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Grain Size Distribution of Bedload Transport in a Glaciated Catchment (Baranowski Glacier,
King George Island, Western Antarctica)
Reprinted from: Water 2018, 10, 360, doi:10.3390/w10040360 . . . . . . . . . . . . . . . . . . . . . 10

Yang Ho Song, Eui Hoon Lee and Jung Ho Lee

Functional Relationship between Soil Slurry Transfer and Deposition in Urban Sewer Conduits
Reprinted from: Water 2018, 10, 825, doi:10.3390/w10070825 . . . . . . . . . . . . . . . . . . . . . 25
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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
in rivers. 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

Water 2019, 11, 1665; doi:10.3390/w11081665 www.mdpi.com/journal/water1
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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
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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 km2 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 km2

subcatchments from the United Kingdom [53] to large, millions of km2 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.

6
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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. It is 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.

Author Contributions: Conceptualization, G.M., H.A., M.M.; Writing—Original Draft Preparation, H.A.;
Writing—Review & Editing, H.A., G.M., M.M.

Funding: This research received no external funding.

Acknowledgments: The authors thank editors for their help during the processes for the Special Issue. Yonca
Cavus, PhD candidate from Istanbul Technical University, read the draft and edited it carefully. The authors are
thankful to her for the time she dedicated to this Editorial.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Foster, G.R.; Meyer, L.D. A Closed-Form Soil Erosion Equation for Upland Areas. In Sedimentation Symposium
in Honor Prof. H.A. Einstein; Shen, H.W., Ed.; Colorado State University: Fort Collins, CO, USA, 1972;
pp. 12.1–12.19.

2. Prowse, T.D. Suspended sediment concentration during breakup. Can. J. Civ. Eng. 1993, 20, 872–875.
[CrossRef]

3. Costar, F.; Dupeyrat, L.; Gautier, E.; Carey-Gailhardis, E. Fluvial thermal erosion investigations along a
rapidly eroding river bank: Applications to the Lena River (Central Siberia). Earth Surf. Process. Landf. 2003,
28, 1349–1359. [CrossRef]

4. Knack, I.M.; Shen, H.T. A numerical model for sediment transport and bed change with river ice. J. Hydraul.
Res. 2018, 56, 844–856. [CrossRef]

5. Burrell, B.C.; Beltaos, S. Effects and implications of river ice breakup on suspended-sediment concentrations:
A synthesis. In Proceedings of the CGU HS Committee on River Ice Processes and the Environment 20th
Workshop on the Hydraulics of Ice-Covered Rivers, Ottawa, ON, Canada, 14–16 May 2019.

6. ASCE Task Committee. Sediment sources and sediment yields. ASCEJ. Hydraul. Div. 1970, 96, 1283–1329.
7. Kuznetsov, M.S.; Gendugov, V.M.; Khalilov, M.S.; Ivanuta, A.A. An equation of soil detachment by flow. Soil

Tillage Res. 1998, 46, 97–102. [CrossRef]
8. Emmett, W.W. The Hydraulics of Overland Flow on Hillslopes; USGS (United States Geological Survey):

Washington, DC, USA, 1970; Volume 662A, 68p.
9. Bennett, J.P. Concepts of mathematical modeling of sediment yield. Water Resour. Res. 1974, 10, 485–492.

[CrossRef]
10. Croley, I.I. TE Unsteady overland sedimentation. J. Hydrol. 1982, 56, 325–346. [CrossRef]
11. Phien, H.N.; Arbhabhirama, A. A statistical analysis of the sediment accumulation in reservoirs. J. Hydrol.

1979, 44, 231–240. [CrossRef]
12. Skoklevski, Z.; Velickov, S. Suspended load transportation process within Vardar river basin in the Republic

of Macedonia. In Proceedings of the XIXth conference Danube Countries on the Hydrological Forecasting
and Hydrological Bases of Water Management, Osijek, Croatia, 15–19 June 1998; pp. 717–727.

13. Tingsanchali, T.; Lal, N.K. A combined deterministic-stochastic model of daily sediment concentrations in a
river. In Proceedings of the Sixth IAHR International Symposium Stochastic Hydraulics, Taipei, Taiwan,
18–20 May 1992; pp. 221–228.

14. Rosen, T.; Xu, Y.J. A hydrograph-based sediment availability assessment: Implications for Mississippi River
sediment diversion. Water 2014, 6, 564–583. [CrossRef]

7



Water 2019, 11, 1665

15. Bogardi, J. Sediment Transport in Alluvial Streams; Akademiai Kiado: Budapest, Hungary, 1974.
16. Box, G.E.P.; Jenkins, G.M.; Reinsel, G.C. Time Series Analysis, Forecasting and Control; Prentice-Hall: Englewood

Cliffs, NJ, USA, 1994.
17. Szidarovszky, F.; Yakowitz, S.; Krzysztofowicz, R. A Bayes approach for simulating sediment yield. J. Hydrol.

Sci. 1976, 3, 33–44.
18. Phien, H.N. Reservoir sedimentation with correlated inflows. J. Hydrol. 1981, 53, 327–341. [CrossRef]
19. Aksoy, H.; Akar, T.; Unal, N.E. Wavelet analysis for modeling suspended sediment discharge. Nord. Hydrol.

2004, 35, 165–174. [CrossRef]
20. Hao, C.F.; Qiu, J.; Li, F.F. Methodology for analyzing and predicting the runoff and sediment into a reservoir.

Water 2017, 9, 440. [CrossRef]
21. Garde, R.J.; Ranga Raju, K.G. Mechanics of Sediment Transportation and Alluvial Stream Problems; Wiley Eastern:

New Delhi, India, 1977.
22. Tfwala, S.S.; Wang, Y.M. Estimating sediment discharge using sediment rating curves and artificial neural

networks in the Shiwen River, Taiwan. Water 2016, 8, 53. [CrossRef]
23. Araujo, J.C.; Güntner, A.; Bronstert, A. Loss of reservoir volume by sediment deposition and its impact on

water availability in semiarid Brazil. Hydrol. Sci. J. 2006, 51, 157–170. [CrossRef]
24. Baban, S.M.J.; Yusof, K.W. Modeling soil erosion in tropical environments using remote sensing and

geographical information systems. Hydrol. Sci. J. 2001, 46, 191–198. [CrossRef]
25. Wicks, J.M. Physically-Based Mathematical Modelling of Catchment Sediment Yield. Ph.D. Thesis,

Department of Civil Engineering, University of Newcastle Upon Tyne, Tyne, UK, 1988.
26. Nearing, M.A.; Foster, G.R.; Lane, L.J.; Finkner, S.C. A process-based soil erosion model for USDA-water

erosion prediction project technology. Trans. ASAE 1989, 32, 1587–1593. [CrossRef]
27. Ayele, G.T.; Teshale, E.Z.; Yu, B.; Rutherfurd, I.D.; Jeong, J. Streamflow and sediment yield prediction for

watershed prioritization in the Upper Blue Nile river basin, Ethiopia. Water 2017, 9, 782. [CrossRef]
28. Kavvas, M.L.; Chen, Z.Q.; Dogrul, C.; Yoon, J.Y.; Ohara, N.; Liang, L.; Aksoy, H.; Anderson, M.L.; Yoshitani, J.;

Fukami, K.; et al. Watershed environmental hydrology (WEHY) model based on upscaled conservation
equations: Hydrologic module. ASCE J. Hydrol. Eng. 2004, 9, 450–464. [CrossRef]

29. Kavvas, M.L.; Yoon, J.Y.; Chen, Z.Q.; Liang, L.; Dogrul, C.; Ohara, N.; Aksoy, H.; Anderson, M.L.; Reuter, J.;
Hackley, S. Watershed environmental hydrology model: Environmental module and its application to a
California watershed. ASCE J. Hydrol. Eng. 2006, 11, 261–272. [CrossRef]

30. Aksoy, H.; Kavvas, M.L. A review of hillslope and watershed scale erosion and sediment transport models.
Catena 2005, 64, 247–271. [CrossRef]

31. Merritt, W.S.; Letcher, R.A.; Jakeman, A.J. A review of erosion and sediment transport models. Environ.
Model. Softw. 2003, 18, 761–799. [CrossRef]

32. Milly, P.C.D.; Betancourt, J.; Falkenmark, M.; Hirsch, R.M.; Kundzewicz, Z.W.; Lettenmaier, D.P.; Stouffer, R.J.
Stationarity is dead: Whither water management? Science 2008, 319, 573–574. [CrossRef]

33. Montanari, A.; Young, G.; Savenije, H.H.G.; Hughes, D.; Wagener, T.; Ren, L.L.; Koutsoyiannis, D.;
Cudennec, C.; Toth, E.; Grimaldi, S.; et al. Panta Rhei-Everything Flows: Change in hydrology and
society-The IAHS Scientific Decade 2013–2022. Hydrol. Sci. J. 2013, 58, 1256–1275. [CrossRef]

34. McMillan, H.; Montanari, A.; Cudennec, C.; Savenjie, H.; Kreibich, H.; Krüger, T.; Liu, J.; Meija, A.; van
Loon, A.; Aksoy, H.; et al. PantaRhei 2013-2015: Global perspectives on hydrology, society and change.
Hydrol. Sci. J. 2016, 61, 1174–1191. [CrossRef]

35. Ceola, S.; Montanari, A.; Krueger, T.; Dyer, F.; Kreibich, H.; Westerberg, I.; Carr, G.; Cudennec, C.;
Elshorbagy, A.; Savenije, H.; et al. Adaptation of water resources systems to changing society and
environment: A statement by the International Association of Hydrological Sciences. Hydrol. Sci. J. 2016, 61,
2803–2817. [CrossRef]

36. Bu, J.; Lu, C.; Niu, J.; Gao, Y. Attribution of runoff reduction in the Juma River basin to climate variation,
direct human intervention, and land use change. Water 2018, 10, 1775. [CrossRef]

37. Koutsoyiannis, D. Hurst-Kolmogorov dynamics and uncertainty. J. Am. Water Resour. Assoc. 2011, 47,
481–495. [CrossRef]

38. Lins, H.F.; Cohn, T.A. Stationarity: Wanted dead or alive? J. Am. Water Resour. Assoc. 2011, 47, 475–480.
[CrossRef]

8



Water 2019, 11, 1665

39. Matalas, N.C. Comment on the announced death of stationarity. J. Water Resour. Plann. Manag. 2012, 138,
311–312. [CrossRef]

40. Koutsoyiannis, D.; Montanari, A. Negligent killing of scientific concepts: The stationarity case. Hydrol. Sci. J.
2015, 60, 1174–1183. [CrossRef]

41. Grimaldi, S.; Kao, S.-C.; Castellarin, A.; Papalexiou, S.-M.; Viglione, A.; Laio, F.; Aksoy, H.; Gedikli, A.
Statistical Hydrology, Treatise on Water Science; Wilderer, P., Ed.; Academic Press: Oxford, UK, 2011; Volume 2,
pp. 479–517.

42. Gedikli, A.; Aksoy, H.; Unal, N.E. Segmentation algorithm for long time series analysis. Stoch. Environ. Res.
Risk Assess. 2007, 22, 291–302. [CrossRef]

43. Aksoy, H.; Gedikli, A.; Unal, N.E.; Kehagias, A. Fast segmentation algorithms for long hydrometeorological
time series. Hydrol. Process. 2008, 22, 4600–4608. [CrossRef]

44. Gedikli, A.; Aksoy, H.; Unal, N.E.; Kehagias, A. Modified dynamic programming approach for offline
segmentation of long hydrometeorological time series. Stoch. Environ. Res. Risk Assess. 2010, 24, 547–557.
[CrossRef]

45. Szilo, J.; Bialik, R.J. Grain size distribution of bedload transport in a gliaciated catchment (Baranowski Glacier,
King George Island, Western Antartctica). Water 2018, 10, 360. [CrossRef]

46. Song, Y.H.; Lee, E.H.; Lee, J.H. Functional relationship between soil slurry transfer and deposition in urban
sewer conduits. Water 2018, 10, 825. [CrossRef]

47. Hallouz, F.; Meddi, M.; Mahe, G.; Toumi, S.; Rahmani, S.E.A. Erosion, suspended sediment transport and
sedimentation on the Wadi Mina at the Sidi M’Hamed Ben Aouda Dam, Algeria. Water 2018, 10, 895.
[CrossRef]

48. Sadaoui, M.; Ludwig, W.; Bourrin, F.; Bissonnais, Y.L.; Romero, E. Anthropogenic reservoirs of various sizes
trap most of the sediment in the Mediterranean Maghreb Basin. Water 2018, 10, 927. [CrossRef]

49. Kotti, F.; Dezileau, L.; Mahe, G.; Habaieb, H.; Benabdallah, S.; Bentkaya, M.; Calvez, R.; Dieulin, C.
The impact of dams and climate on the evolution of the sediment loads to the sea by the Medjerda River
using a paleo-hydrological approach. J. Afr. Earth. Sci. 2018, 142, 226–233. [CrossRef]

50. Ben Moussa, T.; Amrouni, O.; Hzami, A.; Dezileau, L.; Mahe, G.; Condomines, M.; Saadi, A. Progradation
and retrogradation of the Medjerda delta during the 20th century (Tunisia, Western Mediterranean). Compte.
Rendus Geosci. 2019, 351, 340–350. [CrossRef]

51. Wang, Y.-C.; Lai, C.-C. Evaluating the erosion process from a single-stripe laser-scanned topography: A
laboratory case study. Water 2018, 10, 956. [CrossRef]

52. Guo, S.; Zhu, Z.; Lyu, L. Effects of climate change and human activities on soil erosion in the Xihe River
Basin, China. Water 2018, 10, 1085. [CrossRef]

53. Adams, R.; Quinn, P.; Barber, N.; Reaney, S. The role of attenuation and land management in small catchments
to remove sediment and phosphorus: A modelling study of mitigation options and impacts. Water 2018, 10,
1227. [CrossRef]

54. Unal, N.E. Shear stress-based analysis of sediment incipient deposition in rigid boundary open channels.
Water 2018, 10, 1399. [CrossRef]

55. Chao, Y.-C.; Chen, C.-W.; Li, H.-C.; Chen, Y.-M. Riverbed migrations in Western Taiwan under climate change.
Water 2018, 10, 1631. [CrossRef]

56. Török, G.T.; Józsa, J.; Baranya, S. A shear Reynolds number-based classification method of the nonuniform
bed load transport. Water 2019, 11, 73. [CrossRef]

57. Jakubínský, J.; Pechanec, V.; Procházka, J.; Cudlín, P. Modelling of soil erosion and accumulation in an
agricultural landscape—A comparison of selected approaches applied at the small stream basin level in the
Czech Republic. Water 2019, 11, 404. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

9



water

Article

Grain Size Distribution of Bedload Transport in a
Glaciated Catchment (Baranowski Glacier, King
George Island, Western Antarctica)

Joanna Sziło 1,* and Robert Józef Bialik 2

1 Institute of Geophysics, Polish Academy of Sciences, 01-452 Warsaw, Poland
2 Institute of Biochemistry and Biophysics, Polish Academy of Sciences, 02-106 Warsaw, Poland;

rbialik@ibb.waw.pl
* Correspondence: jszilo@igf.edu.pl; Tel.: +48-504-595-266

Received: 20 February 2018; Accepted: 20 March 2018; Published: 23 March 2018
��������	
�������

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 Siodło 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 Siodło 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].
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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 Siodło
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 Sziło 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.

 

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 Siodło 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 km2 of which 69.1% (4.7 km2)
is covered by the glacier (including Windy Glacier). The area of the forefield is 2.1 km2 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 Siodło 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
Siodło 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 Siodło Creek, this trough was
cut between 2001 and 2005. The total lengths (L) of Fosa and Siodło creeks are 1.40 km and 0.42 km,
respectively; the longitudinal water surface slopes (S) are 0.07 mm−1 and 0.08 mm−1 for Fosa Creek and
Siodło 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 Siodło creeks.

Parameter
Total

Length (L)
[km]

Average
Bankfull

Width (w) [m]

Average
Bankfull

Depth (d) [m]

Longitudinal
Water Surface

Slope (S) [mm−1]

Maximum
Discharge (Qmax)

[m3 s−1] 1

Maximum
Velocity (Vmax)

[ms−1] 2

Fosa Creek 1.40 2.82 0.14 0.07 0.75 0.91
Siodło Creek 0.42 2.15 0.09 0.08 0.26 1.25

Note: 1 Qmax: maximum water discharge measured at one day during field campaign; 2 Vmax: maximum water
velocity measured at one point during field campaign.

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].

 

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 Siodło 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 Siodło 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 (Siodło 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) Siodło Creek (modified from Sziło 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 (σφ), sorting (σ), 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 (σ); (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 (ϕ) units, which is the negative log to
base 2 of the diameter in mm.

2.4. Bedload Transport Rate

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

qb =
Gs

Swt
·Wt (1)

where Gs represents the bedload material (kg), Sw represents the width of the module inlet (m), Wt

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 Sziło 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
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 Siodło
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).

 

Figure 5. Bedload transport (a), water discharge (b), and flow velocity (c) data for Fosa Creek (1) and
Siodło 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.

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 σ and Mz for all data, for both creeks separately,
and for the individual traps. The analysis of the σ and Mz in the profiles established in the Fosa and the
Siodło troughs suggested that linear correlations occurred with those indicators, and the correlation
coefficients (R2) 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 Siodło Creek, which varied from 1.5
mm to 3.6 mm. Furthermore, larger ranges of Mz values were observed for the individual traps in
Siodło 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 Siodło
middle (M) at R2 = 0.96 (Figure 8b), for which 77% of the data ranged from 2.3 to 3.9 mm, whereas for
the Siodło left (L), 80% of the data were in the interval from 4.1 to 8.9 mm.

Figure 7. Relation between sorting (σ) and mean grain size (Mz) in Fosa and Siodło creeks in all profiles.

Figure 8. Relation between sorting (σ) and mean grain size (Mz) in Fosa (a) and Siodło (b) creeks in
individual traps.

The temporal changes in bedload transport and σ for the studied creeks are presented in Figure 9.
The σ 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 σ 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 Siodło trough: after both of the bedload
transport peaks (on 1 and 5 February), inversions of σ in the left trap from highest to lowest and then to
highest values again were noticed (Figure 9b). Furthermore, the results suggest that better σ 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 Siodło (b) creeks.

The relation between bedload transport and σ was inversely proportional before and directly
proportional after the peaks in bedload transport (Figure 10a,b). All bedload transport data from Siodło
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 Siodło
(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 Siodło 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
D50 to 0.26 for D95, which is inconsistent with the data from Siodło Creek, where the correlation for
D50 of 0.29 decreases to 0.11 for D95 (Figure 11a,b).

 

 

Figure 10. Cont.
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Figure 10. Grain size parameters (by Folk and Ward, 1957) for Fosa and Siodło Creeks: bedload
transport rate and sorting for Fosa (a) and Siodło (b); skewness (c); and kurtosis (d).

Figure 11. Correlation between bedload transport rate and characteristic diameters Db for Fosa (a) and
Siodło (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 Siodło 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 Siodło 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 Siodło 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 Siodło (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 Siodło, and these correlations were stronger than those between
bedload transport and water velocity, which were 0.53 in Fosa and 0.28 in Siodło; 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.

 

Figure 13. Relationship between water discharge and quantity of fine and very fine gravel in Fosa (a)
and Siodło (b) creeks.
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Figure 14. Relationship between water velocity and quantity of fine and very fine gravel in Fosa (a) and
Siodło (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−1 for the mean transport rate [31] and
33.3–67.8 kg d−1 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 Sziło and Bialik [46], who
suggested that a similar relationship occurred between water discharge and bedload transport for Fosa
and Siodło 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 σ 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 Siodło 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 Siodło Creek,
as suggested by Sziło 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−1s−1 were observed on 30 January and 1 February in the
troughs. Nevertheless, the bedload transport peak was defined as qb > 0.1 gm−1s−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].

20



Water 2018, 10, 360

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 D95, 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 Siodło Creek, a higher value was observed for D50 than for D95.

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 Siodło Creek compared with those in Fosa Creek over the
entire field campaign confirm the previous hypothesis posed by Sziło and Bialik [46], who assumed
that the Siodło 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 Siodło, 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
Siodło 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 Siodło 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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29. Bialik, R.J.; Nikora, V.I.; Karpiński, M.; Rowiński, P.M. Diffusion of bedload particles in open-channel flows:
Distribution of travel times and second-order statistics of particle trajectories. Environ. Fluid Mech. 2015,
15, 1281–1292. [CrossRef]

30. Bakke, P.D.; Sklar, L.S.; Dawdy, D.R.; Wang, W.C. The Design of a Site-Calibrated Parker–Klingeman Gravel
Transport Model. Water 2017, 9, 441. [CrossRef]

31. Kociuba, W.; Janicki, G. Changeability of movable bed-surface particles in natural, gravel-bed channels
and its relation to bedload grain size distribution (scott river, svalbard). Geogr. Ann. Ser. Phys. Geogr. 2015,
97, 507–521. [CrossRef]

32. Ghoshal, K.; Mazumder, B.S.; Purkait, B. Grain-size distributions of bed load: Inferences from flume
experiments using heterogeneous sediment beds. Sediment. Geol. 2010, 223, 1–14. [CrossRef]

33. Parker, G.; Klingeman, P.C. On Why Gravel Bed Streams Are Paved. Water Resour. Res. 1982, 18, 1409–1423.
[CrossRef]

34. Buffington, J.M.; Montgomery, D.R. A systematic analysis of eight decades of incipient motion studies, with
special reference to gravel-bedded rivers. Water Resour. Res. 1997, 33, 1993–2029. [CrossRef]

35. Church, M.; Hassan, M.A. Mobility of bed material in Harris Creek. Water Resour. Res. 2002, 38. [CrossRef]
36. Batalla, R.J.; Vericat, D.; Gibbins, C.N.; Garcia, C. Incipient bed-material motion in a gravel-bed river: Field

observations and measurements. U. S. Geol. Surv. Sci. Investig. Rep. 2010, 5091, 15.
37. Turowski, J.M.; Badoux, A.; Rickenmann, D. Start and end of bedload transport in gravel-bed streams.

Geophys. Res. Lett. 2011, 38. [CrossRef]
38. Johnson, J.P. Gravel threshold of motion: A state function of sediment transport disequilibrium?

Earth Surf. Dyn. 2016, 4, 685. [CrossRef]
39. Ferguson, R.I.; Prestegaard, K.L.; Ashworth, P.J. Influence of sand on hydraulics and gravel transport in a

braided gravel bed river. Water Resour. Res. 1989, 25, 635–643. [CrossRef]
40. Komar, P.D.; Li, Z. Pivoting analyses of the selective entrainment of sediments by shape and size with

application to gravel threshold. Sedimentology 1986, 33, 425–436. [CrossRef]
41. Naden, P. An erosion criterion for gravel-bed rivers. Earth Surf. Process. Landf. 1987, 12, 83–93. [CrossRef]
42. Wiberg, P.L.; Smith, J.D. Calculations of the critical shear stress for motion of uniform and heterogeneous

sediments. Water Resour. Res. 1987, 23, 1471–1480. [CrossRef]
43. Duan, J.G.; Scott, S. Selective bed-load transport in Las Vegas Wash, a gravel-bed stream. J. Hydrol. 2007,

342, 320–330. [CrossRef]
44. Ashworth, P.J.; Ferguson, R.I. Size-selective entrainment of bed load in gravel bed streams. Water Resour. Res.

1989, 25, 627–634. [CrossRef]
45. Ashworth, P.J.; Ferguson, R.I.; Powell, D.M. Bedload transport and sorting in braided channels. In Dynamics

of Gravel-Bed Rivers; Bili, P., Hey, R.D., Thorne, C.R., Tacconi, P., Eds.; John Wiley: Hoboken, NJ, USA, 1992;
pp. 497–513.

46. Sziło, J.; Bialik, R.J. Bedload transport in two creeks at the ice-free area of the Baranowski Glacier, King
George Island, West Antarctica. Pol. Polar Res. 2017, 38, 21–39. [CrossRef]

47. Doran, P.T.; Priscu, J.C.; Lyons, W.B.; Walsh, J.E.; Fountain, A.G.; McKnight, D.M.; Moorhead, D.L.;
Virginia, R.A.; Wall, D.H.; Clow, G.D. Antarctic climate cooling and terrestrial ecosystem response. Nature
2002, 415, 517–520. [CrossRef] [PubMed]

48. Ferron, F.A.; Simões, J.C.; Aquino, F.E.; Setzer, A.W. Air temperature time series for King George Island,
Antarctica. Pesqui. Antártica Bras. 2004, 4, 155–169.

49. Kejna, M. Air temperature on King George Island, South Shetland Islands, Antarctica. Pol. Polar Res. 1999,
20, 183–201.

50. Kejna, M. Trends of air temperature of the Antarctic during the period 1958–2000. Pol. Polar Res. 2003,
24, 99–126.
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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-ε 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

Water 2018, 10, 825; doi:10.3390/w10070825 www.mdpi.com/journal/water25



Water 2018, 10, 825

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.

It is 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.
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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, xi(i = 1, 2, 3) represents the orthogonal
coordinates, ui the orthogonal (directional) element of the velocity vector that represents average
flow velocity, ρ is fluid density, p is pressure, and Fi is the sum of influential forces, such as gravity,
deflecting force, and centrifugal force.

∂ρ

∂t
+

∂(ρui)

∂xi
=

∂ρ

∂t
+∇·(ρu) = 0 (1)

∇·(ρu) = 0 (2)

∂(ρui)

∂t
+

∂
(
ρujui

)
∂xj

=
∂τij

∂xj
− ∂p

∂xi
+ Fi (3)

In Equation (4), τij 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), δij
represents the ratio of the strain (deformation) tensor described in Equation (4):

τij = 2μδij − 2
3

μδij
∂ul
∂xl

(4)

δij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(5)

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-ε 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-ε 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. Cμ 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 ε

are calculated in two separate transport equations (k-equation and ε-equation) to model turbulent
stress [32].

∂(ρk)
∂t

+
∂
(
ρujk

)
∂xj

=
∂

∂xj

[(
μ +

μt

δk

)
∂k
∂xj

]
+ Pk − ρε (6)
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∂

∂xj
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∂ε

∂xj
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+ Cε1Pk

ε
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− Cε2Pk

ε2

k
(7)

Pk = μt

(
∂μi
∂xj

+
∂μj

∂xi

)
∂μi
∂xj

(8)

In Equation (8), Pk reflects the influence of viscous force, and each value represents the coefficient
of the standard values of k and ε, 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. Cμ, Cε1, and Cε2 are empirical constants determined through experiments, and δk and
δε are turbulent Prandtl numbers for turbulent kinetic energy and the rate of energy dissipation,
respectively [42].

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

Parameter Cμ Cε1 Cε2 δk δε

Value 0.09 1.44 1.92 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)

Applied models and flow conditions

Euler–Euler model
Standard k-ε model
Turbulent flow
Unsteady and turbulent

Inlet conditions
Inlet velocity
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) × 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/m3 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

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.

 
(a) 

 
(b) 

Figure 2. Results of examination using data obtained by Matousek. Results corresponding to flow
velocities of: (a) 2.5 m/s; and (b) 3.0 m/s.
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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.

(a) (b) (c) 

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.

 
(a) 

 
(b) 

 
(c) 

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.

(a) (b) (c)

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.

(a) (b) (c)

Figure 6. Vertical profile of the longitudinal volume fraction of 20.0 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 (u∗) 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 (ρ) 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. (ρs − ρs)/ρs is the specific gravity of the sediment (submerged) in fluid, ρs is its
density (kg/m3), ρ is the density of water (kg/m3), g is the acceleration due to gravity (m/s2), d the
particle diameter (m), and CD 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(ρs − ρs)/ρs = 2.2. Subsequently, calculations using particle size could be performed
with (gd/CD).

τb = ρgRhS f (9)

τ∗
c =

τb

ρ
(

ρs−ρ
ρ

)
gd

=
u2∗(

ρs−ρ
ρ

)
gd

(10)

vs =

√
4
3

(
ρs − ρ

ρ

)(
gd
CD

)
(11)
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u
u∗

=
1
κ

ln
(

z
zo

)
(12)

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, zo is the distance from the bottom, where the flow velocity is zero,
u∗ is the flow shear speed, and κ is the von Kármán 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, ∂u/∂y
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), μ 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), τb represents shear stress at the bottom. In Equation (14), τ∗

c 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.

τb = μ
∂u
∂y

= ρgsinθ(h − y) (13)

τ∗
c =

τb
(ρs − ρ)gd

(14)

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.

d
(mm)

τ∗
c

1.0 m/s 2.0 m/s 3.0 m/s

10% v/f 30% v/f 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/τ∗

c
)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].

θc = τ∗
c = f (d∗) = f

[
(SPG − 1)gd

v2

]1/3
(15)

Re =
u∗d

v
(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.

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) = ∑(x1 − x2)
2 (17)

RMSE(x1, x2) =

√
∑n

i=1(x1 − x2)
2

n
(18)

where x1 is the amount of observed values, x2 is the amount of calculated values (Table 5), subscript i
indicates its data in the set, and n 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 ≤ 0.5 d∗ ≤ 9.4 θc = 0.280 × d−0.288∗
0.5 < d ≤ 1.0 9.4 < d∗ ≤ 18.8 θc = 2.336 × d−1.248∗
1.0 < d ≤ 3.0 18.8 < d∗ ≤ 56.4 θc = 0.135 × d−0.306∗
3.0 < d ≤ 5.0 56.4 < d∗ ≤ 94.0 θc = 0.012 × d0.288∗
5.0 < d ≤ 7.0 94.0 < d∗ ≤ 131.6 θc = 0.032 × d0.067∗
7.0 < d ≤ 15.0 131.6 < d∗ ≤ 282.1 θc = 0.029 × d0.086∗

15.0 < d ≤ 20.0 282.1 < d∗ ≤ 376.1 θc = 0.007 × d0.345∗
20.0 < d 376.1 < d∗ θc = 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 (x1) This Study (x2)

0.5 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
7.0 131.6 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 km2) 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 × 106 m3 of water with a specific degradation of 860 t·km−2·year−1. 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−1·year−1.

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 m3 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 Mm3 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 Mm3 [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−1 [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 m3 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 km2 of irrigated land to be developed [31–33]. However, the sediments deposits in the dam
reservoirs are estimated, on average, at 20 million m3 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 l’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 km2, 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 km2 (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:

• 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.

• In the 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.

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 35.50417 1.288056 588 1969–2007

2 012703 Djdiouia
amont 35.6525 0.8277778 562 1930–2003

3 012901 Bakhadda
Bge 35.35444 1.035 572 1972–2007

4 012909 Sidi Ali
Benamar 35.32444 1.129722 630 1971–1994

5 012917 Tiaret-ANRH 35.38528 1.306944 1106 1990–2007
6 013302 Ain Hamara 35.38028 0.6797222 288 1968–2007

7 013306 Wadi
El-Abtal 35.46056 0.6972222 354 1952–1968

8 013401 Sidi AEK
Djilali 35.48555 0.5877778 236 1968–2007

9 013410 SMBA 35.58528 0.5944445 195 1968–2007

10 013505 Relizane
DEMRH 35.76278 0.5347222 58 1966–2005

11 013506 El Matmar 35.72333 0.4847222 70 1990–2007
12 013507 L’Hillil 35.72556 0.3480555 120 1968–2006

13 013511 Relizane
aval 35.73695 0.5336111 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 0.2 470 1930–2003
17 111407 Tighenif 35.42417 0.3252778 540 1938–1969
18 111418 Nesmoth 35.25945 0.3913889 906 1990–2007
19 111609 Bouguirat 35.76472 0.2291667 65 1930–2003

20 080504 Bled Bel
Hammar 34.73583 0.22 1170 1970–2006

21 080606 Maamora 34.68389 0.5269445 1148 1974–2007
22 080701 Medrissa 34.89611 1.233333 1110 1930–2006

23 111216 Med El
Habib 34.8 0.2541667 1106 1930–2007

24 013201 Ain Kermès 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 = aCb, 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.

Basin S/Basin Stations
Surface
(km2)

Latitude Longitude Altitude Period

Number of
Instantaneous

Solid Flow
Measurements

Wadi
Haddad 2B Sidi Aek Djilali: I 499 35.48555 0.5877778 236 1969/2010 6262

Wadi Mina 1B Wadi El Abtal: II 5365 35.58528 0.5944445 195 1969/2010 17,692

Wadi Abd
Aval

3B Ain Hamara: III 2474 35.38028 0.6797222 288 1969/2010 10,222
4B Takhmert: IV 1488 35.115 0.6913889 663 1969/2007 737

Upstream
Wadi Mina 5B Sidi Ali Ben Amar: V 1163 35.32444 1.129722 630 1969/2007 848

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 X1, . . . , XN 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 QT with a return period T is
the solution of the equation: Pr[Q > QT ] =

1
T . 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].

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]:

• 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);

• 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).

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 Y1, . . . , YN, be a sequence of N random variables, and X their maximum:

X = max{Y1, . . . , YN} taken in successive periods. If the variables Y1, . . . , YN are independent
and identically distributed and F0 is their distribution function (referred here as parent distribution),
the distribution of the maximum X is given by:

HN(x) = P(X = max(Y1, . . . , YN) < x)
= P(Y1 < x, . . . , YN < x

=
N
∏
i=1

P(Y1 < x)

= [F0(x)]N

(1)

Let X1, . . . , XN constitute the extreme events, also called block of maxima, taken in n successive
periods, for example n 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 Y1, . . . , YN are Independent and
Identically Distributed (IID) and if there exist constants CN > 0, dN ∈ R and some non-degenerate
function H such that HN converges, when N tends to infinity, towards H in distribution (HN → H),
then H corresponds to one of the three standard extreme value distributions:

Gumbel (EV1) : A(x) = exp
(−e−x), x ∈ R (2)

Fréchet (EV2) : Φk(x) =

{
0x ≤ 0

exp
(
−xk

)
x > 0

k < 0 (3)

Reverse Weibull (EV3) : Ψk(x) =

{
exp

(
−
(
−xk

))
x ≤ 0

0x > 0
k > 0 (4)

Depending on each case, the distribution of the original observation F0 belongs to the Max-Domain
of Attraction (MDA) of A, Φk or Ψk:

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

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

• 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:

FGEV(x) =

⎧⎪⎨
⎪⎩

exp
[
−
(

1 − k
α (x − μ)

) 1
k
]

k 	= 0 (EV2 and EV3)

exp
[
− exp

(
− (x−μ)

α

)]
k = 0 (EV1)

(5)
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whenever 1 − k (x−μ)
α ≥ 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:

xp =

⎧⎪⎨
⎪⎩

μ + α
k (1 − (− ln p)k) k < 0 (EV2)

μ − α ln(− ln p) k = 0 (EV1)
μ + α

k (1 − (− ln p)k k > 0 (EV3)
(6)

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 Regional GroupsS O N D J F M A M J J A Annual

Oued lili

E

72 75 77 80 75 85 71 82 70 74
Djdiouia amont 75 01 81 72 86 96 76 01 76
Bekhadda bge 75 77 74 76 77 76 76 70 74 69 06
Sidi Ali Ben Amar 74 78 81 78 78 81
Tiaret—ANRH 84 73 74 79 78 76 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

NW

71 83 00 87 72 95 74 75 70 76 03 93 75
El Matmar 02 80 71 03 72 06 05 79 06 76 06 87 05
Hillil 02 70 00 81 72 70 74 75 71 76 03 75 75
Relizane aval 81 82 78 70 81 73 77 80 02 82 65
Mascara 72 74 81 77 82 73 70 75 01 60
Motmor 75 99 74 96 76 01 76
Tighenif 82 80 71 72 79 02 76 80 87 67
Bouguirat 01 74 01 96 76 01 76

Total ruptures by region 05 06 07 07 07 05 06 06 06 07 06 08 08

Ain Hamara

CW

84 80 06 70 06 68 74 81 70 76 75
Oued El Abtal 02 74 71 80 74 92 75 78 64
Sid Aek Djilali 02 06 02 03 72 68 74 02 71 03 05 87 75
Sidi M’Hamed Ben Aouda 02 80 71 03 72 06 05 79 06 76 06 87 69
Aouf 81 71 77 91 94 79 82 81 71
Nesmoth 80 74 83 72 79 76 80 04

Total ruptures by region 05 04 05 05 06 04 04 06 05 05 04 04 06

Bled Bel Hammar

SW

78 74 73 75 76 76 76 80 75 76 81 77
Maamora 92 74 82 71 72 74 80 79 70 89
Med El Habib 75 99 81 72 96 98 96 96 76
Sidi Youcef 06 74 96 96 96 76
Takhmert 75 74 96 98 76 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

Number of ruptures
in the decades

1960 02 01 05
1970 03 09 08 12 18 05 07 15 09 17 07 03 13
1980 05 07 01 05 02 02 04 01 02 02 03 09 02
1990 03 02 02 07 03 01 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 (Qmaxd)
and minimum (Qmind) 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

Discharge
Qmaxd

Annual Daily
Qmind

Annual Daily

Ain Hamara 72 99 71 74 06 81 84 80 70 00 79 72 92 72
Takhmert 93 75 96 89 95 02 97 94 85 94

Sidi Ali Ben Amar 74 82 82 83 88 87 87 87 89 90 90 81 70 81
Wadi El Abtal 73 73 70 95 72 81 80 76 79 75 74 84 72

Sidi Aek Djilali 70 75 90 70 90 87 91 75 76 76 75 74 75 95 74

% annual discharge Total

Number of ruptures
in the decades

1960 0
1970 3 4 3 1 1 1 1 3 2 3 3 22
1980 1 2 1 2 2 3 3 1 1 2 1 15
1990 1 3 1 2 1 2 1 1 11
2000 1 1 1 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.

