peak flow during extreme rainfall events will increase by 20% relative
to the base period, but the time required to reach the peak will be 8 h shorter than that in the base
period. It is expected that the aggradation of the riverbed will increase by the end of the 21st century.
It is also foreseen that anthropogenic activities, such as blocking upstream sediment by structures such
as a weir, will clearly increase the severity of scouring downstream. The study finally indicates that
not only will larger floods occur within a shorter time duration, but that the catchment will also face
more severe degradation and aggradation in the future.
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In addition to sand-dominated sediment being transported within flow, gravel may also be
transported in rivers with mixed-size bed material when dealing with large rivers with complex
hydrodynamics and morphodynamics [56]. This is the collapse of the uniform sediment assumption,
which then requires a suitable approach to estimate the nonuniform behavior of the sediment transport.
Utilizing the shear Reynolds number, a decision criterion which is based on the combined use of
several formulas, each of them having a certain application range, was verified with the field and
laboratory data of nonuniform bed material compositions. The proposed approach is able to predict
domination of sand or gravel transport with an uncertainty of less than 5%.

In central Czech Republic, a small stream catchment with an agricultural and forest-agricultural
landscape and relatively rugged topography and riverbed slope [57] make the terrain very vulnerable
to water erosion, and this was studied to compare four selected soil erosion and sediment delivery
models—WaTEM/SEDEM, USPED, InVEST, and TerrSet, with each working on several different
algorithms. The models were compared based on the total volume of eroded and accumulated
sediment within the catchment per unit time, and according to the spatial distribution of sites
susceptible to soil loss or sediment accumulation. Despite the fact that the models are different in terms
of calculation algorithms and data preprocessing requirements, comparable results in calculating the
average annual soil loss and accumulation were obtained but they behaved differently in identifying
the spatial distribution of specific locations prone to soil loss or accumulation processes.

6. Establishment of the Special Issue

Scope and coverage: When the Special Issue had been scheduled, it was anticipated to be a
collection of contributions focusing on erosion and sediment transport issues in riverbeds or watersheds
using analytical, numerical, and in situ experimental tools. However, laboratory experiments were
also found to be an important consideration, due to their providing specific details in the transport
of sediment.

Scale: Another point is the scale issue, that has varied greatly among the papers published in
the Special Issue. The erosion and sediment transport issues have been investigated in channels and
over watersheds. The channels have been either a prototype natural watercourse [45,54] or an artificial
flume of a laboratory model [46,54]. As for the watersheds, the scale has changed from 1.25 km?
subcatchments from the United Kingdom [53] to large, millions of km? watersheds in the Maghrib
basin that extend over Morocco, Algeria, and Tunisia.

Geographical diversity: The Special Issue has not been a collection of studies concentrated on a
specific region. The papers have large geographical variability, from the Maghrib area in North Africa
to typhoon-dominated Taiwan and even Antarctica. Therefore, the erosion and sediment transport
problem has not been limited to a particular region but extends over a geographical scale representing
large diversity.

Large rivers vs. small rivers: Large rivers carry not only sand-type sediment but also
gravel-dominated bedload which contradict with the uniform-size sediment assumption. However, in
smaller rivers, the assumption that the sediment has a uniform grain size could be considered valid
to a certain degree. In this sense, it is important that bedload sediment models should be dealt with
differently when one is interested in a large river where the bedload is gravel-dominated and, thus, no
uniformity exists in terms of sediment size.

In situ measurements and laboratory data: It is important that any model is validated with real
data, which is a headache for all scientists and practitioners who deal with Earth sciences. Hydrology
is no exception, and erosion and sediment transport are particular issues which experiences this
problem at the highest level, due to the fact that sediment data are not collected as frequently as
other hydrometeorological variables, such as precipitation, evaporation, humidity, streamflow, etc.
Therefore, in situ problem-specific data collection efforts are quite valuable. Laboratory studies could
also be as useful as fields studies. This is a fact that has been touched upon; the former could be
replaced by the latter when it is hard to perform field studies and when the latter is possible.
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Climate change and anthropogenic activities: It is an inevitable reality that hydrology is under
change that is either linked to the climatology or Anthropocene. More frequent floods with higher
peaks are reached in shorter time intervals than before. This is a challenge that can be associated with
the stationary time series methodologies. The stationarity is now dead, and the past is no longer the
mirror for the future as it was before.

7. Conclusions

The Special Issue has attracted the interest of hydrologists and water resources researchers. Itis a
common belief of the authors of this Editorial that all papers in this Special Issue could be considered a
contribution to the erosion and sediment transport problem in hydrological watersheds at different
scales of space and time and also under any kind of change.
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Abstract: The relationships among grain size distribution (GSD), water discharge, and GSD
parameters are investigated to identify regularities in the evolution of two gravel-bed proglacial
troughs: Fosa Creek and Siodto Creek. In addition, the potential application of certain parameters
obtained from the GSD analysis for the assessment of the formation stage of both creeks is
comprehensively discussed. To achieve these goals, River Bedload Traps (RBTs) were used to
collect the bedload, and a sieving method for dry material was applied to obtain the GSDs.
Statistical comparisons between both streams showed significant differences in flow velocity; however,
the lack of significant differences in bedload transport clearly indicated that meteorological conditions
are among the most important factors in the erosive process for this catchment. In particular, the
instability of flow conditions during high water discharge resulted in an increase in the proportion of
medium and coarse gravels. The poorly sorted fine and very fine gravels observed in Siodto Creek
suggest that this trough is more susceptible to erosion and less stabilized than Fosa Creek. The results
suggest that GSD analyses can be used to define the stage of development of riverbeds relative to
that of other riverbeds in polar regions.

Keywords: GSD; proglacial channels; bedload transport; field measurements; fluvial erosion

1. Introduction

One of the most important challenges in studies of bedload transport is investigating the
differences between mobile and bottom particle sizes and taking these relations into account in
new transport models [1-4]. This problem is mostly based on the lack of complex datasets for flow
velocity, transport, and grain size distribution (GSD) of the bedload and bottom particles [2]. The lack
of sufficient field observations and datasets collected during high flows when active transport is
observed [5,6] is not the only problem associated with model development and geomorphological
process assessments in Arctic or Antarctic catchments. The limited application of current models to
natural gravel-bed rivers [7], and methods of predicting the sediment flux to the global ocean from
small rivers [8] represent other problems that remain to be resolved.

Bedload transport is one of the main factors associated with changes in the morphology of
troughs [9-14], and the difficulty describing the relationships among water flow conditions, GSD,
and deposition processes was identified decades ago (e.g., [15-18]). Although a substantial amount of
progress has been made in this field because of research conducted in laboratory channels (e.g., [19-21]) and
field studies (e.g., [22-26]) and with the use of bedload transport models (e.g., [1,2,27-30]), the relationships
among the factors associated with bedload transport are poorly understood in natural gravel-bed channels
in general and in those located in polar regions in particular [31].

Water 2018, 10, 360; d0i:10.3390/w10040360 10 www.mdpi.com/journal/ water
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Ghoshal et al. [32] claimed that the bedload has a large influence on the GSD and determines the
concentration of each size fraction of noncohesive particles under changing hydrological conditions.
GSD analyses have frequently been used as indicators of the threshold for the initiation of particle
motion, and shear stress dictates the specific role of particles in this process [10,33-37]. Johnson [38]
suggested that the geomorphology of the bed as well as the sediment transport rate should be
considered because of their relationship with grain size and shape. Moreover, the distribution of
particles also depends on the mechanism of fluvial transport and can be used to define the influence
of flow conditions on the geomorphology of the channel, as stated by Kociuba and Janicki [31] or
Lisle [23]. Although the coarser fraction is entrained with greater discharge [39], because of protrusion
and hiding effects, particles larger than the mean grain size are easier to move than smaller ones [40—42].
The above-mentioned situation may be understood by using the GSD for the analysis of selective
bedload transport in natural gravel-bed channels [43] or by performing a direct analysis of certain
parameters, such as the mean grain size, sorting, or skewness, which can be used to predict the
direction of sediment transport [27,44]. These parameters allow us to obtain information about the
predominant size of the transported particles, their dispersal during this process, and their symmetry
or preferential dispersal to one side of the average. Ashworth et al. [45] concluded that sediment
sorting can occur during entrainment, transport, or deposition. In this research, sediment sorting is
calculated based on the sediment caught in traps during bedload transport.

The objective of this study is to answer the following questions: (1) How is GSD modified during
the times of peak discharge in a polar catchment? (2) What is the relationship between the GSD
and GSD parameters and the amount of transported material in gravel-bed rivers? (3) Does the
modification of GSDs during efficient bedload transport events allow for the identification of the
development stage of river troughs during changing meteorological conditions?

To answer these questions, insightful measurements have been performed in Fosa and Siodlo
creeks, two proglacial gravel-bed channels located on the forefield of the Baranowski Glacier on
King George Island in Western Antarctica (Figure 1). This study is a continuation and development of
the results presented by Szito and Bialik [46], who identified the relationship between bedload transport
and rapid outflow and high water discharge in the form of eight-loop hysteresis for these creeks.

58°260°W

62'120°S

62'1230'S

3 i
Baranowski Glacier S 2y X
catchment 7 S ) ’ 4
J measurement site 94 glacier (state for 2017) Baranowski front position in: 0 0.25 0.5 km
53 Cro gt . . ———
GTE creek + —- —. Baranowski Glacier 1988 2001
Dy ke L-—-3 catchment border — 1905 ———— 2007
ice free surface

Figure 1. Location of the study site: (a) King George Island; (b) Baranowski Glacier catchment;
(c) forefield of the glacier and measurement sites. Reference system: WGS 1984, UTM zone 21S,
geoid EGM96.
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2. Materials and Methods

The field campaign was conducted at two sites established in Fosa and Siodto creeks from
9 January to 11 February 2016 (Figure 1). Data on the bedload transport associated with water
flow conditions measurements were collected at 24 h intervals over 35 days in both creeks.
However, the measurements in Fosa Creek were extended to 2 March, and during those additional
14 days, bedload transport was not observed.

2.1. Study Site

The Antarctic Peninsula region, where the study site is located, is prone to climatic
fluctuations [47-52]. The total catchment area of the creeks is 6.8 km? of which 69.1% (4.7 km?)
is covered by the glacier (including Windy Glacier). The area of the forefield is 2.1 km? and is
expanding yearly (status for 2017). The frontal part of the glacier is divided into two tongues: Northern
and Southern. The Northern tongue is currently terminating on a narrow strip of land close to
the shallow lagoon, and the Southern tongue presents several creeks flowing through the forefield.
All measurements were initiated in two gravel-bed troughs of the Fosa and Siodto proglacial creeks,
which were selected because of their continuous and dynamic water flows during the entire summer
season. Fosa Creek receives water mainly from Ginger Lake and the Baranowski Glacier, whereas
Siodlo Creek is a subglacial outflow from the Baranowski Glacier. Both creeks are fed by meltwater
from the glacier in the ablation season (which may represent the primary source of water) and intensive
rainfalls. The measurement site in Fosa Creek was established in a location where ablation water
cut the trough into moraine cover between 1988 and 1995, whereas in Siodlo Creek, this trough was
cut between 2001 and 2005. The total lengths (L) of Fosa and Siodfo creeks are 1.40 km and 0.42 km,
respectively; the longitudinal water surface slopes (S) are 0.07 mm~! and 0.08 mm " for Fosa Creek and
Siodlo Creek, respectively (Table 1). Furthermore, Reynolds and Froude numbers are also presented
for both creeks (Figure 2a,b).

Table 1. Basic hydraulic parameters of Fosa and Siodfo creeks.

Total Average Average Longitudinal Maximum Maximum
Parameter Length (L) Bankfull Bankfull Water Surface Discharge (Qmax) Velocity (Vimax)
[km] Width (w) [m]  Depth (d) [m]  Slope (S) [mm~—'] [m®s~1]1 [ms—1] 2
Fosa Creek 1.40 2.82 0.14 0.07 0.75 0.91
Siodto Creek 0.42 2.15 0.09 0.08 0.26 1.25

Note: ! Quax: maximum water discharge measured at one day during field campaign; 2 Vinax: maximum water
velocity measured at one point during field campaign.
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Figure 2. Cont.
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Figure 2. Temporal changes in (a) Reynolds number and (b) Froude number for both creeks.

The period of the field campaign was characterized by higher air temperatures relative to other
summer months over the last decade [49,50,53]. The mean monthly air temperature was +1.0 °C
in January and +1.1 °C in February for the period from 2007 to 2016 [54]. However, the mean air
temperature during the field campaign was +1.8 °C, with a maximum of +5.9 °C on 29 January.
On the same day, the highest precipitation of 8.8 mm was recorded. During the 35 days of continuous
measurements, 16 days were without precipitation and 12 days had precipitation >1.0 mm. The total
precipitation over the whole period was 47.7 mm. Meteorological conditions that contributed to greater
water discharge were observed 2 days after intense rainfall (Figure 3) [46].
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Figure 3. Mean daily air temperature, precipitation, and discharge during the field campaign in 2016
from Bellingshausen Station.

2.2. Bedload Transport Measurements

To collect the transported material, River Bedload Traps (RBT) [55,56] were anchored at the
bottoms of the troughs in two cross sections (Figure 4). In Fosa Creek, a set of two RBT modules
at a distance of 300 m from the forehead of the glacier was installed, and in Siodlo Creek, a set of
three RBT modules at a distance of 15 m from the front of the glacier was installed. One additional
module was established in Siodlo Creek because less rinsing of the bottom of the trough occurred
in this creek compared with in Fosa Creek and a finer bedload was visible at the beginning of the
measurements. The assumption was that the bedload can move more easily in a trough in an early
stage of development (Siodlo Creek) than in a later stage of development [46]. The locations of the
modules in the profiles were chosen based on the most intense currents.
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Figure 4. River Bedload Traps (RBT) in (a) Fosa Creek and (b) Siodto Creek (modified from Szito and
Bialik [46]); (c) schematic diagram for the bedload transport technique (Kociuba [56]).

2.3. Sieve Method and GSD Analysis

To obtain the GSD, each of the collected samples of the bedload was transported, drained,
sieved, and weighed in the laboratory of the Henryk Arctowski Polish Antarctic Station.
Furthermore, a comparison of the dry and wet sample weights was performed to determine the
most reliable method of preparing the data for further analysis. Each sample that had a greater
than 1% proportion of grain size <2 mm was truncated to exclude sediment that was predominantly
suspended and because of limitations of the mesh diameter of the net. The upper limit to remove
the samples because of the selective rejection of particles by the sample was set up at 32 mm [23].
Furthermore, for the GSD analysis, average weight values lower than 3% (chosen arbitrarily) for all
collected data were rejected as not statistically important. To obtain information on the sedimentary
environment, such as the sediment provenance, transport, and deposition conditions (e.g., [15,18,24]),
the GSD parameters were evaluated. The Folk and Ward [15] method was employed to obtain the GSD
parameters of mean grain size (Mz), standard variation (cy), sorting (¢), skewness (Skl), and kurtosis
(KG), which according to Blot and Pye [57] describe (a) the average size of grains (Mz); (b) the spread of
the sizes around the average (0); (c) the preferential spread to one side of the average (Skl); and (d) the
degree of concentration of the grains relative to the average (KG). As suggested by Blot and Pye [57],
the Folk and Ward [15] method provides the most robust basis for routine comparisons of compositionally
variable sediments in the cases when the skewness or kurtosis of grain sizes are calculated. It should
be noted that besides the presentation of grain diameters in metric units, according to standard
procedure [15,57], data will be also shown and analyzed in phi (¢) units, which is the negative log to
base 2 of the diameter in mm.

2.4. Bedload Transport Rate

The bedload transport rate (q;,) was calculated from the weighted arithmetic mean formula [46]
given in Equation (1):

— GS

I = St

where G; represents the bedload material (kg), S, represents the width of the module inlet (m), W;

represents the width of the trough (m), and t represents the measurement time (day). In addition,

the water velocity was measured with an Electromagnetic Open Channel Flow Meter (manufactured by

Valeport, model 801). For details, see Szito and Bialik [46]. The average water velocity was measured

at least two times [46] at each measurement section for 30 seconds [58]. If the standard deviation of

Wi ¢y

the measurement values was higher than 10%, the measurements were repeated until an acceptable
standard deviation was obtained. Based on the values of creek bathymetry and water velocities for
each section, the water discharge was calculated following the standard procedure [58]. The accuracy
of equipment employed for measurements was £0.5% of reading values plus 5 mm/s.
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2.5. Statistical Analysis

An analysis of variance (ANOVA) test was performed to determine whether or not the
two investigated creeks had statistically significant differences in terms of bedload transport and
hydrological conditions. The Anderson-Darling test was used to check for normality, and Bartlett’s test
was used to check for the homogeneity of variance to meet the assumptions of the ANOVA. To provide
a better description of the changes that occurred in the channels of both creeks, sediment samples from
the individual traps were analyzed independently even when collected from the same creek.

3. Results

3.1. Statistical Analysis: Water Discharge, Flow Velocity, and Bedload Transport

Figure 5 shows the bedload transport, water discharge, and flow velocity data for Fosa and Siodto
creeks. Unfortunately, the assumptions of normality and homogeneity of variance were not observed
for all presented data. When a variable does not fit the assumptions required for the ANOVA test,
the data are usually transformed (log or square root) [59]. The square root transformation was used for
water discharge and flow velocity, and the double square root transformation was used for bedload
transport; the transformed variables met the above assumptions. A comparison of the results of all
transformed data indicated only one of the variables (flow velocity) between the creeks presented
statistically significant differences (p-value < 0.05).
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Figure 5. Bedload transport (a), water discharge (b), and flow velocity (c) data for Fosa Creek (1) and
Siodto Creek (2).

3.2. Sieving Procedure Comparison (Wet and Dry)

Although standard procedures for wet sieving are acceptable for determining the GSD (e.g., [31]),
the form of sieving (wet or dry) may influence the particle distribution [60,61]. To investigate how the
drying process can influence the GSD, the weights of randomly chosen wet and dry bedloads not lower
than 10 kg were compared (Figure 6). The results of the analysis revealed that the difference between
the weights ranged from 15% to 28% (Figure 6). Hence, in this research, only the dried bedload was
considered in further analyses.
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Figure 6. Weight fractions of the wet and dry samples.
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3.3. GSD Parameters and Variation of Characteristic Diameters (D) of the Bedload Transport Rate

Figures 7 and 8 show the relationship between o and Mz for all data, for both creeks separately,
and for the individual traps. The analysis of the o and Mz in the profiles established in the Fosa and the
Siodto troughs suggested that linear correlations occurred with those indicators, and the correlation
coefficients (R?) were 0.82-0.92 (Figure 7). Moreover, an increase in Mz presents a corresponding
increase in grain variability. The mean diameter of sediment from Fosa Creek for all measurement
days varied from 2.9 mm to 6.2 mm and was higher than that in Siodto Creek, which varied from 1.5
mm to 3.6 mm. Furthermore, larger ranges of Mz values were observed for the individual traps in
Siodio Creek than for those in Fosa Creek, and a maximum of 10.4 mm was observed on 6 February
(Figure 8a,b). The strongest correlation for the material collected in the trap occurred in the Siodto
middle (M) at R? = 0.96 (Figure 8b), for which 77% of the data ranged from 2.3 to 3.9 mm, whereas for
the Siodto left (L), 80% of the data were in the interval from 4.1 to 8.9 mm.
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Figure 7. Relation between sorting (0) and mean grain size (Mz) in Fosa and Siodto creeks in all profiles.
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Figure 8. Relation between sorting (¢) and mean grain size (Mz) in Fosa (a) and Siodlo (b) creeks in
individual traps.

