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Abstract

:

Sediment transport remains a significant challenge for researchers due to the intricate nature of the physical processes involved and the diverse characteristics of watercourses worldwide. A type of watercourse that is of particular interest for study is the ephemeral streams, found primarily in semiarid and arid regions. Due to their unique nature, a new measurement algorithm was created and a modified bed load sampler was built. Measurement of the bed load transport rate and calculation of the water discharge were conducted in an ephemeral stream in Northeastern Greece, where the mean calculated streamflow rate ranged from 0.019 to 0.314 m3/s, and the measured sediment load transport rates per unit width varied from 0.00001 to 0.00213 kg/m/s. The sediment concentration was determined through various methods, including nonlinear regression equations and formulas developed by Yang, with the coefficients of these formulas calibrated accordingly. The results demonstrated that the equations derived from Yang’s multiple regression analysis offered a superior fit compared to the original equations. As a result, two modified versions of Yang’s stream sediment transport formulas were developed and are presented to the readership. To assess the accuracy of the modified formulas, a comparison was conducted between the calculated total sediment concentrations and the measured total sediment concentrations based on various statistical criteria. The analysis shows that none of Yang’s original formulas fit the available data well, but after optimization, both modified formulas can be applied to the specific ephemeral stream. The results indicate also that the formulas derived from the nonlinear regression can be successfully used for the determination of the total sediment concentration in the ephemeral stream and have a better fit compared to Yang’s formulas. The correlation from the nonlinear regression equations suggests that total sediment transport is primarily influenced by water discharge and rainfall intensity, with the latter showing a high correlation coefficient of 0.998.
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1. Introduction


Rivers can be classified based on their flow pattern as perennial or temporary [1]. Perennial rivers are watercourses that flow continuously throughout the year and maintain a consistent flow, often sustained by groundwater sources. Contrarily to perennial rivers, temporary watercourses flow periodically in response to precipitation events or snowmelt and contain water intermittently throughout the year. The presence and duration of water flow in temporary watercourses are highly dependent on local climatic conditions, land-use patterns, and hydrological factors [2]. Temporary rivers can be further classified into two main categories: intermittent rivers and ephemeral streams [3,4]. Intermittent rivers flow during specific wet seasons when there is an adequate supply of water resources, such as increased precipitation, snowmelt, or runoff, and they exhibit fluctuating flow patterns tied to seasonal variations in water availability. During dry seasons or periods of reduced precipitation, intermittent rivers may cease to flow or have significantly reduced flow, sometimes leading to a complete drying of the river channel. Ephemeral streams flow only in response to specific events, such as heavy rainfall or flash floods, but they may be dry for extended periods, ranging from months to years [5]. They are commonly located in semiarid and arid regions where water availability fluctuates significantly throughout the year [6]. These regions typically experience low and sporadic precipitation, resulting in seasonal or episodic water flow in streams and rivers. During periods of rainfall or snowmelt, ephemeral streams in arid or semi-arid areas may become active, carrying water downstream and temporarily supporting aquatic and riparian ecosystems that eventually end in larger watercourses, either intermittent or perennial [7]. This variability in flow patterns presents challenges in the limited aquatic life that inhabits these environments. Due to the unpredictable nature of temporary watercourses, aquatic life in these habitats tends to be scarce and vulnerable to various threats. Human activities such as water abstraction, land-use changes, sand extraction for infrastructure construction, and infrastructure development can alter natural flow regimes, disrupt habitat connectivity, and degrade water quality, further exacerbating the challenges faced by aquatic life [8]. Climate change also poses significant risks to ephemeral streams by altering precipitation patterns, increasing temperatures, and affecting vegetation and soil moisture [9]. These changes lead to more variable and extreme weather events, altered flow patterns, increased evaporation, and shifts in snowmelt dynamics [10]. Consequently, there is heightened erosion, sedimentation, and changes in water quality, all of which affect stream morphology and aquatic ecosystems [11].



Greece, and the Mediterranean region, has a semiarid climate characterized by sporadic and intense rainfalls. This climate, in combination with the diverse terrain of Greece, has resulted in the creation of various and distinct watercourses. In the plains, watercourses mainly develop a permanent flow and receive the largest volume of water. In semi-mountainous and mountainous areas, water streams are characterized as intermittent and have seasonal water flow, and the mountain streams have ephemeral flow caused by precipitation [12]. While the volume of water carried by the ephemeral watercourses may not be compared to that of intermittent or perennial rivers, their multitude and cumulative total length exceed those of larger rivers [13,14].