Basin Stations
Independence

(Wald–Wolfowitz)
Stationary (Kendall)

Class
Distributions

Wadi El Abd Aval
Ain Hamara Accepted to the 5%

threshold
Accepted to the 1%

threshold
C (GEV

distribution)

Takhmert Accepted to the 5%
threshold

Accepted to the 5%
threshold

C (GEV
distribution)

Wadi Haddad
Sidi Abdel Kader

Djilali
Accepted to the1%

threshold
Accepted to the 1%

threshold
C (GEV

distribution)

Upstream Wadi
Mina

Wadi El Abtal Accepted to the 5%
threshold

Accepted to the 5%
threshold

C (GEV
distribution)

Sidi Ali Ben Amar Rejected to the 1%
threshold

Accepted to the 5%
threshold

C (GEV
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 m3·s−1 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−1 became centenary.

 

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−1 in the late 1980s to less than 3
m3·s−1 in 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−1 in 1974 to 0.48 m3·s−1 in
1997, whereas the concentrations evolved by 12 g·L−1, 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
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 = aCb, where a and b are
regression coefficients, is the most used for the estimation of the sediment concentration (Figure 8) [77–
79].

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−1 to the liquid discharge in m3·s−1 (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−1 and concentrations that become significantly higher, above
10 g·L−1 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 = 0.506C1.092 Q = 1.940C0.719 Q = 0.889C0.969 Q = 0.483 C0.891

Coefficient R2 0.60 0.20 0.59 0.37

S.A.E.K. Djilali
Model Q = 0.031C1.137 Q = 0.125C0.561 Q = 0.024C1.12 Q= 0.161C0.584

Coefficient R2 0.60 0.20 0.63 0.30

A. Hamara
Model Q = 1.038C0.854 Q = 1.715

8C0.458 Q = 0.893C0.867 Q = 1.292C0.655

Coefficient R2 0.51 0.34 0.55 0.38

Takhmert
Model Q =0.8C1.022 Q = 1.78 8C0.621 Q = 1.13C0.934 Q = 0.842C0.845

Coefficient R2 0.63 0.43 0.66 0.44

S.A.B. Amar
Model Q = 0.799C0.733 Q = 2.437C0.167 Q = 0.67C0.712 Q = 0.277C0.896

Coefficient R2 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.

 

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−1 in winter and 38 m3·s−1 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 (m3·s−1), C (g·L−1) and T (duration in seconds). Table 7 resumes the average specific
exportations in tons per km2 and per year for each sub-basin.

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

Basins
W. Mina (I +

II)
W. Haddad W. Mina W. Abd W. Mina Amont

Station name (W. Abtal +
S.A. Djilali) S. Aek Djilali W. El Abtal A. Hamara Takhmert S. A. B. Amar

Average specific load
(t·km−2·year−1) 860 965 762 502 220 239

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−1 (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 t·km−2·year−1 [134,135] and 5000 t·km−2·year−1 [136]. Meddi [68] already reported that
Wadi Haddad à Sidi Abdelkader El Djilali has a high average specific load in relation to other catchment
areas (Ds = 965 t·km−2·year−1), 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−1). 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 × 106 m3

(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 × 106 m3, namely an annual
average loss of about 3.5 × 106 m3·year−1, equivalent to a sediment load equal to 5.6 × 106 t·year−1

that deposits in the impoundment of the dam (considering an average density of the sediment of
1.6 t·m−3).

 
Initial water volume = 235 × 106 m3 Water volume = 153 × 106 m3 

(1978–1985) (1985–2004) 
Loss = 9.42 × 106 m3 Loss = 71.87 × 106 m3 

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 m3,
from 1985 to 2000, an annual loss of about 4.41 million m3 and from 2000 to 2004 an annual loss was
estimated to 1.42 × 106 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].

 

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 km2, generated a load equal to 5.2 × 106 t·year−1 (Table 8). The difference
of 400,000 t·year−1 corresponds to the sedimentary inputs of the micro-basin surrounding the
impoundment (192 km2) 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−1 corresponds to a specific
degradation of 21 t·ha−1·year−1, namely 2.4 times more than the specific degradation for the entire
basin of 5856 km2 (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−1·year−1 is even higher than the “potential”
erosion value of about 12 t·year−1, calculated by Toumi et al. [66] for the entire basin, based on the
USLE equation.

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 × 106 t·year−1

Sedimentary load by concentration measure on Wadi Haddad and Wadi Mina upstream. 5.2 × 106 t·year−1

Sedimentary load coming from the dam slopes. 4 × 105 t·year−1

Specific degradation (dam slopes). 21 t·ha−1·year−1

Specific degradation (Stations: W.El Abtal + Sidi Abdelkader Djilali). 8.6 t·ha−1·year−1
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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−1·year−1 (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−1·year−1 and 19.64
t·ha−1·year−1, 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−1·year−1 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
2.39 to 9.64 t·ha−1·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−1·year−1 at the level of the Takhmert station and 8.82 t·ha−1·year−1

at the Ain Hamara station [66], in accordance with the calculations generated using the USLE equation,
and varying from 2.20 t·ha−1·year−1 at the level of the Takhmert station and 5.02 t·ha−1·year−1 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−1

and by bed load equal to 78,431 t·ha−1, 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−1·year−1, value found after the elimination of release of water from the Bekhadda
Dam, estimated at 1.32 t·ha−1·year−1 on average, considering that this dam registers an average
loss amounting to 0.27 × 106 m3 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.

Sub-Basin Wadi Name

Specific Degradation (t·ha−1·year−1)

USLE Equation Concentrations Measure
Difference (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 to 9.64 t·ha−1·year−1,
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).

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 km2 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 rhythm 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−1) 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−1) and the Wadi Mina upstream in
Sidi Ali Ben Amar (239 t·km−2·year−1). Wadi Mina basin annually provides 38 million m3 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−1, 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−1, 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−1·year−1, 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 × 106 m3 since its launching in 1936. In addition, the other sub-basins
record specific values varying from 2.2 to 9.64 t·ha−1·year−1, 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 m3, 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 × 106 m3 or an annual average loss of about 3.5 × 106 m3·year−1.

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−1 to the liquid discharge in m3·s−1. 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 in winter and 38 m3·s−1 in summer.

The average specific sediment discharge of Wadi Mina at the Sidi M’hamed Ben Aouda Dam is
860 t·km−2·year−1. 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’ × 5’ grid point resolution (~10 km × 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−1), followed
by Algeria (328 t km−2 year−1) and by Tunisia (250 t km−2 year−1). 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−1 year−1, 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
a much 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 studies.

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−1 [15], corresponding to a specific
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sediment flux (sediment yield) of about 400 t km−2 year−1. These are probably among the highest
values in Africa.

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−1 have been
reported for the Mouilah basin [17] in Algeria; intermediate values of about 600 t km−2 year−1 for
the Medjerda basin [15] in Tunisia and 884 t km−2 year−1 for the Upper Kebir basin in Algeria [18];
high values of 1500 and 2000 t km−2 year−1 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−1 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 km3 [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 km3 [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−1. 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’ × 5’ grid point
resolution (~10 km × 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
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(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

Construction
CAP (Mm3) S (km2) H (m) Source

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 1.2 53 GRanD
10 Beni Boussaid Algeria 2007 1 0.2 7 ANBT
11 Beni Haroune Algeria 2003 998 44.4 22 ANBT
12 Beni metir Tunisia 1954 73 1.8 41 GRanD
13 Beni zid Algeria 2000 40 3.5 12 ANBT
14 Bezrik Tunisia 1959 7 0.7 9 GRanD
15 Bir M'Cherga Tunisia 1971 160 4.3 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 1.7 111 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 10.3 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 7.2 18 ANBT
26 Cheufra Algeria 1935 14 1.3 11 GRanD
27 Chiba Tunisia 1963 8 1.1 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 4.8 24 ANBT
31 Djoumine Tunisia 1983 130 5.4 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 1.4 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 1.3 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 II Morocco 2000 400 11.0 36 ABHL
51 Hassan II Midelt Morocco 2006 400 11.8 34 ABHL
52 Ighil Emda Algeria 1953 156 2.9 53 ANBT
53 kasseb Tunisia 1969 81 4.0 20 GRanD
54 Kebir Tunisia 1925 26 1.6 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 3.7 20 ANBT
61 Kramis Algeria 2005 45 2.1 21 ANBT
62 Ladrat Algeria 1988 10 0.5 20 GRanD
63 Lakhmess Tunisia 1966 8 0.7 11 GRanD

77



Water 2018, 10, 927

Table 1. Cont.

NB Dams Country
Year of

Construction
CAP (Mm3) S (km2) H (m) Source

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 2.1 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 1.2 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 5.4 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 2.0 3 DGBGTH
81 Oueder mel tunis Tunisia 1999 22 7.8 3 DGBGTH
82 Oued Fouda Algeria 1932 228 2.9 79 GRanD
83 Oued Rmel Morocco 2008 25 1.1 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 2.0 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 2.9 25 ANBT
96 Souani Algeria 1988 14 2.0 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 1.3 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 = 34.79 S (1)

n = 323, r2 = 0.82, p < 0.001

And one for the hillside reservoirs (Figure 2B)

CAP = 9.29 S (2)

n = 25, r2 = 0.89, p < 0.001

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 Hillside

Reservoir
S (103 m2) H (m) CAP (10−3 Mm3)

Year of
Construction

1 Bouzeguene N◦ 2 4.0 13 52 1999
2 Bouzeguene N◦ 3 7.5 10 75 1999
3 Iloula oumalou N◦ 1 3.6 11 40 2000
4 Iloula 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 Hillside

Reservoir
S (103 m2) H (m) CAP (10−3 Mm3)

Year of
Construction

11 Freha N◦ 395 5.8 9.5 55 1985
12 Freha N◦ 396 12.5 8 100 1987
13 Freha N◦ 397 4.7 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 8.5 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 Souomaâ N◦ 1 5.5 11 60 1999
21 Azzefoun N◦ 10 4.2 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 2.9 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: C1 (CAP > 200 Mm3), C2 (100 < CAP < 200 Mm3),
C3 (50 < CAP < 100 Mm3), C4 (20 < CAP < 50 Mm3), C5 (5 < CAP < 20 Mm3), C6 (1 < CAP <5 Mm3),
and C7 (CAP < 1 Mm3). It should be noted that hillside reservoirs never exceeded a storage capacity
of 1 Mm3, and almost 90% of them had a storage capacity lower than 0.8 Mm3. For small dams,
we considered that the maximum capacity limit was 20 Mm3 (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−1 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−1, 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−1 and 290 mm year−1, 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 × 103 Mm3 year−1 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 Mm3 for the Tunisian
Saharan rivers to 1720 Mm3 for the Moulouya in Morocco, the largest river in the MMB (55,713 km2).
Only about 7% of all rivers have an average water discharge greater than 1000 Mm3 year−1, 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 Mm3 year−1 and represent only 7% of the total water flux.

Table 3. Summary of average water and sediment fluxes in the Mediterranean Maghreb Basin (MMB)
before and after dam construction, and total number of reservoirs considered in this study.

Parameters Morocco Algeria Tunisia Maghreb

A (103 km2) 69 126 78 274
A-drained by dams (103 km2) 59 110 40 209

Q (mm year−1) 52 62 62 59
FSPMs pre-damming (t km−2 year−1) 506 328 250 351
FSPMs post-damming (t km−2 year−1) 229 120 69 133

NB LD tot 12 62 25 99
NB SD tot 18 126 80 224
NB Hil tot 26 190 131 347

NB Dams tot 56 378 236 670
NB LD mod 12 62 25 99
NB SD mod 18 126 80 224
NB Hil mod 8 87 32 127

NB Dams mod 38 275 137 450

Note: A: Basin area; Q: Drainage intensity; FSPMs pre-damming: specific natural suspended particulate matter
flux; FSPMs post-damming: specific anthropogenic suspended particulate matter flux; NB LD tot: Total number of
large dams; NB SD tot: Total number of small dams; NB Hil tot: Total number of hillside dams; NB Dams tot: Total
number of dams; NB LD mod: number of large dams used for modeling; NB SD mod: number of small dams used
for modeling; NB Hil mod: number of hillside dams used for modeling; NB Dams mod : number of dams used
for modeling.

Mountainous regions have also a dominant role for the average sediment fluxes (Figure 3B).
High sediment yields (specific suspended particulate matter fluxes, FSPMs) are associated with high
Q values, although peak values can also stretch further to the South to lower discharge regions in
combination with higher elevations (e.g., in the larger basins such as the Moulouya and Medjerda
basins). On average, sediment yields (Table 3) are greatest in Morocco (506 t km−2 year−1), followed
by Algeria (328 t km−2 year−1) and by Tunisia (250 t km−2 year−1). Peak values are obtained for the
Agrioum River in Algeria (4001 t km−2 year−1) and the Nekor River in Morocco (2956 t km−2 year−1),
whereas the lowest values are found for the Bou-Namoussa River in Algeria (15 t km−2 year−1),
which is located east of the Seybouse River, and for the Ighzar n-Thyaouth River in Morocco
(21 t km−2 year−1), which lies between the Moulouya and Kert rivers. Notice that for the former
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two rivers, which are probably the most erosive rivers in Africa, our empirical modeling resulted in
somewhat lower values than those found in the literature (see Section 2.1). This is due to the fact
that we excluded from our regressions a few rivers (notably the Agrioum and Nekor rivers) that had
average SPM concentrations greater than 15 g L−1. We considered that such extreme values might
indicate possible errors in the literature citations or refer to highly peculiar erosion processes that
cannot be reproduced by general regression models (for a more detailed discussion, see [7]).

Figure 3. Spatial distribution of (A) specific riverine water discharge (Q-mod) and (B) specific
suspended particulate matter fluxes (FSPMs pre-damming) in the Mediterranean Maghreb Basin
according to the study of [7].

We estimate that the specific natural suspended particulate matter flux (FSPMs pre-damming)
for the entire MMB is 351 t km−2 year−1 and corresponds to an overall sediment delivery to the
Mediterranean Sea of 96 Mt year−1. This value is very close to the estimate of 100 Mt year−1 presented
by [15] for the same study area. About 60% of this value is exported by only seven rivers (Moulouya,
Medjerda, Agrioun, Kert, Nekor, Chelif and Seybousse), and Algerian rivers alone account for about
43% of it. Compared to the world average FSPMs of 150 t km−2 year−1 [40], it becomes evident that the
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Mediterranean Maghreb basin average erosion rates are higher than those in other regions of the world.
This is also apparent when compared to other key environments in the Mediterranean Sea. Taking
the Gulf of Lions (GoL) drainage basin as an example (which includes the Rhone River, nowadays
the largest Mediterranean river in terms of its average water discharge and also characterized by
remarkable sediment yields—[34]), we calculate that, despite the fact that the GoL rivers discharge
into the Mediterranean a water flux that is four times greater than the water flux of the MMB rivers,
their SPM flux represents only 40% of the SPM flux from the MMB rivers.

3.2. Sediment Retention by Dams

The values cited above represent average long-term means that do not take into account sediment
retention by recent damming of the MMB rivers. In order to quantify the latter at the scale of our
study region, we combined our inventory of dams (Figure 4A and Table 3) with our modeling of
water and SPM fluxes according to the method described by [7]. Dams of various sizes stretch over
the entire study region (Figure 4A), except in the Saharan part of Tunisia, where conditions are too
dry for the sustainable exploitation of surface water resources. Consequently, about 76% of the MMB
area is drained into dams (87% for Algeria, 86% for Morocco and 51% for Tunisia). The average
density of all types of dams is about 2.5 dams per 103 km2, with increasing densities as the size of the
dams decreases (0.4, 0.8 and 1.3 dams per 103 km2 for large dams, small dams and hillside reservoirs,
respectively). When relating the densities to the areas which are drained into the dams (hence omitting
to some extent the Saharan part of Tunisia), it is clear that the average dam densities increase from
Morocco to Tunisia (1.0 dams per 103 km2 for Morocco, 3.4 for Algeria and 5.9 for Tunisia), which is
opposite to the average sediment yields in these countries (see Section 3.1). Construction of dams is
obviously constrained by the availability of existing water resources and the natural erodibilities of
the corresponding land surfaces. Notice also from Table 3 that while all large and small dams in our
inventory could be included in the modeling approach, we could only include 37% of the hillside
reservoirs (46%, 31% and 24% for Algeria, Morocco and Tunisia, respectively) due to the model limited
resolution (see Section 2.3). Sediment retention by hillside reservoirs may therefore be somewhat
underestimated in our study.

Including dams in the routing of suspended sediments to the sea reduces the average SPM flux
from the MMB to the sea to 36 Mt year−1, which corresponds to a post-damming FSPMs value of
133 t km−2 year−1. In other words, 62% of the natural SPM flux (Section 3.1) is retained behind dams.
Retention rates are highest in the Tunisian basin part (72%), followed by the Algerian (63%) and the
Moroccan basin parts (55%). This is in agreement with the density of dams, which is highest in Tunisia
and decreases westward toward Morocco. In terms of the absolute SPM fluxes, the greatest retention is
observed for Algeria (26 Mt year−1), followed by Morocco (19 Mt year−1) and Tunisia (14 Mt year−1).
Interestingly, when only considering the dams included in the GRanD database (as was the case in the
study by [7]), sediment retention behind the dams accounts for only 36% of the natural SPM flux to the
Mediterranean Sea. The present results therefore demonstrate that small reservoirs are quantitatively
crucial for the interception of sediments in river basins compared to large reservoirs. The majority of
the MMB reservoirs (~85%) in the GRanD database have a storage capacity greater than or equal to
20 Mm3. If we consider this value as an appropriate threshold between small and large reservoirs,
we can make the following observations: small reservoirs have very limited capacities (cumulative
capacity of 1.1 versus 12.8 km3 for large dams), intercept annually less water discharge (cumulative
interception of 8.4 versus 20.1 km3 year−1 for large dams), drain smaller areas (mean area of 151 versus
1525 km2 for large dams), and have shorter water residence time in the reservoir (mean of 0.13 versus
0.63 years for large dams). They nevertheless assign a significant anthropogenic signature to the global
sediment flux in the MMB (Figure 5) and enhance mean retention by 13% (from 49 to 62%) as compared
to large reservoirs. It can also be seen from Figure 5 that the different size classes we created increase
about linearly the average sediment retention in the MMB from large to small basins (except for very
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large reservoirs which are underrepresented in the MMB), whereas the total number of these reservoirs
increase more or less exponentially.

Figure 4. Geographical distribution of the 450 dams and hillsides implemented in the modeling part of
this study.
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Figure 5. Cumulative reservoir storage capacity (blue line) and sediment retention (orange line)
according to various classes of reservoir storage capacities. The cumulative number of dams in each
class is shown as well (purple bars). For further explanations, see text.

3.3. Economic and Environmental Implications

Our combination of a spatially explicit mapping of natural sediment yields with an inventory
of reservoirs in the MMB also allows evaluating the loss of storage capacity and the life spans of the
reservoirs. On the one hand, this can be compared with observed accumulation rates behind dams
for validation purposes. On the other hand, it may also help to assess the loss of performance and
economic value of existing dams and to evaluate the feasibility of future damming projects.

For this purpose, we followed the approach of [7] and converted the calculated mass accumulation
of sediments into volumetric values by assuming an average density of 0.96 t m−3, as proposed by [41].
The reservoirs of the MMB consequently retain a volume of 54 Mm3 of sediment each year, which
corresponds to an annual loss of storage capacity of about 0.39%. This volume can be further split
into 22 Mm3 for the Algerian part (annual loss of 0.27%), 14 Mm3 for the Tunisian part (annual loss of
0.39%) and 18 Mm3 for the Moroccan part (annual loss of 0.89%). These values match well with other
estimates from the literature. Remini estimated the sediment retention in reservoirs behind Algerian
dams to be 20 Mm3 [42], which accounts for a reduction of their capacity (6.2 Mm3 according to [43])
of 0.3% each year. This value is identical to our estimate. Mammou and Louati proposed a capacity
loss for Tunisian dams between 0.5 and 1% each year [28], compared to the 0.4% we found. Due to
its greater relief and higher natural sediment yields, the values proposed for the Moroccan part of
the MMB generally exceed 0.7% [20,22]. We estimate an annual capacity loss of about 0.9%. At larger
scales, Remini, W. and Remini, B. evaluated the annual capacity loss of the 230 dams in North Africa
to be 0.54% per year [25], which is only slightly higher than our results for the MMB. But many of the
reservoirs in their study are located outside our study region, especially for Morocco. Notice that only
the three Moroccan dams Eddahabi, El Massira and Ben El Ouidane in the Atlantic drainage basin
of the Maghreb retain annually 18.3 Mm3 of sediment, which is equivalent to one third of the overall
sediment retention in the entire MMB.

The life span of reservoirs (LS, year) can consequently be estimated via the ratio between the
reservoir capacity and the annual volume of sediments that is retained behind the reservoir dams.
Figure 4B shows the average LS for the 450 reservoirs considered in our modeling approach. It varies
from less than 10 years to 143 × 103 years, with a median of 150 years and lower and upper quartiles
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of 50 and 550 years. About 35% of these reservoirs have a LS of less than 50 years in relation to reduced
storage capacities (90% have a storage capacity of less than 2.5 Mm3). The majority is in the Algerian
basin part (62%), followed by the Tunisian (28%) and the Moroccan basin parts (10%). On the other
side, 25% of all reservoirs have LS between 50 and 200 years, and 23% between 200 and 1000 years.
Only for 17% of the reservoirs LS exceeds 1000 years.

For the 101 dams in our database which were collected from the GRanD database and the national
agencies of the Maghreb countries (see Section 2.3), the precise construction dates were known (Table 1)
and therefore we could predict their filling. In 2016, the total sediment volume accumulated in these
dams was 1.5 km3, equivalent to a fill of 12% of the total storage capacity (11.7 km3). The average
silting is thus 37 Mm3 year−1, and if nothing changes, about 30% of their initial capacity would be
lost by 2060. Interestingly, with our modeling tools we can also calculate that, if these were the only
dams in the MMB and no smaller and hillside dams existed to catch part of the sediment fluxes further
upstream, the average silting would increase to 42 Mm3 year−1 and the 30% capacity loss would arrive
by the year 2050. These results confirm the findings of [24], who suggested that the delay of siltation of
large dams is possible by installing smaller structures further upstream.

Table 4 lists the siltation rates for the 11 dams in the MMB that are the most affected by rapid filling.
Two examples are worth being cited more in detail. One is the Mohamed Ben Abd Lekrim El Khattabi
dam in the Nekor basin of Morocco, with a storage capacity of 43 Mm3. Our study shows that average
annual silting is here 3.1 Mm3, which corresponds to a storage capacity loss of 7.2%. These figures
are well confirmed by the study of [26], who estimated an average silting rate of 2.7 Mm3 year−1 and
an annual storage capacity loss of 6.3%. The accelerated siltation of this dam is closely linked to the
extremely high erosion rates in the Nekor basin, one of the highest in the world (see Section 2.1).
Without measures to prevent siltation, this dam would have been completely filled only 15 years after
its construction in 1981.
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The second example is the Ighil Emda dam in Algeria, located in a drainage basin with the same
name. We calculated here an average sediment filling of 1.1 Mm3 year−1 and an average capacity
loss of 0.67% year−1. Since its commissioning in 1953, the Ighil Emda dam has accumulated nearly
66 Mm3 of sediments and lost 42% of its capacity. These results are very close to those presented in the
study by [44], who estimated the cumulative silting during the period 1953–1993 from bathymetric
surveys to be 52 Mm3. During this 40-year period, the dam has lost nearly 35% of its initial capacity.
This corresponds to an average capacity loss of 0.87% year−1. The main reason for this rapid silting
is the nature of its drainage basin, formed by soft rocks, in combination with a thin plant cover and
a predominance of the agricultural domain [44].

It is finally also interesting to look at the theoretical sediment starvation in the coastal areas,
which can be estimated from the difference between the pre-damming river fluxes of SPM and the
present-day SPM fluxes normalized to the coastline length. The latter is about 422 km, 1210 km,
and 1225 km for Morocco, Algeria and Tunisia, respectively. Although this information does not
take into account the integration of sediment starvation over time (which depends on the precise
construction date of dams), neither the existence of littoral drifts which redistribute the sediments into
the coastal domain, it is nevertheless indicative for the potential risk of coastal erosion in relation to
decreasing river sediment supply. Maximum values of 45 × 103 t km−1 year−1 are obtained for the
coast of Morocco, which should consequently be the most threatened by beach erosion and sea level rise.
Note that this value per kilometer of coastline corresponds to about the average SPM flux produced
annually within the whole basin of a typical coastal river in the Gulf of Lions—like the Tet River,
with a basin area of 1400 km2 [34,45]. In other words, the sediments produced elsewhere in a hinterland
area of 1400 km2 are equivalent to the amount of sediments missing every km along the Moroccan
coast. The corresponding values for Algeria and Tunisia are also rather high: 21 × 103 t km−1 year−1

and 12 × 103 t km−1 year−1, respectively.

4. Conclusions

For the first time a spatially explicit assessment of the impact of river damming on the natural
sediment fluxes to the sea could be produced for the Mediterranean Maghreb basin (MMB), a region
which is characterized by a critical state of the available surface water resources and by strong
mechanical erosion rates. Our data are based on modeling, which often represents simplifications with
respect to reality and which is always constraint by the validity of the basic assumptions leading to the
model formulations. Modeling on a grid point scale is limited by the quality of the input data and
the adequacy of the regression models used to predict the riverine sediment fluxes. It is furthermore
difficult to assess the quality of the literature estimates we used to adjust our regressions and which
define the natural (pre-damming) state of the river systems, because anthropogenic perturbations can
have a long history in the Mediterranean area. Nevertheless, the values we produced fit very well
with other literature estimates, both in terms of the general sediment budgets and with regard to the
measured reservoir silting rates, which makes us confident on their reliability.

Our results clearly demonstrate that, because of damming, nowadays only slightly more than
one third of the natural river sediment fluxes reach the coastal Mediterranean waters of the Maghreb.
Contrary to other hot spot areas of river damming, such as the East, Southern and Southeast Asian
region where most of the sediment retention is related to the existence of mega dams [46], a considerable
part of the sediment retention is here related to the existence of small dams and hillside reservoirs.
Consequently, when only considering the large dams as those documented in the GRanD database,
sediment retention is strongly underestimated. Using the latter database alone results in an overall
sediment retention of about 36%, while the supplementary dams and hillside reservoirs we collected
increase this value to 62%.

Large and small reservoirs in regulated basins trap 30% and 23% of the global riverine sediment
fluxes according to [9]. Our retention estimates are therefore substantially higher than those given at
the global scale, but the differences are not as striking as one may expect. In the [9] estimate, large

88



Water 2018, 10, 927

reservoirs correspond to CAP > 500 Mm3, which are rare in the MMB, and the 62% retention we
calculated should rather be compared to the 23% retention that [9] found for small dams. The major
difference is that small dams have shorter life spans than large dams, and the economic exploitation of
these structures is limited in time. Notice that according to our assessment, 35% of the MMB reservoirs
have life spans of less than 50 years in relation to reduced storage capacities, which requires frequent
renewal and replacement of these structures for further development. It should be also mentioned that
sediment retention rates alone are not necessarily an appropriate measure of the potential impact of
damming on natural systems. Our data reveal some negative correlation between sediment retention
and natural erosion rates in the three Maghreb countries (see Section 3.2), which could be explained by
the greater difficulties to build dams in terrains with steep slopes and high natural sediment yields.
Although sediment retention rates are “only” 55% in the Moroccan part of MMB, it is probably here
where riverine sediment starvation may have the greatest impacts on the coastline dynamics.
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Abstract: Topographies during the erosion process obtained from the single-stripe laser-scanning
method may provide an accurate, but affordable, soil loss estimation based on high-precision digital
elevation model (DEM) data. In this study, we used laboratory erosion experiments with a sloping
flume, a rainfall simulator, and a stripe laser apparatus to evaluate topographic changes of soil
surface and the erosion process. In the experiments, six slope gradients of the flume (5◦ to 30◦ with
an increment of 5◦) were used and the rainfall simulator generated a 30-min rainfall with the kinetic
energy equivalent to 80 mm/h on average. The laser-scanned topography and sediment yield were
collected every 5 min in each test. The difference between the DEMs from laser scans of different
time steps was used to obtain the eroded soil volumes and the corresponding estimates of soil loss
in mass. The results suggest that the collected sediment yield and eroded soil volume increased
with rainfall duration and slope, and quantified equations are proposed for soil loss prediction using
rainfall duration and slope. This study shows the applicability of the stripe laser-scanning method in
soil loss prediction and erosion evaluation in a laboratory case study.

Keywords: soil erosion; rill development; erosion topography; sloping flume experiments

1. Introduction

Rill and interrill erosion are the major intermediate processes between sheet and gully erosion on
hillslopes. As the main source that causes soil loss on sloping croplands and rangelands, rill erosion
provides 76% of the total sediment load eroded from hillslopes [1]. In an eroding rill, the flow
concentrates and results in hydrodynamic characteristics with an increasing scouring power, and thus
leads to a significant increase in soil erosion [2]. Meanwhile, the development of a rill network results
in a threefold soil loss increment [3], and the eroding rills become the primary channels for sediment
transport. It is reported that more than 80% of the eroded soil is transported through rills [4,5].
Therefore, rill development not only has its significance in erosion process evaluation, but also shows
an implication for drainage network evolution on hillslopes.

The evolution of rill networks and rill morphology progresses in time and space [6]. Rill networks
develop with varying complexity, leading to flow concentration and increasing runoff connectivity
along the networks [7]. Variations in rill morphology interact with soil erosion processes, including
detachment, transport, and deposition, which are dependent on the hydrodynamic features and
transport capacity of the flow in rills [8]. Complex feedback exists in rill erosion mechanics, since the
flow erodes soil and changes the rill bed surface, which in turn alters the hydrodynamic features
and transport capacity of the flow [9]. In general, a rill flow with a higher velocity and deeper
depth provides a larger transport capacity for carrying sediments, leading to more variations in
rill morphology.
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In erosion process evaluation, the evolution of a rill network and rill morphology has been a focus
to develop and improve process-based erosion models and prediction [5,10]. While the topography
caused by rill erosion is often complicated and irregular, a rill-by-rill survey is difficult and even
impractical in the field [1], and field-scale experiments are limited to qualitative or semi-quantitative
descriptions [11]. Therefore, quantification of the rill erosion process has become an essential
but challenging issue. At the laboratory scale, rainfall simulators are widely applied in research
on infiltration and soil erosion processes for mimicking the process and characteristics of natural
rainfall [12]. In order to replicate rill erosion processes, rainfall simulation has its advantages in
producing rainfall events at an arbitrary intensity and duration on demand; thereby, the erratic and
unpredictable variability of natural rains can be eliminated [12]. Most of the previous studies on
erosion process evaluation have developed quantification methods for rill erosion and rill network
development using rainfall simulators to produce rainfall events on laboratory flumes or field plots.

Among the rill erosion research, many types of rill erosion quantification methods have been
applied, such as collecting sediment outflow at the flume end [12], a volumetric or volume replacement
method [2,13,14], manual measurements of rills using photo images [1,15], photogrammetry
methods [16–19], a terrestrial laser scanner (TLS) [5,20–23], an airborne laser scanner (ALS) [24,25],
and other remote-sensing technologies. In [12], laboratory erosion experiments were carried out in
a two-dimensional tilting flume with a pre-forming rill before the rainfall application on the soil
surface; then, rill and interrill erosion were assessed by flow measurements taken from the two outlets,
corresponding to the rill and interrill area, at the end of the flume.

The volumetric method measures and calculates the cross-sectional areas along the eroded rills
and estimates the eroded soil volume [14]. The volume replacement method uses other materials,
such as soil, tiny foam particles, rice grains, and water, to refill rills and measure the rill volume
by the filling materials to estimate the erosion volume [2,13]. Specifically, water is used to refill the
eroded rills in order to minimize the measurement errors due to the difficulty of rill identification
in the cases of not-well-confined rills and various rill sizes [2]. However, sealing of the soil surface,
which prevents infiltration and further erosion, is the key factor for precise measurements of the
rill volume and may become the major source of error in practice. Manual measurements of rills
using photo images are applied in laboratory studies [1,15] for obtaining each rill’s width, depth,
and location coordinates along with rainfall duration from photographs taken of the soil surface in
1- or 2-min intervals throughout each rainfall event. The manual measurement method is usually time-
and force-consuming and can be dependent on subjective judgement of rill boundaries.

Methods of photogrammetry are applied to assess soil erosion in laboratory-scale experiments [16–19].
Estimation of soil erosion using small-scale laboratory erosion experiments was carried out by the method
of structure-from-motion (SfM) photogrammetry [16]. Digital elevation models (DEMs) of a 0.5 m2 soil
box were built by the photogrammetric SfM technique, and the computed sediment yield was obtained by
the DEM of difference (DoD) technique [16]. They proposed that the choice of DoD threshold was a key
point that affects the computed sediment yield; the results show that the computed sediment yield was
13% greater than the measured sediment yield [16]. Rill development and soil erosion was studied using
a gravity-type rainfall simulator, a tilting box filled with sand and soil material, and photogrammetric
equipment [17]. In this research, stereo imagery was taken from two positions to generate DEMs of
the soil surface, which were used to analyze soil surface and rill network changes between the time
steps of rainfall events. The results suggest that rill density and energy expenditure decreased with
time [17]. The application of a close-range photogrammetry method for soil erosion assessment and a
comparison between photogrammetry and laser-scanner technology in producing DEMs and soil surface
elevation differences are shown in previous studies [18,19]. While both of the studies were carried out
using laboratory flumes, they suggest the potential of the photogrammetry method in field applications
provided the limitations of the technique are considered [18,19].