The temporal changes in bedload transport and ¢ for the studied creeks are presented in Figure 9.
The ¢ in individual traps varied from 1 mm to 1.5 mm in 93% of the samples, which means that the
collected sediments in both cross sections were poorly sorted (Figure 9a,b). Furthermore, after the
peak bedload transport, which appeared from 29 to 30 January, an inversion of ¢ occurred from lower
values in the Fosa right (R) section compared with in the Fosa left (L) section, where higher values
were observed (Figure 9a). A similar situation occurred in the Siodlo trough: after both of the bedload
transport peaks (on 1 and 5 February), inversions of ¢ in the left trap from highest to lowest and then to
highest values again were noticed (Figure 9b). Furthermore, the results suggest that better ¢ occurred
in both troughs after each peak in bedload transport (Figure 9a,b).
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Figure 9. Bedload transport and sorting in individual traps in the Fosa (a) and Siodfo (b) creeks.

The relation between bedload transport and ¢ was inversely proportional before and directly
proportional after the peaks in bedload transport (Figure 10a,b). All bedload transport data from Siodlto
Creek were negatively skewed, which means that a large proportion of coarse sediment occurred
(Figure 10c), and this finding is also confirmed based on the percentage of gravels in the collected
material (Figure 11a,b). An increase in water discharge and a consequential increase in bedload
transport resulted in symmetrical Skl and leptokurtic KG (Figure 10c,d). Before 31 January and after
4 February, when the maximum discharge was observed, strongly negative Skl was observed in Siodlo
(Figure 10c). Under low discharge conditions, leptokurtic KG was observed.

The bedload transport rate and grain size variation analyses indicate that an inverse correlation
occurred for both creeks. In Fosa Creek, the grain size variations decrease when the bedload transport
rate increases, whereas in Siodlo Creek, the grain size variations are directly proportional to increases
in bedload transport rate. Furthermore, in Fosa Creek, the D-value correlations increase from 0.15 for
D5 to 0.26 for Dgs, which is inconsistent with the data from Siodto Creek, where the correlation for
D5 of 0.29 decreases to 0.11 for Dgs (Figure 11a,b).
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Figure 10. Grain size parameters (by Folk and Ward, 1957) for Fosa and Siodlo Creeks: bedload
transport rate and sorting for Fosa (a) and Siodto (b); skewness (c); and kurtosis (d).
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Figure 11. Correlation between bedload transport rate and characteristic diameters Dy, for Fosa (a) and
Siodlo (b) creeks, where b stands for the percentage of the weight of the sample finer than this value.

3.4. Selective Transport and Bedload Transport versus Water Discharge and Water Velocity

Fine (4-8 mm) and very fine (2-4 mm) gravel accounted for 40 to 99% of the total sample weight
in the troughs for each day of the measurement campaign. Nevertheless, a higher proportion of these
gravels (2-8 mm) was observed in Siodto Creek, with the value reaching at least 63%. This increase
was especially clear before the peaks of water discharge on 19 and 29 January, when the fine and very
fine gravel constituted almost the entirety of the Siodlo Creek samples. Furthermore, because of the
increase in water discharge, the proportion of medium (8-6 mm) and coarse (16-22 mm) gravel also
increased in both creeks, particularly on 29 to 31 January and 4 to 5 February (Figure 12a,b), when
the highest water discharge occurred. In addition to the previously mentioned periods when the low
water discharge was observed, certain coarse sediment samples were identified. Nonetheless, these
samples had insignificant weight fractions and were disrupted by the presence of a few coarse pebbles.
A similar situation was observed when the water discharge peaked. At that time, several boulders
were caught in the Siodto trough, which contributed more than 50% of the sample in certain cases,
although the water discharge was two times lower than that in Fosa Creek.
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Figure 12. Percentage of bedload vs water discharge for Fosa (a) and Siodto (b) creeks.

Because of the high proportions of fine and very fine gravel in each sample, those grain sizes have
been chosen for our examination of the correlation between bedload transport and water discharge or
water velocity (Figures 13 and 14). The correlation between water discharge and bedload transport was
equal to 0.65 in the Fosa and 0.55 in the Siodlo, and these correlations were stronger than those between
bedload transport and water velocity, which were 0.53 in Fosa and 0.28 in Siodlo; this is likely due to
the changes of the creek beds and shapes, due to the existence of scouring effects [56] and because only
grains with diameter lower than 22 mm were taken into account for the analysis. Thus, the increase in
water discharge was observable with the simultaneous increase in bedload transport, and the intensity
or correlation in the relations between water velocity and bedload transport was lower.
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Figure 13. Relationship between water discharge and quantity of fine and very fine gravel in Fosa (a)
and Siodlo (b) creeks.
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Figure 14. Relationship between water velocity and quantity of fine and very fine gravel in Fosa (a) and
Siodto (b) creeks.

4. Discussion

The weights of the wet and dry samples differ significantly—by as much as 28% and by an
average of 21.5%. These results are inconsistent with those of Kociuba and Janicki [31], who reported
that the average water amount in a natural gravel-bed channel was 6%. In this situation, the error in
the calculation can reach maximum values of 20.1-21.3 kg d ! for the mean transport rate [31] and
33.3-67.8 kg d~! for the mean daily bedload flux [62] based on exemplary data from the Scott River
(Svalbard).

The flow velocity analysis for both creeks suggests that a statistically significant difference (p-value
<0.05) occurred in the hydraulic conditions. A stronger correlation with bedload transport was revealed
for water discharge than for water velocity, which was estimated based on the measured values of
the water velocity. This result explained the previously reported findings of Szilo and Bialik [46], who
suggested that a similar relationship occurred between water discharge and bedload transport for Fosa
and Siodlo creeks. Moreover, the lack of significant differences in bedload transport clearly indicated
that this catchment process was strongly associated with meteorological conditions, as presented
in Figure 2. Certain differences noted by the authors in their previous work were likely caused by
differences in the geomorphological features of the analyzed troughs, which could be explained based
on the GSD analysis.

The detailed GSD analysis has shown that ¢ is inversely proportional to Mz, which is consistent
with the results of studies in the Scott River performed by Kociuba and Janicki [31]. Kociuba and
Janicki suggested that the bed material was poorly sorted, which is similar to the results from the
Fosa and Siodto creeks (Figure 8a,b). Moreover, grains in the investigated troughs were finer (3 mm)
than those in the Scott River (10 mm) [31]), which is likely because both creeks in this study are in
the earlier stages of formation and more sensitive to morphological changes (especially Siodlo Creek,
as suggested by Szilo and Bialik [46]) in relation to the Scott River. These troughs were cut down
into moraine cover later (in recent decades, Figure 1) than was the trough of the Scott River [63].
Poorly sorted bedload (Figure 9a,b) suggests high energetic differentiation of the particles and rapid
changes in the geomorphology of both troughs. Significant bedload transport rates based on the
definition of Batalla et al. [36] of 1 gm’ls*1 were observed on 30 January and 1 February in the
troughs. Nevertheless, the bedload transport peak was defined as qp, > 0.1 gm~!s 1. As a consequence,
the sizes of movable grains are more variable and present a larger proportion of finer grains compared
with that in the bed channels, where they could have already been rinsed. This finding could be
related to the higher transport of the bedload and faster changes in the morphology of the troughs.
Other GSD parameters, e.g., negative Skl, are typical for natural gravel-bed channels [23,31,64,65].
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The investigation of the correlation between grain size variations and bedload transport rate revealed
that both troughs were characterized by an inverse correlation. In Fosa Creek, this correlation increased
proportionally to the D values and was strongest for Dgs, which is more sensitive to water flow as
concluded by Batalla et al. [36]. This result is similar to findings for the Salty River [36] and the Scott
River [31]. Nevertheless, for Siodlo Creek, a higher value was observed for Dsy than for Dgs.

For both creeks, finer bedload is transported before the peak of water discharge than that
transported during and after this phenomenon, which is consistent with findings of the previous studies
(e.g., [23]). Generally, two phases of selective transport can be distinguished in both creeks (Figure 11).
In the first phase, very fine gravel was predominantly entrained; this was followed by the second
phase, where gravel dominated. Similar observations of two-phase selective transport have been
reported in previous studies of other natural gravel-bed channels [31,36,66,67]. Furthermore, the higher
proportions of fine and very fine gravel in Siodto Creek compared with those in Fosa Creek over the
entire field campaign confirm the previous hypothesis posed by Szito and Bialik [46], who assumed
that the Siodfo trough may be in an earlier stage of formation than the Fosa trough and thus exhibit a
more obvious erosive process. In addition, fine material collected from the Siodlo, which constituted at
least 63% in each sample, can also provide evidence that the channel is not yet armored and paved
like the Fosa trough, and bottom erosion may occur faster [33]. Moreover, the presence of boulders
(>64 mm) during the peaks of water discharge not exceeding even one-fourth bankfull, mostly in the
Siodlo trough [46], may suggest that the greater part of the sediment was entrained rather than laterally
eroded, as has been observed in other gravel-bed channels during near-bankfull discharge [23,31].

5. Conclusions

According to the aims of this study, the analysis confirmed that the variability and modification of
GSDs are strongly related to the daily variability of bedload transport dynamics, which was suggested
for the first time for polar catchments by Kociuba and Janicki [31]. During the measurement period,
i.e., the ablation period, the weather conditions played a significant role in the processes observed in
the bed channels of streams, especially when low water discharge occurred. In addition, the increased
proportion of medium and coarse gravel was strictly proportional to the increases in water discharge.
The simultaneous measurements performed in two creeks that are located in the same catchment
but present partial differences in the sources of the material (i.e., Fosa Creek was also fed with lake
material) indicated the processes occurring in both troughs. The bedload material from Siodto Creek
consisted mostly of fine and very fine gravels, suggesting an early stage of formation and an efficient
erosive process, which is confirmed by the general conditions of both streams. Fosa Creek has been
free of ice cover for more than 30 years and is at a more stable development stage in which water
discharge is the predominant control mechanism for the channel geometry. However, the GSD analysis
showed that bedload transport can also significantly influence this process.
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Abstract: Soil slurry deposited on the surface of the Earth during rainfall mixes with fluids and
flows into urban sewer conduits. Turbulent energy and energy dissipation in the conduits lead to
separation, and sedimentation at the bottom lowers the discharge capacity of conduits. This study
proposes a functional relationship between shear stress in urban sewer conduits and the physical
properties of particles in a conduit bed containing less than 20 mm of soil. Several conditions were
implemented for analyzing two-phase flow (soil slurry and fluid in urban sewer conduits) in terms of
turbulent flow by considering soil slurry flowing into urban sewer conduits. The internal flows of
fluid and soil slurry in urban sewer conduits were numerically analyzed and modeled by applying
the Navier-Stokes equation and the k-¢ turbulence model. The transfer deposition of the soil slurry
in the conduits was reviewed and, based on the results, a limiting tractive force was calculated and
used to propose criteria for transfer deposition occurring in urban sewer conduits.

Keywords: soil slurry; sedimentation; two-phase flow; transfer; deposition; limiting tractive force

1. Introduction

It is important to understand the flow characteristics of urban sewer conduits to maintain their
flow control capacity and prevent flooding during rainfall. In the case of localized and heavy
rainfall, soil slurry separates from the Earth’s surface through outflows and flows into drainage.
This lowers the discharge capacity of drains. Delaying the outflow leads to overflow that causes
flooding. Under a balanced condition, sediments accumulated at the bottom of urban sewer conduits
are directly related to a reduction in discharge capacity, and leads to system overload and flooding.

The purpose of urban sewer conduits is to prevent flooding in urban areas by discharging
runoff generated during rainfall. Together with the design and construction of such urban sewer
conduits, maintaining their discharge capacity is the most important factor influencing continual
maintenance. If urban sewer conduits are not designed, constructed, and maintained properly, severe
soil sedimentation can occur in them during or after rainfall events, which threatens their discharge
capacity and ability to properly handle sediments. Reduced discharge capacity of urban sewer conduits
can cause flooding during the rainy season or localized heavy rainfalls.

In general, soil slurry flowing into urban sewer conduits forms a layer of solid particles at the
bottom of the conduit leading to deposition [1-4]. In terms of flow characteristics, when particles are
transferred, the fluid and solid particles interact in a complex manner. Past research has relied on
experiments [5], but it is challenging in experimental analyses to review the independent influence of
each variable on transfer deposition. Moreover, soil slurry has a dynamic flow in the transfer process.
In the case of particles, it is difficult to measure the internal flow velocity of a conduit because of their
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own viscosities, particle sizes, and fluid drag forces [6,7]. Using experimental results, many studies
have analyzed the fundamental aspects of sediment transfer in turbulent flow conditions [8]. However,
they propose representing sediment flow as an induction equation to relate it to flow velocity [9-12].
Knowledge of the characteristics of internal flow is critical. However, the internal flow of urban sewer
conduits is completely different from that of a river, making it difficult to obtain accurate predictions.
For this purpose, existing empirical equations based on flow along a river may be applicable if modified
according to the hydraulic features of urban sewer conduits.

Itis difficult to determine the initiation of particle movement because of various issues. The Shields
diagram is a typical criterion for the incipient motion of sediments [13]. Shields suggested fundamental
concepts for initiating the motion of a bed comprising non-cohesive particles resistant to erosion by
flowing water. This is indicated by critical shear stress, which is commonly assumed to be a constant
for a given sediment mixture and can be determined through laboratory experiments [14]. However,
the proposed results cannot be directly applied owing to some limitations. Shields did not provide any
method to obtain critical shear stress for transfer and deposition. Accordingly, Brownlie fitted a curve
to the representative line using the Shields relationship [15]. In this study, the precise moment of
incipient motion is suggested, mainly based on numerical modeling, and transport rate measurements
are used for a more objective evaluation of the various conditions of the deposition environment.

To efficiently model the transfer deposition of soil in a conduit, it is necessary to determine
the shear stress to smoothly model the transfer of particles without deposition in the conduit.
To review the characteristics of the transfer deposition of particles in turbulent flow, some studies
have applied obstacles in pipes or conduits, attended to the flow of particles in the relevant region,
and applied the results to various technologies [16-18]. Some of these studies focused on one phase
of the fluid to analyze the mechanism of its continuity and momentum equations, and applied the
advection-diffusion equation to the soil slurry sediment. However, such methods are limited to the
analysis of particle deposition and sedimentation.

Studies based on numerical analysis to reflect the conditions of turbulent flow have modeled
the transfer deposition of soil and correlations among multiple parameters. The results have been
compared with those of the above-mentioned empirical equation to suggest a proper method of
application [19-22].

This study proposes a functional relationship between critical tractive force in urban sewer
conduits and the physical properties of particles in a conduit bed containing less than 20 mm of soil.
The inlet flow velocity (1.0, 2.0 and 3.0 m/s) of the soil slurry mixture, the volume concentration
of the soil (10%, 30% and 50%), and its particle size were set as variables. Soil slurry flowing into
urban sewer conduits was analyzed based on the two-phase flow (soil slurry and fluid in urban sewer
conduits) as turbulent flow. In a relevant work, Song et al. studied the flow of soil slurry in urban
sewer conduits [23]. In reviewing flow, the shear flow velocity and shear stress were found to be
critical. Therefore, the results of Song et al. were applied in this study. The purpose was to review
the criteria of deposition in the transfer process by assuming that soil slurry can flow in urban sewer
conduits and by changing its flow conditions. It is noteworthy that the observation and analysis of the
two-phase flow are difficult, and no relevant study has considered this for soil slurry. This study made
the following assumptions:

1. The flow of a mixture of fluid and soil slurry in urban sewer conduits was considered, similar to
simulating the mixing and flowing of a large amount of soil slurry and runoff.

2. In conditions of turbulent flow, it was assumed that flow in the conduit consisted of fluid and
solid phases.

3. For accurate flow analysis, incidental simulations were excluded, and a method for reducing the
time needed to analyze a short conduit was considered.

4. Soil flowing in a sewer conduit consists of particles of different sizes. For modeling, it is necessary
to consider this distribution of particle size. In this study, it was assumed that the soil slurry had
a uniform particle size distribution.

26



Water 2018, 10, 825

A commercial analysis tool ANSYS FLUENT 13.0 was used in this study [24]. This study analyzed
the characteristics of flow in urban sewer conduits of 10 m length and 0.6 m diameter in light of the
inlet flow velocity of the soil-fluid mixture (v), size of the soil particle (d), and the volume fraction in the
soil mixture (v/f). The simulation results were used to investigate the limiting tractive force. Based on
the results of a hydrodynamic analysis using 2D modeling, the limiting tractive force was calculated
depending on the particle size of the soil slurry, and an equation for the functional relationship based
on a different particle size was proposed. The limiting tractive force was found to be related to the
physical properties of non-cohesive soil.

2. Numerical Method

In past studies on two-phase flow, the sensitivity of each phase was analyzed to propose the
mechanism of their interaction [25-28]. These results provided a considerable amount of information
concerning two-phase flow that was used to define the phenomenon for a variety of flows using
a diversity of numerical analysis models. A few recent studies have proposed a functional equation
based on particle density to define the criteria for sediment movement based on the flow velocity
distribution of urban sewer conduits, in the context of two-phase flow containing a mixture of fluid
and soil slurry [29-31].

2.1. Governing Equations and Mathematical Model

In this study, the models were constructed in FLUENT 13.0 to analyze two-phase flow using
the ANSYS solver [32]. The control equations consisted of continuity and momentum equations
and particle component conservation equations of mass and momentum [33]. The continuity and
momentum equations can be implemented using Reynolds’ transport theorem, and by applying
Newton’s second law [34,35].

The continuity equations are shown as Equation (1) and compressible fluid is presented as
Equation (2). In Equation (3), the equations of momentum yield the volume fraction and density per
unit time for each phase based on velocity. In the equation, x;(i = 1, 2, 3) represents the orthogonal
coordinates, u; the orthogonal (directional) element of the velocity vector that represents average
flow velocity, p is fluid density, p is pressure, and F; is the sum of influential forces, such as gravity,
deflecting force, and centrifugal force.

dp , d(pui) _ dp
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In Equation (4), 7;; represents a viscous stress tensor representing Newtonian flow fluid, including
the velocity of the deformed stress tensor; and ij represents structural correlation. In Equation (5), d;;
represents the ratio of the strain (deformation) tensor described in Equation (4):
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2.2. Turbulence Model

To analyze the effect of turbulence in a conduit with soil slurry, a turbulence model is required.
The shear force owing to the laminar viscous force of the neighboring fluid becomes its driving force
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and, consequently, a laminar flow with a certain layer appears. However, if the shear stress increases
with increasing flow velocity, viscous force transmission becomes challenging to maintain. As a result,
the shear stress breaks into very small turbulent eddies and ends up being transmitted inside the fluid.

In general, the Reynolds stress-based model is used to simulate turbulent flow [36-39]. To analyze
turbulent flow, the authors used Launder and Spalding’s standard k-¢ model, the universally used
turbulence model [40]. In the model used to calculate the Reynolds factors, two equations representing
the turbulent kinetic energy and the rate of dissipation of energy were calculated to represent turbulent
viscosity. It is well known that the prediction of rotational flow or vortex flow, generated when particles
of the fluid rotate about a certain axis, and the analysis of an area near a wall with a low Reynolds’
number is inaccurate. However, the model is excellent at convergence in basic turbulent analysis and
shortening calculation time [32].

To analyze fluid flow in the standard k-e model, two equations of turbulent energy and dissipation
rate as well as a general transfer equation should be applied separately. These equations are called the
turbulent kinetic energy equation and the turbulent kinetic energy dissipation equation, respectively,
and are used as a two-equation model. C;, is a model constant, which is generally 0.09. In this study,
based on Equations (6) and (7) in the analysis of the transfer deposition of soil in a tube, k and ¢
are calculated in two separate transport equations (k-equation and e-equation) to model turbulent
stress [32].

k) | d(pwk) 3 pe) ok
d(pe) a(pfjs) _ 9 Ut Oe € &2
o + o *aij 157887)(] +Cs1PkE—Cezpk? 7)
_ o, I \ 9t
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In Equation (8), Py reflects the influence of viscous force, and each value represents the coefficient
of the standard values of k and ¢, which are obtained through experiments in a wide range of the
turbulent area as proposed by Versteeg and Malalasekera (Table 1) [41]. The parameters presented
in Table 1 were used to predict the shear flow of basic turbulence, including homogeneous and
heterogeneous flows, and yield highly reliable results in terms of the boundary of the wall and free
shear flow. C;, C¢1, and Ce are empirical constants determined through experiments, and J; and
J¢ are turbulent Prandtl numbers for turbulent kinetic energy and the rate of energy dissipation,
respectively [42].

Table 1. Parameters of the standard k-¢ model.

Parameter Cy Ce1 Ce Ok ¢
Value 009 144 192 1.0 1.3

Data collected through experimental research on turbulent energy and the rate of dissipation
were first applied as parameters in the model. Nevertheless, as this study focuses on analyzing
phenomena based on modeling, the reliability of the parameters to be applied were not validated,
and experimentally acquired values proposed in a manual were applied because the range of each
parameter and ground for its application were required [32].

2.3. Setup and Boundary Conditions

In this study, the inlet, outlet, side wall, and symmetry of the entire conduit (volume) were
defined as boundary conditions to consider the flow of particles and soil slurry in urban sewer
conduits. The authors used ANSYS-FLUENT 13.0 for the analysis. In repeated numerical calculations,
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the relative error of a numerical solution was made to converge to 0.001. The relative error of the
schemes is computed by comparing the result of the integration step. Reduce step size by half refine
the step such that the change of outcome can be identified [24]. It took 17 h on average on an Intel(R)
Xeon(R) CPU E5-2630, 2.40 GHz, with 16 GB RAM. The boundary conditions of the numerical model
in this study are presented in Table 2.

Table 2. Boundary conditions for analysis.

Classification Boundary Conditions

Multiphase flow Fluid (water)-Solid (soil)

Euler—Euler model
Standard k-e¢ model
Turbulent flow
Unsteady and turbulent

Applied models and flow conditions

Inlet velocity
Inlet conditions Inlet volume fraction
Soil diameter

Outlet condition Free fall
Wall condition Non-slip
Convergence 0.001

It was assumed that the flow conditions did not change, and no deformed flow occurred.
The authors simulated phenomena by analyzing various runoff flows in the conduit. This method
helped reduce calculation time and implement an optimal solution through repeated calculations.

The inlet flow velocity of the soil slurry mixture, the volume concentration of the soil, and its
particle size were set as variables. The flow velocity and particle distribution of the mixtures in all
63 conditions were compared and reviewed. Table 3 lists the values of parameters of the fluid and soil
slurry mixture, which are similar to those used by Song et al. [23]. To simulate the soil slurry transfer
and deposition in urban sewer conduits, short conduits were used, as shown in Figure 1. A mesh
structure consisting of 140,000 rectangular meshes, each of 0.6 m in diameter and 10 m in length,
was implemented. Wall boundary conditions were applied to confine fluid and soil regions. In viscous
flows, the non-slip boundary condition is enforced at walls by default; no symmetrical boundaries
were applied but the shape of the entire conduit was represented.

Table 3. Basic information concerning the parameters for analysis.

Parameter Units Value

Conduit specification m 0.6 (D) x 10 (L)

Mesh specification grid 140,000

Inlet velocity condition m/s 1.0,2.0,3.0

Inlet volume fraction condition % 10, 30, 50

Fluid density kg/m? 998.2

Fluid kinematic viscosity Pa-s 0.001003

Soil density kg/ m3 2,650

Soil diameter mm 0.5,1.0,3.0,5.0,7.0,15.0, 20.0
Inlet: fluid and soil velodty and soil volume fraction Qutlet: Free
:;1;:t;l;!i|;|;lli|glg::13g' Il —
ma] L L L -
— At i i i ! ! A | ’ i Hl e i ity —
- D A DA A
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Figure 1. 2D mesh containing 140,000 cells.
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As for the cross-section, the fluid and soil slurry flowed into the initial flow section (0 m), where
the flow rate was constant for a certain period (500 s). The sectional volume fraction of the cross-section
of the conduit was assumed to be the volume fraction of particles in the total flow. For the outlet
(10 m), the results of the flow field and volume fraction in nine sections (1-9 m inside) were reviewed.
In the case of the inlet, the flow velocity was constant, and thus flow field could be neglected. In the
case of the outlet, the two-phase flow was such that the distribution of the flow field and volume
fraction tended to be scattered. Therefore, it was excluded. Shields performed experiments in flumes
with widths of 0.8 m and 0.4 m and beds composed of particles with diameters from 0.36 mm to
3.44 mm; mean velocity was increased in steps of 0.1 m/s to 0.6 m/s [13]. Brownlie conducted studies
on the Colorado River, Mississippi River, and Red River. In his study, the flow velocity had minimum
and maximum values of 0.37 m/s and 2.42 m/s, respectively, and beds were composed of particles
ranging from 0.08 mm to 1.44 mm in diameter [15]. In this study, the same specification was applied to
a sewer based on a numerical model. In the analysis, the particle size and inflow rate were changed
to reflect the runoff condition in actual sewers. The transport and erosion phenomena in the conduit
were reviewed. For discharge flowing into sewer pipes, most flow in as a mixture of fluid and soil
slurry depending on the occurrence of rainfall, showing characteristics of turbulent flows. Accordingly,
for soil slurry flowing into conduits, this study investigated the characteristics of flows inside conduits
by determining the rate of flow corresponding to outflow and that to inflow occurred in mixed forms.
The soil slurry flowing into the conduit contained particles of different sizes. The slurry was modeled
by considering the dispersion of particle size. However, only particle size influenced velocity and
particle distribution of the mixture. Therefore, we assumed particles of uniform size by considering
a single particle size [23].

2.4. Model Validation

Song et al. [23] developed a model based on the experimental results obtained by Nabil et al. [43].
Based on the correction process, they suggested that the distribution of flow velocity and the changing
pattern of the volume fraction of soil slurry were consistent in a conduit in their model. They reported
experimental results for soil particles 1.4-2.0 mm in size, as used by Matousek [44].

Figure 2 shows the transfer of particles of size 1.4-2.0 mm in urban sewer conduits, with a volume
concentration of 26% and flow velocities of 2.5 m/s and 3.0 m/s. A significant of the resulting flow
was consistent. The internal distribution under the two conditions of flow velocity and volume
concentration, which were used for examination, tended to be the same. Therefore, the analysis model
was considered verified.
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Figure 2. Results of examination using data obtained by Matousek. Results corresponding to flow
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3. Numerical Modeling

3.1. Analysis of Flow Characteristics in Conduit Depending on Inlet Flow Velocity

The transfer of soil slurry in a conduit influences flow velocity under the action of inertia and
gravity. Figures 3 and 4 show changes in the flow velocity in a conduit depending on the volume
fraction at the same flow velocity for 1.0 mm and 20.0 mm of slurry. As shown in Figure 3, in the case
of the flow velocity distribution of a single fluid, the flow velocity converged to zero at the bottom of
the conduit, and then assumed the maximum value at the center with a rise in the diffusion coefficient
through the volume fraction grade of soil slurry. However, this study analyzes two-phase flow rather
than that of a single fluid, and revealed that the maximum value of flow velocity increased in the
upper part of the conduit with changes in the volume fraction. The maximum flow velocity should
have been observed at the center of the conduit because of the soil slurry deposited at its bottom.

In Figure 4, the flow velocity at the bottom changes slowly because of the soil slurry. In the upper
part of the conduit, where the volume fraction had been reduced, the flow velocity tended to increase.
With a rise in the volume fraction of the soil slurry in the lower part of the conduit, the damping
effect of turbulence due to fluid friction largely worked and, consequently, the maximum value of flow
velocity moved to the upper part of the conduit. Depending on deposition, the volume fraction of the
soil slurry in the upper part of the conduit was smaller than that in the lower part. It was analyzed to
be ideally consistent with the flow of a single fluid.
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Figure 3. Vertical profile of longitudinal flow velocity of 1.0 mm of slurry in a conduit: (a) 1.0 m/s, 10%
volume fraction; (b) 1.0 m/s, 30% volume fraction; and (c) 1.0 m/s, 50% volume fraction.
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Figure 4. Vertical profile of longitudinal flow velocity of 20.0 mm of slurry in a conduit: (a) 1.0 m/s,
10% volume fraction; (b) 1.0 m/s, 30% volume fraction; and (c) 1.0 m/s, 50% volume fraction.
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The distributions of the flow velocity of 1.0 mm and 20.0 mm of slurry were used in this study to
verify that relatively smaller particles changed rapidly in the lower part of the conduit with a large
volume fraction of soil slurry. It is fair to attribute this result to relative density. In general, the higher
the volume fraction of soil slurry, the greater the interaction of particles in the mixture and the higher
their viscosity. As a result, the flow velocity of the fluid in a relevant section decreases and, if the
volume fraction decreases, flow velocity increases.

3.2. Analysis of Flow Characteristics of Conduit Depending on Inlet Volume Fraction

The most significant change with changing volume fraction of the inlet occurred in the distribution
of flow velocity in the conduit. The volume fraction influenced the flow of each particle and changed the
distribution of the flow velocity. The homogeneity of the distribution of flow velocity thus represented
the homogeneity of the particle distribution. Figures 5 and 6 show the changes depending on volume
fraction at velocities of 1.0 mm and 20.0 mm of the slurry. As shown in the results, the volume fraction
in the upper part was close to zero, and a large volume fraction was observed only in the lower part of
the conduit. The frictional force arising in the lower part did not significantly influence the center of
the conduit with the maximum turbulence and flow velocity.
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Figure 5. Vertical profile of the longitudinal volume fraction of 1.0 mm of slurry in the conduit:
(a) 1.0 m/s, 10% volume fraction; (b) 1.0 m/s, 30% volume fraction; and (c¢) 1.0 m/s, 50%
volume fraction.
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Figure 5 shows the influence of the particle size of the soil slurry. As shown, when particle
diameter was small, the distribution of volume fraction altered from heterogeneous to homogeneous
along with a change in flow velocity. When the particles were small, they were easily moved by the
eddy of the fluid. As shown in Figure 6, this was because particle movement was determined by
gravity, which is based on unit particle weight. In general, with an increase in flow velocity, the fluid
force became greater than the resistance of the hardened deposit and, thereby, moved the soil slurry.
Friction increased with rising tractive force. Based on the change in flow velocity observed at the
bottom of the conduit, the limiting tractive force could be estimated by calculating the shear flow
velocity and shear stress in the conduit.

To sum up the numerical analysis, the larger the particle size of the soil slurry and the greater the
increase in volume fraction, the greater the deposition. The higher the flow velocity, the smaller the
deposition. An increase in the layer deposited led to increased flow velocity in the upper part of the
conduit. With increased particle size of the soil slurry, deposition was evident.

4. Functional Relationship of Soil Slurry Transfer Deposition in Urban Sewer Conduits

4.1. Calculation and Review of Limiting Tractive Force

The major parameters needed to determine transfer deposition in the fluid transfer process are
the vertical distribution of soil slurry in the conduit and the shear flow velocity (1) along the floor
boundary. The shear flow velocity causes the soil slurry deposited at the bottom of the conduit to
float in the re-floating process. At this time, the volume concentration can induce a smooth transfer or
re-sedimentation. Accordingly, the shear flow velocity influenced by the layer of deposit was reviewed
to measure the change in shear flow velocity at the bottom of the conduit. In general, this change in
shear flow velocity represents a change in kinetic energy.

The characteristics of soil slurry include physical, such as particle size (d), density (o) and settling
velocity (vs), and volumetric constituents, such as the volume fraction of flow and the unit weight
of mixed fluid flow. Raudkivi claimed that sediment transfer depends on shearing speed and the
relative particle settling velocity [45]. Shearing speed can be calculated using Equations (9) and (10),
and the settling velocity of the particle can be calculated using Equation (11). Shear stress is calculated
through conversion. (ps — ps)/ps is the specific gravity of the sediment (submerged) in fluid, ps is its
density (kg/ m?), o is the density of water (kg/ m?), g is the acceleration due to gravity (m/ s%), d the
particle diameter (m), and Cp is the coefficient of drag, which varies depending on the free motion
of a particle but generally converges to 0.44 in turbulent flow. It is known that the drag coefficient
of particles in a turbulent fluid may be significantly different, depending on concentrations and
particle characteristics. The viscosity of the mixture, however, increases rapidly with volumetric sand
concentrations beyond 20% [46,47]. For mixture flow, pressure drops could not be predicted accurately.
The amount of error increased rapidly with the slurry concentration. These problems will be addressed
through further research. The objective of this study is to provide a better description of the physical
properties in agreement with numerical data. Accordingly, the average drag coefficient was considered
to be 0.44 of a perfect sphere with the same volume and density depending on the particle diameter.
Therefore, it was assigned a fixed value without any separate calculation. The particle settling velocity
to be applied in this study was calculated using Equation (11). The weight of a submerged particle was
calculated by 4/3(ps — ps)/ps = 2.2. Subsequently, calculations using particle size could be performed
with (gd/Cp).

T, = PR Sy ©)

T = = (10)

gd
(5) an
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Given the distribution of flow velocity in a certain cross-section, such as flow in the conduit, Shear
flow velocity in Equation (12) could be calculated, where u is the average flow velocity at the upper
distance z relative to the bottom, z, is the distance from the bottom, where the flow velocity is zero,
u is the flow shear speed, and « is the von Karman constant, which is approximately 0.41 [48,49].
In the case of shear flow velocity using Equation (12), assuming a certain flow velocity distribution in
a certain cross-section, an approximate value of velocity can be estimated using the equation below.
It can also be calculated using the law of the wall, which was used to explain the relatively thin layer
(z/H <0.2) at the bottom [29].

Therefore, by applying the change owing to an increase in continuous velocity occurring along
the boundary of the bottom of the conduit, the shear flow velocity and shear stress in transfer
deposition can be calculated. If y increases discontinuously at a certain calculation point, du/dy
in Equation (13) increases infinitely. Therefore, the shear stress at the point where there is no change in
flow velocity can be defined as the limiting shear stress. In Equation (13), y is the dynamic viscosity
of the fluid. Shear force is the value of friction generated along the side wall due to the velocity of
fluid flow in a cross-section of the conduit. Therefore, this friction is proportional to flow velocity and
inversely proportional to the cross-sectional area of a conduit, and is used as shear rate or shear stress.
In Equation (13), T, represents shear stress at the bottom. In Equation (14), 7" is the critical shear stress
at the bottom to initiate motion in the sedimentation layer (z) in the conduit, and is used to calculate
the limiting tractive force that forms the basis of transfer deposition.

) ‘

T = u% = pgsinb(h —y) (13)
T

_ 14

(os —p)gd 9

Table 4 lists the results of shear stress based on shear flow velocity in 63 cases. Soil slurry of
0.5 mm diameter had a shear stress of 0.030-0.060 at a velocity of 1-2 m/s. Although there were slight
deviations, it generally remained stable at 0.043. At a velocity of 3 m/s, the soil slurry had a value
of over 0.284, which means that at relatively high flow velocity, the soil slurry was deposited more
rapidly at the bottom of the conduit. Given that the amount of soil slurry (flow amount defined as
the mass of soil slurry per total volume in unit flow) flowed in proportion to the inlet flow velocity,
a larger deposit was expected when a large amount of slurry flowed in. This means that small particles
could be deposited in the conduit. Soil slurry of 20.0 mm diameter had an average value of 0.053,
which was maintained even with changes in flow velocity. The probability of sedimentation based on
deposition was 0.056, the value suggested by Shields [13]. Given these results, if particle size increased,
the density and specific gravity of the soil slurry increased. Deposition thus easily occurred and the
settling velocity increased.

Table 4. Calculation of shear stress based on results of numerical analysis.

*

TC
(nflm) 1.0 m/s 2.0 m/s 3.0m/s
10% v/f  30%v/if 50%v/f 10%v/f 30%v/f 50%v/f 10%v/f 30% v/f  50% v/f
0.5 0.030 0.060 0.056 0.035 0.040 0.041 0.284 0.308 0.307
1.0 0.036 0.036 0.029 0.074 0.730 0.068 0.224 0.259 0.243
3.0 0.061 0.037 0.041 0.033 0.029 0.028 0.086 0.098 0.102
5.0 0.046 0.051 0.056 0.056 0.032 0.056 0.027 0.036 0.034
7.0 0.047 0.047 0.036 0.045 0.047 0.041 0.035 0.055 0.056
15.0 0.052 0.052 0.060 0.038 0.045 0.048 0.042 0.042 0.051
20.0 0.048 0.060 0.054 0.053 0.048 0.051 0.049 0.055 0.056
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Shear flow velocity and shear stress at the bottom represent the force accompanying and
transferring the deposits. The shear stress along the critical boundary or the critical erosion speed
is the limiting condition of deposit transfer and shear stress (limiting point of motion) at the start of
the yield. The value of roughness at the bottom depends on the size of sediment particles there, and
influences changes in the flow velocity distribution and the transfer capability of the soil slurry.

In general, the settling velocity influences the movement of the particles once the dynamic force of
the fluid is imposed on them, and thus creates a boundary layer. In turbulent flow, if the flow velocity
increases, the amount of force on the particles exceeds a threshold and acts on the sediment particles at
the bottom of the conduit under a constant velocity. This means that, when the threshold is reached,
shear stress in the conduit dominates the transfer velocity of the deposits, and significantly depends
on flow velocity.

4.2. Functional Relationship of Transfer Deposition Due to Soil Slurry Particles

The method proposed by Shields [13] is commonly used to calculate the limiting tractive force
as it can be used to directly compare the results obtained at different densities and viscosities, and
thus makes it possible to easily judge the conditions of flow. However, in this method, the velocity
of shear flow and the size of particles belong to both the longitudinal and transverse axes, and thus,
the relationship between them is unclear. Therefore, the limiting tractive force for a given particle
size could not be directly calculated. Problems and improvements regarding Shields” methodology
have been discussed by Maa [50], Yalin and Karahan [51], and Smith and Cheung [52]. To solve
these problems, Julien introduced a dimensionless parameter given by (0.1Re2 /T )2 and proposed
the following modified Equation (15) [14]. d is defined as exactly analogous to Rouse’s auxiliary
parameter or Rouse Reynolds number, eliminating the critical shear stress from the abscissa definition
(in Reynolds number coordinates) [53]. Here, “SPG” represents the specific gravity of the particle.
The Reynolds number for a multiparticle system, given in Equation (16), is defined in a similar manner
as a function of the void fraction [54,55].

_ 1/3
0 = = f(d) = | ELES 18 (15)
R, = (16)

The works by Shields, Brownlie, and Parker et al. have improved and applied the limited
diameter-based equation. To review the case where the limited diameter is small, this study used the
results of a numerical analysis [15,56].

The results for particles of sizes 0.5-20.0 mm are presented without dimensions and compared
with the results reported by Shields’ limiting tractive force as shown in Figure 7. Shields used 15 data
items, whereas this study used 63 for comparison.

As shown in Figure 7, the limiting tractive force for relatively smaller particles (0.5 mm and
1.0 mm) was close to the criteria suggested by Shields’ curve. A velocity of 1.0 m/s was obtained
for consistent conditions. The pattern of the increasing amount of soil slurry flowing with increased
flow velocity was different from that in Shields” diagram. The range of limiting tractive force was
0.224-0.307, which means that with increasing flow velocity, the inflow of a large amount of soil slurry
led to higher sedimentation. In a turbulent state, high flow velocity leads to a more active deposition
of particles, which means that small particles can be deposited in the conduit.

With increasing particle size, a pattern similar to that in Shields” diagram was observed. In the
case of a relatively larger particle of diameter of 20.0 mm, the variable for transfer deposition was
calculated to be 0.053, identical to the result suggested by Shields’ curve even with changes in flow
velocity. This means that, if the particle size increased, the density and specific gravity of the soil slurry
also increase, and particles are rapidly deposited at the bottom of the conduit regardless of the values
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of other variables. Therefore, particle size is the basic criterion for soil slurry transfer in calculating
the limiting tractive force, but its influence is considered to be little to negligible if particle size is
greater or less than a particular value. Small particles flowing into an urban sewer conduit constitute
an important variable, and, thus, the conduit must be designed considering its discharge capacity.
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Figure 7. Shields’ diagram depending on the boundary Reynolds number and comparison results of
the particles.