The application of the TLS technique in soil erosion and rill development evaluation can be found
in laboratory, plot, and field studies [5,20–23]. The study of the morphological characteristics of rill
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evolution was performed using laboratory soil pan rainfall simulations [5] and the TLS technique
following [20]. They proposed quantitative descriptions of a rill network using the fractal dimension,
which was analyzed from the TLS data and the resulting DEMs. To evaluate soil erosion at the
plot scale, uses three types of TLS are used to measure the topography before and after the manual
removal of some soil volume (to imitate soil erosion) of a field plot about 30 m × 30 m in size with
a 20◦ slope [21]. The results show that soil erosion measured with TLS varies considerably when
different data processing software is used, and the laser-scanning technique is applicable in measuring
soil erosion at the plot scale when adequate calibration and spatial resolution are performed [21].
In field investigations of soil erosion using TLS [20,22,23], rill morphology and soil loss evaluation at
the Masse experimental station in Italy were studied [20]. The triangulated irregular network model
was used to quantify the eroded volume and rill morphological characteristics; corresponding manual
measurements were also carried out using a profilometer [20]. A basin-scale assessment of riverbank
erosion in Northern Italy was monitored, and the eroded and deposited volume in the surveyed
area were measured using TLS [22]. The effects of TLS to analyze the intensity of soil erosion in a
mountainous forest area with sufficient measurement stations are shown [23]. As the results indicate,
choices of the coordinate system for the object or the scanner significantly influence the analysis of
erosion phenomena when applying TLS in forested areas [23].

The technique of ALS has also been applied in field studies to assess riverbank erosion [24]
and characterize land degradation processes [25]. ALS was used to obtain detailed topographic data
for characterizing sediment and phosphorous contributions from riverbank erosion of the Blue Earth
River in southern Minnesota, USA [24]. Since the source of error and the uniformity within and
between the scans were difficult to determine, no elevation or planimetric corrections of the laser data
were made in the study. Nevertheless, the soil loss estimates obtained by ALS locate in the range of
the reported literature values for the same study site. The land degradation processes, including soil
erosion, channel incision, and collapse sinkholes development in the Dead Sea region, are quantified
using ALS [25]. The results demonstrate the ability of ALS to detect sub-metric geomorphic features,
such as gullies, headcuts, and embryonic sinkholes, which can occur in land degradation processes [25].
Other remote-sensing technologies, such as an Unmanned Aerial Vehicle (UAV), Time-of-Flight (ToF)
cameras (or range cameras), and airborne and terrestrial Light Detection and Ranging (LiDAR) [20],
have been applied to investigate topographic evolution in the field, and have their potential and
applicability in soil erosion and land degradation process evaluation, but are usually expensive in cost
and/or require delicate operating and data-processing skills.

In this study, we took advantage of the high resolution provided by the laser-scanning technique
but used a more affordable stripe laser apparatus, compared to a three-dimensional (3D) laser
scanner, to construct the erosion topography for erosion process evaluation. At the laboratory scale,
erosion processes on slopes were reproduced in an adjustable slope flume with a rainfall simulator,
and a series of laser-scanned topographies during the erosion process was obtained by the stripe
laser apparatus for evaluating the rill development, erosion progress, and the eroded soil volume.
The effects of rainfall duration and slope on the eroded soil volume and sediment yield were quantified
using a multiple regression analysis. By comparing the eroded volume with the outflow sediments
collected from the flume outlet, a quantified relation was proposed between the eroded soil volume
and the sediment yield at the outlet of the sloping flume. The results of this study present a quantified
evaluation of the influences of rainfall duration and slope on the erosion process and a prediction of
the sediment yield using single-stripe laser-scanned topography in a laboratory flume case study.

2. Materials and Methods

2.1. Soil Specimens and Geotechnical Tests

The soils used for the erosion experiments were collected from the watershed of Agongdian
Reservoir in Kaohsiung city, which is located in southwestern Taiwan (Figure 1). The parent rock in
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the watershed belongs to green-gray mudstone, which melts easily when absorbing water; most of
the top soils are weathered loam or sandy loam based on the USDA (U.S. Department of Agriculture)
soil classification system. Due to the high percentage of fine sediments and the melting characteristic
of mudstone, the soils are hardened when dry but easily eroded when subjected to continuous rainfall
during storm events. In addition, the high content of salts of mudstone soils is not suitable for
vegetation, and thus soil loss from hillslopes has led to environmental issues in the watershed, such as
reservoir siltation.

Figure 1. Map of the Agongdian Reservoir watershed in Kaohsiung city, Taiwan.

After the soils were collected from the field, preliminary treatments, including air drying,
gravels and plants picking, peds crumbling, and sieving through a 2-mm sieve, were carried out
before the conventional geotechnical tests. As background information, the specific gravity and grain
size distribution of the mudstone soils were determined before the erosion experiments by following
procedures outlined in American Society for Testing and Materials (ASTM) standards, including ASTM
D854-14 [26], ASTM C136/C136M-14 [27], ASTM D1140-14 [28], and ASTM D422-63-07 [29], referring
to the pycnometer test, dry sieve analysis, wet sieve analysis, and hydrometer test, respectively. As the
results indicate, the mudstone soils have an average specific gravity of 2.69 g/cm3 and consist of
52.15% of sand, 45.75% of silt, and 5.91% of clay on average, and belong to sandy loam based on the
USDA soil classification system. The moisture content shows the ratio of pore water mass to the mass
of dry solids, and was conducted following the ASTM D2216-10 [30] procedure. Before each trial of
the erosion experiments, 24 soil specimens were sampled to estimate the spatial variation of moisture
contents of the soils filled in the flume to determine the antecedent soil moisture condition. The soil
specimens for soil moisture content measurements were sampled following the method for group B in
the ASTM D4220/D4220M-14 [31] procedure. Based on [1,15], the soils were filled to the flume as three
0.05-m-thick layers, and eight soil specimens were sampled at an equal distance for each soil layer.
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2.2. Sloping Flume Erosion Experiment

The experimental setup of the erosion experiment, including the rainfall simulator, the sloping
flume, and the stripe laser apparatus, is shown in Figure 2. The flume is 0.75 m in length, 0.25 m in
width, and 0.25 m in depth, and with an adjustable slope gradient range from 0◦ to 30◦. Below the
flume bottom, a plastic container was used to collect the infiltrated outflow and sediments during
the erosion process. At the outlet of the flume, a funnel-shape opening was designed for collecting
the outflow water and sediment yields. To minimize experimental uncertainty and obtain good
controls on experimental factors, we carried out the erosion experiments and recorded the erosion
topography using a small-scale rainfall simulator and a flume with adjustable slopes. The rainfall
simulator, stripe laser apparatus, soil specimen preparation, and test procedure and measurements of
the laboratory erosion experiment are described in the following subsections.

Figure 2. Setup of the sloping flume erosion experiment.

2.2.1. Rainfall Simulator

The mini rainfall simulator used for the erosion test is manufactured by Eijkelkamp Soil & Water
(EM Giesbeek, the Netherlands) [32], with a rainfall area of 0.25 m × 0.25 m produced by 49 probes
with a constant water head. Compared to natural precipitation, simulated rainfalls usually have a
shorter falling distance, which results in a lower terminal velocity of rain drops and thus a smaller
kinetic energy. This concept was described in the previous study, in which the same rainfall simulator
of this study was applied [33]. Therefore, to compensate for the short falling distance of the simulated
rainfall (ranging from 0.61 m to 0.69 m with the slope gradient ranging from 5◦ to 30◦, which covered
most of the slopes in the study area), the high intensity of the simulated rainfall was applied. From the
equation of time-specific kinetic energy [34], the time-specific kinetic energy produced by the simulated
rainfalls equals that of natural rainfall events with the intensity ranging from 76 mm/h to 84 mm/h
when the slope varies from 5◦ to 30◦. The rainfall simulator was located at the upstream side of
the flume and generated simulated rainfalls covering the range of 0.25 m × 0.25 m. The remaining
downstream region of the soil surface was used to observe rill development during the erosion process.

2.2.2. Stripe Laser Apparatus

The stripe laser apparatus used for obtaining erosion topographies consists of a 100-mW diode
laser (FLEXPOINT® Machine Vision Lasers Mvnano Series, Olching, Germany), an electric slide rail
(Igus drylin® ZLW, Köln, Germany), and a digital camera (Nikon D7200, Tokyo, Japan). By applying
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pattern projection methods [35], the projected single stripe of light onto the soil surface, which was
produced by the diode laser moving with a constant speed along the flume on the electric slide
rail, was recorded by the digital camera to reconstruct a whole surface from digital camera images.
Detailed discussions of the stripe laser apparatus, the basic principles of the scan processing method,
and scan resolution and error estimation are provided in previous studies [35,36]. The reconstruction
of a scanned surface was achieved using the images of the stripe laser rays captured by the digital
camera for each cross-section of the soil surface apart by 1 mm. The images were processed in the
MATLAB (2017a, MathWorks Inc., Natick, MA, USA) program developed the previous study [36]
and the erosion topographies were obtained.

2.2.3. Soil Specimen Preparation

For the soil specimen preparation of each erosion test, the air-dried and pretreated soils were
mixed with tap water thoroughly by human force; then, the moisturized soil was placed in the storage
container and the soil surface was covered and allowed to stand for at least 16 h as suggested by the
wet preparation method in the ASTM D4318-10 procedure [37]. To target an antecedent soil moisture
content around 20% and a bulk density of 1400 kg/m3, 39.375 kg of dried soil and 1.875 kg of tap water
were used. The moisturized soils were filled by three layers, with each layer 0.05-m thick [1,15], and a
total of 0.15 m in soil depth. After a layer was filled, soils sampled at the eight sites distributed in
equal spaces were used to determine the actual antecedent soil moisture conditions. Therefore, a total
of 24 soil specimens for the 3 filled soil layers were sampled to determine the average antecedent
soil moisture content for each test of the erosion experiments. After the soils were filled in the flume,
an initial laser scan was carried out through the soil surface to obtain the topography before the
simulated rainfall [36]. Then, the flume was tilted by a screwing jack to a designed slope and the
simulated rainfall began.

2.2.4. Test Procedure and Measurements

After a rainfall simulation began, the outflows of water and sediments were collected by the
bottom container and the outlet bucket every 5 min until the end of the test. To collect infiltrations
during experiments [38,39], the bottom container collected the infiltrated outflow in this study, while
the outlet bucket collected the surface outflow. Then, the total sediment yield can be obtained as
the summation of the sediments transported by the infiltrated and surface outflows. The collected
outflows were dried in an oven at 105 ◦C for 24 h [1,15,40], and the remnant soils were weighed as the
measurements of sediment yields. In this study, the collected sediment yields are considered as the
“measured” soil loss. Meanwhile, to record the soil surface topography for each 5-min increment of
the rainfall, the simulated rainfall was temporarily stopped for 20 min [17], the flume was lowered to
the horizontal position, and the laser scan was carried out. The duration of each rainfall event was
30 min [15]. Therefore, seven laser-scanned topographies were obtained for a single rainfall event.
To account for the effect of steepness on hillslope erosion, six slope gradients (5◦, 10◦, 15◦, 20◦, 25◦,
and 30◦) were used in the experiments and two replicates [15] were applied for each gradient.

2.3. Erosion Volume Generation and Data Treatment

By applying the stripe laser-scanning technique, we obtained a DEM of the soil surface through
each test of the scanning procedure at each time step. Then, the DEMs were subtracted on a cell-by-cell
basis to obtain the difference of depths throughout the whole soil surface. The soil volume differences
among the erosion topographies were obtained; then, the mass of soil loss can be estimated by the soil
volume differences, the moisture content, and the bulk density of the soil. The resultant soil loss in
mass is considered to be the “estimated” soil loss. Since the computation of the difference of depths
from two DEMs can propagate the errors of the initial DEMs [16,35,36], we applied an error analysis
by comparing the elevation precision using check points on the soil surface of the laser-scanned DEMs
to determine the minimum level of detection for the depth difference. The error in depth difference of
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two DEMs was estimated as the quadratic composition of errors [35,36] in each of the original DEMs
being compared [16], and it can be calculated as:

Edod_i =
√

EDEM_i
2 + EDEM_i+1

2 (1)

where Edod_i means the error of depth difference between two DEMs of the erosion experiments;
EDEM_i means the error of the DEM at time step i calculated from the check points calibration;
and EDEM_i+1 means the error of the DEM at time step i + 1 calculated from the check points calibration.
For the erosion experiments, the detection threshold for the depth differences between two DEMs was
set as the Edod value. From the calibrations and error analyses of the check points, the minimum value
of Edod [16] was 1.28 mm. Therefore, a difference of depths was accounted for in the calculation of a
soil volume difference between two DEMs when its absolute value is ≥1.28 mm.

3. Results

3.1. Soil Loss Measured by the Sediment Yields

During a test of a 30-min simulated rainfall event, the sediment yield was collected every 5 min
until the end of the test, and the cumulative sediment yields are shown in Table 1. The cumulative
sediment yields increase with the rainfall duration, and the total sediment yields at the end of the test
range from 1.228 kg to 8.300 kg of oven-dried soil mass. Based on the infiltrated outflow collected by
the plastic container below the flume bottom during the erosion experiments, outflows of infiltrated
sediments occurred in the tests with 5◦, 10◦, and 15◦ of slopes but not in the tests with steeper slopes.
On average, the cumulative infiltrated sediment outflows account for 18.4% of the total cumulative
sediment yields after the 30-min rainfall events.

Table 1. Sediment yield measurements collected at the outlet of the flume.

Index Cumulative Sediment Yield b (kg)

Slope
Rainfall Duration (min)

5 10 15 20 25 30

30◦ (1) a 1.802 3.335 4.404 5.546 6.923 8.3
30◦ (2) a 1.471 2.815 4.06 5.149 5.948 6.766
25◦ (1) 1.829 2.98 4.052 4.946 5.714 6.439
25◦ (2) 2.287 3.422 4.687 5.975 7.382 8.919
20◦ (1) 1.018 1.937 2.816 3.799 4.484 5.376
20◦ (2) 0.802 1.604 2.315 3.396 4.289 5.086
15◦ (1) 0.173 0.695 1.195 1.68 2.099 2.46
15◦ (2) 0.285 0.596 0.836 1.062 1.334 1.646
10◦ (1) 0.167 0.675 1.108 1.395 1.75 2.071
10◦ (2) 0.467 1.116 1.678 2.15 2.708 3.1
5◦ (1) 0.088 0.303 0.504 0.903 1.213 1.507
5◦ (2) 0.118 0.374 0.646 0.807 1.065 1.228

Note: a (1) and (2) refers to the first and the second erosion test of each slope gradient, respectively. b Sediment yield
= sediment outflow collected by the outlet bucket + infiltrated sediment outflow collected by the bottom container.

3.2. Soil Loss Estimated by the Laser-Scanned Soil Volume Differences

From the differences of depths generated by the subtraction of any two DEMs (with a spatial
resolution of 1 mm × 1 mm), the soil volume differences were calculated by summing up all the
depth difference values exceeding the detection threshold. Then, the estimated soil loss in mass,
the volume-difference soil loss, was the product of the soil volume difference and the soil bulk density
resulting from the average soil moisture contents. During a test of a 30-min simulated rainfall event,
the volume-difference soil loss was obtained every 5 min until the end of the test, and the cumulative
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volume-difference soil loss is shown in Table 2. The cumulative volume-difference soil loss increases
with the rainfall duration, and the total volume-difference soil loss at the end of the test ranges
from 1.833 kg to 10.775 kg. From observations during the experiments, the depression of the soil
surface under rain drop compaction and collapse along the side-wall of rills were the main factors for
overestimates in the soil loss, especially during the first 5 min of the rainfalls.

Table 2. Estimates of soil loss using laser-scanned topographies.

Index Cumulative Volume-Difference Soil Loss (kg)

Slope
Rainfall Duration (min)

5 10 15 20 25 30

30◦ (1) a 3.100 5.058 6.087 7.367 8.540 9.518
30◦ (2) 1.981 4.706 4.990 5.443 6.880 6.992
25◦ (1) 3.836 5.012 5.820 6.813 7.081 7.725
25◦ (2) 3.982 6.120 7.407 8.123 9.594 10.775
20◦ (1) 3.080 4.414 5.074 5.652 6.822 6.798
20◦ (2) 3.113 3.854 4.397 5.176 6.057 6.593
15◦ (1) 2.630 3.206 3.553 4.025 4.114 4.552
15◦ (2) 1.831 1.947 2.418 2.630 2.661 2.917
10◦ (1) 2.937 3.432 4.097 4.106 4.568 4.740
10◦ (2) 2.327 3.143 3.471 3.877 4.216 4.403
5◦ (1) 0.979 1.394 1.374 1.861 2.030 2.082
5◦ (2) 0.858 1.382 1.520 1.698 1.862 1.833

Note: a (1) and (2) refers to the first and the second erosion test of each slope gradient, respectively.

3.3. Laser-Scanned Topographies during Erosion

For each test of the simulated rainfall erosion experiment, seven laser-scanned topographies,
including the initial soil surface topography, were carried out. As an example, the laser scanner
topographies of the erosion test with a 30◦ slope are shown in Figure 3. From the soil surface
topographies, the propagation of erosion processes can be described qualitatively. In Figure 3,
an increase in the soil surface depression areas suggested soil erosion propagation caused by rain
drop compaction/rain splash erosion, sheet flow erosion, and sediment entrainment of concentrated
flows. Specifically, rain drop compaction occurred in the rainfall region at 45 cm to 70 cm from the
outlet; erosion of the overland sheet flow occurred in the rainfall region and the middle stream area
around x = 30 cm to x = 45 cm during the first 10 min of the rainfall, and then the formation of rills was
observed as the effect of rill erosion. In the area with a distance from the outlet less than 30 cm, the main
erosion process was sediment entrainment of the concentrated flows. The depths of the eroded channel
for the concentrated flow in x = 0 to x = 30 increased with the rainfall duration, which are shown in
Figure 3b–f. However, comparison between Figure 3f,g suggests that deposition occurred in the region
of x = 0 to x = 15 during the last 5 min of the rainfall event, which may be caused by collapse of the rill
sides during sediment entrainments or the outflow being too small and plugged.
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Figure 3. Cont.

100



Water 2019, 10, 956

Figure 3. The laser-scanned topographies during the simulated rainfall erosion test of a 30◦ slope:
(a) the initial topography before the rainfall started; the erosion topographies after (b) 5 min; (c) 10 min;
(d) 15 min; (e) 20 min; (f) 25 min; and (g) 30 min of rainfall.

4. Discussion

4.1. Effects of Rainfall Duration and Slope on Soil Loss

Effects of rainfall duration and slope on the soil loss mass are illustrated in Figure 4. From the
figure, the mass of the soil loss, both measured from the sediment yields and estimated from the soil
volume differences, increased with the rainfall duration and the slope. From previous studies [41,42],
similar results have been proposed regarding the positive correlation between rainfall or constant
flow duration and the eroded soil volume quantified by rill dimensions. Under a constant rainfall
intensity, the increase in rainfall duration suggests the increase of cumulative kinetic energy provided
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by rain drop compaction and the surface flow, which thus results in a larger eroded soil volume
and mass of soil loss [41,42]. The increase of soil loss with slope has also been presented in many
previous studies [2,15,43], which may be attributed to the decrease of soil particle stability as the slope
increases [44].

In Figure 4, the slopes of the trend lines decreased from 0.22 to 0.04 as the slope gradient of the
flume decreased from 30◦ to 5◦, indicating that the effect of the topography on soil loss became less
significant in cases of mild slopes. In other words, the effect of rainfall duration on the soil loss mass
can be influenced by the slope, and thus a collective effect of the rainfall duration and the slope on
the soil loss should be considered. We applied a multiple regression analysis to quantify the effects of
rainfall duration, slope, and their product term (to account for the collective effect of rainfall duration
and slope) on the measured/estimated soil loss in mass, and the equations are as follows:

SLm = −0.023t + 0.018S + 0.009(S × t) R2 = 0.96 (2)

SLe = 0.048t + 0.112S + 0.005(S × t) R2 = 0.96 (3)

where SLm = measured soil loss in mass (kg); SLe = estimated soil loss in mass (kg); S = slope of
the flume (◦); t = rainfall duration (min). In Equations (2) and (3), positive coefficients before the
product terms (S × t) suggest that the positive effects of rainfall duration on soil loss manifested as the
slope increased.

Figure 4. Cumulative mass of soil erosion obtained by: (a) the cumulative sediment yields as the
measured soil loss; (b) the cumulative volume-differences soil loss as the estimated soil loss.
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4.2. Relation between the Estimated and Measured Soil Loss

In Figure 5, data of the estimated soil loss, calculated based on the soil volume difference between
two DEMs, are plotted versus the measured soil loss, which comprised the sediment yields collected
during the experiments. The data points located above the 1:1 line suggest a systematic overestimation,
which might occur within the first 5 min of rainfalls for all of the cases. Soil compaction and surface
depression caused by the impact of rain drops might be the main reason for the overestimated soil loss.
After the compaction of the surface soil stopped when the large soil pores collapsed, the soil volume
difference increased as soil erosion propagated and more soil particles were eroded and transported to
the flume outlet. The linear relation between the estimated soil loss (SLe) and the measured soil loss
(SLm) shown in Equation (4) suggests a similar increasing rate in SLe with SLm by the trend line slope
close to unity. The positive intercept in Equation (4) indicates an overestimation in soil loss resulting
from soil compaction and effects of heterogeneity in soil structure and soil density or moisture content.

SLe = 0.98SLm + 1.73 R2 = 0.91 (4)

Figure 5. Estimated soil loss versus measured soil loss.

For application, the best-fit least square trend line is proposed by plotting the measured
cumulative soil loss versus the soil volume differences subtracted from two DEMs, which were
obtained by the stripe laser-scanned topographies, and the equation is:

SLm = 1281.9V − 1.36 R2 = 0.91 (5)

where V means the eroded soil volume (m3) calculated as the soil volume differences subtracted from
two DEMs. From Equation (5), the overestimation of soil volume differences due to soil compaction
by rain drops was accounted for and offset by the negative intercept. Therefore, once an eroded soil
volume can be obtained, the soil loss in mass may be predicted using Equation (5).

4.3. Erosion Processes and Rill Developlemt

Different types of soil erosion were reviewed, including splash erosion, sheet flow (interrill)
erosion and rill erosion, and sediment transport of flow [45]. Based on the descriptions and
characteristics of the soil erosion types [45], we classified the erosion processes for the case of the
30◦ slope erosion test shown in Figure 3. From the soil surface topographies in Figure 3, we quantified
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the estimated soil loss from soil volume differences for three cross sections in the flume following the
descriptions of the laser-scanned topographies in Section 3.3, which are 45–70 cm (the rainfall region),
30–45 cm, and 0–30 cm from the outlet, to show the percentages of soil loss attributed to different
erosion processes. From Table 3, the rain drop compaction and rain splash erosion that occurred in
the rainfall area (45 cm to 70 cm from the outlet) accounted for 23% to 33% of the estimated total
soil loss as the rainfall duration increased. However, the soil surface depression observed during the
experiments suggested that the larger volumetric soil differences resulted from soil surface depression
and compaction by the rain drops in addition to the actual soil loss by rain splash erosion; this is
considered to be the main source of error for overestimations of the measured soil loss. The region of
30 cm to 45 cm from the outlet provided 28% to 33% of the estimated total soil loss. In this region, sheet
erosion and interill erosion of the overland flow were observed as the dominant erosion processes
during the first 10 min. Afterwards, rill erosion became more significant as rills developed. In the
region close to the outlet (x = 0 cm to x = 30 cm), sediment entrainment by the concentrated flow in
the rills was the dominant erosion process, and it provided 34% to 49% of the estimated total soil
loss. While the transitions among different erosion processes were observed during the experiments
and judged based on the laser-scanned topographies, more experiments designed for observing each
erosion type and relative further studies are desired to validate the quantitative descriptions of the
erosion process propagation.

Table 3. Soil loss percentage of regions with different distances from the outlet: results of the erosion
test with a 30◦ slope.

Index Soil Loss Percentage to the Total Soil Loss

Rainfall Duration (min)
Distance from the Outlet

45–70 cm 30–45 cm 0–30 cm

5 23% 28% 49%
10 25% 32% 43%
15 29% 32% 39%
20 32% 31% 37%
25 33% 31% 36%
30 33% 33% 34%

From Figure 3, the development of a rill can be observed with the propagation of erosion processes
and be described qualitatively. Specifically, the areas with dense contours suggest an incision in the soil
surface and the development of rills. For the case of the 30◦ slope erosion test (Figure 3b), the initiation
of the rill occurred at x = 20 cm to x = 30 cm where the concentrated flow was formed on the soil
surface, which was around 20 cm apart from the lower boundary of the rainfall region (i.e., x = 45 cm),
after 5 min of rainfall. Afterwards, the development of the dendritic structure indicated by the dense
contours in Figure 3c–g suggested that the rill continuously developed upstream by headcutting
towards the rainfall region as the rainfall duration increased. Meanwhile, the concentrated flow eroded
the soil surface continuously towards the outlet and resulted in a deep and wide main stream in the
region of x = 0 cm to x = 30 cm. Critical conditions for rill initiation were studied [46]. They proposed
that headcutting occurred following rill formation and thus the upper ends of the rills were not the
exact positions of rill initiation. While the rill development process observed in this study was similar
to that reported in the literature [46], further research is required to obtain quantified evaluations of
rill network development and the effects of topographic factors, such as slope.

5. Conclusions

In this study, erosion processes on a small-scale soil surface were observed and evaluated by
erosion experiments using an adjustable slope flume, a rainfall simulator, and a stripe laser-scanning
apparatus. From the results, the effects of rainfall duration, slope, and the combined influences of
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the two factors on the measured/estimated soil loss mass were quantified by Equations (2) and (3),
suggesting that the positive effects on soil loss of rainfall duration were manifested as the slope
increased. By comparing the measured and the estimated soil loss, Equation (4), with the slope near to
unity and the R2 value of 0.91, indicates good agreements between the soil loss measurements and
the estimations. The stripe laser-scanning method was applied successfully to evaluate soil loss by
subtracting the DEMs generated from scanned topographies. In practice, Equation (5) suggests that
soil loss can be predicted by the soil volume differences between two DEMs given information of soil
bulk density/moisture content and the soil compaction by rain drops.

From the laser-scanned soil surface topographies, the propagation of erosion processes and
development of rills can be described qualitatively. From the case of the 30◦ slope erosion experiment,
erosion processes, including rain drop compaction and rain splash erosion, sheet erosion, interrill
erosion, and rill erosion, were observed. Based on the observation, the initiation of a rill occurred
around 20 cm apart from the lower boundary of the rainfall region after 5 min of rainfall and progressed
both upstream and downstream as the rainfall continued. This phenomenon coincides with the
headcutting reported in the literature [46]. While more experiments and further studies are desired to
obtain a whole picture of erosion process propagation and rill development during rainfall events,
the results in this study provide: (1) quantified equations to predict soil loss by rainfall duration and
slope and by eroded soil volume from DEM data; and (2) a potential method to quantitatively evaluate
an erosion process in laboratory-scale experiments.
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Abstract: Climate change and human activities are the major factors affecting runoff and sediment
load. We analyzed the inter-annual variation trends of the annual rainfall, air temperature, runoff and
sediment load in the Xihe River Basin from 1969–2015. Pettitt’s test and the Soil and Water Assessment
Tool (SWAT) model were used to detect sudden changes in hydro-meteorological variables and
simulate the basin hydrological cycle, respectively. According to the simulation results, we explored
spatial distribution of soil erosion in the watershed by utilizing ArcGIS10.0, analyzed the average
soil erosion modulus by different types of land use, and quantified the contributions of climate
change and human activities to runoff and sediment load in changes. The results showed that:
(1) From 1969–2015, both rainfall and air temperature increased, and air temperature increased
significantly (p < 0.01) at 0.326 ◦C/10 a (annual). Runoff and sediment load decreased, and sediment
load decreased significantly (p < 0.01) at 1.63 × 105 t/10 a. In 1988, air temperature experienced
a sudden increased and sediment load decreased. (2) For runoff, R2 and Nash and Sutcliffe efficiency
coefficient (Ens) were 0.92 and 0.91 during the calibration period and 0.90 and 0.87 during the
validation period, for sediment load, R2 and Ens were 0.60 and 0.55 during the calibration period
and 0.70 and 0.69 during the validation period, meeting the model’s applicability requirements.
(3) Soil erosion was worse in the upper basin than other regions, and highest in cultivated land.
Climate change exacerbates runoff and sediment load with overall contribution to the total change
of −26.54% and −8.8%, respectively. Human activities decreased runoff and sediment load with
overall contribution to the total change of 126.54% and 108.8% respectively. The variation of runoff
and sediment load in the Xihe River Basin is largely caused by human activities.

Keywords: climate change; human activities; soil erosion; SWAT model; Xihe River Basin

1. Introduction

Soil erosion can be differentiated into natural erosion, which is a geographical phenomenon
affecting the surface of the Earth, and human activities-accelerated erosion. The speed of soil erosion
arising from human activities significantly exceeds the rate of soil formation. Soil erosion leads
to the loss of soil nutrients, decline in soil fertility [1], deterioration of the ecological environment,
and changes to the ecological landscape [2]. Soil erosion can also result in the accumulation of
sediment in river channels, rising of river beds, sediment accumulation in reservoirs, and increased
risk of flooding [3]. The dangers of soil erosion are compelling, and it is among the most significant
global environmental concerns [4,5]. Scholars have conducted extensive research in various regions
around the world with the aim of distinguishing the factors that influence soil erosion and developing
new control methods [6–14]. The Soil and Water Assessment Tool (SWAT) [15,16] is a large-scale
watershed hydrological model developed by the Agricultural Research Center of the US Department
of Agriculture. The model contains three sub-models, namely the hydrological process, soil erosion,
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and pollution load and can simulate runoff and sediment load, nonpoint source pollution, and pesticide
diffusion [17]. The tool is widely applied today in studying the water and sediment simulation and
soil erosion of the basin [18–23]. Using the SWAT model, Wu et al. [24] quantified the impacts of
climate change and human activities on runoff and sediment in the Yanhe River Basin and found that
climate change and human activities are the main factors affecting runoff and sediment, respectively.
Alighalehbabakhani et al. [25] used the SWAT model to evaluate sediment accumulation rates within
the Lake Rockwell and Ballville reservoirs and concluded that sediment accumulation efficiency
is closely related to the characteristics of the inflow, reservoir inflow time, and reservoir size. Yen
et al. [26] built the Arroyo Colorado watershed SWAT model and studied the effects of the four
different sediment transport functions to predict sediment. They demonstrated that without complete
observation data, four sediment transport equations might produce similar sediment yield and the
default model might not necessarily simulate the best results. At present quantitatively distinguish the
effects of climate change and human activities on runoff and soil erosion has attracted much attention
from scholars and identifying the impacts of each factor has important applications value in controlling
soil erosion [27].

China is one of the countries with the most serious soil erosion in the world. The soil erosion
types are various, and the erosion process is complex. It mainly occurs in the Loess Plateau of the
middle and upper reaches of the Yellow River, the hilly areas in the middle and upper reaches of the
Yangtze River, and the Northeast Plain area. According to the second national remote sensing survey
of soil erosion in 2001, the area of water and wind erosion in China is 3.569 million km2, accounting for
37% of the land area. These phenomena seriously affect China’s ecological environment construction,
hindering social and economic development.

The continuously increasing population of the basin and the rapid development of companies
such as Benxi Steel Group and Bei Steel Group along the Xihe River have increased domestic as well
as industrial and agricultural water use, resulting in a reduction of runoff in the basin. In addition,
the accelerated urbanization rate has increased the urban land area, the ground is hardened and the
soil is not easily eroded. From 2006–2008, the Nanfen District of the Xihe River Basin implemented
numerous control measures including automation of dams, flood dikes, and dredging, therefore
sediment discharge from the upper stream into the channel was intercepted and cleared, resulting in
a significant reduction in sediment load [28]. The Nanfen tailings pool has also achieved ecological
benefits. The forest surface has increased, effectively decreased runoff and soil erosion in the tailings
reservoir area. In 2012, to restore the natural environment of the Xihe River Basin, the Nanfen District
implemented the “Blue Water Project” for Xihe River and its tributaries, including river closure
and protection. A land area of 1299 ha of land was preserved, and 264 ha of forest were planted,
which effectively reduced soil erosion and sediment transported downstream.

The overall objective of this study is to investigate changes in runoff and sediment load from
climatic change and human activities in Xihe River Basin of Northeast China. The primary objectives
are: (1) to identify abrupt change points in annual hydro-meteorological series from 1969–2015; (2) to
apply a SWAT model in the Xihe River Basin; (3) to evaluate the impacts of climate change and
human activities on runoff and soil erosion. The results can provide valuable reference information for
controlling soil erosion in this basin.

2. Materials and Methods

2.1. Research Area Overview

The Xihe River Basin is in the eastern region of Liaoning Province (China), centered in Benxi City
and is a tributary of the Taizihe River, which is located between 40◦47′–41◦16′ N and 123◦32′–123◦59′ E.
The diagram of the research area is shown in Figure 1. Its source lies in Fengcheng County, Dandong
City, Liaoning Province and the basin has a total area of 1047 km2. It is the main source of water
for industrial, agricultural, and residential consumption in Benxi City. The area is dominated by
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mountains ranging from 75 to 1157 m a.s.l (above sea level). The characteristic of the area is high lands
in the east and south, and low lands in the center and northwest. The east belongs to the Changbai
Mountains. The region is in the semi-humid and semi-arid monsoon climate zones. The months
with the highest and lowest temperature are July and January respectively, with an annual average
temperature and annual rainfall of 8.4 ◦C and 772.18 mm, respectively. There are five types of land
uses in the basin: woodland, cultivated land, towns, water areas, and unused land. The soil types are
Calcaric Regosols, Haplic Phaeozem, Haplic Luvisols, Gleyic Luvisol, and Eutric Cambisols.

Figure 1. Research Area Overview.

2.2. Data Sources and Research Methodology

2.2.1. Data Sources

SWAT requires topographical, land use, soil, and meteorological inputs. Thematic layers and
climatic data were developed using the sources specified in Table 1. The land use map and soil map
are shown in Figure 2.

Table 1. Input data of Soil and Water Assessment Tool (SWAT) model in the Xihe River Basin.

Data Type Data Input Accuracy Data Source

Spatial data
Digital Elevation Model (DEM) 30 m

Geospatial Data Cloud.
http://www.gscloud.cn/

16 August 2017

Land use map 30 m Geospatial Data Cloud Remote
Sensing Map

Soil type map 1000 m Harmonized World Soil
Database, HWSD

Meteorological data Precipitation, Temperature,
Wind, Solar radiation, Humidity

Daily
1969–2015

China Meteorological Data
Center. http://data.cma.cn/

2 October 2017
Hydrological data Runoff, Sediment Daily Hydrological Yearbook

Soil data Soil moisture density, Effective
water content 1969–2015 Harmonized World Soil

Database, HWSD
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Figure 2. Land use map (a) and Soil map (b).