To account for measurement errors in Table 5, the evaluation accuracy was examined by calculating
two different evaluation statistics: SSQ (the sum of the squares) and RMSE (root mean squared error).
These are expressed as Equations (17) and (18).

SSQ(x1, x2) = Y (x1 — x2)* 17)

Y (2 — x0)?

RMSE(x1, x3) = n

(18)

where x7 is the amount of observed values, x; is the amount of calculated values (Table 5), subscript i
indicates i;s data in the set, and 7 is the number of data [57-60]. The results of the numerical model
were compared with those of Shields and Brownlie [13,15]. To measure errors, we compared the values
obtained in Table 5 with those of Shields and Brownlie, as shown in Table 6.

Table 5. Functional relationship of transfer deposition in a conduit using particle size.

d (mm) d; (non-dimensional) Relationship Equation
d<05 d. <94 0, = 0.280 x d, 0288
05<d<1.0 94<d, <188 . = 2.336 x d; 1248
1.0<d <3.0 18.8 <d, < 56.4 6. = 0.135 x d; 0306
30<d <50 56.4 < d, < 94.0 0. = 0.012 x 49288
50<d <70 94.0<d, <131.6 0, = 0.032 x 49067
70<d <15.0 131.6 < d, < 282.1 6. = 0.029 x 49086
15.0 <d < 20.0 282.1 <d, <376.1 6. = 0.007 x d9-345
200 <d 376.1 < d, 0. = 0.056
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Table 6. Comparison between the results of this study and those of Shields and Brownlie.

d (mm) d, (non-dimensional) Shields and Brownlie (x7) This Study (x2)

05 9.4 0.0334 0.1468
1.0 18.8 0.0298 0.0600
3.0 56.4 0.0419 0.0395
5.0 94.0 0.0485 0.0438
7.0 1316 0.0535 0.0450
15.0 282.1 0.0556 0.0478
20.0 376.1 0.0556 0.0530

SSQ 0.0020

RMSE 0.0446

The overall SSQ and RMSE values were found to be 0.0020 and 0.0446, respectively. Theoretically,
a functional relationship equation is accepted as excellent when RMSE and SSQ values are equal to
zero. The RMSE and SSQ values in this study indicate that the assessed results were highly correlated.
Accordingly, this study proposed a functional relationship of the limiting tractive force for particles
of different sizes, as shown in Table 5. The functional relationship can be used as the criterion to
assess the transfer deposition of soil slurry in a conduit. The modified equation proposed in this study
expresses this criterion and can be used to calculate the amount of sedimentation in a conduit.

Nevertheless, further studies should focus on analyzing errors considering various diameters and
mathematical representation of the curve of critical tractive force results, such as flow conditions and
other derived particle parameters.

5. Conclusions

In this study, a numerical analysis was performed to investigate the influence of the transfer
deposition of soil slurry in urban sewer conduits. The results were analyzed based on various flow
conditions. Particle size was set as the main parameter and settling velocity was applied to analyze
deposition behavior in the conduit. By considering the turbulence model, the shear flow velocity
was investigated according to flow velocity and volumetric concentration. Accordingly, a functional
relationship used to identify the boundary of the transfer deposition of soil slurry in urban sewer
conduits. Based on the entire process of the numerical analysis, the following conclusions can be drawn:

1. Particle size is the basic criterion for soil slurry transfer in calculating the limiting tractive force,
but its influence is little to negligible if particle size is greater or less than a particular value.
Nevertheless, small particles flowing into urban sewer conduits are an important variable, and
thus conduits must be designed considering their discharge capacity.

2. A turbulence model was applied to calculate average flow velocity, shear flow velocity, and shear
stress. In a conduit with sedimentation, the distribution of flow velocity was weakened overall
by a similar drag-based volume fraction, and a slant in the flow velocity in the conduit increased
due to deposition. The shear flow velocity and turbulent stress were large when a large value
was calculated around the boundary of the bottom of the conduit. Therefore, it was estimated by
applying an overall inclination.

3. Based on the results, the authors proposed a functional relationship between the limiting tractive
and particle size. This relationship can be used as criterion to judge the transfer deposition of soil
slurry in a conduit, and can be applied to urban sewer conduits, unlike previous studies. If the
phenomena in urban sewer conduits are measured for comparison in an improved study, a more
reasonable research method can be devised.

4. The results of this study can help overcome inaccuracy in simulating particles of small diameters
in one-dimensional models, which are used to estimate the flow of sediment in urban sewer
conduits. In future work, it will be necessary to further investigate the deposition rate of soil in
conduits and the pattern of cohesion of each particle.
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The findings of this study may be helpful in designing conduits with the aim of preventing
conduit clogging or conduit damage that may occur during heavy rainfall events. To analyze drainage
flow under the influence of various soil shapes and floating particles, it is necessary to consider
different conditions through model experiments and numerical modeling. This study considered only
the inflow of a large amount of soil slurry at the beginning of rainfall events. Therefore, the proposed
method must be further investigated by introducing various types of rainfall events. Moreover,
to validate the results of this study, data from real conduit systems must be collected and analyzed
using a rainfall-runoff model. Overall, further research is required to determine the relationship
considering the volume fraction of small particles.
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Abstract: The objective of this study was to follow-up on the evolution of the hydro-pluviometric
schemes and particular elements of Wadi Mina (6048 km?) to the Sidi M’"Hamed Ben Aouda Dam to
evaluate the silting origin and status of this dam situated in the northwest of Algeria. The pluviometric
study targeted a series of rains during 77 years (1930-2007), the liquid discharge data cover a period of
41 years (1969-2010) and the solids and suspended sediment concentrations data cover very variable
periods, starting from 22 to 40 years for the entire catchment area. The statistical tests for ruptures
detection on the chronological series of rains and discharges indicate a net reduction of rains of more
than 20% on the entire basin since 1970. The evolution of solids inputs was quantified: the maximum
values are registered on autumn start and at the end of spring. The Wadi Mina basin brings annually
38 x 10° m3 of water with a specific degradation of 860 t-km~2-year~!. By comparing the results
found, we thus observe that the basin upstream of SMBA (1B) Dam is the greatest sediment producer

towards the dam because it shows a specific degradation equal to 13.36 t-ha~!-year~!.

Keywords: Wadi Mina; Algeria; sediment; ruptures; SMBA Dam; specific degradation

1. Introduction

Algeria has always been confronted with extreme phenomena: periodic droughts which were
sometimes severe and lasting and floods that are more often than not catastrophic. These events
constitute a major constraint for the economic and social development and have been the subject of
numerous studies [1-12].

Following a rain over a catchment area, a complex mechanism of interactions between
hydrological and erosive phenomena is started. The streaming related to strong precipitations entails
the soil slide by erosion in quantities that are sometimes very abundant. This has an impact on the
environment and one of the results is the soils fertility loss and the early filling of water impoundments
(dams, ponds, lakes), thus reducing their storing capacity and possibly entailing as well as degradation
of the water quality and usage conflicts [13].

Since the Independence of Algeria, the total number of dams in exploitation at national level
increased from 14 in 1962 to 65 in 2014 and, if we add the inter-basin water transfer major works,
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there are 7 billion m? of water that are mobilized to be used for drinking water supply, irrigation and
industry [14].

The scale of aggradations and the raise of the bottom of these dam impoundments by successive
deposits of sediments brought by the watercourses and the wind are a serious problem whose negative
consequences are considerably felt in the agriculture, farming, fishing, electricity and navigation
fields [15-17]. The study on the silting of lakes, catchment areas or dams is of considerable interest
for attempting to explain the complex mechanisms of solid transport and to quantify the volumes of
transported sediments [18-21] and for a potential dredging of the impoundment [22].

The sedimentation in North Africa dams is very high in relation to what is noted at international
level. According to Lahlou [23], the 23 major dams that are being exploited in Morocco lose annually
50 Mm? of their storage capacity. In Tunisia, the annual loss of the storage capacity is estimated
between 0.5% [24] and 1% for a total initial capacity of about 1430 Mm? [25]. Algeria’s rivers transport
a large quantity of sediments [26,27]. The sediment deposited in Algerian dams is estimated to be
20 million m3-year~! [28]. Competition for water among agriculture, industry, and drinking water
supply—accentuated by a drought in Algeria—has shown the need for greater attention to be paid to
water [29] and for it to be managed at the large basin scale [30]. Surface water resources in Algeria
are evaluated to be approximately 8376 billion m? for an average year [31]. These water resources
in Algeria are characterized by wide variability—the resources for the last nine years have been
significantly below this average [32]. Under these circumstances, several dams were built in Algeria to
ensure water resources for the supply of drinking water to all its cities and allowed approximately
12,350 km? of irrigated land to be developed [31-33]. However, the sediments deposits in the dam
reservoirs are estimated, on average, at 20 million m® per year [34]. The high efficiency of sediments
transport of the Algerian rivers [27,35] encouraged numerous authors to study the transfer of sediments
in suspension in this area [36—41]. Considering these problems and to establish the lifespan of dams
and to implement a better strategy of water resources management, research on the dynamics of
sediments underlines the need to better understand the variations of erosion, deposits and dynamics
of storage of sediments in a variety of catchment areas and rivers [42]. In this context, a certain number
of studies used the relation of concentration of suspended particles matters (SPM) for acquiring a more
complete understanding of the drainage basins processes [19,43,44].

Among the factors that favor erosion (slope, nature of rocks, hilly area, climate, and human
activities), climate is recognized as the main factor in the semiarid Mediterranean regions of Algeria
that go through short and intense rain episodes, a strong power of evaporation of the wind, prolonged
droughts and freezing cycles [45,46]. The erosion is extremely active and the average concentration is
at least higher than the global average [42].

Indeed, the main works for surface waters mobilization (big dams, dams and small lakes) were
built on the watercourses of basins situated in the northern part of the country. These basins are
characterized by various hilly areas dominated, on the one side, by marly lands and soils vulnerable
to erosion and, on the other side, by a forest cover limited in the most watered parts and a seasonal
vegetation cover. To these natural conditions is added the torrential nature of precipitations that fall at
the end of the dry season and that would be responsible for a major part of the erosion and the solid
load of water [21].

This article presents a study of erosion, sedimentation and climate change on Wadi Mina, at the
Sidi M'Hamed Ben Aouda Dam in the northeast of Algeria, in a semiarid area. It is essential to know
the evolution of water resources available for this dam in a variable climatic environment. In addition,
since 1976 the rains reduction starting [47] and the increase in extreme events [48], the erosion and
solids transport conditions were modified. The first results of the SIGMED (Approche Spatialisée
de I'Impact des activités aGricoles au Maghreb sur les transports solides et les ressources en Eau De
grands bassins versants) program showed as well the impact of human activities on environment and
erosion [49,50], but it is still difficult to quantify the anthropogenic and climatic parts responsible for
the recent modifications of the dynamic erosion on the basin [51].
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The watershed of Wadi Mina (6048 kmZ, northwest Algeria) is the subject of numerous works in
the field of water erosion and siltation of dams [52-67].

The hydrologic part was a study on the rain and water flows in the basin towards available stations
supplied by ANRH (National Agency for Hydraulic Resources). The solid transport of suspended
particles matters (SPM) was estimated based on specific measures taken by the hydrological services
of ANRH during the period 1969-2010. The water volume of the SMBA (Sidi M'Hamed Ben Aouda)
Dam was estimated based on the results of the bathymetric measures supplied by ANBT (National
Agency for Dams and Transfers) in the period 1978-2004.

In the last part, we studied the sedimentation study on the SMBA Dam and the origin of sediments,
comparing the soil loss measured at the hydrometric stations with the dam silting data (bathymetry)
with the results of a study of soils erosion by the USLE (Universal Soil Loss Equation) method carried
out by Toumi et al. [66]. This is the first comparative study in Algeria which compares the erosion and
sedimentation rates on a river basin and the associated reservoir, from several different approaches;
this is the originality of this article in relation to the literature.

2. Materials and Methods

2.1. Study Area

Situated in a semiarid area, the catchment area of Wadi Mina presents strong erodibility and the
good availability of pluviometric and hydrometric data. Situated at around 300 km west of Algiers,
the catchment area Wadi Mina drains, at the level of the Sidi M'Hamed Ben Aouda (SMBA) Dam,
a surface of 6048 km?2 (Figure 1). Wadi Mina is among the main tributaries of Wadi Cheliff. There
are two dams on Wadi Mina, the SMBA Dam, subject of our study, and the Bakhadda Dam, situated
at 90 km. The topographic study [68] allowed classifying the studied sub-basins in the hard hilly
landscape class, in accordance with the IRD (French National Institute for Research for Sustainable
Development) classification [69]. The basin of Wadi Mina spreads on dissimilar natural units:

e In the south, the Tellian plateaus also include the mountains of Frenda and Saida, with an altitude
ranging from 900 to 1300 m, where limestone shows on the surface.

e  Inthe north, a unit of mountain ranges and basins, generally of inferior altitude of 900 m, within
a complex geological structure, individualized in blocks, where Ouarsenis is one of the most
remarkable. They are characterized by an abundance of outcrops of marls, very sensible at
hydric erosion.
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Figure 1. Localization of the catchment area of Wadi Mina.
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The climate of the region is Mediterranean semi-arid with an annual average precipitation of
305 mm, marked by an irregularity which is both seasonal and inter-annual [68]. Moreover, the analysis
of geographical repartition and the diversity of vegetal formations on the basin showed the existence
of two parts clearly distinct [59,70]: the north area which is purely marlacious, strongly eroded and
lacking vegetation, except for a few small islands of reforestation and plantations of fruit trees in
the valley and the south area which is less eroded and where about 50% of the surface is covered by
scattered vegetation with very variable density, ranging from the localized forest (pine of Alep) to
the very scattered covering scrub. It must be noted that subsistence agriculture reigns with excessive
exploitation of soils, a permanent clearing and an intensive overgrazing.

2.2. Acquisition and Preparation of Data

The pluviometric data came from the National Agency of Hydraulic Resources (ANRH). They are
registered at 26 pluviometric posts (Table 1) distributed on the catchment area and the related
observation duration is variable. The longest chronicles (1930-2007) are registered at the pluviometric
stations in the south of the basin (Figure 2).

Figure 2. Localization of pluviometric and hydrometric stations (group of regions: E: east; NW:
northwest; CW: center-west; and SW: southwest).

For the entire 26 stations of the basin of Wadi Mina over a period of 77 years (1930-2007), it has
been estimated at around 4% the total number of gaps on all the time series of monthly and annual
precipitation. Gaps in rainfall series were filled using the method of the regional vector to facilitate the
use of rupture tests [47].
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Table 1. Inventory of pluviometric stations (latitudes and longitudes in decimal degrees, altitude in m).

N° ANRH Station Code Name Latitude Longitude Altitude Period
1 012507 Wadi Lili 3550417 1.288056 588 19692007
2 012703 Dydiouia 35.6525 0.8277778 562 1930-2003
amont
3 012901 Bakg‘gasda 35.35444 1.035 572 1972-2007
4 012909 Sidi Ali 35.32444 1129722 630 1971-1994
Benamar
5 012917 Tiarett:ANRH ~ 35.38528 1.306944 1106 1990-2007
6 013302 AinHamara 3538028 0.6797222 288 1968-2007
Wadi
7 013306 ELAbial 35.46056 0.6972222 354 1952-1968
8 013401 Sg;igﬁK 35.48555 0.5877778 236 19682007
9 013410 SMBA 35.58528 0.5944445 195 1968-2007
Relizane
10 013505 DEMRH 35.76278 05347222 58 1966-2005
11 013506 El Matmar 35.72333 0.4847222 70 1990-2007
12 013507 L'Hillil 35.72556 0.3480555 120 19682006
13 013511 Realfjlne 35.73695 05336111 69 1938-1969
14 111401 Mascara 35.38278 0.2408333 487 1930-1961
15 111404 Aouf 35.18639 0.3688889 968 1930-1959
16 111405 Matmor 35.33333 02 470 1930-2003
17 111407 Tighenif 35.42417 0.3252778 540 1938-1969
18 111418 Nesmoth 35.25945 03913889 906 1990-2007
19 111609 Bouguirat 35.76472 0.2291667 65 19302003
20 080504 Bled Bel 34.73583 022 1170 1970-2006
Hammar
21 080606 Maamora 34.68389 0.5269445 1148 1974-2007
2 080701 Medrissa 34.89611 1233333 1110 1930-2006
23 111216 Med EI 34.8 0.2541667 1106 1930-2007
Habib
24 013201 AinKermés  34.90861 1.1025 1112 1976-2007
25 013204 Sidi Yousef 34.80056 0.5944445 1091 1930-2007
26 013304 Takhmert 35.115 0.6913889 663 1930-2007

The longest possible series of hydrometric data (1969-2010) were used (Table 2). We have at our
disposal five hydrological series on the Wadi Mina basin, with little or no gaps (Figure 3).

The solid discharges and concentrations of SPM data cover 40 years periods from 1970/1971 to
2009/2010 for the Wadi El Abtal and Sidi Abdel Kader Djilali stations, from 1975/1976 to 2009/2010
for the Ain Hamara station (35 years old), from 1985/1986 to 2005/2006 for the Sidi Ali Ben Amar
station, and from 1972/1973 to 1993/1994 for the Takhmert station (22 years old).

The measurement of suspended sediment concentrations (C) consists of a systematic sampling
of water samples using a 500 cL bottle. These samples are taken at a single point, either on the edge
or in the middle of the Wadi. Samples are more numerous during floods, while in low water or
when the liquid discharge (Q) is constant during the day, only one sample is taken. The difficulty of
the measurement is the non-uniformity of the sediment concentration in the measurement section.
The turbidity measurement procedure used by ANRH is developed in the work of Bourouba [35] and
Meddi [68].

C and Q measurements were used to define rating curves that estimate C from measured values
of Q on the Wadi Mina, according to a common approach [71-76]. The curves most commonly used
to estimate sediment transport is a power function [77-79]: Q = aCP, where a and b are regression
coefficients determined empirically that account for the effectiveness of erosion and transport [42].
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Table 2. Inventory of hydrometric stations used for the study.

Number of
. . . Surface . . . . Instantaneous
Basin S/Basin Stations (km?) Latitude Longitude Altitude Period Solid Flow
Measurements
Wadi 2B Sidi Aek Dyilali: T 499 35.48555  0.5877778 236 1969/2010 6262
Haddad
‘Wadi Mina 1B Wadi El Abtal: II 5365 35.58528  0.5944445 195 1969/2010 17,692
Wadi Abd 3B Ain Hamara: II 2474 35.38028  0.6797222 288 1969/2010 10,222
Aval 4B Takhmert: IV 1488 35.115 0.6913889 663 1969/2007 737
Upstream 5B Sidi Ali Ben Amar: V 1163 3532444 1129722 630 1969/2007 848
Wadi Mina
Wadi Mina 6B Intermediary zone: VI 192 / / / / /

2.3. Methods Used

The main objective of the analysis of a chronological series, in accordance with Kendall and
Stuart [80], is to bring clarity on the statistical mechanisms generating this series of observation.

Discontinuities in the studied datasets were analyzed using the rupture tests of Pettitt, Buishand,
Lee, and Heghinian and the segmentation procedure of Hubert [81]. The null hypothesis tested is that
there is no rupture in the series and a rupture is considered as very likely when it is statistically
significant and is detected by two tests or two stations. These procedures are well defined by
Maftei et al. [82] and in Khomsi et al. [83]. The choice of retained methods is based on the robustness of
their foundation and the conclusions of a simulation study of artificially disturbed random series [84].
The study was performed with the software KHRONOSTAT [85], developed by IRD [86].

These tests were applied on the precipitations series in Algeria [87], Morocco [88] and Sub-Saharan
Africa [89] as well as on the hydro-pluviometric studies series of the Sudan-Sahelian area [89,90],
in West and Central Africa [91], and Tunisia [92]. These methods are thus largely validated in many
regions of the world, on rains, discharges or temperatures series.