2.2.2. Analysis of the Changed Characteristics of Hydro-Meteorological Elements

In this study, linear regression analysis and the Pettitt sudden change point detection method [29]
were used to analyze the inter-annual variation trends and sudden changes in rainfall, air temperature,
runoff, and sediment load in the Xihe River Basin from 1969–2015. The Pettitt sudden change
detection method is a non-parametric test that can quantify the statistically significant level of change
points while varying the hydrological and meteorological factors, which has been widely used by
scholars [30–32]. This method uses the Mann–Whitney statistical function Ut,N, and considers the
samples x1, x2, . . . , xt and xt+1, . . . , xN to be independently and identically distributed. N represents
the sample size. Ut,N is calculated as:

Ut,N = Ut−1,N +
N

∑
i=1

sgn(xt − xi)(t = 2, . . . , N) (1)

If time t is satisfied by kt = max1≤t<N |Ut,N | then t represents a sudden change point and the
formula for the significant level of p of the change point is as follows:

p = 2 exp(
−6k2

t
N3 + N2 ) (2)

If p ≤ 0.05 then the detected variations are considered statistically significant.
According to the sudden change analysis, the time series of runoff and sediment load from

1969–2015 were divided into two periods. The period prior to the sudden change was considered
as ‘the baseline period’ and used as the calibration period. The period after the sudden change was
considered as ‘the impacted period’ and used as the validation period [33–35].

2.2.3. SWAT Model Set Up

The SWAT model is a physically based distributed model that can evaluate the impact of land
management practices on water resources, sediments and agricultural chemical yields in large and
complex basins. The major components of SWAT include climate, hydrology, sediment movement, crop
growth, nutrient cycling and agricultural management. SWAT model divide the basin into numerous
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sub-basins based on topography, and then further subdivided into a series of Hydrologic Response
Units (HRU) with unique soil, land cover and slope characteristics [16].

In this study, we chose the Soil Conservation Service curve number (SCS-CN) procedure
that SWAT model provides [36] to estimate surface runoff. SWAT calculates the peak runoff rate
using a modified rational method. The potential evapotranspiration is estimated by using the
Penman–Monteith method [37]. It is calculated by the following formula:

λE =
Δ · (Hnet − G) + ρair · Cp · (eo

z − ez)/ra

Δ + γ · (1 + rc
ra
)

(3)

where λE is latent heat flux density (MJ/( m2·d)); E is evaporation rate (mm/d); Δ is saturation
vapor pressure-the slope of the temperature curve; Hnet is net radiation (MJ/( m2·d)); G is ground
heat flux density (MJ/( m2·d)); ρair is air density (kg/m3); Cp is specific heat at fixed air pressure
(MJ/kg ·◦C); eo

z is saturated vapor pressure at z height (kPa); ez is the vapor pressure at z height (kPa);
γ is psychrometric constant (kPa/◦C); rc is the impedance of the vegetation canopy (s/m); ra is the
diffusion impedance of the air layer (s/m).

The SWAT model uses the Modified Universal Soil Loss Equation (MUSLE) to simulate sediment
yield [38]. Sediment transport is a function of deposition and degradation, which are determined through
comparing the sediment concentration and maximum sediment concentration [39]. Further details of
hydrological and sediment transport processes can be found in the SWAT Theoretical Documentation [39].

We used the ArcSWAT 2009 interface to establish and parameterize the model. First, we chose
a threshold drainage area of 22.13 km2, which is recommended by SWAT model, to delineate the basin.
And the basin was divided into 27 sub-basins. Furthermore 960 HRUs were generated according to the
thresholds of land use (0%), soil type (0%), and slope class (0%), respectively. The HWSD database provides
partial physical attribute data for the soil, the effective field water content (SOL_AWC) and other attributes
were calculated using the soil water characteristic software “SPAW”. The minimum infiltration rate was
calculated according to the empirical formula introduced in literature [40], and the soil erosion factor
USLE_K was calculated according to the basic principle of SWAT [39]. Finally, we set up the SWAT model
using daily meteorological data from 1969–2015, and calibrated the parameters using runoff and sediment
load data of the baseline period, therefore the natural rainfall-runoff process was simulated.

2.2.4. Model Sensitivity Analysis, Calibration and Validation

There are many parameters in SWAT model that affect the results of runoff and sediment load
simulations. In order to select the main parameters to improve the usability of the model, the sensitivity
analysis of the parameters should be carried out first. We use the sequential uncertainty fitting
algorithm (SUFI-2) algorithm [41] in SWAT-CUP 2012 to carry out sensitivity analysis. The ‘baseline
period’ was used as the calibration period, and the ‘impacted period’ was used as the validation period.
The model performance was assessed by the coefficient of determination (R2) and Nash and Sutcliffe
efficiency coefficient (Ens) [42]. R2 is the square of the correlation coefficient, and the closer it is to 1,
the higher the degree of agreement between the simulated value and the observed value is. Ens is
a statistical measure that determines the relative magnitude of the residual variance compared to the
measured data variance, and the closer it is to 1, the closer the simulated value is to the observed value.
When R2 ≥ 0.6 and Ens ≥ 0.5, the simulation results may be deemed satisfactory [43].

2.2.5. Quantitative Analysis of the Effects of Climate Change and Human Activities on Runoff and
Sediment load

Runoff and sediment load are simultaneously affected by climate change and human activities,
the total changes in runoff and sediment load is the difference between the baseline period and the
impacted period of the observed value, and was calculated as follows:

ΔQt = Qv − Qb (4)
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where ΔQt represents total change, while Qv and Qb represent the observed annual average values of
the baseline period and the impacted period, respectively. Change in total runoff and sediment load
can be separated into climate change and human activities, as follows:

ΔQt = ΔQc + ΔQh (5)

where ΔQc represents hydrological changes attributable to climate change, and ΔQh represents
hydrological changes attributable to human activities, calculated as follows:

ΔQc = Qvs − Qbs (6)

where Qvs represents the SWAT model simulated baseline period average annual values, and Qbs
represents the SWAT model simulated impacted period annual average values. The difference
between Qvs and Qbs represents the amount of runoff and sediment load attributable to climate
change. According to Equation (5), the difference between ΔQt and ΔQc is the amount of change
attributable to human activities. The percent contributions of change in runoff and sediment load
attributable to climate change and human activities can be calculated as follows:

Pc =
ΔQc

ΔQt
× 100% (7)

Ph =
ΔQh
ΔQt

× 100% (8)

3. Results

3.1. Temporal Trends and Sudden Changes Analysis of Hydrological and Meteorological Variables

3.1.1. Inter-Annual Variation Trends in Hydrological and Meteorological Variables

The variation trends of annual precipitation, temperature, runoff, and sediment load in the
Xihe River Basin from 1969–2015 can be found in Figure 3a,d. In the basin, the annual precipitation
showed an insignificant increasing trend and the annual runoff showed an insignificant decreasing
trend. The annual average precipitation and runoff was 772.18 mm and 3.16 × 108 m3, respectively.
The average annual temperature was 8.4 ◦C and annual temperature showed a significantly increasing
trend (p < 0.01) at a rate of 0.326 ◦C/10 a. The annual average sediment load was 5.02 × 105 t and
annual sediment load showed a significantly decreasing trend (p < 0.01) at a rate of 1.63 × 105 t/10 a.

Figure 3. Cont.
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Figure 3. Inter-annual variation trend of the annual (a) precipitation, (b) temperature, (c) runoff and
(d) sediment load from 1969–2015 in the Xihe River Basin.

3.1.2. Hydrological and Meteorological Variables Sudden Changes Analysis

The results of the Pettitt sudden changes analysis of annual precipitation, temperature, runoff,
and sediment load in the Xihe River Basin from 1969–2015 can be found in Figure 4a–b. The results
showed no sudden changes in precipitation and runoff. The results of the temperature tests |Ut,N|
showed that the largest year was 1988 (p < 0.01). Prior to the change point, the annual average temperature
was 7.88 ◦C, and afterwards it was 8.78 ◦C. Following the change point, the annual average temperature
increased by 11.56%. Sediment load in 1988 also experienced a sudden change (p < 0.05). Prior to the
change point, the annual average sediment load was 7.89 × 105 t and after the change point was 3.75 ×
105 t. After the change point, the annual average sediment load decreased by 52.47%. To study the effects
of climate change and human activities on runoff and sediment load, the study period was divided into
two periods, the baseline period 1971–1987 and the impacted period 1988–2015.

Figure 4. Results of sudden changes in annual (a) precipitation, (b) temperature, (c) runoff and (d)
sediment load from 1969–2015 in the Xihe River Basin.
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3.2. SWAT Model Simulation Results

The results of parameters sensitivity analysis for runoff and sediment load are showed in
Table 2. The most sensitive parameters for runoff and sediment load are the base flow alpha
factor (ALPHA_BF) and sediment movement linear compensation coefficient (SPCON), respectively.
What needs illustration is that the final range of USLE_P is 0.56–1; this corresponds to the farming
practices in the Xihe River Basin. In this watershed, the cultivated land is mainly distributed along the
river. Contour tillage with conservative farming methods is most common.

Table 2. Parameters sensitivity analysis results in the Xihe River Basin.

Parameter Name
and Document Type

Parameter Description Process Rank
Beg.

Range
End

Range

v__ALPHA_BF.gw Base flow α coefficient

Runoff

1 0.0~1.0 −0.13~0.62

r__CN2.mgt Runoff curve parameter 6 −0.2~0.2 −0.06~0.23

v__SLSUBBSN.hru Average grade length 9 10~150 14.03~22.41

v__ESCO.hru Soil evaporation
coefficient 4 0.0~1.0 0.06~0.69

r__SOL_K().sol Saturated water
conductivity coefficient 10 0.0~25 0.88~2.66

r__SOL_Z().sol Soil depth 8 −0.5~0.5 0.10~0.31

v__CH_K2.rte River effective water
conductivity coefficient 2 −0.01~150 47.97~144.52

v__RCHRG_DP.gw Water table permeation 3 0.0~1.0 0.26~0.79

v__EPCO.hru Material transpiration
coefficient 5 0.0~1.0 0.37~1.12

v__BIOMIX.mgt Biological mix efficiency
coefficient 7 0.0~1.0 0.03~0.68

v__SPCON.bsn
Sediment movement
linear compensation

coefficient
Sediment load

1 0.0001~0.01 0.0057~0.0097

v__CH_COV2.rte River coverage
coefficient 2 0.0~1.0 0.63~1.00

v__SPEXP.bsn Sediment movement
index coefficient 4 0.0~1.5 1.20~1.42

v__CH_ERODMO().rte River erosion coefficient 3 0.0~1.0 0.75~1.00

v__USLE_P.mgt
Water and land

conservation measure
factors

5 0.0~1.0 0.56~1.00

Notes: Beg. Range shows beginning range. .gw shows groundwater hydrology; .rte shows river hydrology;
.hru shows HRU conventional data entry; .mgt shows HRU management; .sol shows soil data entry; .bsn shows
conventional basin parameters; v shows parameter changes by the specified value; r shows parameter changes by
the original value, 1+ specified value.

According to the results of sudden change analysis, 1969–1987 and 1986–2015 were considered as
the calibration and validation periods. The preheating period for both the calibration and validation
periods was 2 years, and the runoff was calibrated first, followed by sediment load. The R2 and
Ens of the runoff simulation in the calibration period were 0.92 and 0.91, respectively, while the
corresponding values of the validation period were 0.90 and 0.87 with high simulation accuracy.
The R2 and Ens for sediment load simulation in the calibration period were 0.60 and 0.55, respectively,
the corresponding values of the validation period were 0.70 and 0.69, which simulation effect are
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satisfactory. The comparison of the simulated and observed values of the runoff and sediment load is
shown in Figure 5a,b.

Figure 5. (a) runoff and (b) sediment load calibration and validation periods simulation results at Xihe
River Basin during the period 1971–2015..

3.3. Xihe River Basin Soil Erosion Conditions

Figure 6 shows the spatial distribution of annual average soil erosion modulus in the Xihe River
Basin. The study area lies in the northeast black soil region. According to the Classification Standard
for Soil Erosion SL 190-2007 [44], the allowable soil loss in the region is 200 t/(km2·a). Soil erosion
modulus under 200 t/(km2·a) is classified as micro erosion, and soil erosion modulus between 200
and 2500 t/(km2·a) is classified as mild erosion. As can be seen in Figure 6, only sub-basin regions
1, 2, 5, 7, 9, and 15 are within the allowable range of soil erosion and have an area of 279.063 km2,
occupying 25.23% of the study area. Other areas of sub-basin experience more erosion, representing an
area of 826.937 km2, occupying 74.77% of the study area. Furthermore, the most severe soil erosion
is in sub-basin region 19 in the Xihe River Basin, which has an average soil erosion modulus of
595.4 t/(km2·a). Overall, the upper part of the basin has a higher erosion rate than the lower part.
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Figure 6. Soil erosion modulus spatial distribution in the Xihe River Basin.

Table 3 shows the annual average soil erosion volume and modulus by types of land use.
Cultivated land exhibited the highest levels of erosion, 3.6561 × 105 t, followed by forest land,
and lastly grassland. The highest levels of soil erosion modulus are also exhibited by cultivated
land, 1856.56 t/(km2·a), followed by grassland, then urban land, unused land and lastly forest land.

Table 3. Xihe River Basin soil erosion by types land use.

Land Use Type Area/km2 Soil Erosion
Volume/104 t

Average Soil Erosion
Modulus (t·km−2·a−1)

Cultivated land 194.5 36.11 1856.56
Forest land 865.06 1.11 12.83
Grassland 2.78 0.0099 35.61

Unused land 7.3 0.0158 21.64
Urban land 22.04 0.0633 28.72

Water 14.32 - -

3.4. Effects of Climate Change and Human Activities on Runoff and Sediment Load

Table 4 shows the contributions of climate change and human activities on runoff and sediment
load. Compared to the baseline period, annual average runoff decreased by 29.95 m3/s in the impact
period. Climate change contributed an increase of 7.95 m3/s accounting for −26.54% of the total
change, and human activities contributed a decrease of 37.9 m3/s accounting for 126.54% of the total
change. Annual average sediment load decreased by 4.1 × 105 t in the impact period, to which climate
change and human activities contributed an increase of 0.36 × 105 t (−8.8% of the total) and a decrease
of 4.45 × 105 t (108.8% of the total), respectively. The overall decrease in runoff and sediment load can
be attributed to human factors, which exceeded the effect of climate change and may be considered
a main factor impacting the hydrological cycle of the Xihe River Basin.
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Table 4. Relative contributions of climate change and human activities to runoff and sediment load.

Period Qv Qs ΔQt ΔQc ΔQh Pc(%) Ph(%)

Runoff (m3/s)
Calibration 136.94 119.62 −29.95 7.95 −37.9 −26.54 126.54Validation 106.99 127.57

Sediment load (105 t)
Calibration 7.18 3.52 −4.1 0.36 −4.45 −8.8 108.8Validation 3.08 3.88

Notes: Qv shows the calibration and validation period observed values, Qs shows simulated values.

4. Discussion

Accuracy of runoff simulation of the SWAT model is better than sediment load simulation.
The same phenomenon has also been found in other studies [45,46]. In the SWAT model, runoff
and peak rate are the main input factors in estimating the sediment discharge equation, but when
SWAT model estimates runoff, precipitation intensity, frequency and duration are neglected [47],
which would lead to an underestimation of the runoff, finally, the sediment load simulation results in
large differences.

The average soil erosion modulus of the Xihe River Basin is 334.06 t/(km2·a), which is similar to
the counties and cities in Chaoyang city in the Liaoning Province, the results of which were studied by
Yi Kai et al. [48] using the RUSLE (Revised Universal Soil Loss Equation) model. However, our result is
lower than that study. The difference is not only because of the difference between climatic conditions
and human activities in these two regions, but is also related to the different methods applied. In SWAT,
soil erosion is calculated by the USLE (Universal Soil Loss Equation) model. Firstly, the USLE model
only considers the changes in rainfall erosivity factor, and does not consider other changes in related to
soil erosion, such as the vegetation coverage, the RUSLE model is more complete. Secondly, the RUSLE
model obtained parameters through observing or taking similar empirical values, such as soil and
water conservation measures factor and vegetation cover factor, without calibrating and validating.
The SWAT model selected parameters by sensitivity analysis and calibrated these parameters with
observed runoff and sediment load. Then soil erosion was calculated using the best simulated value.

The method of quantifying the contribution rate of climate change and human activities to runoff
and sediment load in changes is simple, the disadvantage of it is that it cannot reflect the changes of
runoff and sediment load caused by the changes of soil type, topography and geomorphology. During
the study period, the contribution rates of human activities to runoff and sediment load reduction
were 126.54% and 108.8%, respectively, which were far greater than the impact of climate change. This
result is similar to the Jinghe River Basin, an arid inland basin in northwest China [49]. Climate change
usually impacts runoff variation periodically and lastingly, whereas human activities impacts runoff
variation suddenly and directionally [50]. The results could be useful for understanding the variation
and driving factors for runoff and sediment load reduction in the basin.

5. Conclusions

This study analyzed the inter-annual validation trends and sudden changes in hydrological and
meteorological variables in the Xihe River Basin from 1969–2015. The SWAT model was used to
simulate the hydrological cycle and the spatial distribution characteristics of soil erosion. The study
quantified the contributions of climate change and human activities to runoff and sediment load in
changes. Which are summarized as follows:

(1) During the period 1969–2015, annual rainfall and temperature exhibited an increasing trend.
Whereas annual runoff and sediment exhibited a decreasing trend. A significant trend was
observed in the annual temperature and sediment load. In 1988, the annual temperature exhibited
a sudden increase, but sediment load showed a sudden decline.

(2) The evaluating indicators showed that the R2 and Ens of the SWAT model rose to an acceptable
level after calibration, which indicated that the hydrological cycle of the Xihe River Basin could
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be accurately simulated using the SWAT model. The simulation effect of runoff was better than
that of the sediment load.

(3) Soil erosion in the upper part of the Xihe River Basin was more serious than that of the lower
part, and the soil erosion modulus for cultivated land was highest. The contribution of human
activities to runoff and sediment load changes was greater than that of climate change. Therefore,
human activities is the primary factor that affects the hydrological cycle in the Xihe River
Basin. In addition, it should be noted that the upstream should be paid more attention. Finally,
the specific human activities that affect runoff and sediment load, as well as their modes of action,
require further study.
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Abstract: It is well known that 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. The widespread adoption of Natural Based Solutions (NBS) practices in
the headwaters of these catchments is expected to add additional attenuation primarily through
increasing the amount of new storage available to accommodate flood flows. The actual type of NBS
features used to add storage could include swales, ditches, and small ponds (acting as sediment traps).
Here, recent data collected from monitored features (from the Demonstration Test Catchments project
in the Newby Beck catchment (Eden) in northwest England) were used to provide first estimates of
the percentages of the suspended sediment (SS) and total phosphorus (TP) loads that could be trapped
by additional features. The Catchment Runoff Attenuation Flux Tool (CRAFT) was then used to
model this catchment (Newby Beck) to investigate whether adding additional attenuation, along with
the ability to trap and retain SS (and attached P), will have any effect on the flood peak and associated
peak concentrations of SS and TP. The modelling tested the hypothesis that increasing the amount
of new storage (thus adding attenuation capacity) in the catchment will have a beneficial effect.
The model results implied that a small decrease of the order of 5–10% in the peak concentrations of
SS and TP was observable after adding 2000 m3 to 8000 m3 of additional storage to the catchment.

Keywords: runoff; suspended sediment; phosphorus; water quality modelling; mitigation measures;
flooding

1. Introduction

It is becoming widely accepted that Nature Based Solutions (NBS—Nature Based Green
Instructure Solutions) [1] and “Natural Flood Management” (NFM) (defined by the United Kingdom
Environment Agency as part of Working with Natural Processes) [2] can have a positive impact in
terms of reducing flooding, most observably by lowering the peak discharge of the flood hydrograph
to enable this [3–7]. The construction of different types of “soft engineered” measures (or features) in
headwater catchments has become an established part of this strategy [2,8]. Previous studies of the
performance of features have concentrated primarily on the attenuation capabilities of these features
in terms of reducing flooding, e.g., Belford Burn [9] and Pickering Beck [4,10] (in the U.K.). Moreover,
the improvement in water quality (quantifiable by a reduction in concentrations and/or loads of
nutrients and sediments) brought about by the construction of features in rural catchments has been
studied in the U.K. [11–13], Irish Republic [14], and in New Zealand [15], but this issue has generally
received less attention than the mitigating benefits of NFM in terms of reducing storm events.
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Avery [16] coined the term “rural sustainable drainage systems” (RSuDS) to reflect the trend
to construct wetlands and other types of features in rural catchments, and since the focus of this
study is on the use of mitigation features to improve water quality rather than NFM per se, the term
RSuDS henceforth is not used. The term “runoff attenuation feature” (RAF) has also been used in
the literature [9,11]; essentially, an RSuD is a type of RAF that adds attenuation to a ditch or channel
in which it is constructed [8]. However, the design purpose of RSuDs by default leads to sediment
trapping and P stripping and associated “buffering” of other chemicals and microbial pollutants.
Therefore, their ability to store and hence attenuate larger flood flows is lower. Often RAFs are
designed to target flood flows primarily and thus the ideal solution is to both trap sediment and
attenuate larger flow. This study explores the key role of adding attenuation to a catchment to target
both water quantity and quality issues.

Environmentalists are interested in spatial patterns because they are essential in the scaling-up
from localised measurements to larger spatial scales in order to provide assessments of mitigation
impacts on pollution at the catchment, regional, or national scale for policy purposes [17]. In terms
of addressing the impacts of mitigation features, few studies have attempted to assess the effect of
mitigation features at the catchment scale [18]. These impacts have often been monitored by local
water sampling and the measurement of runoff entering and leaving the features. For example,
water quality, sediments, and nutrients have commonly been measured by automatic water quality
samplers in order to collect data on concentrations and (if flow was measured) loads [12]. However,
an important research question still remains as to whether impacts measured at the experimental scale
are observable downstream, where monitoring points are often located (e.g., U.K. Environment Agency
weekly sampling sites). Longer term monitoring programs (e.g., the Irish Agricultural Catchments
(IAC) programme [19] and the Demonstration Test Catchments (DTC) programme [20,21]) are required
if the larger scale impacts of these features are to be detected, if this is indeed possible with existing
monitoring networks, and to address climatic issues (e.g., floods and droughts). Thus, the evidence
that shows the rewards of adding attenuation capacity to a catchment are needed by end users, which
is one goal of the DTC programme [21].

It is known from measuring water levels to observe runoff events before and after their
construction that mitigation features have the potential to add attenuation to ditches and/or headwater
streams [4,5]. These features can either: (i) divert water from channels via draw-off structures to
separate storage areas or disconnected channels (classified as “off-line”), or (ii) temporarily detain
runoff using “in-line” interventions located within low-order streams and ditches [11]. In-line features
involve direct intervention in the channel or ditch itself such as the creation of artificial barriers, such
as large woody debris (LWD) and engineered log jams (ELJs), and can also be applied in combination
with off-line features [22]. Off-line features include riparian buffer strips, swales (vegetated channels),
and ponds [5,13,23].

In terms of sediments and nutrients (principally total phosphorus (TP) and suspended sediment
(SS)), the evidence from the case studies [11,24] is that these mitigation features can trap significant
quantities of particulates with attached, insoluble forms of P. However, Barber [11] stated that few
studies [13,23,25] had addressed either the effectiveness of mitigation features at the catchment scale,
and suggested that, in order to address the requirement for urgent action with respect to meeting
water quality targets in U.K. agricultural catchments, further research was required.

The natural attenuation of SS and bound nutrients, including forms of nitrogen (N) and P
in riparian channel systems, is less-widely studied; however, one U.S. study [26] did highlight
an important ecosystem function where the channels retained N and P exported from row crop
fields during baseflow conditions, thus preventing higher exports into the estuary downstream in their
catchment located in South Carolina, USA.

The primary aim of the study is 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 modelling study described below demonstrates whether the impact of adding mitigation
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features, i.e., RAFs, at the headwater scale can be observable further downstream at a larger
measurement scale. This modelling allows an estimate of how much attenuation can be achieved and
the corresponding loss of productive land that may be required. A secondary aim is to explore whether
the chosen model can simulate improvements to land management in a catchment that are designed to
reduce losses of sediment and P in surface runoff. A further important research question poses: “Are
there any significant differences in the performance of different types of features?” This can be limited
by the available data on the performance of mitigation features [11,24].

A modelling case study to pursue the above aims used data collected from a catchment-based field
programme in northern England [11,24] to parameterise the Catchment Runoff Attenuation Flux Tool
(CRAFT) [27,28]. Scenarios were considered where: (i) RAFs were simulated by the model (by adding
attenuation storage and trapping sediment and associated particulate forms of P) in order to see if the
first aim can be achieved by investigating the impact on both the runoff hydrographs and the time
series of P and SS concentrations modelled at the catchment outlet and also at the outlet of a mitigated
sub-catchment, and (ii) land management options are applied instead to the same sub-catchment in
order to reduce surface runoff from fields in the catchment and associated losses of sediment and
particulate forms of P in surface runoff.

2. Methods

The methodology underpinning this study can be summarized by the following steps:

1. Develop the CRAFT model (at Newcastle University, Newcastle Upon Tyne, UK) to simulate
nutrient and sediment fluxes at the catchment scale and add the capability to attenuate these
fluxes in the surface runoff [27,28].

2. Calibrate the CRAFT to the existing runoff, nutrient, and sediment data collected in October
2011–September 2012 and establish a baseline scenario [28].

3. Evaluate the performance of a series of demonstration RAFs in the Mitigation sub-catchment
of the NBC (mass of sediment and P trapped) [24] and use the information to inform the
future scenarios.

4. Run simulations of the NBC using CRAFT with additional attenuation to represent three scenarios
of land management.

5. Interpret the results of these scenarios in terms of (i) local and catchment scale impacts on
runoff, TP, and SS; and (ii) compare the modelled changes in TP and SS yield with the measured
reductions from step 3.

2.1. Description of the CRAFT

The Catchment Runoff Attenuation Flux Tool (CRAFT) [27,28] was selected for the case study.
In this study, use was made of the model’s attenuation store, which attenuates the surface runoff
generated from rainfall excess. The store is connected, therefore, to only one of the three runoff
pathways in CRAFT [27]. The store mimics the physical processes of attenuation using the minimum
information requirement [29] (MIR approach) in this case by utilizing a linear storage–discharge
relationship [28]. The attenuation storage depth was calculated by the model at each timestep so the
total volume of storage in the catchment was obtained by multiplying this by catchment area. It was
necessary to specify the maximum storage depth in the model. If the depth in the store exceeded this
value, then the excess runoff was added to the outflow from the store. The rate of drainage of the
attenuation store was controlled by the KLAG parameter; this is equivalent to the reciprocal of lag time
1/k in the storage discharge relationship for a linear routing model (S = kQ) [30].

In terms of definitions of various P species, the CRAFT can output the following forms of P:
particulate (insoluble, unreactive) P (PUP), particulate (insoluble, reactive) P (PRP), soluble reactive P
(SRP) in groundwater, and fast subsurface flow. Therefore, in terms of the modelled concentrations
and fluxes the P forms are combined so that: TRP = PRP + SRP and TP = TRP + PUP.
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2.2. Description of Case Study

The catchment modelled in the case study (Newby Beck) is one of the three instrumented during
the EdenDTC project, located in the River Eden catchment in northwest England [20,31–33]. It contains
both control and Mitigation sub-catchments of similar sizes (approximately 2 km2) out of a total area
of 12.5 km2. Capitals will be used to denote the monitored Mitigation sub-catchment to distinguish it
from the modelled one. The main source of sediment in the wider Eden catchment was found to be
bank erosion (exacerbated by livestock accessing watercourses and causing poaching), and also caused
by streams undercutting the banks leading to instability [34]. Reference [34] found that good vegetation
cover ensured that erosion by overland flow entrainment was likely to be a minor source of suspended
sediment in the channels; however, field observations made in the EdenDTC project [32] have identified
field sources of suspended sediment that become active during runoff events (e.g., tracks and ditches
that become transport pathways).

In terms of the potential for future construction of RAFs (primarily as RSuDS), the areas that need
to be treated within a sub-catchment can by determined by either: (i) using the current guidelines
in terms of what proportion of the catchment area should be treated (this area varies typically from
at least 1% (as advocated in New Zealand [15]) for riparian wetland coverage in dairy catchments),
and up to 5% (advocated by Quinn [5])); or (ii) calculating the volume of attenuation storage that
is required in the catchment to achieve targeted water quality improvements. In Europe, the Water
Framework Directive [35] has been responsible for setting water quality targets for rivers and lakes
and such targets can be used to examine what improvements are required.

Figure 1 shows a map of the Eden catchment showing the Newby Beck catchment (NBC) and
the location of the monitoring sites for rainfall and flow in the catchment (these have been monitored
as part of the EdenDTC project). Contours at 20 m intervals depict the topography. The dashed line
shows the outline of the Mitigation sub-catchment.

Figure 1. Map of the Eden catchment showing the NBC sub-catchment studied as part of the EdenDTC
project, and the location of the monitoring sites for rainfall and flow in the sub-catchments. Contours
at 20 m intervals depict the topography.
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The monitoring data collected at the NBC outlet (i.e., the entire catchment) at Morland have
been summarized previously [20,28,31,32]; the dataset comprises Q, turbidity plus TRP, and TP
concentrations measured every 15–30 min but for modelling purposes these values have been
converted to hourly values. Observed totals (runoff, rainfall depth and nutrient and sediment
loads) are shown here in Table 1 for the time period of interest in this study (April–September 2012).
Observed TP concentrations and calculated TP yields were based on samples taken by the bankside
equipment and included a small component of dissolved unreactive or organic P (DUP), which was
not modelled and assumed to be negligible. Predicted TP export (yields) data are also available from
an export coefficient-based modelling study [36], and for the geoclimatic region including the NBC
this predicted baseline TP export (year 2000) to be 1.39 kg·ha−1·year−1 P, of which 52.5% originated
from diffuse sources.

At both catchments, turbidity was measured at 15-min intervals using an YSI 6600 V2
multi-parameter sonde (YSI Incorporated, Yellow Springs, OH, USA). A strong relationship (from
regression analysis) between turbidity and SS (the latter was measured from grab samples collected by
an autosampler at the NBC outlet during storm events) was identified [31,32], enabling turbidity to act
as a proxy for suspended sediment. These data were used for the calculation of an “observed” yield
from the catchment for modelling purposes.

Table 1. Observations at the NBC April–September 2012 from monitoring data.

Observation Value

Catchment Area (km2) 12.5
Rainfall (mm) 686
Runoff (mm) 303

TP Yield (kg·ha−1) 0.73
SS Yield (t·km−2) 18.1

TP Load (kg) 908
SS Load (t) 229

TP mean Concentration (mg P·L−1) 0.077
SS mean Concentration (mg·L−1) 4.3

Nine mitigation features have been constructed in the Mitigation sub-catchment that target
surface runoff from two farms located in the headwater area, with a combination of swales, small
ponds, and ditches designed to intercept runoff from farm tracks and fields and divert this into the
features [24]. The mass of sediment and nutrients trapped by the features has been calculated from
the accumulated sediment and then analyzing the removed sediment for nutrient content. These data
have been collected on an annual basis since late 2014 and allowed the loads to be estimated from five
of the nine features.

In the NBC surface, runoff pathways (including ditches and drains) represent the major runoff
pathway for exporting sediment attached P via sediment transport [31,32]. The best fit for a transfer
function model for TP load from the NBC was a single store model with a sole quick flow pathway [33].
Therefore, this flow pathway was targeted by the mitigation features in order to develop a strategy that
adds attenuation to the outlet hydrograph and load time series of P. Note that no mitigation features
were in place in 2012, so the observed data represent baseline conditions prior to any intervention
being made.

2.3. Mitigation Modelling Approach

The CRAFT has already been calibrated and validated on the NBC [28]. In this earlier study,
several simulations of runoff and P were carried out in order to test different hypotheses of conceptual
models for the entire NBC, these differed primarily in whether any attenuation of the surface runoff
flow pathway was included in the model. The scenario chosen for use in this study as a baseline was
the “lagged” [28] in which the modelled hydrographs have added attenuation representing the natural
storage in the catchment during runoff events.
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The modelling strategy followed the approach of using simulations where the volume of
attenuation storage is selected a priori. Implementing the proposed measures would likely require
terrain analysis to identify runoff pathways and Critical Source Areas (CSAs) in order to select suitable
sites for constructing off-line features [29,37–39].

A series of curves, such as those shown in Figure 2 below, can be plotted that relate a representative
set of outputs from the modelling (e.g., Qp i.e., peak flow, or the load, or concentration, of TP or SS) to
the degree of attenuation or storage in the catchment, where the left axis represents baseline conditions
with no additional features present to add storage capacity. Therefore, the origin represents a minimum
degree of attenuation and a small amount of storage from the existing floodplain and riparian areas.

Figure 2. Sketch of relationship between load or concentration and degree of attenuation and storage
(both plotted on the x-axis) in a hypothetical catchment indicating how adding storage can achieve
a desired target.

Adding features can then be shown to add storage capacity and thus decrease the value of the
output(s) until an optimum target is reached. In terms of a conceptual model of adding attenuation
storage to a catchment, it may be expedient to consider the UK Water Framework Directive Targets
(WFD-UKTAG) [40] for achieving reductions in TRP concentrations in order to improve the ecological
status of the catchments (site-specific values were reported by Ockenden [32]). The two curves shown
in Figure 2 could represent different types of RAF with a higher or lower optimum design storage
capacity that is required to meet the required optima (indicated by the intersections of the curves and
the dashed vertical red lines at points A and B). A similar set of curves relating particulate P (PP) load
reduction at the catchment outlet to the managed proportion of the catchment for two large catchments
in Austria and Hungary were developed [41] using the PhosFate model. The modelled load reductions
were achieved by adopting best management practice (BMP) interventions over part of the catchments.
In the U.K., a national scale modelling platform based on the export coefficient method simulated
several scenarios of nutrient load reductions [36]. The scenarios relevant to the NBC were based on:
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(i) on-farm mitigation measures, and (ii) farming practices modified to comply with WFD targets. In (i),
the TP export from sheep was reduced by 50% and P fertilizer loads applied to grass and arable crops
were reduced by 50%, and in (ii), TP loads from cattle farming were reduced by 25% in addition to
the reductions in (i). These scenarios predicted that TP exports would reduce by 22.1% and 32.9%
respectively (based on data from the year 2000).

The following model simulations investigated whether the target of reducing P and SS
concentrations could be met by adding storage capacity. It could be argued that this added storage
capacity is actually offsetting the loss of natural attenuation storage caused by deforestation and
agricultural intensification. What the final target should be is debatable but the premise that more
storage capacity gives a better status is required as part of a long-term plan to reach WFD-UKTAG [40]
status, for example. Even as a basic estimate a target of 10 mm of new storage capacity over 1 km2

would require 10,000 m3. This would require a storage pond of 1 m depth with a surface area of
100 m by 100 m. Implementing NBS [1,2] would suggest that this could be spread throughout the
catchment in an RAF network, and hopefully soil improvement and buffer zones would add to the
storage capacity as well. It is proposed that ditch management is a primary basis for the first two
scenarios, hence for 1 m of storage depth, a minimum of 1 km of ditch with an effective width of 10 m
would be needed. To gain this storage capacity, a ditch would need to be widened and barriers to
flow constructed; Figure 3 is an actual example of how a traditional narrow “V” shaped ditch can be
substantially modified (Netherton Burn catchment [11]).

Figure 3. An example of a modified ditch with flow barriers acting as both a sediment trap and flood
flow storage in Netherton Burn (photo from Barber 2013, credit to N. Barber).

CRAFT Mitigation Modelling

The three mitigation scenarios were modelled using the CRAFT and discussed below. Figure 4
shows sketches indicating both the flow pathways under each scenario (and the baseline) as well as
the design of the RAFs themselves (in Scenarios 2 and 3). For simplicity, the area of the mitigated
sub-catchment in the modelling was set to 10% of the NBC area (1.25 km2), which was slightly smaller
than the actual Mitigation sub-catchment (so this will be referred to as the “mitigated sub-catchment”).
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Figure 4. Schematic describing Runoff Pathways and design sketches of RAFs in Scenarios 1–3,
and Runoff Pathways in the Baseline simulation. Note that Scenario 3 has a widened ditch eating into
the buffer zone.

Scenario 1 (Figure 4 top pane): Managing the topsoil in agricultural areas (primarily grassland) to
improve the soil health and reduce SS and P loads transported in surface runoff (indicated by the thick
blue lines). A review of crop and soil management techniques [42] designed to reduce the quantities
of P and SS lost to watercourses found that firstly in upland areas, one of the main mechanisms
responsible for P and SS losses is erosion by overland flow detaching soil particles with attached P
during rainfall events. Second, in arable fields, the following options can reduce P losses: reduced
tillage strategies, application of soil conditioners, crop rotation, crop management, and planting either
catch or cover crops. In grasslands, reducing stocking densities and preventing highly trafficked areas
from developing (e.g., around feed lots or water troughs) in order to avoid poaching of the soil are
the main options available to reduce P losses from the surface runoff. This scenario assumed that
the entire mitigated sub-catchment was treated in this way by increasing the maximum infiltration
capacity of the soil in the model and evaluated the results in terms of changes to P fluxes. It was
assumed that some “pollution swapping” could take place between particulate and soluble forms of
P, hence the total P loads may not reduce as much as expected before the “experiment” was carried
out. This was essentially a 100% intervention to the land use management across the mitigated
sub-catchment. The green lines indicate the major flow pathways under this scenario, which was
dominated by infiltration and subsurface flow.

Scenario 2 (Figure 4 middle pane): Treating the mitigated sub-catchment’s watercourses with
riparian buffer strips by adding 2000 m3 of additional storage to the sub-catchment and trapping 40%
of the SS and attached P transported via surface runoff (overland flow). As a first estimate, it was
assumed that up to 10% of the sub-catchment area (i.e., 12.5 ha) was set aside for these measures.
This was a 10% land use change intervention option idealising the green/ecological corridor with
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minimum management other than sediment removal. As the soil was still degraded, overland flow
was still dominant during events.

Scenario 3 (Figure 4 lower pane): Adding engineered RAFs to address food flows and to trap and
remove 80% of the SS and attached P transported via the surface runoff (overland flow). These features
were assumed to be a combination of offline storages and inline ditches that added 8000 m3 of
additional storage to the sub-catchment. As a first estimate, it was assumed that 5% of the mitigated
sub-catchment area (i.e., 6.25 ha) was set aside and modified for these measures [5]. This was a reduced
area, but it required a widening of the ditch to give the increased volume of storage needed to cope
with larger storm events. Essentially, the NFM component was being optimised here, and thus a higher
level of maintenance may be needed to keep the total infrastructure operating at its optimum.

Scenarios 2 and 3 were modelled as follows: considering that there are two parameters that can be
varied in the CRAFT to represent the attenuation and trapping, these are added by the features in the
mitigation sub-catchment only, namely (i) KLAG and (ii) a removal or trapping “efficiency” KRE, that
apply to the modelled pathways of (a) TP (i.e., PRP and PUP) and (b) SS transported by the surface
runoff pathway. Their values were pre-selected for Scenarios 2 and 3 (see Table 2) based on expert
judgement and evidence from the field experiments conducted in the mitigation sub-catchment.

Table 2. Details of the scenarios modelled in the NBC: parameter Values and storages (S). Baseline
values are shown for comparison.

Scenario
KLAG

(h−1)
S (Total)

(mm)
S (Total)

(m3)
S (Added)

(m3)
KRE (-)

Other
Parameters

Baseline 0.75 4.86 6075 0 0 No changes

1 0.75 4.86 6075 0 0
Increased

Infiltration
Capacity

2 0.83 6.46 8075 2000 0.4 No changes
3 0.93 11.3 14,075 8000 0.8 No changes

The parameter values used for the baseline were:

KLAG = 0.75 h−1 (representing natural attenuation, from the “lagged” simulation [28].
KRE = 0 (for the baseline with no trapping).

The unmitigated portion of the catchment was modelled with CRAFT using the calibrated baseline
parameter set [28]. There was no additional attenuation of flow, sediments, and nutrients, or removal
simulated in this portion of the catchment, or in the fast subsurface and deep groundwater flow
pathways in any of the scenarios anywhere.

In the CRAFT, nutrients (in this case PUP and PRP fluxes) and SS were modelled slightly
differently from runoff in that their removal was permitted from the attenuation store, which represents
the ability of the modelled features to remove (i.e., trap) particulates. Therefore, the mass balance
Equations (1) to (3) for the stores become (for the components of PRP, PUP and SS transported by the
surface runoff (SR) pathway, which is indicated by “SR” in parentheses):

PRPL(SR)out = PRPL(SR)in (1 − KLAG)(1 − KRE) (1)

PUPL(SR)out = PUPL(SR)in (1 − KLAG)(1 − KRE) (2)

SSL(SR)out = SSL(SR)in (1 − KLAG)(1 − KRE) (3)

where PRPLout, PUPLout, and SSLout were the loads per time step of PRP, PUP, and SS from the
mitigated sub-catchments, respectively. CRAFT outputs were the specific discharge (i.e., runoff depth)
and specific yield (i.e., load/unit area). Therefore, the model outputs were scaled up by the areas of
the mitigated (Amit) and unmitigated areas of the catchments (Aumit) to obtain the total flow and loads
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from the entire catchment. SRP loads from the fast subsurface and slow groundwater flow components
were added to the loads from the surface runoff pathways in a mass balance to compute a total TP
load. Concentrations of TP and SS at the catchment’s or sub-catchment’s outlet were calculated by
dividing the total loads by the total flow. The flow from the catchment Qcatch was the sum of the flow
components from both the mitigated and unmitigated areas, where the suffixes “mit” and “umit”
denote these respectively

Qcatch = Qmit + Qumit (4)

Nutrient (TP) and SS concentrations were calculated in the same way, where TPL, TRPL, and SSL
were the loads with suffixes (as above) indicating which part of the catchment (suffix “catch”) the load
originated from

TPLcatch = TPLmit + TPLumit (5)

where
TPL = PUPL(SR) + TRPL (6)

SSLcatch = SSLmit + SSLumit (7)

A simplified, additive mixing model was used to calculate the flows and loads at the outlet, with
no additional attenuation added to represent the in-stream reaches (clearly this was a simplification of
reality where in-stream routing could further attenuate the outlet hydrograph [43]). This assumption
holds for small catchments where the main stem channel length is less than 10 km and the travel
time (lag) between hillslope and outlet is of the order of a few hours. The functional unit defined by
a CRAFT sub-catchment could equate to a representative elementary area (REA) [44].

Lastly, the maximum volumes of added storage (Vadd) required in the mitigated sub-catchment
were supplied by the user for each scenario. The area (Amit) of the mitigated sub-catchment is set to
10% of the total catchment area (At). The model calculated the depth in the attenuation store at each
timestep (Dadd), as it works with depths rather than volumes. The attenuation store was empty at
the start of the simulation. The maximum storage volume required in the attenuation store Vatt could
therefore be calculated using Equations (8)–(10).

Amit = 0.1At (8)

Vatt = Vnat + Vadd (9)

where, in general terms, at each timestep t:

V(t) = Amit D(t) (10)

Thus, the required model parameter, Dmax was calculated using Equation (11):

Dmax = Vatt/Amit (11)

where Dmax was the maximum depth of water in the attenuation store (m), Vnat was the modelled
volume of natural storage in the catchment, which comes from the results of calibrated baseline model
results (by extracting Dmax from these).

Since the outflow Qmit from the attenuation store was a function of KLAG, the required value of
this parameter could be back-calculated from Equation (12). In practice this was obtained by increasing
the value of the parameter until the desired value of Dmax was achieved in the attenuation store.

Qmit = Vatt(1 − KLAG) (12)

The results from these simulations provided the flows and loads of TP and SS from the mitigated
sub-catchment (i.e., Qmit, TPLmit and SSLmit in Equations (4)–(7)).
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3. Results

The CRAFT had already been calibrated to baseline conditions during October 2011–September
2012 in the NBC [28]. In this study the parameter values from the “lagged” scenario, where natural
attenuation were included, were used for the baseline simulation. The modelled runoff is shown in
Figure 5 for comparison against the observed runoff, for the period January 1 to September 30, 2012 at
the NBC outlet. Table 1 summarizes the observations recorded during the entire period between April
and September 2012 including the three selected events. The SS yield of 18 t km−2 over a six-month
period appears to fit into the middle range of estimates for the larger Eden catchment made at 14
monitoring points, which was 4–73 t km−2 year [34]. The lowest monitoring point measured yield
from a 1373 km2 sub-catchment of the River Eden [34].

Figure 5. Time series plots of observed (“Obs”) and modelled (“Mod”) (baseline) runoff plus rainfall at
the NBC outlet from January–September 2012.

3.1. Results from the 2012 Events (Baseline Simulation)

In terms of investigating the temporal scaling of the results, three large events during a wet
5-month period in 2012 were analysed, and these are denoted by the numbered boxes in Figure 5.
According to the observations, the annual (2011–2012) exports of TP and SS from the NBC were 1762 kg
and 477.5 tonnes respectively [28,32], and from the three events during 2012, the modelled TP load
was predicted to be 725 kg and the modelled SS load was 322 tonnes from the baseline simulation,
which indicates that these three events alone contributed a significant proportion of the annual P and
sediment exports.

3.2. Results from Scenarios 1–3

Table 2 shows the model parameter values used in each of the scenarios along with the values
used in the baseline simulation (for comparison). It also shows the total and added storage in the
attenuation component of the model in Scenarios 1–3.

The left-hand pane of Figure 6 shows the modelled and observed runoff at the NBC outlet for
Event 3. The modelled attenuation storage per unit time and area (expressed as a depth) is also
shown by the solid black line, and both modelled runoff and storage are shown for the baseline case
only. The right-hand pane of Figure 6 shows the modelled runoff from the mitigated sub-catchment
for the (unmitigated) baseline (solid red line) and Scenarios 2 and 3 (dotted and dashed red lines).
The black lines show the attenuation storage during the event for the three simulations (same line
styles as runoff). Its value is shown on the right-hand axis and Scenario 3 had a far greater effect on the
shape of the hydrograph than Scenario 2 due to the much greater additional added storage (8000 m3

vs. 2000 m3, which is the equivalent of storing an additional 6.4 mm vs. 1.6 mm of runoff during
events in the attenuation store). The effect was to both flatten and delay the hydrograph peak due to
added attenuation. Both runoff and storage in Scenario 1 were identical to the baseline values as no
attenuation storage was added to the model in this scenario, so these are not shown for clarity.
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Figure 6. Time series plots of runoff (Q) and storage (S) during Event 3: Left hand (LH) pane shows
modelled and observed Q (red) and modelled S (black) for baseline only at the NBC outlet. Right hand
(RH) pane shows modelled Q (red) and S (black) at the mitigated sub-catchment outlet with different
line types representing the baseline and Scenarios 2 (S2) and 3 (S3).

Figure 7 shows the results from Scenarios 1–3 alongside the baseline (blue) results for the SS
(Figure 7a) and TP (Figure 7b) concentrations in event 3. These were extracted at the NBC outlet
(left hand panes) and mitigated sub-catchment outlet (right hand panes) and are shown as different
coloured lines for each scenario. The effect on TP concentrations during event 3 can be seen in Figure 7b.
The two scenarios that added attenuation storage and trapped particulate P (PUP) (Scenario 2 (green)
and Scenario 3 (red)) reduced the peak TP concentrations, but Scenario 1 actually increased the TP
concentrations during the falling limb event due to an increase in SRP in the fast subsurface flow
pathway; however, the maximum TP concentration was reduced by eliminating the surface runoff
pathway as a major source of PUP through improved soil management. Hence, the overall outcome
for the event was better even though some instantaneous values worsened. Scenarios 1 (purple) and
3 (red) had the greatest effect on TP concentrations during event 3 in terms of reducing them; in the
case of Scenarios 2 and 3, this was due to reducing the amount of PUP exported from the mitigated
sub-catchment through trapping sediment with attached P.

 

Figure 7. (a) LH pane shows the modelled (“Mod”) and observed (“Obs”) SS concentrations at the NBC
outlet. RH pane shows the SS concentrations at the mitigated sub-catchment outlet (Scenarios 1–3 shown
by colored lines, with baseline in blue). (b) LH pane shows modelled (black) and observed (blue) TP
concentrations at the NBC outlet. RH pane shows the TP concentrations at the mitigated sub-catchment
outlet (Scenarios 1–3 shown by colored lines, with baseline in blue). Only Event 3 is shown.
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In the left-hand panes of Figure 7a,b, the black lines represent observed concentrations and the
blue lines represent the modelled concentrations (at the NBC outlet) from the baseline simulation.
The model performed reasonably well in capturing the peak concentrations, although there are some
errors in timing of the peaks (compared with the blue line). The model underpredicted the TP
concentrations slightly.

In terms of P yields, Figure 8 shows the modelled yields of TP and SS from the baseline simulation
alongside the yields from Scenarios 1–3 from the mitigated sub-catchment. The bars are split into
three coloured segments, each representing the yield transported by each of the three flow pathways
(SR = surface runoff, “Fast S/S” = fast subsurface, “Slow G/W” = slow groundwater). The sum
of the three segments was thus the total yield from all three pathways added together. The results
covered a six-month period in 2012. Therefore, these yields included periods of low flows in addition
to events; however, based on field observations and the fluxes transported by the modelled flow
pathways, surface runoff during events contributed to the vast majority of the total SS and P losses
from this catchment.

Figure 8. Plots showing modelled yields of TP and SS exported from the mitigated sub-catchment
under all three scenarios in comparison with the modelled yields from the baseline.

In Scenario 1, the total yield of SS and TP reduced quite drastically due to the reduction in
transport via the fast surface flow pathway. There was some pollution swapping into SRP (transported
by the fast subsurface flow pathway) as a result of these interventions increasing the amount of P that
could infiltrate through the upper soil layer.

The results from Scenarios 2 and 3, where there has been simulation of the removal of SS and P
from the surface runoff pathway by mitigation RAFs, show that there was a considerable reduction
in SS TP yields according to the model. This reduction was achieved by trapping SS and attached
particulate P, hence also reducing the components of PUP and PRP transported by the surface runoff
pathway by 40–80%. These results were for the mitigated sub-catchment (1.25 km2) only and the
results scaled up to the NBC outlet are discussed below.

3.3. Comparison of Recent Sampling Campaign and Model Results

The most recent available results from the mitigation features were as follows [24]. The mass of
TP and SS trapped by the five features ranged from 1.5 to 2.5 kg and 0.5 to 2.8 tonnes, respectively
(total mass 9.8 kg of P and 6.5 tonnes of sediment). These totals represent the masses of TP and SS
collected over a 9-month period ending in summer 2015. Expressed as a yield of TP (loads per unit
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area over the Mitigation sub-catchment), the reductions were 0.06 kg·ha−1 of TP and 0.04 t·ha−1 of SS.
At present, only 24% of the sub-catchment area is treated by these features (3% of the NBC).

Model simulations using the parameter combination that was described above in the NBC over
a 6-month period in 2012 that included the three events in April–September estimated that the fluxes
of P trapped by mitigation features would be 0.23 kg·ha−1 of PUP and 0.06 kg·ha−1 of PRP in Scenario
2, and 0.46 kg·ha−1 of PUP and 0.11 kg·ha−1 of PRP in Scenario 3. The ratio between these yields
corresponds closely to the ratios between the values of the parameter KRE in Scenarios 2 and 3 (40%
and 80%, respectively).

4. Discussion

It is important to remember that European agricultural catchments have been heavily modified
by centuries of intensive farming practices such that the degree of attenuation and storage have been
reduced from prehistoric times when the catchments were in pristine (forested) condition prior to
anthropogenic modification.

One pertinent research question relates to the detectability of mitigation features at the catchment
scale, which in this case was ten times larger than the sub-catchment where the features were located.
The results in terms of reducing the mean and maximum concentrations of SS and TP during Event 3
were analysed and were shown in the upper pane of Figure 9 for the three scenarios. Note that the
effects of adding the features on the modelled Qp at the NBC outlet were not evaluated for reasons
given above.

 

Figure 9. Plots showing the percentage reductions in TP and SS concentrations modelled at the NBC
outlet achieved under: LH pane shows the three scenarios (legend indicates the scenario number)
relative to the baseline in Event 3 only, and the RH pane shows the improvements under Scenario 3
relative to the baseline only, with Events 1–3 shown for comparison (improvements in Events 1–3
shown with different fill patterns).

Scenario 1 evaluated the soil management improvements covering 10% of the total catchment
to reduce surface runoff and particulate P loads transported by this pathway. The event mean and
maximum TP concentrations were reduced by 4.7% and 6.4%, respectively, due to reductions in the
PUP concentrations transported by the surface runoff pathway. The reductions in the event maximum
TP concentrations were 4.3–5.9% during Event 3 at the NBC outlet when both attenuation storage and
the removal of P were simulated in Scenarios 2 and 3. The reductions in Events 1 and 2 were similar
under the three scenarios to Event 3 and are shown in the lower pane of Figure 9 for Scenario 3 only.
These reductions are likely to be conservative estimates since the effect of the in-stream routing and
dispersion along the channel reach that connected the mitigated sub-catchment outlet to the main
channel outlet were not incorporated into the model structure.

In Scenario 1, there is considerable scope however for reducing the maximum TP concentration
and TP yields by this method, as shown by the reduction in the maximum TP concentration in Event 1
of over 6% (Figure 9). In Scenario 2, the value of KRE of 40% was quite conservative compared to some
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of the recent findings from U.K. field studies [11,12,24,45], but the load reduction was still predicted
to be up to 4% at the catchment outlet with a smaller predicted decrease in the mean and maximum
event TP concentration (less than those decreases achieved by Scenarios 1 (TP) and 3 (TP)). The model
results showed that adding additional attenuation and removing P from 10% of the catchment reduced
event loads of TP by up to 8% at the outlet under Scenario 3 (where KRE was 80%), which was the best
performing of the three scenarios.

In terms of locating mitigation features of size ca. 2000–8000 m3 in one of the headwater
sub-catchments of the NBC, the volumes required in Scenarios 2 and 3 do not seem excessively
large if one assumes that a maximum water depth of 1 m is permissible under the relevant legislation
(thus requiring 0.2 and 0.8 ha of the catchments, respectively, to be set aside for storage). In the U.K.,
stringent government guidelines [21] apply to all features greater than 10,000 m3 capacity, which may
make constructing larger features expensive and probably uneconomic in terms of a cost–benefit ratio.
For comparison, the five recent pilot features constructed in the NBC Mitigation sub-catchment had
a total storage capacity of circa 400 m3 and treated only 38.4 ha (less than 0.031% of the total NBC
catchment by area). It is important to consider that RAFs should be constructed in other parts of the
NBC in order to achieve the desired reduction in P concentrations and loads.

It should be stressed that further research is required to evaluate the performance of these
mitigation features when constructed at a larger scale than previously, i.e., up to 4–8 times greater than
at the scale (17–34 ha) of Belford Burn [11,12,45] and up to 3 times greater than the 38 ha of the NBC
Mitigation sub-catchment [24]. It is vital that trapped material is recovered by removal of sediment in
well-designed traps or by removing vegetation.

Field studies are required to ascertain whether Scenario 1 could deliver the results shown here in
reality; however, subsurface field drains are known to be a source of high SRP loads from agricultural
catchments. Under Scenario 2, the strategic location of ditches and small channels in the landscape
may play a crucial role in future management option for surface runoff driven agricultural pollution.
The space in and around ditches afforded by buffer zones and fenced off channels could allow the
construction of long riparian mitigation zones without significant impact on farming. The ability to
address both NFM and pollution targets and create new ecological habitats may justify the investment
and maintenance of RAFs [6]. The implication from all three scenarios is that an extensive network of
RAFs is needed in farmed landscapes, and this could require a considerable shift in standard farming
and environmental payments for schemes to be taken up and maintenance to be ensured. In reality,
a mixture of all three scenarios being delivered would be attractive and that will very much depend on
the local conditions and the farming community.

It is possible that unforeseen constraints, such as planning regulations, infrastructure restrictions
and land ownership issues, may further restrict the widespread adoption of mitigation measures [4,22].
Therefore, the exact location of these flow pathways and identification of suitable sites for constructing
features is beyond the scope of this study.

Further reductions in loads could be achieved in any case by targeting a larger percentage of the
catchment for the construction of mitigation features, which in rural, pastoral farming-based areas
like Cumbria (where the EdenDTC project is based) may be achievable, especially on a seasonal basis
under the right conditions and government policies to compensate farmers. However, this policy
might not be so attractive if the catchment contains arable land of higher value to the farmers than the
rough and improved pasture in the upper Eden [22].

5. Conclusions

An attenuation component has been added to the CRAFT model to represent the storage and
attenuation of surface runoff during events and also the trapping of particulate forms of P and
suspended sediment, which provides a methodology for modelling NBS.

Currently, the removal efficiency of the trapping process has to be supplied by the user based on
expert knowledge. The effect of adding attenuation and trapping SS plus particulate forms of P has
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been modelled in a small (1.25 km2) sub-catchment. Due to the variability in the removal efficiencies
measured in the field from previous studies of NBS, two modelling scenarios with removal efficiencies
of 40% and 80% have been evaluated here with the latter clearly providing the best results in terms of
improvements in reducing sediment and nutrient (P) fluxes and concentrations.

According to the model results, at the outlet of the entire Newby Beck catchment (ca. 10× larger),
a small reduction in the peak SS and TP concentrations would be observable during an event where
surface runoff is the dominant pathway. A third scenario evaluated the impacts of reducing surface
runoff to represent improved land management. This scenario reduced the amount of SS and P
transported by the surface runoff pathway but increased the amount of SRP transported by the fast
subsurface flow pathway. The reduction in both SS fluxes and maximum event concentration was
more pronounced since the majority of the modelled flux was predicted to occur via the surface
runoff pathway.

This modelling study represents a first step towards developing and testing a fully integrated
model that can simulate both natural and added attenuation storage. Mitigation features are represented
in the model as an aggregated storage effect rather than through utilizing a physically-based model
of each feature individually. Research into the implications of adding new attenuation features to
catchments with lighter soils and groundwater dominated runoff as well as adoption and maintenance
issues is also needed.

One final conclusion arising from this study is the need to provide guidance to end users.
The hypothetical attenuation versus mitigation curve can inform a policymaker on how to set annual
targets over time that dictates the total amount of attenuation added to a catchment over a longer
period. Hence, these guidelines would indicate how long it would take to reach the environmental
target(s) based on an annual financial budget.
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Abstract: Urban drainage and sewer systems, and channels in general, are treated by the deposition
of sediment that comes from water collecting systems, such as roads, parking lots, land, cultivation
areas, and so forth, which are all under gradual or sudden change. The carrying capacity of urban
area channels is reduced heavily by sediment transport that might even totally block the channel.
In order to solve the sedimentation problem, it is therefore important that the channel is designed
by considering self-cleansing criteria. Incipient deposition is proposed as a conservative method
for channel design and is the subject of this study. With this aim, an experimental study carried out
in trapezoidal, rectangular, circular, U-shape, and V-bottom channels is presented. Four different
sizes of sand were used as sediment in the experiments performed in a tilting flume under nine
different longitudinal channel bed slopes. A shear stress approach is considered, with the Shields
and Yalin methods used in the analysis. Using the experimental data, functionals are developed for
both methods. It is seen that the bed shear stress changes with the shape of the channel cross-section.
Incipient deposition in rectangular and V-bottom channels starts under the lowest and the highest
shear stress, respectively, due mainly to the shape of the channel cross-section that affects the
distribution of shear stress on the channel bed.

Keywords: incipient deposition; sediment transport; self-cleansing; sewer systems; shear stress;
urban drainage system

1. Introduction

The sediment transport issue has always been an important scientific and practical problem [1,2],
and kept its importance with the changes in hydrology [3–5] emerging with the change in the sediment
load of urban watersheds and alluvial streams. As the outlets of urban watersheds, the sewer and
urban drainage systems are heavily affected by any change in their watersheds. Therefore, research on
sediment transport is continuously needed for sustainable practice in drainage systems.

Sediment deposition is avoided as it causes numerous unwanted problems in urban drainage and
sewer systems. It reduces the hydraulic capacity of the channel by decreasing the flow cross-sectional
area or blocking the channel. The performance and efficiency of drainage systems is heavily affected
by deposition. Additional funds should be invested to keep the system working. Furthermore,
sedimentation creates environmental problems. Such problems in drainage and sewer systems could
be prevented or minimized by the use of self-cleansing criteria, with which sediment particles deposited
at the channel bed start to move [6], or sediment particles suspended within the flow are transported
without being deposited [7–9]. Transportation of sediment particles without deposition is preferred in
drainage system design to keep the channel bed clean [10–14]. In this regard, incipient deposition is a
concept linked to the channel design, and identified as the sediment transport mode in which sediment
particles are clustered visibly in certain areas at the channel bed [15]. In other words, sediment particles
are transported as bed load or accumulated at the channel bed, but without making a permanent
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deposited bed layer [15–17]. Flow velocity is sufficiently low for incipient deposition of sediment.
At the incipient deposition, sediment particles in suspension within flow start moving downward to
reach the channel bed.

Incipient deposition has been studied in several fixed bed channels by Loveless [15] who assumed
that incipient motion and incipient deposition were similar concepts but with a slight difference [18].
The experimental data of Loveless [15] fit the sediment transport models of May [19] and Ackers [20].
Safari et al. [16] studied the incipient deposition concept using the experimental data of Loveless [15].
As a conclusion, velocity at incipient deposition was found to be higher than velocity at incipient
motion for non-cohesive sediments. Incipient deposition is observed when flow velocity decreases
gradually to a level that allows sediment particles to deposit. In the opposite case, when flow velocity
increases gradually, sediment particles with no motion start moving when flow velocity reaches a level
high enough for incipient motion. The former is called the incipient deposition velocity, which is higher
than the latter, the incipient motion velocity. This is a hysteretic curve with a higher threshold velocity
for incipient deposition and lower threshold velocity for the incipient motion. In this paradigm, there
is a shear stress (or velocity) threshold below which erosion does not occur, and a lower threshold
above which deposition does not occur; erosion and deposition occur simultaneously between the
two thresholds [21]. Therefore, results denied the common assumption that incipient deposition and
incipient motion are the same.

In order to explain the exact difference between the incipient deposition and incipient motion,
Aksoy and Safari [22] performed a preliminary study on incipient motion and incipient deposition
in a trapezoidal cross-section channel, and found that the flow has higher shear stress at incipient
deposition than at the incipient motion. For the sake of achieving more conclusive results, a new
set of experiments with a wider range of sediment size in different channel cross-sections seemed
important. Not only because of its importance, but also for the sake of getting experimental data with
a wider range in terms of sediment size, channel cross-section, channel slope, discharge, and so forth,
Unal et al. [23] constructed a laboratory experimental setup to study the incipient motion and incipient
deposition in trapezoidal, rectangular, circular, U-shape, and V-bottom channels, and performed
experiments for the self-cleansing design of fixed bed systems.

In this study, experimental data from an indoor laboratory flume was analyzed to understand the
incipient deposition of sediment particles within flow. The shear stress approach was considered for
the analysis in which the Shields [24] and Yalin [25] methods were used.

2. Mechanism of Particle Motion and Methodology

Sediment particles in flow move under the influence of two types of hydrodynamic forces; the first
of which has a positive impact through the drag force and the lift force, while the second discourages
motion through the buoyed weight of sediment and the resisting force against motion. The drag force
should be equal to the resistance force in the sediment threshold condition.

The shear stress- and velocity-based approaches were commonly used in the analysis of sediment
threshold and incipient deposition in this study. The velocity-based approach has been applied on the
experimental data existing in the literature [26]. The shear stress approach was used in this study for
which Shields [24] and Yalin [25] methods are considered.

2.1. Shields Method

The shear stress approach used in the incipient deposition of sediment is based on the shear
velocity (u∗), defined as

u∗ =
√

τid
ρ

(1)
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in which τid. is the bed shear stress under the incipient deposition condition and ρ is the specific mass
of water. The dimensionless shear stress is calculated by

τ∗
id =

τid
ρgd(s − 1)

. (2)

in which g is the acceleration due to gravity, d is the median size of sediment particles, and s is the
sediment relative mass density. The dimensionless shear stress (τ∗

id) is indicated as

τ∗
id = f (Re∗) (3)

where Re∗ is the particle Reynolds number (Re∗) defined by

Re∗ = u∗d
ν

(4)

in which ν is the kinematic viscosity of water.
Experimental data has been used by many researchers [9,15–17,22,23,26] to determine the

functional between τ∗
id and Re∗ for practical problems of incipient motion [27,28]. In this study,

the same methodology was adopted for the incipient deposition.
Average flow velocity (Vid) calculated from the incipient deposition experimental data is used to

calculate the incipient deposition shear stress by

τid =
λρVid

2

8
(5)

in which λ is the channel friction factor to be calculated by the Colebrook–White equation [29] as

λ =
1

4
[

log ( kb
14.8R + 0.22ν

R
√

gRS
)

]2 (6)

in which kb is the roughness height of the bed taken to be the same as the median size of sediment
particles (d), R is the hydraulic radius of the channel, and S is the slope of the channel bed.

2.2. Yalin Method

Yalin [25] suggested a combination of the dimensionless parameters initially proposed by
Shields [24] as

τ∗
id = f

(
Dgr

)
(7)

in which Dgr is the dimensionless grain size parameter defined by

Dgr =

[
(s − 1)gd3

ν2

]1/3

(8)

The shear velocity is eliminated, and only fluid and sediment characteristics are retained in
the formulation.

3. Experiments

An experimental setup was configured as in Figure 1 [22,23]. An iron-made support structure
was constructed. Twelve meter-long transparent acrylic glass (plexiglass) channels were mounted
on the support structure. Five different cross-sections were considered for the channels; they were
trapezoidal, rectangular, circular, U-shape, and V-bottom. The surface width of the rectangular,
U-shape, and V-bottom channels was 300 mm, while the trapezoidal channel had the same width at

142



Water 2018, 10, 1399

the bottom, and outer angles of 60◦ at the 30 cm-long side walls. The U-shape and V-bottom channels
had a cross-fall of 50 mm longitudinally along the centerline of the bottom. The inner diameter of the
circular channel was 290 mm.

Figure 1. Experimental setup and cross-sections of the channels.

In the experiments, the bed slope was changed between 0.00147 and 0.01106. Four non-cohesive
sands were poured into the channel from the sediment feeder placed 3 m upstream of the observation
section of the channel. The granulometric curve and the characteristics of the sands are shown in
Figure 2 and Table 1, from which it can be seen that they have uniform size distribution. The discharge
was measured by an ultrasonic flowmeter (BSUF-TTCL, Bass Instruments, Istanbul, Turkey) with
an accuracy better than 1.0% of read. Sediment motion was observed in each experiment in the
4 m-long observation section of the channel, 4 m from the inlet and 4 m from the outlet of the
channel (Figure 1). Uniform flow conditions were satisfied in the channel before observations and
measurements were done.

Figure 2. Granulometric curve of sediment.
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Table 1. Sediment characteristics. d: median diameter, s: relative mass density, σg: geometric standard
deviation of sediment particles.

d (mm) 0.15 0.58 1.08 1.52
s 2.60 2.63 2.56 2.60

σg 1.3 1.6 1.3 1.4

Experiments started with a flow velocity high enough to achieve the non-deposition condition.
The average velocity was adjusted by increasing or decreasing flow discharge into the channel. In the
non-deposition condition, sediment particles are prevented from being deposited; that is, sediment
particles within flow are in motion. Flow velocity was gradually decreased until incipient deposition
was achieved; that is, flow switches from non-deposition to incipient deposition. It was assumed
that incipient deposition was satisfied when sediment particles were clustered visibly in certain areas
at the channel bottom [15]. In this case, flow velocity is sufficiently low for incipient deposition of
sediment. Incipient deposition was observed in the same form in trapezoidal and rectangular channels
due to their flat bed. However, in the channels with U-shape and V-bottom, sediment particles were
deposited in the center line of the channel with the same cross-fall. The form of the deposition depends
on the channel bed. Sediment particles were accumulated on each other along the narrow centerline in
the V-bottom channel, while accumulation in the circular and U-shape channels was not that narrow,
as due to the wider bed along the centerline width, sediment particles spread over the bed width to
make a deposited sediment layer instead.

4. Results

4.1. Shields Method

The incipient deposition experimental data of the channels are plotted on the Shields diagram
(Figure 3), with the upper and lower limits as proposed by Paphitis [30]. Using the experimental data,
τ∗

id and Re∗ were calculated using Equations (2) and (4), respectively, and functional relationships were
developed by curve fitting to the measured data as

τ∗
id = 0.74(Re∗)−0.86 3.13 < Re∗ < 47.61 r2 = 0.913 (9)

τ∗
id = 0.32(Re∗)−0.97 2.36 < Re∗ < 29.89 r2 = 0.953 (10)

τ∗
id = 0.57(Re∗)−0.83 3.02 < Re∗ < 41.11 r2 = 0.972 (11)

τ∗
id = 0.55(Re∗)−0.72 3.19 < Re∗ < 48.11 r2 = 0.960 (12)

τ∗
id = 0.79(Re∗)−0.78 3.46 < Re∗ < 52.62 r2 = 0.907 (13)

in the range 2.36 < Re∗ < 52.62. for the trapezoidal, rectangular, circular, U-shape, and V-bottom
channels, respectively. In Equations (9)–(13), r2, the determination coefficient, shows the goodness of
fit of the curves. The data of the five channels are close to each other and partially overlap in some
of the cases. It is seen from Figure 3 that, for the 0.15 mm- and 0.58 mm-particle size sands, incipient
deposition shear stress remained above the upper limit of the Shields curve for the non-rectangular
channels; however, in the rectangular channel, it is on the upper limit curve for the finest sand
(the 0.15 mm-particle size sand) and on the average curve for the 0.58 mm-particle size sand. It should
be kept in mind that the Shields curve has been developed for the incipient motion of sediment in
loose boundary channels. Therefore, Figure 3 indicates, for sand finer than 0.58 mm, that the incipient
deposition shear stress in rigid boundary channels is higher than the incipient motion shear stress
in loose boundary channels. For sand with a 1.08 mm diameter, the incipient deposition shear stress
remains between the upper limit and the average curve in the non-rectangular channels. It is on
the lower limit curve in the rectangular channel case. It is also shown in Figure 3 that the incipient
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deposition shear stress for the coarsest sand with a 1.52 mm diameter remains between the average
and lower limit curves in all the channels other than the rectangular cross-section. It is below the
lower limit curve for the rectangular channel. Generally, the incipient deposition shear stress of
coarse sediment (1.08 mm and 1.52 mm) is lower than incipient motion shear stress in loose boundary
channels. The coarser the sediment, the lower the shear stress under which the sediment particles
initiate deposition within flow.