2.3.1. Flood Frequency Analysis (FFA)

The HYFRAN-PLUS software (version-V2.1) developed by the Canadian Institute (INRS-ETE,
Eau Terre Environnement Research Centre of Institut national de la recherche scientifique), is designed
for Hydrological Frequency Analysis (FFA) especially for extreme value. In the FFA, data corresponds
to observations Xy, ..., Xy which are independent and identically distributed (IID), i.e., verify
the hypothesis of homogeneity, stationarity and independence. Several models are available to
fulfill this task and the selection of the most robust approach to fit the model to data is a great
challenge [93]. The prediction procedure is mainly based on the selection of the best fit for a given
dataset. Conventional estimates of flood exceedance quantiles are highly dependent on the form of the
underlying flood frequency distribution [94]. Several frequency distributions have been developed to
fit different probability shapes, especially for extreme values. The first models related to extreme value
theory (EVT) are the Generalized Extreme Value distribution [95], Gumbel [96] and then other models
such as Lognormal distribution, Pearson family, Halphen family, Logistic distribution related models
are proposed to give more flexibility when the EVT hypotheses are not fulfilled [97].

A decision support system (DSS) has been developed in the HYFRAN-PLUS software [98] to
discriminate the different classes of the statistical distributions, and especially to estimate the quantiles
for high return period T. Note that, for a random variable Q, the quantile Qr with a return period T is
the solution of the equation: Pr[Q > Qr] = 4. DSS is mainly based on the classification of statistical
distributions according to their asymptotic behavior. DSS is mainly based on the classification of
statistical distributions according to their asymptotic behavior [99].

There are three nested classes of distributions that are commonly used for extremes [94,100] and
implemented in the HYFRAN-PLUS software: Class C (regularly varying distributions) containing
Fréchet (EV2), Halphen Inverse B (HIB), Log-Pearson type 3 (LP3) and Inverse Gamma (IG)
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distributions, class D (the sub-exponential distributions) involving Halphen type A (HA) and B (HB),
Gumbel (EV1), Pearson type 3 (P3) and Gamma (G) distributions and the class E of distributions with
inexistent exponential moments (Figures 3 and 4). The Log-Normal (LN) distribution has an asymptotic
behavior between the C and D classes [94]. However, the use of the Generalized Extreme Value (GEV)
distribution is currently a standard, thanks to the simplicity of its quantile function and the availability
of software for parameter estimation [94].

Gumbel Fréchet
Halphen A Halphen IB
Gamma Inverse Gamma Di ?nglt?
Pearson type 3 Log-Pearson type3 ISINDUTONS
Light tail Class|D Class|c
! 1
I_INormaI I_Lognormal I Heavy tail
Class|E

I Exponential | | Pareto |

Figure 3. Distributions ordered with respect to their right tails [94].

The methods developed in the DSS allow identifying the most adequate class for adjusting a given
sample. These methods are (Figure 4) [94]:

e the test Jarque-Bera (JB test): considered to test the log-normality with selected a priori based on
the diagram (represented by coefficients of variation Cv and skewness Cs);
e the graphic log-log: used to discriminate firstly the class C and secondly D and E classes;

Mean Excess Function (MEF) used to discriminate the classes D and E; and two statistics: the ratio
of Hill and Jackson statistics that can be used to perform a confirmatory analysis of suggested
conclusions from the two previous methods (log-log graph and MEF).

|Use the log-normal testl
1

2
ogarithmic transformation

Log-normal distribution

Use the graph of the Mean|
Excess Function (MEF)
This curve is linear for the
classes Dand E

| Use the log-log plot

The curve
is linear
Yes | 6

The distribution with regular The slope of the curve is null{ Ithe slope of the curve is positive,
variations (class C)

Exponential type distribution] |5, exponential type ditribution|

i. HIB, EV2, LP3 IG [class E} is suggested (class D) is suggested
i.e.Exp i.e. HA, G, P3, EV1, LN, HB
1
10 ] 10
Confirmatory Analysis Confirmatory Analysis
- Hill's report - Hill's report
-Statistics of of Jackson -Statistics of of Jackson

Figure 4. Diagram for class discrimination used in the DSS (according to [94]).
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2.3.2. Generalized Extreme Value (GEV) Distribution and the Extreme Value Theory (EVT)

The generalized extreme value (GEV) distribution appears to be a universal model for hydrological
extremes in several regions of the world (in particular in the United Kingdom), the same as the
Log-Pearson type 3 distribution in the USA and Australia or Lognormal distribution in China [94].

When modeling the maxima of random variables, extreme value theory plays the same
fundamental role as the central limit theorem when modeling sums of variables. In both cases,
the theory tells us what are the limiting distributions. Generally, there are two main ways to identify
extremes in real data. Let Yy, ..., Yy, be a sequence of N random variables, and X their maximum:

X = max{Yy,..., Yy} taken in successive periods. If the variables Y7, ..., Yy are independent
and identically distributed and Fj is their distribution function (referred here as parent distribution),
the distribution of the maximum X is given by:

HN(X) = P(X = max(Yl,. . .,YN) < X)
=P(V1<x,...,Yy<x
= lll][ P(Y] < x)
i=1
= [Ro(0)]"

)

Let X4, ..., Xy constitute the extreme events, also called block of maxima, taken in 1 successive
periods, for example 1 years. The limiting distribution for the block of maxima is given by Fisher and
Tippett [101]. The Fisher-Tippett theorem states that if the sequence Y7, ..., Yy are Independent and
Identically Distributed (IID) and if there exist constants Cy > 0,dy € R and some non-degenerate
function H such that Hy converges, when N tends to infinity, towards H in distribution (Hy — H),
then H corresponds to one of the three standard extreme value distributions:

Gumbel (EV1) : A(x) =exp(—e ), x € R ()
Fréchet (EV2) : @ =0 k<0 3
réchet ( ) Pp(x) = exp(ka>x 50 < 3)
_(_+k
Reverse Weibull (EV3) : ¥i(x) = { gxp<0< * ))x =0 k>0 4)
X >

Depending on each case, the distribution of the original observation F belongs to the Max-Domain
of Attraction (MDA) of A, &y or ¥j:

e The Gumbel MDA contains a great variety of distributions such as Normal, Gamma, Exponential
and Gumbel.

e The Fréchet MDA contains distributions with power decay tail as the Pareto, Student, Cauchy,
Inverse Gamma and Fréchet.

e The Weibull MDA distributions are light tailed with finite right endpoint. Such domain of
attraction encloses Uniform and Beta distributions and is not of interest in FFA. The Weibull
distribution has an upper bound and is not considered for high extremes.

Von Mises [101] proposed the generalized extreme value (GEV) distribution, which includes
the three limit distributions EV1, EV2 and EV3. Another re-parameterization given by Fisher and
Tippett [102] is generally used in hydrology:

R ~(1-E(x-m) 1 k#0 (EV2and EV3) 5

exp —exp(—(x;—”)ﬂ k=0 (EV1)
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whenever 1 — k@ > 0. When the shape parameter k is positive (respectively negative), the GEV
corresponds to the inverse Weibull (EV3) (respectively Fréchet, EV2) distribution. The limiting case,
k =0, corresponds to the Gumbel (EV1) distribution. The simplicity of the GEV distribution function
lead to an explicit expression of the quantile function to compute quantile for a given non-exceedance
probability p:
y-‘r%(l—(—lnp)k) k<0
Xp=4q p—aln(-Inp) k=0 (EV1) (6)
p+E1—(~Inp) k>0 (EV3)

This explicit quantile formula is also useful to generate a GEV samples by inversion method based
on the generation of uniform distribution.

2.3.3. USLE Method

A classic example is the Universal Soil Loss Equation (USLE) [103]. This method expresses the
long-term average annual soil loss as a product of rainfall erosivity factor (R factor), soil erodibility
factor, slope length factor, slope steepness factor, cover-management factor, and support practice
factor. USLE only predicts the amount of soil loss that results from sheet or rill erosion on a single
slope and does not account for additional soil losses that might occur from gully, wind or tillage
erosion. This erosion model was created for use in selected cropping and management systems, but is
also applicable to non-agricultural conditions such as construction sites. The USLE can be used to
compare soil losses from a particular field with a specific crop and management system to “tolerable
soil loss” rates. Alternative management and crop systems may also be evaluated to determine the
adequacy of conservation measures in farm planning. However, erosion is seen as a multiplier of
rainfall erosivity (the R factor, which equals the potential energy); this multiplies the resistance of the
environment, which comprises K (soil erodibility), SL (the topographical factor), C (plant cover and
farming techniques) and P (erosion control practices). Since it is a multiplier, if one factor tends toward
zero, erosion will tend toward zero.

3. Results

3.1. Analysis of Precipitations

At the monthly scale, some significant patterns arise. There are two periods of maximum
occurrence of rupture in the rainfall time series of the stations studied, Autumn until January,
which concentrate more than 40% of the annual amount of precipitation, with a peak in December and
January, and Spring between April and June with more than 20% of the annual amount and two peaks
in June and April. Intermediate seasons show much less occurrences of ruptures during the 1970s.
However, during the 1980s the maximum of occurrence of ruptures is in August, and similarly during
the 2000s in August and September, while during the 1990s the maximum is in March (Table 3).

The pluviometric posts for which a rupture could be detected are more numerous in the north
than in the south. The pluviometric deficits noted are frequently close to 19-20%. This pluviometric
deficit is thus felt for more than three decades and seems to be accentuated during the 1970-1980
decade. The areas in the west center and northwest have higher totals ruptures than the other areas on
a monthly and yearly scales.
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Table 3. Ruptures detected at the level of each pluviometric station. Ruptures dates detected by three
statistical tests (red: strong rupture), by at least two statistical tests (dark gray: probable ruptures),
by at least one statistical test (light gray: weak rupture) on the catchment areas (in bold: the ruptures
dates detected for more than one catchment area the same year or the same month) (empty box = no
probable rupture detected).

Station Regiona$Grou@s N D J F M A M J J A Annual

Oued lili 72 75 77 BBl 75 8 71 82 70
Djdiouia amont 75 01 81 72 8 9 76 01
Bekhadda bge 75 76 76 70 69 06
Sidi Ali Ben Amar E 78 78 81
Tiaret—ANRH 84 73 74 79 78 02 93
Medrissa 93 01 99 96 96 01 98
Ain kermes 92 80 71 72 75 79 76 84
Total ruptures by region 04 04 04 03 07 02 06 04 02 06 05 06 06
Relizane demrh 71 83 00 87 72 95 74 75 70 76 03 93 75
El Matmar 02 80 71 7206 05 79 06 76 06 87 05
Hillil 02 70 00 72 70 74 75 |71 03 75 75
Relizane aval NW - 82 70 81 80 02 82 65
Mascara 72 74 77 82 73 75 01 60
Motmor 75 | 99 9% 76 usy |
Tighenif 82 80 71 B2l 2 76 80 87 67
Bouguirat 01 74 01 9% 76 usy |
Total ruptures by region 05 06 07 07 07 05 06 06 06 07 06 08 08
Ain Hamara 8 8 06 70 06 68 | 74 [N 70 76 75 ]
Oued El Abtal 02 74 |7 80 74 92 75 64
Sid Aek Dijilali cw 020 06 02003 72 68 74 02 71 [03 05 & 75
Sidi M’Hamed Ben Aouda 02 8 71 03 72 06 05 79 06 76 06 87 69
Aouf 81 71 77 91 9 79 82 8l 71
Nesmoth 80 74 83 72 79 76 so [
Total ruptures by region 05 04 05 05 06 04 04 06 05 05 04 04 06
Bled Bel Hammar 78 74 7576 76 80 75 81
Maamora 92 82 71 74 80 70
Med El Habib SW 75 99 81 72 9% 98 % 96
Sidi Youcef 06 74 96 96 96
Takhmert 75 74 9% 98 76
Total ruptures by region 03 03 01 05 03 02 04 04 02 05 04 0 05
% of annual rain 06 08 11 13 11 13 12 13 08 02 01 02

1960 02 01 05
Number of ruptures 1970 03 09 08 12 18 05 07 15 09 17 07 03 13
) L:? ;‘ © dr“_f’ ures 1980 05 07 01 05 02 02 04 01 02 02 03 09 02
n the decades 1990 03 02 02 07 03 01l 03 03 01 02

2000 06 01 05 03 03 02 02 03 01 05 06 03

Indeed, 13 stations present a considerable rupture during the 1970-1980 decade for the entire
catchment area of Wadi Mina, which represents 50% of the pluviometric stations used in this study
(Figure 5).

It is equally interesting to note that the stations that present ruptures are localized differently
during each decade: in the northwest of the basin before the 1970 decade, on the entire basin, except
for the highlands of south and southeast, between the years 1970 and 1980, and on the entire basin,
except for the center, after 1980, but in proportion representing less than half.
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Figure 5. Ruptures detected at rainfall stations: (a) before 1970; (b) 1970-1980; and (c) after 1980.
Rupture dates were detected: by three statistical tests (black: strong ruptures); by two statistical tests
(dark grey: probable rupture); or by at least one statistical test (light grey: weak rupture).

Indeed, we have noted a rupture corresponding to a decrease of precipitations during the
mid-1970s over the whole Wadi Mina basin (58% series present a rupture in 1976) (Table 3), date
presented by numerous researchers [6,104], who already indicated the tendency towards drought
starting with 1970 in north Algeria. These results are compliant with the recent works in Algeria [8,11]
and which concluded to a rains decrease noted during the last thirty years which hit the entire country
of Algeria, but especially its western part, adding up to: (a) 30-40% at annual level and more than 40%
during winter and spring in the Mascara region; (b) 20-30% on the littoral, starting from the center
to the western part of the country; and (c) 20% at annual level and 25% during winter in the center
of the country. They confirm as well the results of works carried out on the basins of the extreme
west in Algeria [6,11] which concluded to a decrease of rainfall. A rupture in the rainfall time series
is frequently observed in 1979-1980, except 1972 for the Wadi Mina basin, at the Wadi El Abtal and
Ain Hamara stations, and 1976 for the west-central part of Algeria. These results confirm as well the
occurrence in Morocco of a pluviometric deficit starting with 1970 and its continuation during the
1980s, an extremely severe and long drought episode [105]. At the level of North Africa, the results
obtained by Meddi et al. [11] in Algeria and by Bouzaiane and Laforgue [106] in Tunisia indicate the
same rupture period and show the spatial extension of the drought, accompanied by a net pluviometric
reduction. The conclusions of the Intergovernmental group on the climate evolution from 2001 and
2007 [107] and those of the regional report of the United Nations on the changes in North Africa [108],
go in the same direction.
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3.2. Analysis of Hydrological Data

The discharges register a global decrease since 1970 (Table 4), or the probable ruptures are noted
as well during rainy season and dry season (Table 4), which means that even the low water levels are
slow, for a sudden drop, it indicates that the level of the groundwater has also abruptly fall.

Table 4. Detection of ruptures in the annual and monthly flow series and annual maximum (Qpaxd)
and minimum (Qying) daily discharge (1968/1969-2006/2007). Dates of ruptures detected by three
statistical tests (red: strong ruptures), by at least two statistical tests (dark gray: probable ruptures),
by at least one statistical test (light gray: weak rupture) (on the catchment areas (in bold: the ruptures
dates detected for more than one catchment area the same year or the same month) (empty box = no
probable rupture detected).

Station s O N D J F M A M J J A Annual Qmaxa

Qmind
Discharge Annual Daily  Annual Daily
P9 71 74 06 81 84
75

72
94

Ain Hamara
Takhmert
Sidi Ali Ben Amar

79 72
94

Wadi El Abtal
Sidi Aek Diilali
% annual discharge Total
1960 0
Number of 1970 3 4 3001 1 1 13 2 3 3 22
um E‘Z ‘“gt“‘es 1980 1 2 1 2 2 3 3 1 1 2 1 15
in the decades 1990 1 3 1 2 1 2 1 1 1
2000 1 11 3

At annual level, the probable rupture dates are 1974, 1975, 1980 and 1994, which corresponds
generally to the ruptures detected at month level. In addition, the ruptures on the series of annual
daily maximum were for the most part noted in 1970, 1984 and 1995 and the ruptures dates for the
annual daily minimum series are detected in 1972, 1981 and 1994. The rupture in the daily maximum
flows series is thus never noted the same year as in the average annual flows series, while there are the
same ruptures dates for the average annual flows and the minimum daily flows.

In Sahelian and non-Sahelian Africa, many authors have revealed, based on hydro-pluviometric
series, a dry phase which started around 1970 [109,110] and which lasts until today [111,112], it was
noted as well a decrease of rivers flows [109,113,114], lakes levels [113], as well as a shortening of the
rainy season [115,116].

These results indicate a satisfactory concordance with the dates detected on the annual and
monthly rainfall of late 1970s/early 1980s. We thus assume that the decrease of runoff would be caused
by a global decrease in precipitations on the catchment area of Wadi Mina [47]. However, we must not
rule out a possible impact of storages and uses on the drastic decline of low water levels compared
to groundwater.

In addition, several authors, among which [117], have as well reported rain decreases for the
Mediterranean perimeter: in Spain, Italy, Turkey and Cyprus from 1951 to 1995 [118], between 1950 and
2000 in October in Mediterranean Iberia, March in Atlantic Iberia, January and winter in Greece and
winter in the Middle East. Hulme et al. [119] showed a strong decrease of rains for the Mediterranean
basin between the start and the end of 20th century. Likewise, subsequent to an analysis of the
evolution of pluviometric inputs in the plains of Ghriss (northwest Algeria) [10], it was shown a net
decrease starting with 1973, estimated at more than 25%. We can quote as well other results that
have indicated that rains simulation over north Algeria, with an annual decrease of 15%, would
entail a reduction of the annual runoff of 40% [120]. In Morocco, a climatic rupture that starts around
1976 in certain regions and which extends largely around 1979-1980, to nearly the entire territory,
was noted [69,121].

As a consequence of the decrease of rainfall after the 1970s rupture which was observed in most
basins of western Algeria, river discharges generally decreased as well. Meddi and Hubert [6] showed
that the decrease in river discharge varied between —37% and —70% from eastern Algeria to western
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Algeria. In the Macta basin in northwest Algeria, runoff was estimated to be 28-36% lower in 1976-2002
as compared to 1949-1976 [11]. In the Tafna basin, also in northwest Algeria, research [122,123] showed
that the decrease in precipitation after the rupture date was, on average, 29% over the whole basin and
was accompanied by a decrease of 60% in river flow [42]. In Wadi Sebdou in west Algeria, Norrant and
Douguédroit [118] showed that rainfall and discharge began to decrease in the 1970s. The diminution
of rainfall by 24% between the period 1939-1975 (526 mm) and the period 1975-2004 (401 mm) induced
a decrease by 55% of the yearly volume discharged in 1975-2004 as compared to 1939-1975. A similar
variability was observed on Wadi Abd basin (Wadi Mina) [43].

Finally, we note that annual discharges have been decreasing overall since the 1970s,
which generally corresponds to ruptures detected at the monthly time step. There is therefore a
good agreement with the rupture dates in the annual rainfall series, which suggests a climatic cause, in
the first place, the observed decline in discharges in the Wadi Mina basin [47].

The study of floods is a precondition for the choice of an adjustment distribution and thus the
floods flows on the entire Wadi Mina basin are classified in category C and follow a GEV distribution
(Table 5).

The results of stationary nature and independence hypotheses tests of the studied data concerning
the annual floods of the stations of the sub-basins of Wadi Mina indicate the acceptance of the
independence tests of Wald—Wolfowitz and the stationary nature tests of Kendall for all the stations
(Table 5).

Table 5. Distribution of floods for each station of the Wadi Mina basin.