Figure 3. Relationship between the incipient deposition shear stress and Reynolds number based on the
Shields method (circles show values calculated from the measurements, lines are the fitted equations).

It can also be seen that incipient deposition starts under lower shear stress in the rectangular
channel (Figure 3). The incipient deposition shear stress of the trapezoidal, circular, U-shape,
and V-bottom channels are close to each other. However, sediment particles in the V-bottom and
U-shape channels initiate deposition under higher shear stress. The rectangular channel on the other
hand obviously has different performance than the other channels; it allows sediment to move within
flow until a lower shear stress is approached.

4.2. Yalin Method

Incipient deposition experimental data are plotted on the Yalin diagram in Figure 4. For the five
channels, the dimensionless incipient deposition shear stress (τ∗

id) and grain size (Dgr) were calculated
by Equations (2) and (8), respectively. Utilizing the incipient deposition experimental data,

τ∗
id = 0.84D−0.92

gr r2 = 0.913 (14)

τ∗
id = 0.47D−0.99

gr r2 = 0.953 (15)

τ∗
id = 0.68D−0.89

gr r2 = 0.972 (16)

τ∗
id = 0.65D−0.80

gr r2 = 0.960 (17)

τ∗
id = 0.87D−0.86

gr r2 = 0.907 (18)

are proposed in the range of 3.76 < Dgr < 38.06 for the trapezoidal, rectangular, circular, U-shape,
and V-bottom channels, respectively. It can be seen that the incipient deposition shear stress remains
above the upper limit of the Yalin curve for the trapezoidal, U-shape, and V-bottom channels. It is
on the upper limit for the fine sand (d = 0.15 mm) in the rectangular channel. For the medium sand
(d = 0.58 mm) it is on and below the average curve in the circular and rectangular channels, respectively.
For the coarser sand (d = 1.08 mm), the incipient deposition shear stress remains between the upper
limit and the average curve in the trapezoidal, U-shape, and V-bottom channels. It is below the lower
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limit for the rectangular channel, and on the average curve for the circular channel. For the coarsest
sand (d = 1.52 mm), the incipient deposition shear stress is between the average curve and the lower
limit in the channels with no rectangular cross-section. It is below the lower limit of the curve for the
rectangular channel.

Figure 4. Relationship between the incipient deposition shear stress and grain size based on the Yalin
method (circles show values calculated from the measurements, lines are the fitted equations).

The incipient deposition shear stress calculated from the experimental data (Figure 4) shows
that sediment particles within flow in a rectangular channel start deposition under lower shear stress
compared to the other channels. In other words, sediment particles within flow in the rectangular
channel among the tested channels could be kept moving within flow under the lowest shear stress.
The non-rectangular channels all have similar performance. Among the non-rectangular channels,
the incipient deposition shear stress is lowest in the circular channel and the highest in the V-bottom
channel. As a general result, it is clear that the coarser the sediment, the lower the shear stress under
which sediment particles initiate deposition within flow. It can be said that the shape of the channel
cross-section significantly affects the incipient deposition shear stress. Consequently, the incipient
deposition shear stress is lower in the rectangular channel compared to the other channels.

5. Discussion

The results of the shear stress approach (Shields and Yalin methods) show that the channel
cross-sectional shape significantly affects the incipient deposition shear stress. This is due to the change
in the wall-normal component of the gravitational forces from which the friction force stems [31].
It is important to stress that the concept of incipient deposition is quite different to that of incipient
motion. Not only the driving forces for the motion, but also the resisting forces against the motion are
radically different in these two concepts. For the incipient motion, the friction coefficient is the static
friction coefficient, which is accepted to be equal to the tangent of the friction angle between the bed
and the grain (which becomes the angle of repose for a bed composed of identical particles). On the
other hand, for incipient deposition, the friction coefficient is the dynamic friction coefficient, which is
the tangent of the dynamic friction angle between the bed and the grain. Fredsoe and Deigaard [31]
pointed out this important difference, and carried out an analysis for the correction of the transport
rate of sediment particles moving on a transverse slope.

It should additionally be emphasized that, since the bed conditions in this study are smooth
(i.e., the bed is the so-called “starving bed” where sediment particles travel on an otherwise
hydraulically-smooth bed), one could expect that the changes with respect to the bed shape become
even more pronounced compared to a regular bed composed of identical particles. Finally, it is possible
to state that the critical shear stress curves for the incipient deposition for each of the given channel
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cross-sections (trapezoidal, rectangular, circular, U-shape, and V-bottom) are expected to be different
from each other, unless the channel is very wide, or unless a separate sophisticated correction for the
critical shear stress for the deposition is carried out for each and every case. Such a correction, which
was out of the scope of this study, should be expected to involve an averaging of the critical shear
stress, possibly by integration across the channel cross-section.

The Shields and Yalin methods provide similar results. The behavior of the channels in terms of
the magnitude of the incipient deposition shear stress does not change with the selected method. In
both methods, the sediment particles initiate deposition under the lowest shear stress in the rectangular
channel, and under the highest shear stress in the V-bottom channel. This is an expected result because
the incipient deposition shear stress is calculated from the channel, sediment, and flow characteristics.

Another point worth discussing is the trend in the dimensionless incipient deposition shear
stress against the particle Reynolds number in the Shields curve, and the grain size in the Yalin curve.
The range of the experiments is 2.36 < Re∗ < 52.62 for the Shields curve and 3.76 < Dgr < 38.06 for
the Yalin curve. Within these ranges, both curves gradually decrease with increasing Re∗ and Dgr.
Experimental observation fits the general character of the Shields and Yalin curves within the range of
the experiments.

It should also be mentioned that the incipient deposition shear stress decreases with increasing
channel bed slope. In other words, sediment particles move within flow without being deposited
until the shear stress becomes low enough to initiate deposition. Deposition starts under lower
shear stress when the channel has a steeper slope. This is an observation for all sediment sizes and
channel cross-sections.

One more point to discuss is the similarity with the velocity-based analysis of the incipient
deposition performed by Aksoy et al. [26] under which the Novak-Nalluri [32] and Yang [33] methods
were used. The rectangular cross-section channel was marked with the lowest velocity at the incipient
deposition. Therefore, based on either the shear stress or the velocity approach, rectangular channels
seem to be preferable.

Finally, as a general discussion, when the shear stress approach is compared with the
velocity-based approach [26], there is a dilemma in the selection of the appropriate approach—shear
stress or velocity. In the shear stress approach, two dimensionless parameters are used, namely the
shear stress and the particle Reynolds number, both of which are dependent on shear stress; its critical
value cannot be determined directly, but can only be calculated through a trial-and-error technique
implicitly. In the velocity approach, critical velocity is calculated by an explicit solution. This gives an
advantage to the velocity approach in terms of computation. However, as Vanoni [34] demonstrated,
in using the velocity approach, flow depth or hydraulic radius, and in general channel cross-section,
must be specified.

6. Conclusions

Incipient deposition is a different concept as opposed to the common assumption that the incipient
deposition and incipient motion are the same. Therefore, the incipient deposition was considered
solely in this study. An experimental analysis was performed for fixed bed channels with trapezoidal,
rectangular, circular, U-shape, and V-bottom cross-sections. Experimental data was analyzed using
the shear stress approach, under which the Shields and Yalin methods were considered to calculate
the incipient deposition shear stress. Both methods showed that the incipient deposition starts under
lower shear stress in the rectangular channel compared to the non-rectangular channels. This indicates
that rectangular channels have higher efficiency of sediment transport as sediment particles deposit
at lower velocities. This gives an advantage to rectangular channels in the design of urban drainage
and sewer systems or irrigation canals. The trapezoidal, circular, U-shape, and V-bottom channels
have similar performance, among which the circular channel has the lowest incipient deposition shear
stress and the V-bottom channel has the highest. This makes the circular channel the second most
preferable channel after the rectangular channel, and the V-bottom channel the least. Analysis brings
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the conclusion that the cross-section of the channel significantly affects the shear stress at incipient
deposition. The general trends in the Shields and Yalin curves were traced with the experimental data
within the data range tested. One observation is that the incipient deposition shear stress decreases
with the increasing channel bed slope; that is, sediment deposition in the channel is delayed when the
channel has a steeper slope. The outputs of this study are expected to be considered together with
the available literature and be employed for practical use in rigid boundary channel design. Further
experiments are encouraged to extend the range of sediment size such that the validity range of the
developed equations is increased.
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Abstract: In recent years, extreme weather phenomena have occurred worldwide, resulting in many
catastrophic disasters. Under the impact of climate change, the frequency of extreme rainfall events
in Taiwan will increase, according to a report on climate change in Taiwan. This study analyzed
riverbed migrations, such as degradation and aggradation, caused by extreme rainfall events under
climate change for the Choshui River, Taiwan. We used the CCHE1D model to simulate changes in
flow discharge and riverbed caused by typhoon events for the base period (1979–2003) and the end of
the 21st century (2075–2099) according to the climate change scenario of representative concentration
pathways 8.5 (RCP8.5) and dynamical downscaling of rainfall data in Taiwan. According to the
results on flow discharge, at the end of the 21st century, 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. In terms of the results of degradation and
aggradation of the riverbed, at the end of the 21st century, the amount of aggradation will increase
by 33% over that of the base period. In the future, upstream sediment will be blocked by the Chichi
weir, increasing the severity of scouring downstream. In addition, due to the increased peak flow
discharge in the future, the scouring of the pier may be more serious than it is currently. More detailed
2D or 3D hydrological models are necessary in future works, which could adequately address the
erosive phenomena created by bridge piers. Our results indicate that not only will flood disasters
occur within a shorter time duration, but the catchment will also face more severe degradation and
aggradation in the future.

Keywords: aggradation; CCHE1D; climate change; degradation; dynamical downscaling;
flow discharge; migration; riverbed; sediment

1. Introduction

Global climate change has led to changes in the spatial and temporal distribution of precipitation,
evaporation, and runoff, which in turn contribute to environmental issues such as frequent droughts,
increased flooding, waterlogging disasters, and aggravated soil erosion [1]. At the present time, one of
the main problems in soil erosion research around the world is to assess the impact of climate change
on sediment cycling [2]. It is expected that the increase in global precipitation will affect the extent,
frequency, and magnitude of soil erosion and sediment redistribution [3,4]. This could lead to more
severe hydrological cycles [5] and increased rainfall erosivity [6]. Nevertheless, contrasting impacts
have recently been found in different parts of the world. Zhao et al. [7] observed that owing to
anthropogenic causes, the sediment export from the Loess Plateau of China has increased significantly,
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but with the recent climate change, stream flow and sediment load have decreased enormously. Foster
et al. [8] analyzed changes in sediment transport for the Karoo uplands, South Africa, and found that
the sediment yield has generally increased over the past decades, which is related to factors such as
the increase in the frequency of high magnitude rainfall events.

Numerical models have been employed in engineering studies to predict the flow discharge
and riverbed migrations along rivers. Several 1-D models have been proposed, and each model
has its advantages and limitations [9]. The use of these models requires the proper simulation of
hydraulic conditions [10]. The development of 1-D models is mainly focused on numerical aspects of
the advection–dispersion equation [11–13] and exchange with dead zones [14–16]. Some 1-D models,
such as the SIMCAT [17], QUAL2KW [18], and Multiphysics software COMSOL [19], are limited
to steady flow conditions, while other models, such as the OTIS [20], CCHE1D [21], MIKE 11 [22],
SD model [23], HEC-RAS [24], and ADISTS [25], can simulate unsteady flows and solute transport.
In general, the validation testing focuses on theoretical situations or simplified river geometries in
limited spatial and temporal scales [26].

Climate change is an important issue that has attracted growing attention in recent years.
The report of the International Panel on Climate Change (IPCC) noted that rises in temperature
and sea level are ongoing and that appropriate adaptations to reduce disaster risk are necessary [1].
In the current changing environment, both the probability of the occurrence of a strong typhoon
and the rainfall intensity during a typhoon event will increase [27–29]. Many studies have
explored the potential effects of different climate change scenarios on runoff and sediment yield
in catchments [30–34]. In addition, there are also several studies focused on the impact of a
changing climate on fluvial hydro-morphodynamics, as well as on the uncertainties related to future
scenarios [35–41]. According to the Taiwan climate change report, the frequency of extreme rainfall
events has also increased in the past 20 years in Taiwan [42]. Under the impact of climate change,
extreme rainfall events will become more frequent, and riverbed migrations, such as degradation and
aggradation, will become more serious, possibly affecting existing constructions and land use, and
even human life and property. Therefore, the objectives of this study were to calibrate and validate a
general one-dimensional channel network model for the Choshui River in western Taiwan and to assess
changes in flow discharge and riverbed caused by typhoon events for the base period (1979–2003)
and the end of the 21st century (2075–2099) according to the climate change scenario and dynamical
downscaling of rainfall data in Taiwan.

2. Study Area

The Choshui River, located in western Taiwan, originates from the saddle between the main peak
and east peak of Mount Hehuan. It flows through Nantou County, Chiayi County, Yunlin County,
and Changhua County before reaching the Taiwan Strait. Having a mainstream about 187 km long,
it is the longest river in Taiwan, and it has an average slope of 0.53%. The main tributaries of Choshui
River are the Danda River, Jyunda River, Chenyoulan River, Tonpuze River, and Chingshui River.
The Choshui River catchment covers an area of about 3157 km2, which is the second largest catchment
area in Taiwan. The topography slopes downward from east to west and the area of elevation >1000 m
accounts for 64% of the catchment area. The slope decreases from east to west, and the area of slope
>29% accounts for 62.5%, with an average slope of 54.5% (Figure 1).

The Choshui River catchment is characterized by friable Miocene and Pliocene sedimentary,
metasedimentary, and low-grade metamorphic rocks and Quaternary alluvium deposits [43]. The soil
cover in this area is mainly composed of colluvial soil, alluvial soil, and lithosol, with some yellow soil
and laterite [44]. The Choshui River catchment can be divided into upstream and downstream areas
at the Chunyun Bridge. The upstream area is well-covered with vegetation; the total area of natural
forest and artificial forest is about 470 km2, accounting for 92% of all land use. In the downstream area,
agriculture occupies 1530 km2, accounting for 85.5% of the land use, and the construction area is about
56 km2, accounting for 3.14%.
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The annual average rainfall in the Choshui River catchment is 2200 mm, but the spatial distribution
of rainfall varies greatly. The annual rainfall in the upstream area can average 2500 mm, in contrast
to 1100 mm in the downstream area and only 830 mm in the coastal area. The flow discharge of
the Choshui River varies enormously between wet and dry seasons. About 80% of the total flow
discharge is discharged during the wet season (May–October) [45]. According to [46], from the
convergence of the Choshui River and the Chingshui River to the estuary, the flow discharges of the
five-, 10-, 50-, and 100-year recurrence intervals are 0.65 × 104, 1.11 × 104, 1.44 × 104, 2.27 × 104,
and 2.66 × 104 m3/s, respectively.

 

Figure 1. Choshui River catchment of Taiwan.

3. Data and Methods

3.1. CCHE1D Model

The National Center for Computational Hydroscience and Engineering of the University of
Mississippi has developed a general one-dimensional channel network model that can simulate steady
and unsteady flows and sedimentation processes in dendritic channel networks, including fractional
sediment transport, riverbed aggradation and degradation, riverbed materials, bank erosion, and the
resulting channel morphologic changes [21], which is called the CCHE1D model. The CCHE1D model
solves the Saint–Venant equation and applies the implicit Preissmann four-point finite-difference
and discrete-governing equation. A linear iterative method was developed in the model for the
discrete-governing equation, which is solved by the double-sweep method. The one-dimensional
hydraulic governing equations are as follows [47,48]:

Continuity equation:
∂A
∂t

+
∂Q
∂x

= q (1)
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Momentum equation:

∂

∂t

(
Q
A

)
+

∂

∂x

(
βQ2

2A2

)
+ g

∂h
∂x

+ g
(

S f − S0

)
= 0 (2)

where x and t are the spatial (m) and temporal (s) axes, A is the flow area (m2), Q is the flow discharge
(m3/s), q is the side discharge per unit channel length (m2/s), h is the water surface elevation (m), Sf and
S0 are the friction slope and riverbed slope (m/m), β is the correction factor due to the non-uniformity
of velocity distribution in the cross section, and g is the gravitational acceleration (m/s2).

In addition, when the inertial force is small, the diffusion wave model can be used for the hydraulic
routing. In general, when the Froude number is less than 0.5, the first two items on the left side of
Equation (2) can be ignored. Then the momentum equation can be rewritten into the diffusion wave
model, and the equation is as follows:

∂h
∂x

+ S f − S0 = 0 (3)

Equation (3) can still be used when the Froude number is larger than 0.5 if the simulation case is
close to a uniform flow, because the first two items on the left side of Equation (2) will be sufficiently
small to be ignored.

In terms of the sediment transport model, the CCHE1D model uses the non-equilibrium sediment
transport concept to calculate the non-uniform sediment transport in the river. The equation for the
non-equilibrium and non-uniform sediment transport control of total load is expressed as follows:

∂(ACtk)

∂t
+

∂Qtk
∂x

+
1
L
(Qtk − Qt∗k) = qlk (4)

where Ctk is the section-averaged sediment concentration of size class k (kg/m3), Qtk is the actual
sediment transport rate (kg/s), Qt*k is the sediment transport capacity or the so-called equilibrium
transport rate (kg/s), L is the non-equilibrium adaptation length of sediment transport (m), and qlk
is the side inflow or outflow sediment discharge from bank boundaries or tributary streams per unit
channel length (kg/m/s).

The CCHE1D model offers the following four sediment discharge formulas for calculation:
(1) SEDTRA module [49]; (2) Wu et al. formula [50]; (3) Modified Ackers and White’s 1973 formula [51];
and (4) Modified Engelund and Hansen’s 1967 formula [47]. In this study, we used the Wu et al.
formula for our analyses because it is the most suitable formula for Taiwan, according to previous
studies [52,53].

3.2. Parameter Setting for the Model

This study used the measured profile data of the Choshui River (2004, 2008, and 2012), provided
by the 4th River Management Office of Taiwan, to build the model and set parameters. We used
the measured profile data of 2004 as the initial topography for flood event simulations after 2004.
Then the measured profile data of 2008 were used for calibrating the model, and those of 2012 were
used for validation. We simulated the mainstream of the Choshui River for about 76 km from the
Shuanglong Bridge (5 km upstream of the Yufeng Bridge) to the estuary. The tributary of the Choshui
River, the Chingshui River, for about 13 km from the Longmen Bridge to the convergence with the
mainstream was also simulated, and the results were used as the input data for the Choshui River.

This study used flow discharge during the wet seasons from 2004 to 2007 as the model calibration
and continued to use flow discharge during the wet seasons from 2008 to 2011 as the validation.
We used the change of time series in flow discharge during the period of the wet season for simulations.
Flow discharge observed at the Yufeng Bridge station was used as the upstream boundary condition
of the Choshui River, while flow discharge observed at the Tongtou station (2.5 km upstream of the
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Longmen Bridge) was used as the upstream boundary condition of the Chingshui River. However,
the Tongtou station was abandoned on 31 August 2009, so for points later than that, we used the flow
discharge observed at the Longmen Bridge station (Figure 1). For the downstream, the open boundary
method was applied for simulations.

Data of the grain size distribution of the riverbed of the Choshui River were measured in 2007,
while those of the Chingshui River were measured in 2008 [46,54]. Manning’s roughness coefficients
for a riverbed of 0.029–0.044 were used, as recommended in government reports [46,54]. We applied
the rating curves of flow discharge and sediment discharge to calculate the input of sediment, and also
considered wash load in the calculations (Figure 2). Correlation coefficients (r2) of rating curves for the
Choshui River and the Chingshui River are 0.58 and 0.47 respectively. Although the r2 is not very high,
this study is mainly focused on riverbed migrations caused by heavy rainfall, which show a better
correlation between flow discharge and sediment concentration when flow discharge is high (Figure 2).
For the other general parameters for sediment transport simulation, this study set the suspended load
adaptation coefficient (α) as 1.0, bed load adaptation length (L) as 1000 m, and mixing layer as 2.0 m.
According to [46], nine groups of representative particle sizes were selected, ranging from 0.001 to
1000 m, and a porosity of 0.4 was used. Yeh et al. [50] have made a sensitivity analysis on parameters
of CCHE1D model in the Choshui River and found that the sensitivity of most parameters is not
high. Only the thickness of mixing layer is sensitive to the degradation and aggradation of riverbed.
This study followed the model parameters suggested by them for the parameter setting to get the most
accurate results.

 
(a) (b) 

Figure 2. Rating curves of flow discharge and sediment concentration for (a) the Yufeng Bridge
station (1994/2–2013/5), and (b) the Tongtou station (1994/6–2009/8) and the Longmen Bridge station
(2009/10–2013/5).

3.3. Assessing Degradation and Aggradation Conditions of Rivers under Climate Change

The resolution of the general circulation model (GCM) used for climate estimation and simulation
is usually 100–200 km. Consequently, it is difficult to identify the structure of a typhoon with a radius of
less than several hundred kilometers. Owing to the low spatial resolution of the model, it is impossible
to reasonably simulate the extreme weather system with a physical model, and it is impossible to carry
out extreme weather estimation under climate change [55,56]. Therefore, this study used a climate
projection simulated from the high-resolution (approximately 20 km horizontal resolution) atmospheric
general circulation model (AGCM) developed by the Meteorological Research Institute (MRI) under
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the Japan Meteorological Agency (JMA) [57]. The low boundary drive by ensemble mean sea surface
temperature (SST) of the climate change scenario of representative concentration pathways 8.5 (RCP8.5)
in Coupled Model Intercomparison Project Phase 5 (CMIP5) [58] is called MRI-AGCM. This model
has been validated for the simulation of typhoon generation [59,60]. However, the 20-km horizontal
resolution still could not necessarily reflect the precipitation intensity caused by topographical effects
in Taiwan. Therefore, the MRI-AGCM data were dynamically downscaled using the Weather Research
and Forecasting Model (WRF), proposed by the US National Center for Atmospheric Research (NCAR),
to obtain more realistic rainfall data for Taiwan with spatial and temporal resolutions of 5 km per hour.

Based on the downscaled rainfall data, there were 87 typhoons during the base period (1979–2003)
and will be 43 typhoons in the last quarter of the 21st century. We selected eight typhoons in the
base period and four typhoons at the end of the century, which accounted for the top 10% of the total
rainfall for the Choshui River catchment among all typhoons in the two periods, to discuss the impact
of climate change on riverbed migrations.

4. Results and Discussion

4.1. Model Calibration and Validation

This study used flow discharge during the wet seasons from 2004 to 2007 as the model calibration
and continued to use flow discharge during the wet seasons from 2008 to 2011 as the validation.
The total times for both periods of calibration and validation were 18,790 and 16,590 h, respectively.
Figure 3 shows the comparison result between calibration and validation of the measured and
simulated flow discharges at the Chunyun Bridge. We can find that the simulated peak flow discharge
during typhoons is underestimated both in calibration and validation. Even so, trends of simulated
and measured flow discharge are similar. The maximum percent errors of peak discharge (EQp) are
−1.98% in the calibration and −9.50% in the validation. Overall, the coefficient of efficiency (CE) of the
CCHE1D model in the calibration and validation are 0.85 and 0.83, respectively, indicating that the
CCHE1D model can accurately simulate the rise and decline of peak discharge; therefore, we can use
this model for simulating sediment transport under climate change scenarios.

Figure 3. Calibration and validation of the measured and simulated flow discharge at the
Chunyun Bridge.
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In terms of degradation and aggradation in the river, this study used the measured profile data
of 2004 as the initial topography for flood event simulations after 2004. Then the measured profile
data of 2008 were used for calibrating the model and the measured profile data of 2012 were used for
validation. Figure 4a shows the calibration result of the riverbed changes during 2004–2008 using the
lowest point of each section along the river. The CCHE1D model can reasonably reproduce the process
of degradation and aggradation in the river. Figure 4b shows the validation results of the riverbed
changes for 2008–2012. It can be found that if this set of parameters is used, although the aggradation
in downstream was underestimated, the riverbed changes in degradation and aggradation for most
parts could be well validated. This represents that the CCHE1D model can truly grasp characteristics
of degradation and aggradation in the Choshui River, so this model can also be used to simulate the
degradation and aggradation in the river under climate change scenarios.

 
Figure 4. (a) Calibration result of the riverbed changes during 2004–2008 and (b) the validation result
of the riverbed changes during 2008–2012 using the lowest point of each section along the river.

4.2. Peak Flow Discharge during Typhoons under Climate Change

Based on the downscaled rainfall data, there were 87 typhoons during the base period (1979–2003)
and will be 43 typhoons in the last quarter of the 21st century (2075–2099). Table 1 shows the simulation
results of peak flow discharge of each of the top 20 typhoons during the two periods, accounting for
the top 20 of the total rainfall amounts for the Choshui River catchment among all typhoons, at the
Chunyun Bridge. According to the government report [44], the peak flow discharge of the 100-year
recurrence interval (Q100) in the Choshui River before the Chingshui River merges with it is 25,394
m3/s, which was used as the basis for the design of levees. We can find from the simulation results that
the peak flow discharge during two typhoon events in the base period is greater than Q100, while the
peak flow discharge during three typhoon events at the end of the 21st century is greater than Q100.
This result indicates that, relative to the base period, the Choshui River is more likely to have a flood
overflow at the end of the 21st century.

In addition, the peak flow discharge of the two-year recurrence interval (Q2) in the Choshui River
before the Chingshui River merge point is 5829 m3/s [44]. The peak flow discharge caused by two
typhoon events in the base period is less than Q2, and the peak flow discharge of six typhoon events
at the end of the 21st century is less than Q2. This result suggests that the flood disasters caused by
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extreme rainfall events will be less frequent at the end of the 21st century than in the base period.
We could assess from the above results that the sediment transport in the Choshui River was more
frequent in the base period than it will be at the end of the 21st century; however, at the end of the 21st
century, the severity of sediment migration will be more obvious than that in the base period.

Table 1. Simulation results of peak flow discharge of each of the top 20 typhoons during the two
periods at the Chunyun Bridge.

Event Ranking Base Period (m3/s) End of the 21st Century (m3/s)

1 16,325 14,000
2 27,005 ** 26,873 **
3 20,897 29,513 **
4 10,015 13,278
5 25,577 ** 27,600 **
6 7422 15,706
7 23,515 23,062
8 8788 11,561
9 23,195 14,170

10 11,830 22,305
11 11,620 17,313
12 14,842 11,857
13 5071 * 9660
14 8931 8662
15 6519 5045 *
16 9048 2794 *
17 7128 2175 *
18 7977 3716 *
19 9437 3730 *
20 5341 * 1068 *

* represents that the peak flow discharge is less than that of the two-year recurrence interval (Q2 = 5829 m3/s).
** represents that the peak flow discharge is greater than that of the 100-year recurrence interval (Q100 = 25,394 m3/s).

Here we selected the top 10% typhoons during the base period (1979–2003; n = 8) and during the
end of the 21st century (2075–2099; n = 4), respectively, according to the total rainfall for the Choshui
River catchment, for the following discussion on peak flow discharge along the whole reach of the
Choshui River. The average peak flow discharges at the Yufeng Bridge in the base period and at the
end of the 21st century are 17,443 and 20,916 m3/s, respectively. On average, it takes about 48 and 40 h
to reach the peak values. We can notice that the average peak flow caused by extreme rainfall events at
the end of the 21st century will increase by 20% from the base period, but the time required to reach
the peak at the end of the 21st century will be 8 h shorter than that in the base period. It means that we
will face greater flood events and need more urgent response time in the future. Figure 5a shows the
simulation result of the most severe flood event at the end of the 21st century (peak flow discharge =
29,513 m3/s at the Chunyun Bridge). During the most severe flood event at the end of the 21st century,
the locations where the overflow may occur are the estuary and the confluence of the Choshui River
and Chingshui River (Figure 5b,c). Generally, in the case of normal energy transfer, energy transfer
from upstream to downstream will be affected by topography and other factors, and energy will be
lost, resulting in a lower water level downstream than upstream. The above water level is the result of
quantitative simulations; however, the real situation is a dynamic flow. Therefore, the real downstream
water level may be lower than the simulation result of the quantitative flow owing to energy losses,
but it is still necessary to pay attention to flood control safety.
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Figure 5. Simulation result of the most severe flood event at the end of the 21st century.

4.3. Changes in Degradation and Aggradation of the Riverbed under Climate Change

Changes in degradation and aggradation of the riverbed of the Choshui River under climate
change scenarios are shown in Figure 6. The Choshui River can be divided into three simulation
zones according to the artificial weir and the intersection of the main stream and tributary: (I) the
estuary to the Chunyun Bridge; (II) the Chunyun Bridge to the Chichi weir; (III) the Chichi weir to the
Shuanglong Bridge. It can be found from the results that zone I presents a slight aggradation from
the base period to the end of the 21st century; however, the problem of pier scouring still requires
attention. Zone II is located at lower reaches of the Chichi weir, so the riverbed suffers from strong
changes in degradation and aggradation. At the end of the 21st century, the degree of degradation
will be more serious than that in the base period. Because of the effect of the Chichi weir, zone III
has obvious sediment accumulation in the upper part of the weir, resulting in the aggradation of the
riverbed in the area. However, the location of the Yufeng Bridge shows clear degradation. Overall,
the simulation results show that the entire area of simulated reaches is aggraded and that the amount
of aggradation increases by about 33% at the end of the 21st century as compared with the base period.

Li et al. [61] pointed out that the landslide volume in the Choshui River catchment will increase
by 14% at the end of the 21st century, relative to that of the base period. This should also be reflected in
the results of degradation and aggradation of the riverbed. Landslides in the Choshui River catchment
will increase in the future, and landslide materials will accumulate in rivers. On the other hand,
the increase of peak flow discharge in the future will severely flush the surrounding structures and
downstream areas, which may cause crises such as damaged bridges and dam dumping.
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Figure 6. Changes in erosion and aggradation of the riverbed in the Choshui River under climate
change scenarios.

Although degradation and aggradation of the riverbed are natural phenomena of a river, under the
effect of climate change, the rainfall pattern will change to short duration-high intensity rainfall in the
future [27–29]. This change will result in more serious degradation and aggradation of the riverbed in a
catchment than occurs in the present situation. It could be imagined that not only will the response time
during flood events be shortened, but also more serious riverbed migrations will occur in the future.

5. Conclusions

This study used the flow discharge during the wet seasons from 2004 to 2012 for calibration and
validation of the CCHE1D model, a general one-dimensional channel network model that can simulate
steady and unsteady flows and sedimentation processes in dendritic channel networks, along the
Choshui River in western Taiwan. The CCHE1D model was used for simulating changes in flow
discharge and riverbed caused by typhoon events for the base period (1979–2003) and the end of
the 21st century (2075–2099). According to the climate change scenario of RCP8.5 and dynamically
downscaled rainfall data in Taiwan, from the base period to the end of the 21st century, average peak
flow caused by extreme rainfall events will increase by about 20%, but the time required to reach the
peak at the end of the 21st century will be 8 h shorter than that in the base period. For the same time
period, the amount of aggradation along the Choshui River will increase by about 33% from the base
period to the end of the 21st century. Upper and lower parts of the Chichi weir will show large changes
in aggradation and degradation, respectively, and the pier may suffer from serious scouring owing
to the increase in peak flow discharge in the future. Our results could provide useful information to
related authorities for the decision making on plans of public construction and land use in a changing
climate. In future works, it is essential to use 2D or 3D hydrological models to adequately address
problems such as the erosive phenomena created by bridge piers.
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Abstract: The aim of this study is to introduce a novel method which can separate sand- or
gravel-dominated bed load transport in rivers with mixed-size bed material. When dealing with
large rivers with complex hydrodynamics and morphodynamics, the bed load transport modes can
indicate strong variation even locally, which requires a suitable approach to estimate the locally
unique behavior of the sediment transport. However, the literature offers only few studies regarding
this issue, and they are concerned with uniform bed load. In order to partly fill this gap, we suggest
here a decision criteria which utilizes the shear Reynolds number. The method was verified with data
from field and laboratory measurements, both performed at nonuniform bed material compositions.
The comparative assessment of the results show that the shear Reynolds number-based method
operates more reliably than the Shields–Parker diagram and it is expected to predict the sand or
gravel transport domination with a <5% uncertainty. The results contribute to the improvement
of numerical sediment transport modeling as well as to the field implementation of bed load
transport measurements.

Keywords: bed load transport; shear Reynolds number; mixed-size bed material;
complex morphodynamics

1. Introduction

In terms of typical geomorphological features, rivers can be divided into three main section types:
upper, middle and lower course [1]. One of the decisive differences among these river features is the
erosion capacity of the flow, which constantly decreases along the river. In fact, it can be stated that the
erosion prevails along the upper course rivers, yielding coarser gravel bed material and significant
bed load transport. As to the middle course, all the three characteristic sediment transport processes,
such as the local erosion of the bed, the transport of coarse and fine particles together with river bed
aggradation take place. Finally, the lower course type rivers can be generally characterized with the
deposition of fine sediments transported from upstream. Due to the spatially and temporally varying
bed load transport capacity of the flow and the changing river planforms (straight, meandering, or
braided river channel patterns [2]), the morphological features can also show significant variability.

Many classification methods can be found in the literature to describe the morphological properties
of river sections (e.g., [3–7]). The main goal of these tools is to typify and predict the dominant
morphological properties and processes, such as defining the predominant sediment transport mode
(bed load, or suspended load) [8], the channel pattern type [1,9], the specific bed material grain size [7],
the erosion capacity [10], or the bed armor measure [6]. According to these methods, the morphological
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properties and processes can be estimated as the function of a few hydro-morphological variables, e.g.,
the water depth, the channel width, the mean flow velocity, the mean grain size of the bed material, or
the longitudinal bed slope.

For instance, there are classification methods, suggesting that the dominant grain size of the bed
load (sand or gravel) can be obtained based on the d50 grain size of the bed material [8]. In most
cases, such a classification is straightforward due to the fact that a dominant bed material fraction
can be chosen, considering, e.g., sand-bed (d50 < 2 mm) or gravel-bed (d50 > 2 mm) streams [8].
However, there are several situations, when such a clear distinction cannot be made as both sand- and
gravel-dominated zones appear even in shorter river reaches. Moreover, the locally dominant bed load
fraction can alter according to the current flow conditions. So, only the motion of finer particles of a
nonuniform bed material can occur during low-water regime. In turn, the higher flood waves increase
the sediment transport capacity of the flow, resulting in probably gravel-dominated bed load. That is,
because the bed load is mainly fed by the bed itself [11], very different grain sizes can characterize the
bed load transport within river sections with mixed-size bed material. These sections are typical to
middle-course rivers, at the transition sections in terms of bed material.