. . Independence . Class
Basin Stations (Wald-Wolfowitz) Stationary (Kendall) Distributions
Ain Hamara Accepted to the 5%  Accepted to the 1% C (GEV
Wadi El Abd Aval threshold threshold distribution)
Takhmert Accepted to the 5%  Accepted to the 5% C(GEV
threshold threshold distribution)
. Sidi Abdel Kader Accepted to thel% Accepted to the 1% C(GEV
Wadi Haddad Djilali threshold threshold distribution)
. . Accepted to the 5%  Accepted to the 5% C(GEV
Up Sh;[a,m Wadi Wadi El Abtal threshold threshold distribution)
ma N
AT Rejected to the 1% Accepted to the 5% C(GEV
Sidi Ali Ben Amar threshold threshold distribution)

The study of the floods recurrence variability before and after the ruptures was performed on all
the stations of the basin of Wadi Mina (Figure 6). For all the stations, the maximum discharges values
decreased for the same return period with about 30 to 40%. For example, at the Ain Hamara station
and before the rupture of 1992, the floods with intensity lower than 80 m®-s~! only return once in five
years (Figure 6a). However, beyond this value, precisely starting with 99 m3.s~1, the floods present
longer return periods (20-100 years). However, after the same rupture date and for the same return
periods, the intensities of the floods considerably decreased. For example, with a return period of
20 years before 1992, the flood with an intensity of 99 m3-s~! became centenary.

_ . . (a) - . (b)
E 100 Ain Hamara stat'lun . T 100 Sidi Ali Ben Amar station .
= I 7 o i
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Figure 6. Cont.
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Figure 6. Impact of ruptures in the hydrometric series on the floods recurrence. (a) Ain Hamara
station; (b) Sidi Ali Ben Amar station; (c) Sidi Abdelkader Djilali station; (d) Wadi El Abtal station;
(e) Takhmert station.

The change of the pluviometric regime of the 1970s had thus as an impact a variance of recurrence
of floods on all the sub-basins of the catchment area of Wadi Mina.

The pluviometry reduction has, of course, consequences on the watercourses regimes and thus
on the availability of water resources which is the key to the success of many development projects.
Nevertheless, the consequences of this reduction of flown volumes are already obvious with regard to
the water and environment resources exploitation. Agriculture and the alimentation of impoundments
are largely sanctioned by this resource decrease. The consequences of this phenomenon are thus very
worrying with regard to the good functioning and the cost-effectiveness of projects already performed
or planned.

3.3. Solids and Liquids Annual Transports

The annual average concentrations of SPM are compared with annual average discharge (Figure 7).
Despite year-to-year irregularities at the Sidi Aek Djilali station, concentrations and discharges have
changed in opposite directions. Discharges increased from 14 m3.s~! in the late 1980s to less than 3
3.5 1in the early 2000s, while concentrations increased from 44 g-L*1 in 1974 to nearly 78 g. In 2005,
flows at the El Abtal Wadi station increased from more than 40 m3-s~! in 1974 to 0.48 m3.s~! in
1997, whereas the concentrations evolved by 12 g-Lfl, in 1971, to almost more than 67 g-L*1 in 2005.
However, ruptures were detected on the rainfall and discharges from the mid-1970s, but this result

m

show that is no effect of ruptures in precipitation and discharge on the solid load response since the
discharge and rainfall decrease in the 1970s and increase in the early 2000s while the sediment load
is still increasing. Geomorphologists have noted the difficulty of predicting the impacts of climate
change on sediment yield due to nonlinear effects [124-126]. In addition, Achite and Ouillon [42] in
their study on Wadi Abd basin, found that the change in flow regime induced a fully nonlinear effect
between river discharge and sediment yield. This must be considered in the forecasts, especially in
small river basins in semi-arid areas.
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Figure 7. Evolution of annual average of discharges and concentrations of SPM in the Wadi Mina basin:
(a) Wadi El Abtal station; (b) Sidi Aek Djilali station.

Regression analysis was performed between the concentration in instant suspended sediment (c)
and the instant discharge (Q) at Wadi Mina. Generally, the power model Q = aC?, where a and b are

regression coefficients, is the most used for the estimation of the sediment concentration (Figure 8) [77-
79].
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Figure 8. Relation between the liquids instantaneous flows and the concentrations of matters in
suspension (Station of Wadi Abtal).
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As for the majority of watercourses, we found a power relation [127] for Wadi Mina, connecting the
concentration of SPM in g-L ™! to the liquid discharge in m3.s~! (Figure 8). A first graphic analysis of
this figure shows a fairly strong dispersion around the regression line, with a very broad concentration
range for low discharges below 10 m3-s~! and concentrations that become significantly higher, above
10 g-L~! for discharges greater than 50 m3-s~1.

For studying the basin responses in terms of discharges and SPM during the hydrological year,
it was considered useful to regroup the instantaneous values pursuant to the different seasons (Table 6).

Table 6. Seasonal models connecting the instantaneous flows with the concentration of matters in

instant suspension.

STATION Correlation Autumn Winter Spring Summer
W, El Abtal Model Q=0506C12  Q=1.940C%71%  Q=0.889C0%° (Q=0.483 C08!
: a Coefficient R? 0.60 0.20 0.59 0.37
A Model Q=0.031CM%¥  Q=0.125C05%!  Q=0.024C}12  Q=0.161C08*
SAEK.Djilali o ient R? 0.60 0.20 0.63 030
A Homar Model Q = 1.038C0854 ng}ggﬁ Q=0.893C087 Q= 12920065
Coefficient R? 0.51 0.34 0.55 0.38
Takhmert Model Q=0.8C022  (Q=1788C021 (Q=1.13C0%¢  (Q=0.842C0845
Coefficient R? 0.63 0.43 0.66 0.44
SAB.A Model Q=0.799C073  Q=2437C017  Q=067C0"12  Q=0.277C08%
-A-B. Amar Coefficient R? 0.56 0.21 0.64 0.44

The analysis in Figure 9 shows that autumn and spring are distinguished by their strong liquid

discharges generating an important flow of SPM. The maximum solid flow is of 42,365 kg~s_1, achieved

in September 1994, resulting from a liquid discharge of more than 351 m3-s~1.
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Figure 9. Seasonal variations (summer: June, July and August; autumn: September, October,
November; winter: December, January, February; and spring: March, April, May) of the instantaneous
values of discharges depending on the concentrations of suspended particles matters (SPM) (Station

Wadi El Abtal). (a) Summer; (b) Autumn; (c) Spring; (d) Winter.

In contrast, during winter and summer, we note a net regression of liquid discharge that do no

longer exceed 84 m3-s~! in winter and 38 m3-s~! in summer. However, we note a few specificities for

each season.
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For autumn, the heavy charge is explained by the fact that rain often falls on a dried up soil and
badly protected by vegetation [68].

The basin of Wadi Mina is bare in autumn and, after a long warm period, the autumn floods
imply systematically suspended solids inputs in maximum number and this phenomenon is relatively
reduced for the following season, in winter or when the lands forming the basin are saturated and the
vegetation cover is developed [68].

On the one hand, the torrential and aggressive rains are the ones occurring in October and
November and they tear off major quantities of SPM and, on the other hand, the weak vegetation
cover of the preceding season (summer) favors the destruction of the soil aggregates that shall be
subsequently transported in suspension by the watercourse.

In winter, the erosion of the bed and the banks along the watercourse becomes important because
of the increase of discharges in Wadi, and as well runoffs are generated by rainy sequences which are
relatively abundant but of weak intensity (0.4 mm) in Takhmert and (29.1 mm) in Ain Hamara. They
find a loose soil with vegetation cover that confers soil roughness and favors water retention [128].

In winter, the runoffs remain important, although this season is a little rainy and cold transition
period with a succession of freezing and thawing which is caused essentially by the important water
reserves, stored in the soil, following the autumn rains.

In spring, the erosion of the bed and the banks along the watercourse becomes important as this
is essentially related to the increase discharges in the Wadi and the herbaceous cover and cultures that
considerably reduce the mobilization of thin materials on the slopes. We can add as well the reduction
of rains of heavy intensity compared with the winter season.

At the end of spring, the soil is humid and the vegetation cover is well developed. On the slopes,
the thin soils saturate rapidly and develop important erosion in the gully and mass movement [129,130].
In addition, in this period, the floods have an important role in the production of sediments in the
drainage networks. In addition, Hallouz et al. [67], in their study on the Wadi Mina basin, found that
the maximum values of the solid inputs, for all the sub-basins, are observed at the beginning of autumn
and at the end of the spring, this variability is explained on the one hand by the variation of the vegetal
cover (bare soils) during the year and the erosive nature of the autumn rains (high intensities) and
on the other hand by the releases made by the Bakhadda Dam, so these two factors allow the first
autumn floods to transport large quantities of sediment after a long dry season characterized by high
temperatures and the destruction of soil aggregates. Rainfall erosivity is the potential ability of rainfall
to cause soil loss [131]. The rainfall erosivity index represents the climate influence on water related
soil erosion [132]. Rainfall erosivity is the impact of the kinetic energy of raindrops on soil. Higher
velocity and larger size of the raindrops results in higher kinetic energy and higher soil loss. According
to Yu [132], most soil erosion researchers and soil conservationists recognize the positive correlation
between erosivity and rainfall intensity [133].

3.4. Annual Inputs

The calculation of the sediment average specific load (Ds) in tons is given by the product sum of
three variables Q (m®-s~1), C (g-L™!) and T (duration in seconds). Table 7 resumes the average specific
exportations in tons per km? and per year for each sub-basin.

Table 7. Results of the calculation of sediment charge in tons.

W. Mina (I +

Basins m W. Haddad W. Mina W. Abd W. Mina Amont
Station name W. Alital + S. Aek Djilali ~ W. El Abtal A. Hamara Takhmert S. A.B. Amar
S.A. Dijilali)
Average specific load 860 965 762 502 220 239
(t-km™*-year™")
Period of observation 1969/2010 1969/2010 1969/2010 1969/2010 1969 /2007 1969/2007
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The average specific sediment discharge of Wadi Mina at the Sidi M’'Hamed Ben Aouda Dam is 860
t-km~2.year~! (the sum of degradations measured at the stations Wadi El Abtal and Sidi Abdelkader
El Djilali to which is added the load produced on the surface of the transitional basin VI). We note that
this value is very moderated in relation to those published for other basins in the region, such
as the basin of Wadi Mazafran (Algerian coastal basins), Wadi Isser (Lakhdaria), Wadi Sebdou
(basin Tafna), Wadi Agrioum (east Algerian), whose specific degradations amount to 1610, 2300
and 1120 ’cvl<m*2-year*1 [134,135] and 5000 t~l<m*2~year*1 [136]. Meddi [68] already reported that
Wadi Haddad a Sidi Abdelkader El Djilali has a high average specific load in relation to other catchment
areas (Ds = 965 t-km~2-year~!), which means that this sub-basin continues to be the busiest supplier
of sediments towards the dam. This catchment area is the most favorable for the runoff from the point
of view of topography and vegetation cover [68]. It is characterized by a discontinuous and poor
vegetation cover during warm season. The concentration of floods after the warm season in October
and sometimes in May, with strong intensities, would generate strong concentrations in sediments
during these months. This context favorable to the runoff and, consequently, to the solid transport
explains this serious degradation of soils for this catchment area, in addition to its geological nature
which is very favorable as well to this event (marl) [68].

The lowest degradation values are observed for Wadi Abd at Takhmert (220 t-km_2~year_1) and
Wadi Mina upstream of Sidi Ali Ben Amar (239 t-km~2-year~!). These values can well be explained by
the less favorable nature of the runoff of basins which are characterized by floods of average or light
power [68].

3.5. Where from Does Originate the Sediments of the Dam?

Thus, the results of bathymetric surveys performed at the level of the SMBA Dam indicated that
the capacity loss of the dam since its commissioning in 1978 and until 2004 is evaluated at 82 x 106 m?
(Figure 10), equivalent to a third (1/3) of its initial capacity. Remini and Bensafia [64] estimated
that, in 2010, the SMBA Dam registers a sediment volume equal to 109 x 10° m?, namely an annual
average loss of about 3.5 x 10° m3.year~!, equivalent to a sediment load equal to 5.6 x 10° t-year !
that deposits in the impoundment of the dam (considering an average density of the sediment of
1.6 tm~3).

*m
Digue
Initial water volume = 235 x 106 m3 Water volume = 153 x 106 m3
(1978-1985) (1985-2004)
Loss =9.42 x 106 m? Loss =71.87 x 106 m?

Figure 10. Evolution of the basin morphology and the surface in free water of the Sidi M’'Hamed
Benaouda Dam [14]. (a) Initial water volume (1978-1985); (b) Water volume (1985-2004).
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Indeed, according to bathymetric surveys conducted in 1978, 1985, 2000 and 2004, the SMBA Dam
has lost much of its capacity (Figure 11), from 1978 to 1985 annual loss estimated to 1.35 million m?,
from 1985 to 2000, an annual loss of about 4.41 million m® and from 2000 to 2004 an annual loss was
estimated to 1.42 x 10° m3, over all these periods of bathymetric measurements, the highest loss rate
was observed between 1985 and 2000, which is probably due to exceptional rains that hit the region
during this period, thus in October 1993: “Twenty minutes of rain do 16 dead and a dozen of missing
persons in Relizane” [137].

It is important to note that at the start of the dam exploitation, the reservoir filling with fine
particles is carried out linearly according to weather conditions. Starting with 2000, there was a decrease
in siltation, mainly caused by the dam exploitation mode (periodic shelving of fine particles by the
outlet gates) [14].
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Figure 11. Evolution of the accumulated loss of water from the Sidi M'Hamed Benaouda Dam [14].

Conversely, the calculations made by the concentration measures for the basin of Wadi Mina at the
level of the station of Wadi El Abtal and Wadi Haddad, at the Sidi AEK Djilali station level, and which
control a surface of 5856 km?, generated a load equal to 5.2 x 10° t-year~! (Table 8). The difference
of 400,000 t-year—! corresponds to the sedimentary inputs of the micro-basin surrounding the
impoundment (192 km?) and the autochthon sedimentation in the impoundment, without being able to
establish the parts of each source. To elaborate further on this topic, we should deploy specific measures
as those presented by Maleval [138]. This difference of 400,000 t-year~! corresponds to a specific
degradation of 21 t-ha~!-year~!
basin of 5856 km? (Table 8). This difference can be explained, on the one hand, by potential autochthon
sedimentation, but which is not quantifiable for the moment, and, on the other side, by a specific
degradation intrinsically higher because of geomorphology reasons, as the eroded products on the
slopes arrive very rapidly at the impoundment, without the existence of an intermediary decantation
area. Thus, this specific degradation value of 21 t-ha~!-year~! is even higher than the “potential”
erosion value of about 12 t-year~!, calculated by Toumi et al. [66] for the entire basin, based on the
USLE equation.

, namely 2.4 times more than the specific degradation for the entire

Table 8. Sedimentary load and specific degradation in the basin of Wadi Mina.

Designation SMBA Dam
Sedimentary load deposited in the dam impoundment (bathymetry). 5.6 x 10° t'year’1
Sedimentary load by concentration measure on Wadi Haddad and Wadi Mina upstream. 5.2 x 10° t-year~!
Sedimentary load coming from the dam slopes. 4 % 10° t-year™!
Specific degradation (dam slopes). 21 tha !.year~!
Specific degradation (Stations: W.El Abtal + Sidi Abdelkader Djilali). 8.6 tha~!-year™!
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For concluding this part, we can note that, in accordance with the digits in Table 8, over 90%
of sediments of the SMBA Dam appears to come from the contributions of the Wadi Haddad and
Wadi Mina upstream of the dam.

Thus, Touaibia [45] showed that the USLE equation allowed to map each parameter of this
equation for the entire basin of Wadi Mina and superposition of layers (for each parameter) in a GIS
and resulted in values of degradation in t-ha!-year~! (Table 9).

Indeed, the results of the concentration measures as well as those found by the erosive potentials
equation (USLE) show that the basin upstream of the SMBA (1B) Dam (Figure 12) presents an important
erosive risk, because it produces a specific degradation equal to 13.36 t-ha—!-year—! and 19.64
t-ha~!-year~!, respectively, this because of the predominance of tertiary marls in this part of the
basin and which are covered in northeast by calcareous sandstone and dolomites and the slopes,
which are from 12% to 30%, generating important corrosive risks with occurrence of the signs caused
by diffuse streaming, without forgetting the sparse vegetation cover [139]. In addition, the specific
degradations vary from 11.54 to 12.64 t-ha~!-year~! at the basin level (5B) upstream of the Bakhadda
Dam and, respectively, the basin of Wadi Haddad (2B), calculated by the USLE equation [66] against
2.39t09.64 tha™! -year*1 on the same sub-basins, these values remaining high, considering that the
basin of Wadi Haddad presents a lithology constituted by the Continental Quaternary (this formation
is represented by alluvia, regs and terraces), the Continental Pliocene (represented by lacustrine
limestone) and the marine Lower Miocene (represented by a marly formation). The basin vegetation
is formed essentially of scrubland, representing almost 30% from the entire basin (degraded forest).
The vegetation is overgrazed and is discontinuous in the space [68] and the basin (5B) upstream of the
Bakhadda Dam is dominated by limestone and dolomites alternating with marls and an average dense
vegetation and slopes varying from 5% to 12% that present weak erosion risks, but can be strong with
the presence of agricultural activities, mainly grain farming that dominates soil occupation [139].

The values of specific degradation are low in the southwest part of the basin (basin of Wadi El
Abd) and thus the fields in this regional are quasi-flat (slope lower than 10%) [139], and thus the specific
degradations are equal to 3.86 t-ha~!-year ! at the level of the Takhmert station and 8.82 t-ha~!-year !
at the Ain Hamara station [66], in accordance with the calculations generated using the USLE equation,
and varying from 2.20 t-ha—!-year~! at the level of the Takhmert station and 5.02 t-ha~!-year~! at the
Ain Hamara station (Table 9), this basin marking the existence of marls which are friable rocks, thus a
favorable factor for degradation and an insufficiency of forest vegetation and the surfaces are often
used for pasture [128]. The climatic conditions semiarid are associated with a high degree of rainfall
irregularity with average precipitations of 266 mm in Ain Hamara and 238 mm in Takhmert.

The maxim value of losses in soil is registered at the level of the dam basin (400,000 t-ha—1), this
value representing the sum of the solid transport by suspension and that of the bed load which is
estimated between 15% and 25% of the suspension [140], namely a loss in soil equal to 392,157 t-ha ™"
and by bed load equal to 78,431 t-ha~!, estimating a load transport equal to 20% of the suspension.

Compared to the found values, we observe that the basin upstream of the SMBA Dam (1B) is
the greatest producer of sediments towards the dam because it shows a specific degradation equal
to 13.36 t-ha~!.year~!, value found after the elimination of release of water from the Bekhadda
Dam, estimated at 1.32 t-ha~!-year~! on average, considering that this dam registers an average
loss amounting to 0.27 x 10° m? since its launching in 1936; this result corroborates with that found
by Touaibia [45] as well as with the works of GTZ [141], because this area is dominated by a marly
lithological formation situated often on the piedmonts of a slope of 10 to 20% (Table 9), favouring
soil erosion.
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Table 9. Values of specific degradation per sub-basin.

Specific Degradation (t-ha~'.year™1)

Sub-Basin Wadi Name USLE Equation Concentrations Measure lefere.nce (USLE,
Concentrations Measures)

1B 19.64 13.36 6.28/32%
5B Wadi Mina 11.54 2.39 9.15/79%
6B / 21 /

2B Wadi Haddad 12.64 9.64 3.00/24%
3B 8.82 5.02 3.80/43%
4B Wadi El Abd 3.86 2.20 1.66/43%

In addition, the other sub-basins record specific degradation varying from 2.2 t0 9.64 t-ha—!-year—!,

and these values are close to those found by [66] using the USLE equation, except for the basin of
Wadi Mina upstream at the level of the station of Sidi Ali Ben Amar, where the calculated value using
the USLE equation is 4.83 times higher than the one calculated by the direct concentration measures
(Figure 12). The value of the basin 5B using the concentrations measure considers the solids quantities
sedimented in the dam impoundment in contrast to that generated by the USLE equation which does
not consider the volumes of sediments caught in the Bakhadda dam but it only models potential soil
erosion taking place. This calculation approach generated the difference between the estimated values
by the two techniques (Table 9).

&
<K

Legend
Mean degradation(t’haly)

24
4-8

8-12
1216
ioe.s [ e

Figure 12. Specific degradation per sub-basin.

In fact, we only measured the sediment that actually reached the stream system, so the difference
between what is measured in the current and what is predicted by USLE is largely due to the deposits
of halfway that do not reach the watercourse. This does not prevent lake like Bakhadda dam also
playing a role of intermediate trapping on the watercourse.

Soil erosion is such a highly variable process that one should avoid establishing rules for
larger catchments without measuring at least a few of the processes taking place directly. Sediment
concentration may point towards the real processes, but they are still an indirect value for material
eroded. In this study, the purpose of the comparison of the different sources of information that we
use is to evaluate the validity of the observed and modelled values: are the fluxes measured in the
rivers (SPM) compatible with the rates of erosivity provided by USLE? Does the sedimentation rate in
the dam reflect the orders of magnitude of SPM observed in streams? Thus, sub-basins can be used to
locate a potential source of sediment in small sub-basins close to the reservoir, for which the erosivity
rate could be higher, and/or the proximity to the reservoir allows for greater fraction of SPM carried
to reach the reservoir.
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The analysis of the photo of the slopes of the dam basin (Figure 13) indicates a favorable
environment (inclined slopes and formed of slightly resistant soil, little or no vegetation cover,
aggressive climate and human activities), for causing important inputs in sediments that shall deposit
directly in the lake. This would explain largely the very serious specific degradation calculated for the
small catchment area downstream with 192 km? that surrounds the dam (6B) after the last station of
hydrologic measurement, obtained by the difference between the equivalent in SPM, deducted from
the dam silt volume and the concentration measures in SPM at the upstream hydrological station.

Indeed, the average annual streaming can reach 15-30%, varying with the years and depending
on the fallow land silting by weeds between two weedings, but as well with the distribution of showers
depending on the agricultural works and the prior humidity of the soil [142]. Average showers falling
on the bare, saturated and crusted surface soil can cause a streaming exceeding 60-80%. Here lies the
greatest risk for the dams silting because, gathering in gullies and Wadis, the floods peaks move very
important quantities of materials [142].

We consider that the matters in suspension, measured at the catchment area outlet, do not reflect
the current dynamics of all the slopes, but they reflect the transport capacity of streaming and runoff
waters in the gullies. There exists a stock of fine sediments which is progressively evacuated towards
the SMBA Dam and in a rthythm that depends on the available force: that of floods, related in particular
to the quantity of rains received and the streaming coefficient [143].

Figure 13. Bare banks of the SMBA Dam (Shot Hallouz, August 2013).

Thus, depending on the gullied lands and the type of gully, the input to silting of an impoundment
can reach and even exceed 30% [144].

4. Discussion

In this study, we could use the maximum of information available which allowed us, on the one
hand, to calculate the quantities of solid transport on the whole of the watershed, and, on the other
hand, to propose the hypotheses on the origin of the material sedimented in the SMBA Dam.

The rain, the discharge, and concentrations of SPM are fairly well known on the watershed of the
Wadi Mina and its main tributaries.

Rainfall series for which a rupture could be detected are more to the north than to the south.
The recorded rainfall deficits frequently are around 19-20%. This rainfall deficit is thus felt for over
three decades and seems to have spread over the basin during the 1970s. Indeed, 13 stations time
series show a significant rupture during the 1970s across the entire watershed of Wadi Mina which
represents 50% of rainfall stations used in this study.
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The largest number of monthly ruptures was detected during the 1970s especially during the
months of January and April with, respectively, 18 and 15 ruptures whose average monthly rainfall
accounts for about 12% of annual rainfall.

This decline of rains has resulted in a decrease in discharge, the latter, know an overall decrease
since the 1970s, or the probable ruptures are observed both in the rainy season and in the dry season.
At the annual time step, probable rupture dates are 1974, 1975, 1980 and 1994 which generally
correspond to years where most of the ruptures detected at the monthly time step took place.

These results show a satisfactory agreement with the dates detected on the series of annual
and monthly rainfall of late 1970s/early 1980s. Thus, we suppose that reduced flows would be
due to an overall decrease in precipitation over the watershed of Wadi Mina [47]. Small changes
in precipitation can have significant impact on the flow of surface water [145]. In fact, climate is
recognized to be the main factor in semi-arid Mediterranean areas of Algeria which experience short
and intense rain episodes, high evaporating power of wind, prolonged droughts and freezing and
thawing cycles [42,45,46].

The recent increase of rainfall represented by a significant occurrence of positive ruptures in time
series during the 2000s is not followed by an increase in discharges, which might be explained by
an increasing impact of dams and small hydraulic structures over the basins that mitigate the effect of
rainfall on the hydrological regime of sub basins.

With the aid of HYFRAN-PLUS software used in the second part, the assumptions of stationary
and independence are verified on all the floods of the Wadi Mina basin and these are classified in
Category C, following the GEV distribution.

In addition, the dates of rupture detected on each sub basin showed a decrease of floods from 1970
onward. The flood values change around the ruptures date, and the study concluded that, on the entire
study area, a flood, for a twenty-year return period before the rupture date, became centennial after.

The two parts of this study have shown that the feeling of local population of a decrease in rainfall
regime in the region is absolutely founded.

The last part of the study concerns the relationship between the suspended sediment transport on
the Wadi Mina and siltation of the SMBA Dam.

Thus, the annual average concentrations of SPM were compared with annual average discharge.
Despite year-to-year irregularities at the Sidi Aek Djilali station, concentrations and discharges have
changed in opposite directions [68]. We found that ruptures were detected on the rainfall and
discharges from the mid-1970s, this result show that is no effect of ruptures in precipitation and
discharge on the solid load response since the discharge and rainfall decrease in the 1970s and increase
in the early 2000s while the sediment load is still increasing.

The watershed of Wadi Haddad in Sidi Abdelkader El Djilali has a specific charge very high
compared to other basins (Ds = 965 t-km~2-year—!) which means that even after the rupture in
the rainfall time series, and the development of agriculture and dams, this sub-basin is still the
provider of the largest amount of sediment to the reservoir. The lowest degradation values are
observed on the Wadi in Abd Takhmert (220 t-km~2-year~!) and the Wadi Mina upstream in
Sidi Ali Ben Amar (239 t-km~2-year™!). Wadi Mina basin annually provides 38 million m? of water
with a flow of 2.6 million tons of suspended sediment, which therefore corresponds to a relatively low
specific degradation of about 860 t-km~2-year~!, a value significantly below published estimates for
neighboring basins in Algeria and North Africa, This value indicates an increase in recent decades,
which could be related to an increased susceptibility to soil erosion in the basin, under the combined
effect of climatic and anthropogenic forcing [51]. However, the quantities of sediment exported by
the Wadi are highly variable from one year to another. Note that the year 1994/95 alone represents
a contribution of 8.15 million tons from the Wadi Abd, i.e., a specific degradation of more than
1500 t-km~2-year~!, a value that corresponds to estimates found for Maghreb watersheds as a whole.

We found that the basin upstream of the SMBA Dam (1B) is the greatest producer of sediments
towards the dam because it shows a specific degradation equal to 13.36 t-ha~!-year~!, a value found
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after the elimination of release of water from the Bekhadda Dam, considering that this dam registers
an average loss amounting to 0.27 x 10° m3 since its launching in 1936. In addition, the other sub-basins
record specific values varying from 2.2 to 9.64 t-ha~!-year~!, and these values are close to those found
by Toumi et al. [66] using the USLE equation, except for the basin of Wadi Mina upstream at the level
of the station of Sidi Ali Ben Amar, where the calculated value using the USLE equation is 4.83 times
higher than the one calculated by the direct concentration measures. The value of the basin 5B using
the concentrations measure considers the solids quantities sedimented in the dam impoundment in
contrast to that generated by the USLE equation which does not consider the volumes of sediments
caught in the Bakhadda Dam but only models potential soil erosion taking place. In fact, we only
measured the sediment that actually reached the stream system, so the difference between what is
measured in the current and what is predicted by USLE is largely due to the deposits of halfway that
do not reach the watercourse. This does not prevent lake-like Bakhadda Dam also playing a role of
intermediate trapping on the watercourse.

Soil erosion is such a highly variable process that one should avoid establishing rules for
larger catchments without measuring at least a few of the processes taking place directly. Sediment
concentration may point towards the real processes, but they are still an indirect value for material
eroded. In this study, the purpose of the comparison of the different sources of information that we
use is to evaluate the validity of the observed and modeled values. Thus, sub-basins can be used to
locate a potential source of sediment in small sub-basins close to the reservoir, for which the erosivity
rate could be higher, and/or the proximity to the reservoir allows for greater fraction of SPM carried
to reach the reservoir.

According to the bathymetric surveys carried out at the SMBA Dam, loss in water capacity of this
dam since its commissioning in 1978 until 2004 is estimated at 82 million m?, equivalent to a third of
its original capacity. According to Remini and Bensafia [63], in 2010 the SMBA Dam contains a volume
of sediments equal to 109 x 10° m? or an annual average loss of about 3.5 x 10° m3-year~!.

Based on these results, we concluded that over 90% of the sediments of the SMBA Dam come
from the contributions of the Wadi Haddad and Wadi Mina upstream of the dam, but the specific
degradation around the dam is higher than over the rest of the basin. Currently the dam filling by
sediments is about 48%, so it should be completely silted up by 2048, without dynamic change.

Despite all the efforts made in recent years, the dam silting phenomenon has increased due to the
increase in anthropogenic influence and erosion.

Definitively, the decrease in rainfall, which hit the region since the mid-1970s, induced
a progressive degradation of the vegetation cover combined with the increase of summer
thunderstorms, and induces changes in the functioning of the watershed with a greater susceptibility
to erosion. For specific years, moderate rainfall and runoff generated considerable sedimentary flow.

5. Conclusions

This article presents a study of erosion, sedimentation and climate change on Wadi Mina, at the
Sidi M'Hamed Ben Aouda Dam in the northeast of Algeria, in a semiarid area. It is important to fallow
the evolution of water resources available for this dam in a variable climatic environment.

We have noted a rupture corresponding to a decrease of precipitations during the mid-1970s over
the whole Wadi Mina basin which 58% series present a rupture in 1976. These results confirm as well
the occurrence in Morocco of a pluviometric deficit starting with 1970 and its continuation during the
1980s, an extremely severe and long drought episode [106]. At the level of North Africa, the results
obtained by Meddi et al. [11] in Algeria and by GIEC [107] in Tunisia indicate the same rupture period
and show the spatial extension of the drought, accompanied by a net pluviometric reduction.

In addition, the discharges register a global decrease since 1970. At annual level, the probable
rupture dates are 1974, 1975, 1980 and 1994, which corresponds generally to the ruptures detected at
month level. In addition, the ruptures on the series of annual daily maximum were for the most part
noted in 1970, 1984 and 1995 and the ruptures dates for the annual daily minimum series are detected
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in 1972, 1981 and 1994. The rupture in the daily maximum flows series is thus never noted the same
year as in the average annual flows series, while there are the same ruptures dates for the average
annual flows and the minimum daily flows.

As for the majority of watercourses, we found a power relation [127] for Wadi Mina, connecting
the concentration of suspended matters in g-L~! to the liquid discharge in m®-s~!. At seasonal
scale, the analysis shows that autumn and spring are distinguished by their strong liquid discharges
generating an important flow of suspended particles matters (SPM). The maximum solid flow is of
42,365 kg~s*1, achieved in September 1994, resulting from a liquid discharge of more than 351 m3-s~ 1.

In contrast, during winter and summer, we note a net regression of liquid discharge that no longer

exceed 84 m3-s~1 i 1 in summer.

S

in winter and 38 m3-s~
The average specific sediment discharge of Wadi Mina at the Sidi M’hamed Ben Aouda Dam is
860 t-km~2-year~!. We can note that over 90% of sediments of the SMBA Dam appears to come from
the contributions of the Wadi Haddad and Wadi Mina upstream of the dam.
In fact, starting in the late 1980s, annual production of sediments became seven times larger than
the previous period, with an increase four times greater of contribution of the dry season rates [146].
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Abstract: The purpose of this study is to obtain a spatially explicit assessment of the impact of reservoirs
on natural river sediment fluxes to the sea in the Mediterranean Maghreb Basin (MMB), a region where
both mechanical erosion rates and the anthropogenic pressure on surface water resources are high.
We combined modeling of riverine sediment yields (sediment fluxes divided by the drainage basin area)
and water drainage intensities in a 5 x 5’ grid point resolution (~10 km x 10 km) with a compilation of
existing reservoirs in the area, and calculated sediment trapping based on average water residence time in
these reservoirs. A total number of 670 reservoirs could be assembled from various sources (including
digitization from Google maps), comprising large-scale, small-scale and hillside reservoirs. 450 of them
could be implemented in our modeling approach. Our results confirm that natural sediment yields are
clearly above the world average, with the greatest values for Morocco (506 t km 2 year ™), followed
by Algeria (328 t km~2 year~!) and by Tunisia (250 t km~2 year~!). Including dams in the downstream
routing of suspended sediments to the sea reduces the natural sediment flux in the entire MMB to the sea
from 96 to 36 Mt km ! year—!, which corresponds to an average sediment retention of 62%. Trapping
rates are highest in the Tunisian basin part, with about 72%, followed by the Algerian (63%) and the
Moroccan basin parts (55%). Small reservoirs and hillside reservoirs are quantitatively important in the
interception of these sediments compared to large reservoirs. If we only considered the dams included in
the widely used Global Reservoir and Dam (GRanD) database which comprises mainly large reservoirs
sediment retention behind dams would account for 36% of the natural suspended particulate matter
(SPM) flux to the Mediterranean Sea. Our data reveal negative correlation between sediment retention and
natural erosion rates among the three Maghreb countries, which can be explained by the greater difficulties
to build dams in steep terrains where natural sediment yields are high. Although the lowest sediment
retention rates are found in the Moroccan part of the MMB, it is probably here where riverine sediment
starvation has the greatest impacts on coastline dynamics. Understanding the impact of dams and related
water infrastructures on riverine sediment dynamics is key in arid zones such as the MMB, where global
warming is predicted to cause important changes in the climatic conditions and the water availability.

Keywords: Mediterranean Maghreb Basin; water fluxes; sediment fluxes; reservoirs; hillside reservoirs;
sediment retention
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1. Introduction

Because of the strong seasonal and inter-annual variability of flow regimes in inland waters,
water stress is endemic in most parts of the Mediterranean drainage basin. Water is relatively scarce
throughout most of the year, whereas high flows threaten lives and property on a small number of days
per year or decade. Under such conditions, the rising demand for water is met by steadily increasing
reservoir constructions to store seasonal or annual water surpluses [1]. These reservoirs impact
the natural transfer and cycling of water, sediments and associated elements in the corresponding
drainage basins. They retain considerable amounts of riverine nutrients and suspended sediments [2,3],
preventing them to be supplied to the coastal waters in order to sustain biological productivity and to
allow geomorphological edification of beaches and deltaic systems.

Sediment starvation in rivers through damming has been recognized as a major environmental
problem in the Mediterranean area, as it exacerbates coastal erosion and sea level rise in relation to
global warming [4,5]. In Mediterranean rim countries most of the population is concentrated in the
coastal areas, which also represent the dominant economic resources via tourism and fishery. Erosion
in these areas is hence a major threat. Rapid sediment accumulation in the reservoirs has also negative
economic impacts as it reduces their performance and lifetime. Detailed knowledge on the riverine
sediment dynamics in relation to the natural and anthropogenic forcings is therefore mandatory for
sustainable development strategies. This is particularly true in the Mediterranean area because natural
riverine sediment fluxes are high in its drainage basins [6] and environmental conditions respond
rapidly to anthropogenic alterations.

The impact of reservoir construction on riverine sediment fluxes to the Mediterranean Sea was
examined in a recent study [7]. By combining spatially explicit modeling of natural sediment and
water fluxes with the precise locations and properties of dams as they are documented in the GRanD
database (Global Reservoir and Dam, [8]), they calculated that about 35% of the natural sediment
discharges should nowadays be retained in reservoirs. This underlines their significant impact on the
basin-wide budgets, although the percentage is comparable to what has been estimated at the global
scale [9,10], which questions the idea of the Mediterranean being a hot spot area for anthropogenic
perturbations. Nevertheless, Mediterranean rivers are often small in size [11] and GRanD is far from
being complete in this area.

We therefore attempted to go a step further and to examine the role of the “missing dams”.
We selected the Maghreb region of Northern Africa as a regional focus and intended to assemble
amuch more complete database from various sources, also including small-scale and hillside reservoirs.
This allowed us to produce for the first time a detailed regional assessment on dams in the area, which is
not only useful for general budget considerations, but which may also serve as a management tool for
the evaluation of potential environmental risks in terms of coastal erosion and/ or reservoir silting.
Our method may further be applied to other regions of the Mediterranean drainage basin in order
to put together a more complete picture of human perturbations in this key environment for global
change studjies.

2. Data and Methods

2.1. Study Area

The Maghreb in northwestern Africa, also known as the small Maghreb, is a mountainous region
including the countries of Morocco, Algeria and Tunisia. In particular, the Mediterranean Maghreb
basin (MMB) covers the northern part of Morocco excluding the terrains that are drained to the Atlantic,
Algeria, and the northern and eastern parts of Tunisia (Figure 1). The Maghreb is among the regions
that are most vulnerable to erosion in the world. Several researchers [12-14] have attempted to explain
the mechanisms of solid transport in this region, and Probst and Suchet proposed an overall estimate
for the riverine sediment fluxes in the Maghreb basin of 100 Mt year ! [15], corresponding to a specific
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sediment flux (sediment yield) of about 400 t km 2 year—!. These are probably among the highest
values in Africa.

40°N

Topography (m)

35°N

Morocco s Mouilah X 600 Tunisia
‘ (Tributary of Tafna) Algeria

Basin delineation
Country delineation
Moulouya River network

5°w 0° 5°E 10°E

Figure 1. Location map of the Mediterranean Maghreb Basin (MMB) and delimitation of its drainage
basins at a spatial resolution of 5 arc-minutes. Topography was extracted from the digital elevation
model of [16]. All rivers and locations which are mentioned in the text have been included in this
figure. Abbreviations: ALB: Alboran sub-basin, CEN: Central sub-basin, SWE: Southwestern sub-basin,
TY: Tyearrhenian sub-basin.

These average values, however, cannot be transposed locally because their spatial variability
can be significant. For example, rather moderate sediment yields of 165 t km~2 year ! have been
reported for the Mouilah basin [17] in Algeria; intermediate values of about 600 t km~2 year~! for
the Medjerda basin [15] in Tunisia and 884 t km~2 year~! for the Upper Kebir basin in Algeria [18];
high values of 1500 and 2000 t km~2 year~! for the Kamech basin in Tunisia [19] and the Martil
basin in Morocco [20], respectively; and peak values of 5000 to 5900 t km 2 year~! for the Agrioum
basin [21] in Algeria and the Nekor basin [22] in Morocco. Several factors combine in order to explain
these high erosion rates. The Maghreb is a fragile mountainous area. The mountains extend over
large areas and are characterized by high altitudes as well as steep slopes. Lithology is often made
of soft sedimentary rocks susceptible to erosion and the Maghreb is subject to contrasted climatic
conditions. In summer, climate is dominated by Saharan aridity with high temperature and low
precipitation. In winter, climate is colder and wetter due to the oceanic influence [23]. Hence, climate
is irregular and characterized by a strong contrast between dry and wet years, with often intense and
devastating rains [24].

Due to the aridity of the climate, water is an important factor for economic development and the
construction of dams represents a major issue for the Maghreb countries. North Africa (here considered
as including the totality of these three countries: Morocco, Algeria and Tunisia) has currently over
230 large dams with a total storage capacity of 23 km? [25]. Large dams serve in general to store
drinking water and for industrial and electrical energy production. In addition, many small dams and
hillside reservoirs exist and serve to mitigate floods, contribute to water table recharge and improve
water storage for irrigation and livestock watering and domestic uses. A detailed census of the different
reservoir categories is nevertheless difficult. The only existing database is the GRanD database [8],
which includes 53 dams in the Maghreb basin with a total storage capacity of about 6.5 km? [7].