Case Study

Such a river reach is the upper Hungarian Danube reach between rkm 1798 and rkm 1795
(Figure 1). At this section, the middle course resulted in a meandering pattern type, with nonuniform
bed material (d50 ranges between 0.32 and 70.5 mm) [9,12]. Furthermore, conventional river regulation
measures (e.g., groin fields) were installed, which further enhanced the diversity of the morphological
properties and processes [13–17]. The following parameters characterize the river: the main channel
width at mean water regime ranges between 150 m and 350 m; the average water surface gradient is
around 0.0002–0.00025 [17], whereas the characteristic flow discharges are Qm = 2000 m3/s (mean flow),
Qbf = 4300–4500 m3/s (range of bankfull discharge), Q100 = 10,400 m3/s (100 year flood event) [18] and
Q200 = ~10,800 m3/s (200 year flood event) [19]. Here, the dominant fraction in the bed material, and
hence in the bed load, shows a strongly varying spatial distribution. That is, bed armoring and gravel
bed load takes place in the main channel, while clear sand transport can be observed in the near-bank
zones and in the groin fields. Finally, the accumulation and erosion of the gravel–sand mixture is
detectable at some places, resulting in the formation of side bars (Figure 1).

Figure 1. The sketch of the investigated section of the Danube River.

The herein-presented study focuses on this issue: how the dominant fraction of the bed load
transport can be determined, when both the river hydrodynamics and the morphological features show
strong heterogeneity within the studied reach. When local or reach-scale morphodynamic analysis is
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carried out, it is far from evident what sort of empirical sediment transport formula to use. There can
be found formulas for finer fractions (e.g., [20]), as well as for coarser fractions (e.g., [21]), both having
limitations when considering mixed-size bed material. However, no such straightforward method can
be found in the literature, which suggests the locally dominant bed load transport mode and thus the
more suitable formula for nonuniform bed material. An attempt is made in this study to fill this gap,
providing a methodology that works more accurately compared to earlier published methods.

2. Materials and Methods

2.1. Problem Statement

Significant variability of the dominant grain size in the bed load can take place in nonuniform
bed material, e.g., in the case of the investigated Danube reach. Figure 2 shows the density function of
a bimodal bed material sample, collected from the lower side bar (see Figure 1, green columns, left
vertical axis). The black line (and the right vertical axis) represents the critical dimensionless bed shear
stress values (or critical Shields number, Equation (1)), as the function of the grain size, calculated
by the Shields curve [22]. If the dimensionless bed shear stress exceeds the critical value, the given
particle is in motion, otherwise it stays calm.

τ∗ = τ

g(ρs − ρw)d
, (1)

where τ* is the Shields number, τ is the bed shear stress, g is the acceleration due to gravity, ρs is the
sediment density, ρw is the water density and d is the grain diameter.

Figure 2. The density function of a bed material sample collected from a side bar (green curve).
The Shields curve-related critical bed shear stress values are depicted by the black line.

As the fraction rates indicate, sand and gravel also appear well separately, both with significant
amount (>30%). The grain size distribution indicates a d50 of 7 mm, which would refer to gravel
transport. However, examining the critical Shields numbers, it turns out that the dominant bed load
grain size seems to be inconstant, varying depending on the flow conditions. If the dimensionless bed
shear stress is in a lower range (τ∗ < ~0.05, or equivalently τ < ~2 N/m2), only sand (<2 mm) movement
can be expected. In turn, increasing dimensionless bed shear stress (τ∗ > 0.05, or equivalently
τ > ~2 N/m2) results in the motion of even the coarser gravels (>2 mm), while the motion of the
finer sand fraction tends to be rather suspended, like rolling [8], resulting in even coarser bed load.
Concluding the above, the d50 grain size of the bed material itself is not able to indicate the current
dominant grain size in the bed load, especially not in the case of nonuniform bed material under
varying flow conditions (for further similar study cases see, e.g., [23,24]).
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When implementing computational morphodynamic models in cases like the above-presented
mixed-size bed material, the variable dominant fraction in the bed load can lead to inappropriate
application of sediment transport models. Nevertheless, the numerical simulation of morphodynamic
processes can contribute to the better performance of river engineering activities, e.g., when planning
restoration measures, and it is considered a widely applied investigation tool with many benefits.
However, the reliable numerical description of the interaction between river hydrodynamics and
the morphological features is a challenging task in rivers with uniform bed material composition,
but shows even higher difficulties in the case of mixed-size bed material conditions (e.g., [25–29]).
When the grain sizes cover a smaller range in the bed material, the potential erosion results also in a
quite uniform grain size range of the bed load transport. For such conditions, many bed load sediment
transport models have already been developed and successfully validated [22,30–33]. On the other
hand, the choice of the bed load sediment transport formula is still a challenge when the characteristic
grain sizes can significantly change both in time and space [23,25,34–36]. Accordingly, the most suitable
numerical formula can change in time and space. For instance, as many studies present [34,37–44],
the van Rijn model [20] could provide better estimation of sediment transport in sand-dominated
zones, whereas the Wilcock and Crowe model [21] suits gravel-dominated mixed-size cases better.
Török et al. [34] also proved that the combined and parallel application of these two models provides
better results when simulating sediment transport in mixed-size bed material. In the referred study,
a physical indicator was defined as a parameter to decide which formula is to be applied. It is,
however, not evident what this parameter should be. In such cases, the prediction precision of the
dominant fraction in the bed load transport plays an emphatic role in the accuracy of the sediment
transport calculation possibilities.

2.2. Existing Method for Bed Load Classification

One applicable method, the Shields–Parker river sedimentation diagram, can be used as a
comprehensive bed-material and sediment transport nature classification tool for a particular river
reach, with uniform bed content [7]. The diagram indicates the Shields number (τ*, or equivalently τ*bf,
Equation (1)) based on the d50 specific mean grain size versus the so-called explicit particle Reynolds
number (Rep, Equation (2), where d = d50 in the case of the Shields–Parker diagram). The diagram
includes the well-known Shields curve (continuous black curve), which shows if the given particle is
in motion (points above the curve), or remains still on the bed surface (points below the curve) [22].

Rep =

√
gRdd
ν

, (2)

where R = (ρs − ρW)/ρW, ρW is the water, ρs is the sediment density, and ν is the kinematic viscosity of
the fluid.

Parker stated [8] that alluvial rivers can usually be divided into two types based on the function
of particle Reynolds number (Rep, Equation (2)): sand-bed and gravel-bed rivers. According to Parker,
a distinction can be defined based on Rep, which actually depends only on d50 (therefore it can, in fact,
be considered as the dimensionless substitution of the grain size). That is, considering that d = 2 mm
is the threshold value between the sand and gravel fractions, the critical value for Rep also can be
calculated according to Equation (1), where d = 2 mm results in Rep = 360 (Rep > 360 → gravel bed, Rep

< 360 → sand-bed), which critical value is depicted by a vertical narrow in Figure 3, within the Rep

range of 100–1000.
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Figure 3. Shields–Parker diagram [7].

Consequently, the method basically yields a grain size-based classification method for
near-uniform bed materials. This simplified approach is not capable of classifying characteristic
local morphodynamic processes for complex situations in terms of river bed morphology and
inhomogeneous bed material composition [7] (e.g., in the case of bed material in Figure 2).

The basic idea here is to keep the simplicity of the classification method shown by Parker, but
at the same time to involve a new indicator, which accounts for the local hydrodynamic effects that
better characterize the interaction between the water flow and the river bed, i.e., the bed shear stress.
Thus, based on literature review, field and laboratory measurements, a conjecture is introduced in this
paper. For a better understanding of the herein-proposed methodology, the most relevant findings of
the related publications are summarized in the following.

2.3. Introducing the Novel Method for Bed Load Classification

Shields published a well-known study regarding sediment transport investigation in 1936 [22].
The research work investigated the critical state of the bed-forming particles, applying a mathematical
model of forces acting on a solitary particle. Shields pointed out that the rate of the acting forces is not
constant, but the relation of the effective force of the flow to the resistance of a grain can be expressed
with a universal function of the shear Reynolds number (Re*, Equation (3)). The interpretation of the
shear Reynolds number is expressed in Equation (3): the ratio of grain size to the thickness of the
laminar boundary layer.

Re∗ = u∗d
ν

=
d

ν/u∗
=

Grain diameter
Thickness o f viscous layer

, (3)

where u* is the shear velocity (u∗ = ( τ
ρ )

0.5, where τ is the local bed shear stress). The following table
demonstrates the difference between the shear Reynolds number and the explicit particle Reynolds
number. The constant and the variable parameters in Equations (2) and (3) are depicted in Table 1.
The last column indicates the ratio of Re∗ to Rep. The main outcome of the table is that Re∗ implicates
not only the grain size (d), but also a term regarding the acting forces of the flow (u*). This remark
confirms the Re∗-based investigation of Shields, instead of the Rep-based method.
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Table 1. The constant and the variable parameters in the equations of the shear Reynolds number (Re∗)
and the explicit particle Reynolds number (Rep ) (Equations (2) and (3)).

Constants 1 Variables Re*/Rep

Re∗ ν d, u∗ u∗/
√

d
Rep ν, g, R d

1 The values of the constant terms are: ν = 10−6 m2

s , g = 9.81 m
s2 , R = 1.65.

The Shields curve, actually, shows the relation between the shear Reynolds number and the
acting forces [22,45]. The investigation proves that the acting forces and the stability of a grain
depend not on the grain sizes, but on the hydraulic regime formed directly above the grains [7,46,47]
(Considering the possible development of different kinds of turbulent flow pattern, e.g., in sand-bed
rivers bed-form-induced turbulent flow, while in gravel-bed rivers, friction-induced turbulent pattern
can occur [20,32,48–52]). It leads to two important consequences: (i) as the effective acting force
depends not only on the grain size, but also on the acting forces of the flow, it is suggested that the
sediment transport natures need to be classified based on the shear Reynolds number, too; (ii) due to
this, the validation limits of the sediment transport-related mathematical models (that is, the sediment
transport models) should be defined as the function of the shear Reynolds number.

The investigation of the applicability of the van Rijn bed load transport formula [20] also enhances
the benefits of the shear Reynolds number-based investigation, against the grain-size-based (or
characteristic grain-size-based). As one of the most widely tested and applied sediment transport
formulas for river engineering applications, the van Rijn bed load transport equation [20] considers
the application of the Shields curve. The transport model was developed and validated for sand
transport measurements, and, therefore, the application limit was defined accordingly (d < 2 mm) [7].
However, the validity range of the base mathematical model can be defined by the shear Reynolds
number, and the grain size is not a suitable variable for this reason. Namely, the drag coefficient
(CD), the lift coefficient (αL), or the effect of the spinning motion depends on the shear Reynolds
number [53–56], and the recommended values of these variables in the van Rijn model were calibrated
and validated for lower shear Reynolds numbers (Re* < 400) [20,57,58]. Therefore, the determination
of the applicability of the van Rijn model is reasonable as the function of the shear Reynolds number,
which is the hydraulic smoother (Re* < 400) regime.

At the same time, the lower Re* range implies lower bed shear velocity (u*) and smaller particles
(d) (see Equation (3)), assuming the domination of the less-resistant finer fractions in the bed load
and stable coarser grains. This is proved by the about 600 measurement data [20,57,58]. Also, Parker
mentions [8] that, at rougher hydraulic regime (Re* > 1000), the motion of the sand fractions is rather
suspended like rolling. Consequently, finer fractions disappear from the bed load and the coarser
gravels remain and become dominant. Accordingly, the van Rijn bed load model is not applicable in
rougher hydraulic (Re* > 1000) regime.

The laboratory experiments, where coarser (d50 > 5.3 mm) and nonuniform bed material conditions
were investigated by Wilcock et al. [26], are also taken into consideration here. Figure 4 shows the
rate of the gravel load to the sand load as the function of the shear Reynolds number. Within any
mixtures, the higher the shear Reynolds number, the coarser the composition of the bed load. It is
visible that the gravel load is equal to the sand load when the Re* is between 300 and 400, around 350
(Figure 4). Above this, the gravel transport is dominant. In turn, below 350 the sand transport prevails,
which underlines the earlier assumption, i.e., the fine sediment bed load transport takes place and
dominates in the smoother hydraulic range. Consequently, despite that the d50 characteristic grain size
indicates only gravel transport, sand-dominated sediment transport was also found.

168



Water 2019, 11, 73

Figure 4. Calculated rates of the gravel load to the sand load as the function of the shear Reynolds
number, based on the laboratory experiments of Wilcock et al. [26].

Based on the above-described summary, the following findings are emphasized

• Shields has already presented [22] that the shear Reynolds number (Re*) is a suitable variable
(instead of the grain sizes) to define the relation of the acting forces and thus to classify the
sediment transport in the near-surface zone. In other words, the effective force of the flow
(together with the resistance of the grain) must be taken into account for the proper investigation
of the stability and mobility of bed-forming particles.

• The applicability of both mathematical models of Shields [22] and van Rijn [20] can be described
by the shear Reynolds number, but not by grain sizes. This also supports the fact that the shear
Reynolds number-based classification of the sediment transport is expected to be more reliable
than a grain-size-based method.

• The investigation of the measurements, for which the van Rijn bed load formula was validated
and calibrated [20,57,58], suggests that the sand bed load can occur at lower Re* range, Re* < 400.
Complementing this by the statement of Parker [8], it is assumed that in rougher hydraulic regime
(Re* > ~1000), the sand transport appears only in suspended form, while the bed load consists
mainly of gravel.

• The Re*-based assessment of the laboratory experiments of Wilcock et al. [26] shows that the Re*
range ~3–400 seems to be a critical zone, where the yield of the sand and gravel are roughly the
same. A characteristic grain size cannot refer to such phenomena.

Accordingly, the following conjecture was stated: The Re* parameter is a more suitable parameter
for the prediction and distinction of the sand- or gravel-dominated bed load transport, than either
simply a characteristic grain size (d90 or d50), or the Rep. Moreover, Re* between ~300 and 400 seems to
be a critical zone: above-gravel, below-sand domination can be expected in the bed load transport.

2.4. Description of the Validation Measurements

In order to investigate accuracy of the conjecture, an assessment considering characteristic local
bed grain sizes, local bed shear stress values as well as calculated Reynolds numbers was performed
using datasets from recent laboratory and field experiments of the authors. First, the results from the
laboratory experiments of Török et al. [59] were used. In this experiment, morphological processes
(scouring, bed armoring, and aggradation) were investigated around a single groin, using mixed-size
bed material with an initial d50 of 5.16 mm. The local grain size distributions were determined by an
automated image-based grain detection software tool BASEGRAIN [60]. Local bed shear stress values
were estimated according to the TKE-Method [61] using the near-bed point-velocity measurements,
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carried out with a 3D Acoustic Doppler Velocimeter (ADV) [62]. The measurements were carried
out at quasi-equilibrium bed geometry. Then, negligible bed changes were measured in the flume
(Δz < ± 1 mm/h); however, weak bed load transport (Qb < 0.3 kg/h) of mainly the sand particles
(d50 = 1.3 mm) could still be observed at the outlet of the flume, where the d50 of the bed material
ranged between 4 and 6 mm [59].

Second, field data from a section of a large river was also assessed. The field experiments
were carried out in the Hungarian section of the Danube River at mean flow regime, where the
main characteristic morphological parameters were already introduced in the Introduction point.
Forty-seven bed material samples were taken by a drag-bucket sampler, for which the grain-size
distributions of the samples were determined by sieving analysis [63]. Parallel to the local bed material
samplings, time-averaged flow velocity profiles were measured by an acoustic Doppler current profiler
(ADCP) (WorkHorse Rio Grande 1200 kHz) at the sampling locations. Based on these long-term,
fixed-boat measurements, the local bed shear stress values could be estimated using the turbulent
wall law [64]. No bed load sampling could be performed during the two measurement campaigns.
However, the bed load rating curve at the closest monitoring station (6 km upstream) [17] represents
that low, but not negligible, bed load transport took place during both measurements (Qb < 0.1 kg/s).

The data regarding the field and laboratory measurements can be found in Appendix A (Table A1).

2.5. Measurement Data Processing for Validation Purpose of the Stated Conjecture

Field and laboratory data from the above-introduced reach of the Danube River in Hungary
and laboratory experiments were conducted to confirm the stated conjecture. In order to investigate
the shear Reynolds number-based classification potential, the samples were sorted into three classes
according to their origin place (Figures 5 and 6): the black squares refer to the sandy bed material
samples, which were collected from the near-bank zones. Here, the bed material consists predominantly
of silt and sand, gravel transport can be expected only during flood waves. The red stars originate from
the side bars (e.g., bed material illustrated in Figure 2). As it was introduced in Chapter 2 and based
on Figure 2, the dominant grain size in the bed load is variable (both sand and gravel can dominate)
and it is strongly flow-dependent. Finally, the samples from the main channel are depicted by the blue
diamonds. Based on the bed material analysis, only gravel transport can occur at this region of the
channel, because sand can be vanishingly found. However, as the measurements indicate stable bed
surface, pure gravel transport can be expected at mean flow conditions. The investigation examines
whether the shear Reynolds number is a proper variable to separate the different classes of the points.

Figure 5. The bed shear stress as the function of the d50 grain size, regarding field and laboratory
measurements [17,64].
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Figure 6. (A) Shields number as the function of the shear Reynolds number, based on laboratory and
field data [17,59,64]. Shields curve is indicated with black line. (B) Shields number as the function of
the explicit particle Reynolds number, based on laboratory and field data [17,59,64]. Shields curve is
indicated with black line.

Furthermore, the comparison of the shear and particle Reynolds number-based investigations
was also examined. First, the scattering of the three point classes as the function of Re* and Rep were
compared. Based on this comparison, a more accurate separation method becomes outlined visually.

Finally, in order to perform a quantitative assessment on the performance of the Re*- and Rep-based
approaches, a statistical method was applied, which provides information on the representativity of
the Reynolds number ranges for the characteristic bed load transport processes. Here, the log-normal
distributions of the Re* and Rep values were calculated, separately for the three above-distinguished
groups. The reason for using the log-normal distribution was the fact that asymmetric distributions
were expected (based on the scattering of the points), where Re numbers cannot take negative
values [65]. The probability density and the cumulative distribution functions are described in the
Appendix A. Based on the cumulative distribution functions, the Re*- and Rep-based separatenesses of
the different point groups become qualitatively characterizable.

3. Results

First, the field measurement data were analyzed in Figure 5, separately. The scattering of the points
reflects a clear tendency: the bed shear stress increases with higher grain sizes. Nevertheless, when
indicating a separation line, which represents a Re* of 350, the points from the three well-distinguishable
regions indeed show different features. Points representing the shallower, sandy regions fall below
the line. As most of these sampling locations can be characterized with mean grain sizes in the gravel
range (d50 > 2 mm), the Shields–Parker diagram would consequently suggest clear gravel transport.
However, considering the relatively low bed shear stress values (<2 N/m2), the Shield curve predicts
only sand motion (see the findings based on Figure 2, where τ∗ = 0.05 → τ ≈ 2 N/m2). Indeed, the
d50 of the bed material samples at the outlet of the flume (4–6 mm) would refer to gravel domination
in the bed load, but the corresponding d50 of the bed load samples show clear sand domination
(1.3 mm) [59].

Second, the points distributed along the line belong to the bars. At this part of the points, the
domination of sand or gravel cannot be well distinguished, but most probably a similar amount of
them is transported. Accordingly, two phenomena can occur: (i) the bed shear stress values are low and
the bed materials are quite uniform and coarse, resulting in resting particles (red stars, τ < ~1 N/m2);
(ii) higher flow transport capacity can cause almost the same order of magnitude in the sand and
gravel discharge, if the bed material contains both fractions (red stars, where τ > ~2 N/m2 and see
also Figure 4).

Finally, the blue diamonds located above the line represent the stable [17,59,64] main stream with
coarse grains. Because of the armored bed surface, weak sediment transport occurs during mean flow

171



Water 2019, 11, 73

discharge. Only higher flood waves can result in significant bed load transport [64], containing of local
bed material, i.e., only gravel grains.

The constant particle Reynolds number of 360 values are indicated with a vertical dotted line.
Unlike the separation line of Re* = 350, the particle Reynolds number does not distinguish the different
point classes.

Assessing the relationship between local Shields number and the shear Reynolds number for
both the laboratory and field experiments (Figure 6A), the statements in the previous paragraphs are
corroborated regarding the Re*-based classification of the landforms. Again, the Re* ≈ 300–400 range
outlines as a suitable indicator for the identification whether the gravel or the sand particles dominate.

Contrarily, no clear distinction of the dominating morphodynamic processes can be made if the
particle Reynolds number is considered (Figure 6B). Most of the points, representing all three different
transport modes, range between 1000 < Rep < 10,000, clearly below the critical condition provided by
Shields. Accordingly, a stable bed surface is expected both in the laboratory and in the field study.
However, this is only the case for the armored sections of the study sites (blue diamonds) [17,59,64],
whereas the bed load measurements of the laboratory experiments and the bed load rating curve
at the study site in the Danube River demonstrate that weak bed load transport took place in both
cases. Moreover, the bed load material investigation of the laboratory experiment suggested that
the bed contained mainly sand fractions. Overall, despite the fact that the Shields curve would
suggest stable bed, weak and sand-dominated bed load transport was monitored during the field and
laboratory measurements.

Finally, the results of the log-normal-distribution-based probability examination are presented.
As a summary of the calculations, the probability data was summarized for the six log-normal
distributions, considering Re* = 300, Re* = 400, and Rep = 360 as critical values.

Table 2 shows that 5% of the near-bank points are in the Re* > 300 range, 60% of the gravel
bar points take Re* between 300 and 400, while only 3% of the points from the main channel are
expected below 400. It can also be seen that, below the critical particle Reynolds number value
(d = 2 mm; Rep = 360), only the fine sediment transport nature can be expected. However, according to
the log-normal distribution, 85% of the near-bank points are over 360. Thus, the Rep = 360 indicates
well that below this value mainly finer sediment transport is expected. In turn, the sediment transport
nature cannot be determined obviously above this border.

Table 2. Probability values of the shear Reynolds number and the particle Reynolds number, calculated
based on the fitted log-normal distribution for grouped data.

Landform Classes
Re* Rep

<300 < > >400 <360 >360

Sand aggradation, near-bank points 95% 5% 0% 15% 85%

Side bar 5% 60% 35% 0% 100%

Main channel, bed armor 0% 3% 97% 0% 100%

The most important outcome of the probability analysis is that the Re* between 300 and
400 is indeed a critical range: below 300 the sand transport dominates, above 400 the gravel
motion dominates.

The probability values indicated for the three main morphodynamic processes emphasize the
suitability of Re* for the determination of the locally dominant grain size range in the bed load transport.
On the other hand, the application of Rep suggests no clear classification for the same categorization,
when spatially varied bed material is present, such as at the investigated river reach.
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4. Discussion

Previous studies report that the dominant sediment transport nature in rivers with uniform bed
material can be reliably determined as the function of the so-called explicit particle Reynolds number
(Rep), but yields less accurate estimations in cases when the bed material composition shows strong
variability even along shorter reaches.

Based on the available and accessible data, namely 70 bed material samples and related local
bed shear stress values gathered both from recent own laboratory and field experiments, it could
be confirmed that, instead of the utilization of the explicit particle Reynolds number (Rep), or the
application of characteristic grain sizes, e.g., d50 or d90, the shear Reynolds number (Re*) is a more
adequate parameter to assess the locally dominant sediment transport nature. The probability
calculations indicate that the sand-dominant bed load is estimable by 95% accuracy, while the gravel
majority transport by 97%. In contrast, the Rep-based former method shows significantly greater
inaccuracy. Although the gravel-dominated locations are estimated precisely, the method calculates
the prediction of fine sediment majority by 85% inaccuracy.

Besides the authors’ own experimental data, it could also be shown that the Re*-based approach
works reliably for the laboratory and field data based on which the widely used van Rijn [20,57,58]
and the Wilcock and Crowe [26] bed load formulas were validated. The method is able to indicate the
fine particle domination for all of the validation and calibration data of the van Rijn model correctly.
Moreover, the transitional range between the sand and gravel majority becomes detectable in the
case of sand–gravel mixture bed material measurements, with which the Wilcock and Crowe model
was validated.

As another example, the authors assessed the datasets, consisting of 45 coupled bed shear stress
—d50 characteristic grain size value pairs from field measurements, published by Mueller et al. [66].
In that study, the median surface grain sizes of the gravel-bed streams and rivers were reported to
vary between 0.027 and 0.21 m, which indicates quite coarse bed material and armored bed surface.
Accordingly, the calculated Re* are consequently high, all estimated Re* values exceed 400.

Based on the data assessment introduced above, the following classification could be set up:

• Re* < ~300 → sand transport dominates;
• Re* > ~400 → gravel transport dominates;
• ~300 < Re* < ~400 → gravel accumulating and side bar formation is expected.

Besides the promising validation results, the theory must be further proven by direct bed load
field measurements. Also noted, that the local bed load content depends not only on the local bed
material, but also on the arriving bed load material [67]. This obvious effect is not taken into account
by the introduced method. Additionally, the benchmark measurements were carried out at weak
bed load discharges. Thus, the validation needs to be extended to a wider range of the flow regime.
However, the authors believe that the presented classification indicates meaningful progress in the
investigation methods of the nonuniform bed load.

5. Conclusions

The herein-presented classification method of the locally dominant fraction in bed load transport
can contribute to better implementation of different sediment transport investigation methods applied
in large rivers. For instance, a well-known issue related to field sediment transport monitoring is the
high uncertainty of direct bed load sampling methods. Having information on the local bed material
and on the flow field, the offered Re*-based approach can suggest where and what sort of sampling
techniques would be the most suitable to collect reliable sediment information.

The results can also contribute to the development of improved computational modeling tools.
Indeed, instead of applying one specific empirical sediment transport formula in a simulation to
calculate local bed load transport, the Re*-based approach can be utilized to distinguish between
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several formulas, each of them having a certain application range. Thus, the combined use of several
formulas becomes possible.
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Appendix A

The probability density function for the log-normal distribution is expressed as:

P(x) =
1

xσ
√

2π
e−

1
2 (

ln x−u
σ )

2
, (A1)

where the parameters are −∞ < μ < ∞ (scale parameter) and σ > 0 (shape parameter), can be obtained
by the fitting of the function to the known points. The integration of the log-normal distribution curves
results in the cumulative distribution function, which is:

F(x) = Φ
(

ln x − u
σ

)
, (A2)

where Φ is the Laplace integral [68,69].

174



Water 2019, 11, 73

Table A1. Measured morphodynamic data of field [17,64] (at the introduced reach of the Danube River
in Hungary) and laboratory [59] measurements and of the referenced laboratory experiments [17,59,64].

Main Channel, Bed Armor Sand Aggradation, Near-Bank Points Side Bar

u* τ* Re* Rep d50 u* τ* Re* Rep d50 u* τ* Re* Rep d50

D
a
n

u
b

e
,
rk

m
1
7
9
8
–
1
7
9
5

0.054
0.053
0.046

0.020
0.009
0.009

498
1031
657

3546
10,835
6886

9.2
19.4
14.3

0.025
0.010
0.022

0.005
0.001
0.062

185
55
1

2512
1604

1

7.3
5.4
0.0

0.022
0.035
0.028

0.002
0.007
0.002

276
364
689

5705
4242
15,567

12.6
10.4
24.6

0.042
0.058

0.009
0.019

500
633

5252
4583

11.9 0.129 0.062 16 6 0.1 0.033 0.006 478 6995 14.5
10.9 0.128 0.062 136 140 1.1 0.036 0.008 347 3802 9.6

0.061 0.020 701 5005 11.6 0.045 0.399 14 23 0.3 0.041 0.009 443 4577 10.9
0.066 0.030 598 3429 9.0 0.010 0.016 4 33 0.4 0.037 0.009 347 3676 9.4
0.044 0.010 540 5481 12.3 0.044 0.010 519 5231 11.9
0.069 0.014 1465 12,559 21.4
0.058 0.003 3745 65,995 64.6
0.100 0.033 1855 10,182 18.6
0.064 0.026 605 3737 9.5
0.064 0.017 946 7251 14.8
0.069 0.043 475 2283 6.9
0.094 0.029 1766 10,314 18.7
0.084 0.022 1659 11,230 19.8
0.087 0.049 813 3658 9.4
0.056 0.021 535 3715 9.5
0.048 0.019 365 2657 7.6
0.087 0.049 813 3658 9.4
0.053 0.019 499 3631 9.3
0.058 0.021 581 4026 10.0
0.077 0.007 3955 46,694 51.3
0.049 0.004 1956 31,713 39.6
0.079 0.012 2543 23,129 32.1
0.061 0.005 3042 44,346 49.5
0.082 0.006 5374 67,130 65.3
0.060 0.005 2896 42,850 48.4
0.073 0.006 3714 46,211 50.9
0.048 0.005 1449 21,195 30.3
0.066 0.020 913 6486 13.7
0.079 0.013 2345 20,525 29.6

L
a
b

o
ra

to
ry

m
e
a
su

re
m

e
n

ts

0.065 0.032 528 2951 8.1 0.040 0.022 186 1262 4.6 0.035 0.011 228 2155 6.6
0.078 0.032 915 5087 11.7 0.033 0.013 177 1570 5.3 0.055 0.026 398 2481 7.2
0.070 0.023 930 6118 13.2 0.036 0.014 207 1727 5.7 0.055 0.021 478 3287 8.7
0.060 0.026 518 3194 8.6 0.043 0.022 219 1474 5.1 0.045 0.017 329 2537 7.4
0.086 0.033 1197 6548 13.8 0.041 0.016 257 2015 6.3 0.039 0.011 320 3016 8.3
0.058 0.017 704 5374 12.1 0.035 0.011 237 2220 6.7 0.045 0.017 330 2506 7.3
0.061 0.017 805 6151 13.3 0.048 0.018 387 2914 8.1
0.070 0.021 1018 7012 14.5 0.040 0.016 253 2005 6.3
0.056 0.016 697 5558 12.4
0.054 0.018 549 4084 10.1
0.087 0.023 1785 11,739 20.4
0.050 0.019 417 3066 8.3
0.052 0.019 459 3339 8.8
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Abstract: This article deals with the modelling of erosion and accumulation processes in the
contemporary cultural landscape of Central Europe. The area of interest is the headwater part of
the small stream catchment—the Kopaninský Stream in central Czech Republic. It is an agricultural and
forest–agricultural landscape with a relatively rugged topography and riverbed slope, which makes
the terrain very vulnerable to water erosion. The main aim of this article is to compare the results of
four selected soil erosion and sediment delivery models, which are currently widely used to quantitate
the soil erosion and sediment accumulation rates, respectively. The models WaTEM/SEDEM, USPED,
InVEST and TerrSet work on several different algorithms. The model outputs are compared in terms of
the total volume of eroded and accumulated sediment within the catchment per time unit, and further
according to the spatial distribution of sites susceptible to soil loss or sediment accumulation. Although
each model is based partly on a specific calculation algorithm and has different data pre-processing
requirements, we have achieved relatively comparable results in calculating the average annual soil
loss and accumulation. However, each model is distinct in identifying the spatial distribution of specific
locations prone to soil loss or accumulation processes.

Keywords: soil loss; sediment delivery; erosion modelling; environmental change; agriculture;
Czech Republic

1. Introduction

Soil erosion is a physical process occurring almost everywhere in the world, even in landscapes
with low slopes. Its main cause is, in addition to natural terrain properties, the character of the soil
substrate and local climatic conditions, especially the prevailing land-use type and intensity of the
anthropogenic pressure to which the given landscape is subjected. According to Pimentel [1], about
10 million hectares of fertile land are eroded each year, and about 115 million hectares of soil are
affected by erosion in Europe [2]. Generally, this topic has been dealt with in the long term by both
the professional community and political decision makers – as evidenced by the fact that soil erosion,
as the main soil degradation process, has been identified as a key priority within the Soil Thematic
Strategy of the European Commission [3]. In Europe, a number of research projects have been carried
out in the past focusing on soil erosion and its modelling, and the importance of the theme is also
illustrated by the fact that the European Soil Data Centre (ESDAC) was established within the Joint
Research Centre in Ispra, Italy [4].
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It is obvious that humans—as the initiators of soil loss, increasing the susceptibility of the soil to
erosion—act directly through specific anthropogenic influences most often connected with land-use
changes, as well as indirectly, usually in connection with the impacts of climate change, which is also
conditioned by human activities to a certain extent. Indirect impacts of human activities affecting the
soil erosion rates are most often manifested in the form of extreme hydrometeorological phenomena
(flash floods or drought episodes). The relationship between the impacts of climate change and the
soil loss potential is being given increasing attention, e.g., [5–8]. This is also closely related to the
evapotranspiration rates and plant biomass production, among other factors [9]—it is a mechanism
to reduce biomass production that could lead to long-term increases in soil erosion due to sparser
vegetation cover [10].

When the upper layer of the soil cover is dredged from the agricultural land, there is a rapid
decrease in the fertility, which leads to an obvious decrease in the yields of the crops grown there.
An easily erodible soil substrate on sloping areas also presents a certain risk during significant
precipitation episodes, where specific flood events in the form of debris flow (a fast-moving landslide
made up of liquefied, unconsolidated, and saturated sediment mass) may occur. De Vente et al. [11]
consider such debris flow an off-site effect of soil erosion. This phenomenon is manifested, for example,
in the clogging of riverbeds, increased flood risk, and reduced lifetime of water reservoirs [12].
This makes soil erosion a critical problem [13] that requires holistic solutions involving physical and
socioeconomic approaches. For these reasons, accurate quantification of soil loss and sediment delivery
rates is very important, and information on the spatial distribution of these phenomena in a given
landscape is also crucial. In addition to processes characterizing the current state, the possibility of
predicting soil erosion–accumulation rates in the near future also becomes significant. Modelling of
these phenomena takes into account, in particular, the expected impacts of climate change on the
current cultural landscape as well as locally specific conditions that usually reflect the decision-making
of regional stakeholders—usually landowners or local governments. The outlined factors influencing
the prediction of soil erosion are, on the practical level, reflected through the land-use changes.

The Universal Soil Loss Equation (USLE) [14] and its more recent version, the Revised Universal
Soil Loss Equation (RUSLE), revised by Renard et al. [15], are applied for the purposes of determining
the volume of soil erosion almost everywhere in the world. Algorithms of a large number of soil loss
and sediment delivery models and procedures are based on these equations—the models applied in
this study are no exception. In the long term, soil erosion issues are highly relevant, especially in the
Mediterranean region [16], which is, according to de Vente et al. [17], particularly sensitive to erosion
due to its climate characterized by dry summers followed by intense autumn rainfall and often a steep
topography with fragile soils. These findings illustrate the soil erosion risk maps created, for example,
in Italy [18], Greece [19] or Spain [20]. Similar conditions, when the erosion–accumulation phenomena in
the landscape were additionally amplified by the impacts of climate change starting in the late 1980s,
were analyzed and subsequently described also in North Africa, as exemplified by Hallouz et al. [21] in
a case study from Algeria. In Central European conditions, the increased susceptibility of soil to erosion
is still mainly due to the use of inappropriate farming methods on sloping land, but the influence of
climatic conditions and extreme hydrometeorological situations is increasing, which greatly increases
the area of cultivated land with potential for higher soil erosion risk (e.g., [22–24]). The choice of specific
crops grown on those lands plays a key role in the erosion rate risk —in Central Europe, this issue was
dealt with, e.g., by Jones et al. [25] or Lieskovský and Kenderessy [26].