Anthropogenic degradation in MMB is very high, increasing erosion and enhancing early silting of
reservoirs in Morocco [20,26], in Algeria [24,27] and in Tunisia [28]. According to [25], who monitored
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and evaluated silting in the 230 dams of North Africa, the average capacity loss in these dams can
be estimated to about 0.54% year~!. Silting of these dams poses many problems at the level of the
reservoir itself, but also in the basin parts upstream and downstream the reservoir. The authors
of [25,29] cite several dams in North Africa where major degradations occurred, such as the reduction
of the dam capacity, the destabilization of the structure (e.g., Oued El Fodda, Algeria), the filling of
drainage ditches (e.g., Zardézas dams, Algeria), the silting of irrigation channels (e.g., bypass channel,
Morocco) and the degradation of water quality (e.g., El Khattabi Dam, Morocco).

2.2. Modeling Framework

The modeling framework we used to calculate river sediment fluxes in the MMB and their
retention in dams was set up in the study by [7]. It is based on the numerical definition of the drainage
basin delineations and hydrological networks around the Mediterranean Sea in a 5" x 5" grid point
resolution (~10 km x 10 km), and was produced by aggregation of the Hydrosheds digital elevation
model of [30] with manual corrections of the resulting hydrological networks (for further details,
see [7]). A total of 549 river basins could be distinguished for the entire Mediterranean drainage basin.
In each basin all internal grid points are linked to one single mouth point that represents the river
estuary according to a realistic river routing scheme (multi-branch estuaries that often exist for large
river systems cannot be reproduced this way).

Quantification of specific riverine suspended matter (SPM) and specific water (Q) fluxes was
obtained through empirical modeling relating these parameters at the grid point scale to a series
of environmental factors that are considered to represent their major controls. The corresponding
multi-regression models could be established on the basis of the average long-term basin characteristics
from a large data set of 126 (Q) and 80 (SPM) Mediterranean rivers [7]. In short, specific water discharge
(Q) was produced as a combination of annual precipitation, potential evapotranspiration, seasonal
variability of precipitation (all climatic parameters were taken from [31]) and grid point slope [30],
whereas specific SPM fluxes could be linked to specific water discharge, grid point slope, the percentage
of sedimentary rocks in altitudes above 600 m [32] and the percentage of erodible land use classes
(agriculture, grasslands and bare soils—[33]).

Both the produced Q and SPM fluxes represent average long-term values that do not account
for temporal fluctuations in relation to climate variability and/or recent climate change, although we
are aware that seasonal and inter-annual variability of SPM fluxes can be very important in the
Mediterranean area and short and violent floods may represent more than 90% of the annual sediment
load [34]. Moreover, the SPM fluxes are considered to represent natural (i.e., “pre-damming”)
values, since most of the literature estimates that were used to fit the regressions correspond to
the pre-1950-1980 period, when human impoundments on rivers were not as frequent as today.
This allowed simulating the impact of the dams constructed along the river courses through
conservative routing of the grid-point SPM fluxes into the reservoirs and retaining them as a function
of the average water residence time according to the equation initially proposed by [35]. The whole
method has been described with more detail in [7].

2.3. Inventory of Dams

We started our inventory with the geo-referenced dams included in the GRanD database of [8].
It contains 53 dams in the Maghreb basin (6 for Morocco, 28 for Algeria and 19 for Tunisia). To this,
48 dams could be added from repertoires from various national agencies in the Maghreb, including
36 dams from the ANBT (National Agency for Dams and Transfers, [36]) in Algeria, 7 dams from the
ABHL (Loukkos Hydraulic Basin Agency, [37]) in Morocco and 5 dams from the DGBGTH (General
Directorate for Dams and Major Hydraulic Works, [38]) in Tunisia. Generally, these agencies provide
information on storage capacity, water discharge and the year of reservoir construction, but no digitized
files in a GIS format for the location of the dams. Manual location of these dams from Google satellite
maps was necessary (consulted in June 2016). A total of 101 dams were consequently assembled

76



Water 2018, 10, 927

(Table 1). The majority of these dams were constructed in recent decades. More than 30% were
built after 2000, and 60% between 1950 and 2000. Less than 10% were erected over the period from
1860 to 1950.

Table 1. Characteristics of the 101 dams of the Mediterranean Maghreb Basin (MMB) considered in

this study.
NB Dams Country Year of CAP (Mm® S (km?) H (m) Source
Construction
1 Ain Dalia Algeria 1987 82 3.4 24 GRanD
2 Ain zada Algeria 1986 125 6.9 18 GRanD
3 Ajras Morocco 1969 3 0.4 8 GRanD
4 Al Thelat-Laou Morocco 1934 30 0.9 33 GRanD
5 Asmir Morocco 1991 43 2.6 17 ABHL
6 Bakhada Algeria 1935 56 3.5 16 GRanD
7 Barbara-Zoutina Tunisia 1999 58 3.9 15 GRanD
8 Beni Amrane Algeria 1988 12 1.0 12 ANBT
9 Beni Bahdel Algeria 1946 63 12 53 GRanD
10 Beni Boussaid Algeria 2007 1 0.2 7 ANBT
11 Beni Haroune Algeria 2003 998 444 22 ANBT
12 Beni metir Tunisia 1954 73 1.8 41 GRanD
13 Beni zid Algeria 2000 40 35 12 ANBT
14 Bezrik Tunisia 1959 7 0.7 9 GRanD
15 Bir M'Cherga Tunisia 1971 160 43 37 GRanD
16 Bou Hanifa Algeria 1948 73 2.7 27 GRanD
17 bou heurtna Tunisia 1976 118 7.1 17 GRanD
18 Bou Roumi Algeria 1985 188 17 111 GRanD
19 Boughzoul Algeria 1934 55 16.3 3 GRanD
20 Bougous Algeria 2010 65 2.8 24 ANBT
21 Boukourdene Algeria 1992 110 3.1 36 ANBT
22 Boussiaba Algeria 2000 120 103 12 ANBT
23 Cap Djinet Algeria 1990 13 0.4 34 ANBT
24 Cheffia Algeria 1965 171 7.0 24 GRanD
25 Chelif Algeria 2009 130 72 18 ANBT
26 Cheufra Algeria 1935 14 13 11 GRanD
27 Chiba Tunisia 1963 8 11 7 GRanD
28 Colonel bougara Algeria 1988 13 2.3 6 GRanD
29 Dahmouni Algeria 1987 41 3.4 12 GRanD
30 Deurdeur Algeria 1984 115 48 24 ANBT
31 Djoumine Tunisia 1983 130 54 24 GRanD
32 Douera Algeria 2014 87 1.3 65 ANBT
33 Draa Diss Algeria 2016 151 0.5 80 ANBT
34 El Abid Tunisia 2002 10 14 7 DGBGTH
35 El Agrem Algeria 2002 34 2.3 15 ANBT
36 El Djomoaa Morocco 1992 7 0.5 12 ABHL
37 El habib-ouareb Tunisia 1988 110 5.0 22 GRanD
38 El Hamiz Algeria 1990 16 0.9 17 ANBT
39 El hamma Tunisia 2002 12 0.6 21 DGBGTH
40 El Masri Tunisia 1968 6 0.7 8 ANBT
41 Ennakhela Morocco 1961 13 0.6 22 GRanD
42 Erraguen Algeria 1961 200 11.0 18 ANBT
43 Fergoug Algeria 1970 18 0.7 26 GRanD
44 Gargar Algeria 1988 450 19.0 24 GRanD
45 GHrib Algeria 1938 280 7.1 39 GRanD
46 GuenitraOumToub Algeria 1984 125 13 96 GRanD
47 H.M.Bouhemdene Algeria 1987 220 5.1 43 GRanD
48 Hammam Grouz Algeria 1987 45 2.3 20 GRanD
49 Harreza Algeria 1984 70 1.0 70 GRanD
50 Hassan I Morocco 2000 400 11.0 36 ABHL
51 Hassan II Midelt Morocco 2006 400 11.8 34 ABHL
52 Ighil Emda Algeria 1953 156 29 53 ANBT
53 kasseb Tunisia 1969 81 4.0 20 GRanD
54 Kebir Tunisia 1925 26 16 16 GRanD
55 Keddara Algeria 1990 142 5.6 26 ANBT
56 Kef Eddir Algeria 2015 150 0.5 77 ANBT
57 Kerrada Algeria 2010 70 3.6 19 ANBT
58 Kissir Algeria 2010 68 3.6 19 ANBT
59 Koudiat Acerdoun Algeria 2009 400 16.5 24 ANBT
60 Koudiat resfa Algeria 2007 75 37 20 ANBT
61 Kramis Algeria 2005 45 21 21 ANBT
62 Ladrat Algeria 1988 10 0.5 20 GRanD
63 Lakhmess Tunisia 1966 8 0.7 11 GRanD
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Table 1. Cont.

NB Dams Country C Year Of. CAP (Mm®) S (km?) H (m) Source
onstruction
64 Lekhal Algeria 1985 30 0.9 33 GRanD
65 lepna Tunisia 1986 30 6.6 5 GRanD
66 M.B.A.L khattabi Morocco 1981 43 21 20 GRanD
67 Mahouane Algeria 2014 148 0.3 76 ANBT
68 Martil Morocco 2014 100 0.8 118 ABHL
69 Mechra Hammadi Morocco 1955 42 12 35 GRanD
70 Mefrouch Algeria 1960 15 1.8 8 ANBT
71 Merdja sidi abed Algeria 1984 55 7.0 8 GRanD
72 Meurad Algeria 1860 0.2 0.1 26 ANBT
73 Mexa Algeria 1998 47 54 9 ANBT
74 Mlaabi Tunisia 1967 4 0.8 4 DGBGTH
75 Mohammed V Morocco 1967 730 16.3 45 GRanD
76 M. Bouchta Morocco 2014 13 0.7 18 ABHL
77 Nabeur-Mellegue Tunisia 1954 300 8.5 24 GRanD
78 Nebhana Tunisia 1965 86 2.6 33 GRanD
79 Oued Cherf Algeria 1995 157 10.2 15 ANBT
80 Oued el hajar Tunisia 1999 6 20 3 DGBGTH
81 Oueder mel tunis Tunisia 1999 22 7.8 3 DGBGTH
82 Oued Fouda Algeria 1932 228 29 79 GRanD
83 Oued Rmel Morocco 2008 25 11 22 ABHL
84 Ouizert Algeria 1985 100 2.0 50 GRanD
85 S.M.B.Aouda Algeria 1978 235 8.0 29 GRanD
86 Sarno Algeria 1953 22 0.2 110 GRanD
87 Sejnane Tunisia 1990 130 5.8 22 GRanD
88 Sekkak Algeria 2004 30 20 15 ANBT
89 Sidi abdelli Algeria 1988 110 0.8 138 GRanD
90 Sidi el barek Tunisia 2002 275 9.2 30 GRanD
91 Sidi saad Tunisia 1981 209 9.8 21 GRanD
92 Sidi salem Tunisia 1981 555 40.1 14 GRanD
93 Sidi Yakoub Algeria 1983 286 6.4 45 GRanD
94 Siliana Tunisia 1987 70 4.7 15 GRanD
95 SMB taiba Algeria 2005 75 29 25 ANBT
96 Souani Algeria 1988 14 20 7 GRanD
97 Teksebt Algeria 2001 180 4.6 39 ANBT
98 Tichy haff Algeria 2009 80 4.6 18 ANBT
99 Tilsedit Algeria 2009 83 9.7 9 ANBT
100 Zardezaz Algeria 1973 31 13 24 ANBT
101 Zit Emba Algeria 2002 117 7.7 15 ANBT

Note: NB: number of dams; CAP: reservoir storage capacity; S: reservoir surface; H: height of dike; ABHL: Loukkos
Hydraulic Basin Agency, Morocco; ANBT: National Agency for Dams and Transfers, Algeria; DGBGTH: General
Directorate for Dams and Major Hydraulic Works, Tunisia; GRanD: Global Reservoir and Dam database.

In a second step, we enlarged our database through manual digitization of additional reservoirs
from Google satellite maps. In this approach, we mainly focused on the inclusion of small and
hillside reservoirs, but also a few large reservoirs previously not identified could be added that way.
To facilitate our work, we first imported our river network map and the previously collected dams
(GRanD and Maghreb agencies) in order to avoid the re-digitization of existing reservoirs. The maps
were imported in kml-format at a resolution of 5 arc-minutes and consisted of polygons, vectors
and points.

We then created our own layer on which we digitized the rest of the reservoirs by zooming in
on the Google maps to their maximum resolution and following the river network from upstream to
downstream in each river basin. Reservoirs were identified initially by the blue color of the waters and
the presence of a dike downstream. Two layers were created, the first one to digitize the surface of the
reservoirs with polygons and the second one to locate the dams by fixing a geographical reference point
downstream the reservoir (near the dike), which represents the outlet of the dam. It was sometimes
difficult to distinguish between small dams, hillside reservoirs, and natural lakes. Besides checking
the legend of reservoir names provided by Google maps, we used the shape of the water surfaces as
a distinguishing criterion. Reservoirs are generally characterized by their longitudinal shapes and the
existence of a dike downstream the flow direction, whereas natural lakes are usually characterized by
a round shape and the absence of the dike. Hillside reservoirs are not implemented on major river
courses and typically found in agricultural fields.
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For the manually-digitized reservoirs we had no information on the storage capacity. In order
to produce an estimate for this parameter too, we calculated a linear regression between the storage
capacity (CAP) and the surface (S) of the reservoir. In fact, two regression models were established,
one for the GRanD database reservoirs (Figure 2A)

CAP=3479S @
n=2323,1*=0.82, p < 0.001

And one for the hillside reservoirs (Figure 2B)
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Figure 2. Linear relationships between storage capacity and reservoir surface (A) using the Mediterranean
reservoirs of the GRanD database [8] and (B) using the hillside reservoir database of [39].

Both regressions were forced to pass through the origin (i.e.; no intercept). Equation (1) is based
on information for all Mediterranean reservoirs in the GRanD database, and Equation (2) on the
compilation of hillside reservoirs in the Tizi-Ouzou region (Algeria) produced by [39], which is the
only available study in the area (Table 2).

Table 2. Characteristics of the hillside reservoirs of the Tizi-Ouzou region (Algeria) described by the
authors of [39] and considered in this study.

NB Name of Hil.lside S (10° m?) H (m) CAP (10-3 Mm?) Year of.
Reservoir Construction
1 Bouzeguene N° 2 4.0 13 52 1999
2 Bouzeguene N° 3 7.5 10 75 1999
3 Tloula oumalou N° 1 3.6 11 40 2000
4 Tloula oumalou N° 399 8.0 10 80 2000
5 Timizart N° 201 6.7 9 60 1989
6 Timizart N° 360 5.0 10 50 1988
7 Timizart N° 363 7.8 9 70 1986
8 Timizart N° 366 13.5 10 135 1985
9 Timizart N° 388 7.5 8 60 1985
10 Freha N° 389 6.3 8 50 2000
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Table 2. Cont.

NB Name of Hil.lside S (10° m2) H (m) CAP (103 Mm?) Year of_
Reservoir Construction
11 Freha N° 395 5.8 9.5 55 1985
12 Freha N° 396 12.5 8 100 1987
13 Freha N° 397 47 9.5 45 1986
14 Freha N° 398 10.0 10 100 1989
15 Mekla N° 367 1.2 8.5 10 1985
16 Mekla N° 368 8.2 85 70 1986
17 Mekla N° 391 4.0 10 40 1989
18 Mekla N° 393 6.9 7 48 1985
19 Mekla N° 394 5.7 7 40 1986
20 Souomada N° 1 55 11 60 1999
21 Azzefoun N° 10 42 9.5 40 1986
22 Azzefoun N° 11 5.0 12 60 1997
23 Azzefoun N° 12 7.0 10 70 1988
24 Azzefoun N° 14 3.6 11 40 1994
25 Azzefoun N° 15 29 10.5 30 1995

Note: S: hillside reservoir surface; H: Dike height; CAP: reservoir storage capacity.

It should be noted that the database produced by [39] was only used to determine Equation (2).
Since the database does not include the geographic coordinates of the reservoirs, it is difficult to
differentiate them from other newly digitalized hillside reservoirs. To avoid confusion and duplications,
we kept this database only to determine Equation (2).

The storage capacity of the reservoirs can be strongly influenced by their morphology, and notably
by the slope of the reservoir surface. The slope of hillside reservoirs is generally very low compared to
that of the dams, in particular large dams. Two reservoirs that have the same surface but a different
slope can have a very different storage capacity; this is the reason why we kept two different regression
models (Figure 2A,B).

Overall, we were able to digitize the surface of 569 additional reservoirs, mostly consisting of small
dams and hillside reservoirs. This expanded our database to 670 reservoirs with areas larger than one
hectare. On the basis of Equations (1) and (2), we then calculated the storage capacity of these additional
reservoirs (i.e.,, when the newly digitized reservoirs were identified as hillside reservoirs, we applied
Equation (2); elsewhere, we used Equation (1). All the reservoirs were then classified according
to their storage capacities into seven classes: C; (CAP > 200 Mm?3), C, (100 < CAP < 200 Mm?),
C; (50 < CAP < 100 Mm?), Cy4 (20 < CAP < 50 Mm?), Cs (5 < CAP < 20 Mm?), C¢ (1 < CAP <5 Mm®),
and C; (CAP < 1 Mm®). It should be noted that hillside reservoirs never exceeded a storage capacity
of 1 Mm?, and almost 90% of them had a storage capacity lower than 0.8 Mm?3. For small dams,
we considered that the maximum capacity limit was 20 Mm? (see Section 3.2) and found that only
21% of these dams had a storage capacity lower than 1 Mm3. Although there is some overlap with
the maximum size of hillside reservoirs, we considered this value to be a reasonable lower limit for
small dams.

The integration of all these reservoirs in our modeling framework suffered however from the
limited spatial resolution of this framework. In many cases several reservoirs fell within one single
5 arc-minutes grid cell. For the calculation of sediment retention, in addition to the storage capacity
we need the amount of water entering and leaving the reservoirs annually. This parameter can only
be calculated at the grid point level from our empirical modeling of mean annual water discharge
(see Section 2.2). We therefore decided to retain for our modeling of sediment retention only the largest
reservoir in a given grid point cell, to which we attributed the corresponding average annual water
discharge following the assumption that this reservoir has been constructed along the principal grid
point drainage direction. This reduced the total number of reservoirs which could be properly used for
modeling to 450.
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3. Results and Discussion

3.1. Natural Water and Sediment Fluxes

Average water fluxes in the MMB are rather low (Figure 3A). Drainage intensity (water discharge
divided by the basin area) for the entire region is only 59 mm per year (Table 3), with little differences
between the three countries (52, 62 and 62 mm year~! for Morocco, Algeria and Tunisia, respectively).
More humid conditions are restricted to mountainous areas in the vicinity of the coast and exist
in the NW part of Morocco (e.g., the Martil and Laou rivers with Q values of 332 mm year*1 and
252 mm year !, respectively) and along the central and NE coast of Algeria (e.g., the Sebaou and
Bou-Namoussa rivers with Q values of 387 mm year~! and 290 mm year—!, respectively). The driest
conditions are found in the Saharan part of Tunisia and the drainage basins and basin parts which
stretch far to the South. All MMB rivers together discharge about 16.2 x 103 Mm? year~! of water to
the Mediterranean Sea, which corresponds to less than 4% of the total freshwater flux exported by
the Mediterranean drainage basin [7]. About 48% of the MMB water flux stems from the rivers in
Algeria. The mean annual water discharge for individual rivers ranges from 1 Mm? for the Tunisian
Saharan rivers to 1720 Mm? for the Moulouya in Morocco, the largest river in the MMB (55,713 km?).
Only about 7% of all rivers have an average water discharge greater than 1000 Mm? year—!, but they
provide more than 32% of the total water flux. On the other hand, 50% of the rivers have a water flux
which does not exceed 100 Mm® year~—! and represent only 7% of the total wat