In the Czech Republic, soil erosion is one of the most widespread types of soil degradation [27],
with more than 50% of agricultural land at present being threatened by water erosion and more than
10% by wind erosion [28]. The modelling of erosion processes in the Czech landscape was dealt with,
e.g., by Dostál et al. [29], Krása et al. [30], Van Rompaey et al. [31] or Konečná et al [32]. Although
the currently used approaches allow relatively accurate identification of sites subject to erosion risk
only based on modelling techniques (i.e., without the need for field measurements), there is still
considerable uncertainty associated with the determination of the volume of sediment eroded. This is
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also evidenced by the relatively different results achieved by individual models applied to the same
territory within this study. The aim of this article is to determine the main causes of the differences
between four selected, commonly used soil loss and sediment delivery models. Specifically, it is
a comparison of the models in terms of their ability to identify sites with the potential for soil erosion
or accumulation, as well as the exact quantification of the volume of transported material within the
analyzed area. Based on this information, it is possible to determine the range of the most suitable
application tasks in which the models achieve the highest-quality results.

2. Materials and Methods

2.1. Case Study Area

Selected soil loss and sediment delivery models were applied to the study area located in central
Czech Republic in the Bohemian-Moravian Highlands, approximately 90 km southeast of Prague.
This is the headwater area of the Kopaninský Stream (IV. order stream) with an average altitude of
565 m, with an area of 7.1 km2, diverting water to the Želivka River (the left-side tributary of the
Sázava River). The exact position of the selected watershed is shown in the map in Figure 1. The area
is characterized by rugged terrain and a stream from its headwater area to the final profile near Velký
Rybník Village at a distance of 4.3 km, surpassing an elevation of 108 m. Long-term average discharge
in the final profile (between 1991 and 2000) was 0.027 m3 s−1 [33]. The basin of the Kopaninský
Stream is classified as a slightly warm and damp climatic area, characterized by an average annual
temperature of 7.1 ◦C. In terms of precipitation totals, the study area is located in a rather drier region
(average annual rainfall is 665 mm per year) under the influence of the continental climate.

 
Figure 1. Kopaninský Stream catchment and its location within the Czech Republic.
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The soil type is cambic hyperskeletic Leptosol, with extremely permeable shallow loamy sands. Along
the streambed, there are mainly Gleysols and Pseudogleysols in terms of soil cover. From the granulometric
point of view, clay soils predominate, supplemented with sandy loam along the watercourse. The catchment
area is approximately half covered with forests, and the rest is agricultural land, which is prone to erosion
due to the relatively rugged relief (see Figure 2). The erosive potential is increased by the fact that
these are compact and large-scale blocks of soil cover, without fragmentation made by line vegetation
cover, etc. When evaluating the vegetation cover, the most common are the “distance to nature habitats”
and “alien habitats,” which together cover approximately 660 hectares. Selected hydrometeorological and
geomorphological characteristics of the area, important also because of their influence on the formation of
rainfall-runoff processes in the landscape, are given in Table 1. For the catchment, an agricultural-forest
landscape is typical, with approximately 50% of forest stands—these are mainly coniferous forest with
an area of nearly 260 hectares. The rest of the territory comprises non-irrigated arable land and also
land principally occupied by agriculture, with significant areas of natural vegetation. The composition of
agricultural crops corresponds to natural conditions. Grains and oilseed rape predominate; there is also
a significant proportion of maize and peas, and some root crops.

 
Figure 2. Typical agricultural landscape in the area of interest (photo: O. Cudlín, 2016).

Table 1. Selected hydrometeorological and geomorphological characteristics of the study area.

Average Annual Values
Average

Terrain Slope
(◦)

Average
Stream Slope

(◦)
Precipitation

(mm)

Discharge in
Closing Profile

(m3 s−1)

Specific
Outflow

(l.s−1 km-2)

Air
Temperature

(◦C)

665.0 0.027 3.802 7.1 18.3 2.6

2.2. Data Sources

The quality of soil loss and sediment accumulation model outputs is directly dependent on the
spatial resolution of the topography used in the form of the digital elevation model (DEM). In particular,
the identification of sites with significant terrain slope and their extent, as well as the selection of
various relief microforms that can influence the drainage processes at a given river basin by their
morphometry, are very important. Often, these are anthropogenic forms of relief, such as road and rail
embankments, flood levees, various water passes and other forms of relief, which, moreover, often occur
in an agricultural landscape. However, the location and spatial extent of these forms are now relatively
easy and reliably identifiable due to the high accuracy of commonly available terrain models based on the
application of modern Earth remote sensing methods (e.g., LIDAR). This study used the digital elevation
model of the Czech Republic of the 5th generation (DEM 5G) with a spatial resolution of 5 × 5 m and
an average height error of 0.18 m in the exposed terrain and 0.30 m in forest terrain. The model was
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created from data acquired by airborne laser scanning in 2009–2013 and the resulting data are provided
by the Czech Office for Surveying, Mapping and Cadastre (COSMC). DEM is the basic input layer of all
soil loss and sediment delivery models based on the USLE equation. Based on these altitudinal data,
the slope length and steepness factor (LS factor) can be estimated, which is one of the most important
input parameters affecting the results of erosion process calculations. All models used work with a DEM
in the form of a raster file.

Another key input for erosion–accumulation models is the data on the nature of prevailing
land-use types. In this study, data from the ZABAGED®dataset (COSMC), supplemented by data from
the Land Parcel Identification System (LPIS), and subsequently verified on the basis of the current
aerial images of the catchment and its field survey, were used for the purposes of characterizing the
landscape coverage. The land cover was categorized based on the requirements of individual models
applied in this study—because of different working requirements, each model worked with a different
number of land-use categories. The values of the individual factors of the USLE equation are also
crucial inputs of the models—they are commonly used in its basic (USLE) or revised form (RUSLE)
for determining the vulnerability of agricultural soils to water erosion. This approach is given by the
following equation [14]:

A = R × K × LS × C × P, (1)

where A is the long-term average annual soil loss [t ha−1 year−1]; R is a rainfall erosivity factor
expressed in terms of kinetic energy, total precipitations and intensity of high precipitations;
K represents the soil erodibility factor expressed depending on the texture and structure of soil,
organic matter content in the regolith layer and permeability of the soil profile; LS is the topographic
factor expressing the effect of uninterrupted slopes and steepness on soil loss amount; C is cover
and the management factor expressed depending on the state of vegetation cover and agricultural
technologies used; and P represents the support practice factor.

These parameters are given in the form of raster files and in some cases as constant values for
the entire area of interest. All models used in the study work on the basis of the RUSLE equation,
but some parameters are not applicable for the conditions of the Czech Republic according to the RUSLE
methodology because of a lack of data. The equations used are therefore a combination of RUSLE and
USLE approaches. The specific values used for the individual equation factors and their sources are
presented in Table 2. The spatial distribution of some factors (i.e., K, LS and C factor) within the basin is
shown in the maps in Figure 3.

Table 2. Factors of the (R)USLE equation, its values and data sources used for the models applied.

Factor Factor description Used Values Unit Data Source

R Rainfall erosivity factor 40.00 MJ ha−1 cm h−1
Janeček et al. [34]

K Soil erodibility factor 0.32–0.481 t ha−1

LS Topographic factor (slope
length and steepness) 0.03–50.471 -

Own computation
based on Desmet
and Govers [35]

C Cover and management factor 0.00–0.651 -
Janeček et al. [34]

P Support practice factor 1.00 -
1 The values of the given factor are spatially variable and the actual distribution within the area of interest is shown
in Figure 3.
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Figure 3. Spatial distribution of the K, LS and C factor values in the study area.

2.3. Approaches Used to Soil Loss and Sediment Accumulation Modelling

The following paragraphs provide basic information on the individual models applied within
this article. However, this is not a detailed description of the algorithms and equations on which the
models are based; this information is contained in the original studies published by authors of the
given models or in the cited articles, the authors of which have also applied the models in practice.
For the purposes of this study we selected a total of four models, which can be categorized as soil
loss and sediment delivery models according to their official descriptions. According to available
documentation, each model uses the (R)USLE equation parameters to calculate the soil loss amounts
and other different algorithms to calculate the soil accumulation. In all the models applied, this is
the basic USLE equation (see Equation (1)), which determines the potential soil loss from the area of
1 ha per year (it means the long-term average value valid at each site of the river basin). The USLE
equation is modified for use in the GIS environment by replacing the “L” and “S” factors by the
combined topographic “LS” factor derived directly from the digital elevation model. Modification
of the “R” factor is not applicable here because all models consistently expect a direct input of the
rainfall erosivity value, not a sub-calculation of the rain erosion efficiency based on meteorological
measurements. For ease of comparison, the support practice factor “P” is not considered, the value 1 is
explicitly used. An overview of the models used, their selected parameters and input data requirements
is provided in the Table 3.

Table 3. Selected parameters of the models applied.

Model InVEST USPED TerrSet WaTEM/SEDEM

Ba
si

c
in

pu
tp

ar
am

et
er

s

DEM Raster file Raster file Raster file Raster file

R factor Raster file Numerical
value Raster file Numerical value

K factor Raster file Raster file Raster file Raster file or value

LS factor Numerical value Raster file Numerical
value Numerical value

C factor
Numerical values
(for each land-use
category)

Raster file Raster file Raster file or value

P factor Numerical value Numerical
value Raster file Not included
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Table 3. Cont.

Model InVEST USPED TerrSet WaTEM/SEDEM

Other inputs (compulsory)

River basin layer
(shapefile), Biophysical
parameters,
Land-use and land cover
data,
Flow accumulation
threshold, Calibration
parameters

Not included

Terrain
properties to
identify areas
with similar
erosion rates,
SDR values

Watercourse layer
(shapefile),
Land-use and land
cover data,
Ptef,
Parcel Connectivity
Data, Calibration
parameters

Optional inputs Information on drainage
systems

Calibration
parameters

No data value,
Units used,
Land
fragmentation

Algorithm of LS
factor computation,
Retention ponds,
Ploughing direction,
Soil roughness,
Units used

Geodata format

Common raster file,
Shapefile (.SHP),
.CSV file (biophysical
parameters only)

Common raster
file Idrisi file (.RST) Idrisi file (.RST)

2.3.1. InVEST

InVEST is a large set of open-source tools (models) designed to map and evaluate ecosystems and
natural processes. There is a wide range of tools such as models for carbon modelling, crop pollination
modelling, sediment transport modelling, but also even for fisheries or recreation modelling. The individual
tools are installed in the form of one package, but each is started separately. InVEST is developed within
the Natural Capital Project, which is based on a partnership between several of the world’s leading
academic institutions—Stanford University, the Chinese Academy of Sciences, the University of Minnesota,
The Nature Conservancy and the World Wildlife Fund. InVEST is one of the few in the range of used
models to be further developed [36]. Earlier versions of the entire InVEST package are also implemented
in TerrSet model as an Ecosystem Service Modeler tool.

Outputs from the sediment transport model include the sediment load delivered to the stream
at an annual time scale (i.e., “sediment accumulation”), as well as the amount of sediment eroded in
the catchment and retained by vegetation and topographic features. The sediment delivery module
(used for computation of the sediment accumulation amount) is a spatially explicit model working
at the spatial resolution of the input digital elevation model raster. For each pixel, the model first
computes the amount of annual soil loss from that pixel, and then computes the sediment delivery ratio
(SDR), which is the proportion of soil loss actually reaching the stream. Once sediment reaches the
stream, we assume that it ends up at the catchment outlet, thus no in-stream processes are modelled.
This approach was proposed by Borselli et al. [37] and has received increasing interest in recent
years [38–40]. The amount of annual soil loss on pixel is given by the revised universal soil loss
equation (RUSLE).

Based on the work by Borselli et al. [37], the model first computes the connectivity index (IC) for
each pixel. The connectivity index describes the hydrological linkage between sources of sediment
(from the landscape) and sinks (like streams). Higher values of IC indicate that source erosion is more
likely to make it to a sink (i.e., is more connected), which happens, for example, when there is sparse
vegetation or higher slope. Lower values of IC (i.e., lower connectivity) are associated with more
vegetated areas and lower slopes. The sediment delivery ratio for a pixel is then derived based on the
connectivity index IC, maximum theoretical SDR and calibration parameters, defining the shape of the
SDR-IC relationship (which is an increasing function). The value of sediment transport from a pixel is
the amount of sediment eroded from that pixel that actually reaches the stream [38].
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2.3.2. USPED

USPED (Unit Stream Power-Based Erosion/Deposition Model) is a two-dimensional model
of erosion and accumulation based on the RUSLE equation. This model is oriented to the spatial
distribution of areas with topographical potential for soil erosion and accumulation. The model was
developed in the USA in collaboration with experts from the U.S. Army Construction Engineering
Laboratories, Illinois Natural History Survey, and the Faculty of Science of Comenius University in
Bratislava, Slovakia. The first results were obtained by using this model in Central Illinois and Yakima
Ridge, Washington, USA [41]. USPED has been applied to the basins of various scales in the USA [42]
and in Italy [43,44]. Unlike the one-dimensional revised universal soil loss equation (RUSLE) models,
which assume erosion mainly depends on rainfall detachment capacity, USPED model assumes that
soil erosion and accumulation mainly depend on the sediment transport capacity of the surface
runoff. If soil particles are already detached by rain, but there is not enough runoff to transport the
soil particles because of the terrain shape or vegetation effect, the actual amount of erosion will be
significantly reduced. The total surface runoff through a given pixel determines the sediment transport
capacity of this area. USPED assumes that both surface runoff and sediment transport are continuous
variables. The net erosion/accumulation of sediment can be positive, indicating soil deposition,
or negative, indicating soil loss. The sediment transport capacity calculation is approximated using
a static sediment flow rate.

In the Central European conditions, the model was used, for example, in a Slovak study by
Dotterweich et al. [45] or in the Czech Republic by Bek [46] or more recently by Vysloužilová and
Kliment [47]. The major advantage of the USPED model is that it does not require the installation
of any special software and can be easily implemented in common GIS environments. Generally,
there are a number of interrelated raster data operations that were implemented in ESRI ArcGIS 10.2
(using Raster Calculator and Spatial Analyst Tools). The result is a raster file (the size of the grid
corresponding to the input data parameters) giving information about the nature of the phenomena
prevailing in each cell of the given raster—positive values indicate predominant sediment delivery
and negative values indicate soil loss. A detailed procedure for implementing the USPED model is
described in [47] or [43].

2.3.3. TerrSet

TerrSet is commercial raster-based software that includes a large number of individual modelling
tools. It also includes tools for modelling the impacts of climate change, and integrates a whole set of
InVEST models (older versions of tools) or tools for processing of the remote sensing data. The software is
developed and distributed by Clark Labs at Clark University in Worcester, MA, USA [48]. The calculation
of soil loss and sediment accumulation was done using the RUSLE model combination, followed by the
SEDIMENTATION tool from the IDRISI GIS Analysis tool kit. The main differences from other software
are based on the fact that the actual calculation is performed on raster data, but all the analyses take
place on the most homogeneous surfaces, the parameters of which are chosen when starting the RUSLE
model and are viewed as mutually isolated patches.

According to Clark Labs [48] the SEDIMENTATION tool utilizes patch-level output from the
RUSLE modelling tool to evaluate the net soil movement (erosion or deposition) within patches.
The Sediment Delivery Ratio (SDR) is determined from the average annual sediment yield. Sediment
yield (as in the case of InVEST model) is the amount of soil loss (erosion) that reaches a stream and
is transported within the waterway. Determining net erosion or deposition begins with the total
soil loss by patch produced from the RUSLE module. To determine net soil loss or deposition in
each patch, SEDIMENTATION tool first determines the average elevation for each patch. Then the
highest elevation in the river basin or the highest elevation in each field is located. The direction of
movement of the soil is then established by the relative elevation differences between contiguous
patches. Movement is always in the downslope direction. The amount of soil loss that moves into
the surrounding lower patches is proportional to the length of the common boundary between the
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higher patch and the lower patches. Next, the net soil loss or soil accumulation in all lower patches is
calculated as follows. Using the output from RUSLE, the proportional soil loss for the higher patch is
compared to the soil loss for the lower patch. The difference between the amounts of soil loss from the
higher patch to the lower patch represents the net soil loss or accumulation in the lower patch.

2.3.4. WaTEM/SEDEM

WaTEM/SEDEM is a specific tool developed at KU Leuven in Belgium, designed for modelling
soil erosion and transport processes. The software is freely distributed and is based on the IDRISI
GIS analysis tool and also uses its RST file format, which is related to the need to convert input data.
The model can be used to determine soil loss and accumulation values due to water erosion, to identify
areas of agricultural land susceptible to water erosion processes or to simulate the effects of different
soil conservation scenarios [49,50]. The water erosion component of WaTEM/SEDEM uses an adapted
version of the Revised Universal Soil loss equation (RUSLE) to calculate mean annual soil loss values.
Runoff patterns are calculated with a flow algorithm that takes into account field borders, tillage
direction and road infrastructure. Sediment is routed along these flow paths to the nearest river using
a transport capacity term that is proportional to the potential rill erosion rate. The boundaries of
the land and the topology of the river network are taken into account, which makes it suitable for
modelling larger river basins.

The sediment production values do not correspond with erosion values as calculated with RUSLE,
the latter being higher. RUSLE only predicts soil loss per pixel, not sediment deposition. On pixels
where sediment deposition is lower than RUSLE erosion, netto erosion will be the case. It is the latter
value which is used to calculate sediment production (soil accumulation). If sediment accumulation is
higher than RUSLE soil loss, there will be netto sediment accumulation and this value will be used to
calculate the catchment’s total sediment accumulation value. This model uses the R, K, C and P factors
of the RUSLE equation. The topographical L and S factors are automatically calculated from the DEM.
In order to adapt the RUSLE to a two-dimensional landscape, the upslope length is replaced by the unit
contributing area, i.e., the upslope drainage per unit of contour length. The use of contributing areas
implies that the effects of flow convergence and divergence on topographically complex landscapes
are explicitly accounted for [51].

The erosion rate is considered equal to the sum of the potential erosion unless the local transport
capacity is exceeded. The transport capacity coefficient describes the proportionality between the
potential for rill erosion and the transport capacity of the overland flow. The transport capacity is the
maximum sediment mass that can be transported by the overland flow. If the sediment production is
higher than this transport capacity, sediment will be deposited. Thus, the higher the transport capacity
coefficient, the more sediment can be transported downslope. For each land use type, transport
capacity can be different. The transport capacity on a given slope segment was considered to be
directly proportional to the erosion potential. If the sediment inflow exceeds the transport capacity,
deposition occurs, so that the amount of material equals the transport capacity. WaTEM/SEDEM
version 2004, launched through the 2006 version, is used in this study, which brings together all
available versions of the given software and corrects some of their errors. The algorithms used are
listed in the program manual [52]. This software generally belongs to relatively frequently used
tools—in Central Europe, its outputs were presented, for example, by Bezak et al. [53] or in the Czech
Republic by Van Rompaey et al. [31] and by Krása [54], which describes in more detail the individual
algorithms of the model.

3. Results

3.1. Analysis of Soil Loss Caused by Water Erosion

Selected models were applied within the area of interest to determine the soil loss amount
caused by water erosion. Each model works on a slightly different principle of soil loss estimation.
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The WaTEM/SEDEM (W/S) model calculates the “netto erosion” (the results range from negative values
indicating soil erosion to positive values that represent the sediment accumulation). This principle is also
applied within the USPED model. The InVEST model provides results in the form of “average erosion,”
which can be understood as a direct output from the USLE equation (the results range from zero to positive
values that represent soil loss). In contrast, the TerrSet model calculates both of these options (“netto
erosion” and “average erosion”). Comparison of the results of the four used models in terms of spatial
distribution of erodible sites within the catchment is provided by the maps in Figures 4 and 5. From these
outputs, a different principle of calculation is again evident—whereas the TerrSet model refers to the soil
erosion amounts on individual patches corresponding to the sites with a homogeneous land-use type (the
basic spatial unit is therefore a unitary land-use category), the W/S predicts the resulting soil erosion in
a resolution corresponding to the extent of the input data, i.e., individual pixels with an area of 100 m2.
On the same principle as W/S, other applied models also work. For this reason, TerrSet’s results may
be somewhat less accurate in terms of identifying specific sites with the potential to soil loss. It can be
concluded that in terms of spatial distribution, comparable results are achieved in particular by InVEST
and TerrSet model, which identify almost identical sites, but differ in the estimated soil erosion volumes
slightly (with total soil loss in the whole basin ranging from 43.8 to 55.4 tonnes per year). In the case of
the USPED model, it is obvious that, as well as sediment accumulation modelling, soil loss volumes are
significantly higher than in the case of other models, although significant soil erosion is expected in only
a few localities within the catchment. When comparing the results of all four applied models, we can
conclude that the models differ especially in terms of the total soil erosion volumes expected throughout
the catchment—the values vary from 42.0 to 76.0 tonnes per year. This variance is largely influenced by
the different area of the sites with soil erosion potential (see Table 4), which is also the result of a different
approach to the areas where soil erosion and sediment accumulation were not identified. While W/S
assigns a “0” value and includes these areas in following calculations, all other models assigns a “No data”
attribute to that territory and do not work with it in any further steps. The difference in the number of
pixels included in the calculations for each model is a key factor affecting the overall results.

 

Figure 4. Soil loss in the study area based on the results of the InVEST and USPED models.
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Figure 5. Soil loss in the study area based on the results of the TerrSet and WaTEM/SEDEM models.

Table 4. Comparison of the basic soil loss characteristics of the four models applied.

Model Used InVEST USPED TerrSet WaTEM/SEDEM

Total soil loss in the basin (t year−1) 43.78 76.03 55.38 41.96
Total area with soil loss (ha) 349.38 186.2 354.77 305.10
Average soil loss (t ha−1 year−1) 0.062 0.107 0.078 0.059

The calculated soil loss values and the respective areas of the sites where the erosion takes place
are shown in the graph in Figure 6. In principle, this figure captures the dependence between the
number of pixels and the corresponding soil erosion values of each output raster file. The resulting
chart points to the fact that in terms of the nature of the relationship between the two variables studied,
there are significant differences between the models applied. The W/S model achieves the lowest soil
losses, with the values found in areas ranging from 0.01 ha to almost 10 hectares (according to the
number of pixels with given values).

Relatively similar results are achieved by the InVEST model, which has slightly increased soil
loss values and pixels with very low erosion values are not present in such amount as compared to
W/S. The curve pattern of the InVEST model outputs indicates that there is almost the same number
of pixels with heterogeneous values of soil loss. A similar situation with slightly higher values (with
an area covering of about 3 ha) is also the case for the USPED model. Significantly different values that
occur in the TerrSet model output are mainly due to the fact that the model works with larger patches
characterized by a homogeneous and higher average value.
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Figure 6. Relationship between the soil loss values and the corresponding number of pixels identified
within the catchment where soil erosion takes place based on the results of the four models applied.

3.2. Analysis of Sediment Accumulation as a Consequence of Soil Loss by Water Erosion

In addition to the soil erosion, all of the applied models also allow the computation of sediment
accumulation, and since the study area is a coherent catchment (its upper part)—a hydrologically
correctly defined spatial unit—the volume of sediments should correlate with the amount of eroded
material to some extent (taking into account that part of the sediment volume is transported outside
the area of interest through the closing profile).

Each model has achieved relatively different results not only in terms of total volumes of the
sediment accumulation (Table 5), but also when comparing the spatial distribution of the observed
phenomenon (Figures 7 and 8). The outputs of all the models have been unified for ease of
interpretation in terms of the sediment accumulation amounts displayed, ranging from 0 to 20 tonnes
per hectare per year. Although it is not obvious from map visualization, the highest values of sediment
accumulation in the study area are predicted by the USPED model, which assumes soil accumulation
of more than 0.11 tonnes per hectare per year. The main reason is the accumulation of extremely high
amounts in the small area, which roughly corresponds to the results of the other models applied.
In terms of total soil accumulation in the basin, the results of the InVEST and TerrSet models are
relatively similar. However, since InVEST assumes sedimentation on a much larger area, it is clear from
the comparison of average sedimentation (tonnes per hectare per year) that the outputs for InVEST
and USPED are more comparable.

Based on the spatial pattern of soil accumulation values, a slightly different calculation algorithm
is also apparent when comparing the three models—InVEST, USPED (in Figure 7) and WaTEM/SEDEM
(on the right in Figure 8) with the TerrSet model outputs (on the left in Figure 8). While these three
models counts soil accumulation (as well as soil loss) in each pixel alone and do not communicate
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with their surroundings (“per pixel” method), the remaining TerrSet model counts using “per patch”
method. This means that at the beginning the area is divided into patches, defined on the basis of
the homogeneous terrain properties and landscape cover. This approach creates a group of adjacent
pixels that together make up one area in which the calculation takes place. The maximum length of
drainage path is given by the user’s value or by landscape elements interrupting the drainage path.
Individual patches communicate with each other, which mean that they are receiving information
about computed values in adjacent areas. This aspect has a significant effect on the L factor (slope
length factor), since in the case of patches the uninterrupted length of drainage path is much larger
compared to the size of the per pixel models (i.e., the length of the drainage line in each pixel is always
the same).

Table 5. Comparison of the basic soil accumulation characteristics of the four models applied.

Model Used InVEST USPED TerrSet WaTEM/SEDEM

Total soil accumulation in the basin (t year−1) 21.24 80.84 22.42 39.86
Total area with accumulation (ha) 320.58 123.87 93.10 46.65
Average soil accumulation (t ha−1 year−1) 0.030 0.114 0.032 0.056

 
Figure 7. Sediment accumulation as a result of soil loss caused by water erosion in the study
area—comparison of InVEST and USPED outputs.

When assessing the spatial distribution of the sediment accumulation capacity of the catchment,
it is obvious that large sediment accumulation-prone areas are predicted, especially by the InVEST and
TerrSet model, which expects the sediment accumulation to occur at the foot of practically all slopes
(this is also reflected in the sediment accumulation area, achieving the highest extent from all the
models in case of the InVEST). However, based on the data in Table 5, it is evident that InVEST identifies
large areas susceptible to sediment accumulation, but at the same time the model assigns relatively low
values to those sites, compared to other models (up to 269 tonnes/hectare/year). By comparing the
graphical outputs of all models, the influence of a different calculation algorithm is obvious. While the
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second pair of models (Figure 8) shows that the key factor for the prediction of the spatial distribution
of sediment accumulation is the nature of land-use (the individual areas identified correspond to the
extent and boundary position of the land-use units), for the first pair of models (Figure 7) the terrain
characteristics play a crucial role—topography is projected onto the results, especially in the case of
the InVEST model. Specific to the InVEST and USPED models, the calculation is also carried out on
road surfaces, which the TerrSet and WaTEM/SEDEM models exclude from the calculation.

 
Figure 8. Sediment accumulation as a result of soil loss caused by water erosion in the study
area—comparison of TerrSet and WaTEM/SEDEM outputs.

The above-described differences in the results of the analyzed models are evident, especially in the
detailed view of the graphical outputs, showing the spatial distribution of the observed phenomena
(Figure 9). The W/S model attribute high sediment accumulation values to only a few relatively small
areas and minimal accumulation values that are homogeneous on a relatively large area. In contrast,
the InVEST model allows for much more extensive areas, characterized by increased, but not extreme,
sediment accumulation. From the anthropogenically conditioned forms of relief, the road network plays
a very important role in soil erosion and sediment accumulation modelling. This element influences the
results of the models by modifying the morphological parameters of the terrain, which is then reflected
in input data for modelling (DEM), but also in the manner in which a given model processes this type
of landscape cover. The TerrSet and WaTEM/SEDEM models used exclude the road network from
calculation (they gave the “No data” attribute to the pixels), which is reflected especially when comparing
the average sediment accumulation or soil loss for the whole catchment area—each model therefore
calculates with a little different area affected by the number of pixels with the “No data” attribute.
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Figure 9. Detailed view on the selected site within the area of interest—comparison of the soil
accumulation modelling results.

For the efficient interpretation of differences in the results of the analyzed models, graph
(Figure 10) was created. The graph show the course of the dependencies between the amount
of sediment accumulation (i.e., soil accumulation per an area of one hectare) and an area that is
characterized by given specific soil accumulation capabilities. Based on Figure 10 it is obvious that the
analyzed models have different results in terms of their quality. From the distribution of values within
the correlation plot, it can be stated that the greatest differences is observed between the W/S and the
USPED model, where W/S assigns a large number of pixels with very low soil accumulation values,
the USPED assumes the occurrence of pixels with significantly higher values. The TerrSet and InVEST
models have a very similar distribution of values within the correlation plot.
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Figure 10. Relationship between the sediment accumulation values and the corresponding number of
pixels (pixel area is 100 m2) identified within the area where the accumulation takes place based on the
results of the four models applied.

4. Discussion and Conclusions

Based on the application of the four soil loss and sediment accumulation models on a selected
small stream catchment in a typical Central European landscape, it can be stated that there are obvious
differences between their outputs, both in terms of the total expected soil erosion and sedimentation
volumes and spatial distribution of these phenomena within the catchment. Different model results,
however, cannot be considered as a symptom of a certain error in the processing, but rather as a result
of different algorithms and approaches used to process the input data (which were otherwise identical
for each model). One of the main causes of differences in the results is the fact that each model actually
works with a different number of pixels within the used raster files. This fact is dependent on different
approaches to the classification of the land cover, for example, the W/S model also includes areas
where there is no soil erosion (assigns a “0” value), whereas the other applied models refer to these
areas as “No data” and exclude them. Furthermore, the TerrSetand W/S models also earmark the road
network from the final calculation. This different fragmentation of the study area and the continuity of
individual patches are key factors influencing the resulting soil erosion and sediment deposition values,
respectively. Another factor influencing soil loss values is the runoff algorithm (flow accumulation
algorithm) used—while W/S and TerrSet use the “Multiple Flow Direction” algorithm, USPED and
InVEST have only a “Single Flow Direction” mechanism integrated. The details about their differences
and influences on the runoff values are described in Wolock and McCabe [55].

Apart from the above-described differences between the results of each modelling process and
its probable causes, it is also necessary to take into account the data input quality, which can greatly
influence the overall accuracy of the results. It is mainly the spatial and temporal uncertainty of
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the input data that affects the quality of the result. An example is the “cover and management
factor” (C factor), where the same value for each crop for the whole year was applied to all the
models. These values are based on widely used tabular reports valid for the territory of the Czech
Republic [34]. A similar principle is often used in other European countries. However, it is evident that
the use of a single C factor value is largely inaccurate, especially in regions with alternating seasons,
as it fluctuates during the course of the year, depending on the actual growth phase of vegetation.
Much more accurate results that could subsequently be used for other decision-making processes in
a given area can be achieved by determining the C factor value by means of a series of several soil
erosion partial calculations, for different conditions, depending on a particular growing season (for
more information on this issue, see Pechanec et al. [56]). However, to assess the quality of model
outputs, the use of a single value is sufficient, especially with regard to the necessity of affecting the
differences in the actual soil loss or sediment delivery calculation algorithm, not in the quality of
input data.

The models used can be further compared according to their user requirements and input
data requirements—in this regard, the InVEST model is probably the most user-friendly. It has
a relatively purely processed user interface and has the lowest input and pre-processing requirements.
The WaTEM/SEDEM model offers a fairly good user interface, but the need for high-quality input data
and its pre-processing is considerable. Additionally, the need to work with data in IDRISI format can
now be considered as a certain disadvantage. In contrast, the USPED model does not have any custom
interface—it is essentially a series of calculations (mathematical operations with raster files) that can
be done in any GIS software. Overall, this approach can be considered relatively easy; however, due to
the large number of intermediate stages, it is a rather time-consuming process. The advantages and
disadvantages of all analyzed models with respect to their practical applicability are summarized in
Table 6.

Table 6. Rating of the models in terms of their demands on the input data and previous user experiences.
“++” means the most positive rating – user-friendly model, low input data requirements, etc.; “–“
indicates the most negative rating; and 0 means that the model does not have a user interface.

Model Used InVEST USPED TerrSet WaTEM/SEDEM

Data pre-processing requirements ++ - + –
User-friendly interface ++ 0 + +
Claims for prior user experiences + ++ - -
Failure sensitivity (including the difficulty of
error detecting) + + - -

Another possibility to evaluate the quality of the outputs of individual models is offered based on
their comparison with real soil erosion values, observed and measured in the field directly within the
area of interest. Since the field measurement process of soil loss is a relatively demanding issue, it is
not always possible to perform such a comparison and thus verify the results of model simulations.
The advantage of the area studied in this article is the fact that it is a long-term observation area,
which has been investigated in the past by a number of other Czech authors (i.e., Doležal et al. [57]
or Fučík et al. [58]—among other measurements, soil erosion has been measured over a certain time
period. Pavlík et al. [59] carried out field measurements in the Kopaninský Stream catchment in 2005
and 2006 and found out that the average annual soil erosion amounts vary in the range between 3.4
and 4.4 t ha−1 year−1. According to the Czech Hydrometeorological Institute (CHMI) in the area
of interest the average annual precipitation amounts recorded in these years (2005 and 2006) were
798 resp. 826 mm, which is a significantly above-average state (long-term average annual value is
665 mm year−1). The outputs can also be compared with the study realized by Panagos et al [8], which
predicts a soil erosion of approximately 1.0–8.9 t ha−1 year−1 in the soil erosion map of Europe and
soil database (ESDAC) for the given area of interest. Based on these results, it is evident that most
models applied achieve highly underestimated values when compared with the outputs mentioned.
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However, it is very important to emphasize that the comparison of the model outputs with the
real values obtained by field measurements is only for the idea of how much the model outputs can
differ from the real situation. But it is not possible to consider the models as inoperative because of
the differences, as the main reason for these differences is the fact that the models do not capture the
current conditions in the locality, but only the typical average values valid for a wider area. One of the
key elements affecting significantly the outputs is the choice of the C factor (cover and management
factor). In this study we were used year round constant value recommended for the Czech Republic
by Janeček et al. [34]. Another reason for discrepancies between model outputs and the real situation
may also be the unavailability of information on the existence of possible erosion control measures in
the area of interest. For this reason, a constant value of "1" for the P factor (Support practice factor)
is entered into the models, but for example, in the above-mentioned comparison, we do not have
any detailed information on the particular state of the erosion control measures at the site where the
measurements took place in the past. An important finding from the comparison of the four selected
models is that all models achieve very similar results in assessing the overall average soil loss (the
values found range from 0.125 to 0.156 tonnes per hectare per year). Thus, by applying these models,
relatively similar results can be obtained, but in terms of the spatial distribution of the particular soil
loss or accumulation areas, the outputs can vary considerably and they cannot be used for precise
identification of specific locations. For the purposes of precise identification of such soil erosion-prone
areas as is required for example in landscape planning or flood protection solutions, it is appropriate
to use differently designed models, described, for example, in Pechanec et al. [60].

Overall, it can be summarized that for the purposes of application tasks the InVEST model is
probably the most acceptable from the four models compared within this article. This model is less
demanding in terms of claims on the input data and is characterized by a relatively high-quality
user interface, which makes it usable even for less experienced users. The USPED model is also easy
to apply, but the ease lies mainly in the fact that it is a sequence of operations feasible in any GIS
software, therefore the steps are clear and the user can easily verify the quality of the partial results.
The opposite is the W/S model, which works in the form of a black box (the user does not see the
algorithms of the individual calculations) and the input data need to be entered in a specified format.
However, all the models applied are characterized by the demands on a certain user experience in the
field of environmental modelling and, in particular, the availability of the most accurate data, which
completely determines the quality of the outputs.
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