River regimes, which describe the seasonal variations in a river’s flow, are closely connected with sediment changes. This relationship is influenced by various factors such as discharge, rainfall patterns, temperature, and human activities [15]. For all those reasons, investigating and understanding sediment-transport mechanisms is of critical importance [16,17]. The majority of sediment transport research has been directed towards perennial rivers, while in ephemeral streams, it remains understudied. However, recent events, such as flash floods, have highlighted their importance and their research value [18]. This is primarily due to the fact that sediment transport on ephemeral streams can pose several challenges, both environmentally and infrastructurally, such as intense and rapid erosion and deposition during flow events and damage to infrastructure due to uncontrolled sediment transport [19,20]. Nevertheless, there are some research efforts on this topic. Bunte et al. (2007) [21] designed a fixed bed load trap to conduct sediment measurements in the Rocky Mountain stream, USA, during snowmelt high flows, and Kaplan et al. (2019) [22] created a dataset by monitoring the ephemeral, intermittent, and perennial streamflow of the Attert catchment in Luxembourg. Stark et al. (2021) [23] constructed a sediment monitoring research facility in a gravel-bed ephemeral channel in New Mexico, USA, to continuously monitor sediment fluxes, revealing a high bed load and suspended sediment transport rates during flash-flood events, indicating hyper-efficiency compared to perennial counterparts.



Ephemeral watercourses can have significant impact not only on the areas through which they flow but also on the larger watercourses into which they drain, through effects on sediment load, flood dynamics, and water quality. These temporary streams can transport large amounts of sediment, contributing to erosion and deposition processes that reshape landscapes and affect downstream sediment loads [24]. During heavy rains, they can cause sudden increases in water levels, influencing flood dynamics and potentially exacerbating flood risks in larger rivers [25]. Additionally, ephemeral watercourses can carry nutrients, pollutants, and contaminants from agricultural and urban areas, impacting the water quality of larger water bodies [26]. Therefore, it is essential to study ephemeral water currents to better understand their impacts and potential risks. This research could lead to improved disaster preparedness and management, as well as a better understanding of the overall water cycle and its intricate dynamics.



Research on sediment transport in ephemeral streams has made significant strides, but several gaps still exist in our understanding of this complex phenomenon. For example, recent research by Fortesa et al. (2021) [27] on sediment transport in two intermittent rivers in the Mediterranean region highlights the ongoing need for more localized studies and advanced modeling techniques to fully comprehend the mechanisms and impacts of sediment transport in ephemeral watercourses. The main key research gaps include the temporal and spatial variability of the ephemeral streams and the modeling of sediment transport processes [28]. Ephemeral streams exhibit highly variable flow regimes, with periods of no flow interspersed with intense, short-duration flow events. There is a need for more research to understand how sediment transport processes vary temporally within these streams, including sediment erosion, transport, and deposition dynamics during different flow regimes. Existing sediment transport models often lack representation of the unique flow and sediment transport processes in ephemeral streams. Hence, there is a need for more research to develop and validate sediment transport models specifically tailored to ephemeral stream environments, accounting for factors such as intermittent flow and nonuniform sediment transport.



Previous studies investigated the implementation of Yang’s 1973 and 1979 sediment transport formulas to perennial [29,30] and intermittent [31,32] rivers and attempted to optimize the coefficients of the formulas using multiple regression. In addition, an attempt was made to establish nonlinear regression equations for the prediction of total sediment load as a function of the flow rate [31,33].



Due to their intense and brief nature, ephemeral streams present challenges for applying classical measurements of sediment transport and water discharge. For this reason, a new measurement algorithm was created and a new apparatus was built to comply with the ephemeral stream’s unique conditions. This research aims to improve the applicability of Yang’s (1973) [34] and Yang’s (1979) [35] sediment transport formulas at an ephemeral stream by adjusting the value of coefficients based on measurements and calculations of the total load sediment concentration conducted. Apart from those measurements, total sediment concentration was expressed as a function of the water discharge and the precipitation characteristics, such as quantity, intensity, and duration.



The objectives of this research are to apply and calibrate Yang’s formula on the data obtained from measurements and analyze the relationship between hydrological factors and sediment transport dynamics at an ephemeral stream.




2. Description of the Study Area


After extensive research at the semi-mountainous area of the Xanthi region in Northeastern Greece, the under-study ephemeral stream was chosen as a model for experimental research due to its local characteristics and accessibility. The selected stream is located on the slope of Mavropaidi Mountain. It starts near the village of Rymi, passes through the settlements of Filia and Grigoro, and ends at the lowland part of the Kosynthos River.



The stream basin is located between approximately 25°00′25.2″ and 25°01′39.5″ east longitude, and between 41°11′03.1″ and 41°06′13.1″ north latitude, covering an area of approximately 1.35 km2. It is rocky with little or no significant vegetation, with a maximum width of 750 m and an altitude ranging from 33 m to 421 m a.s.l. The average slope of the watershed is 27%, the average slope of the stream is 10%, and the maximum slopes of the watershed and the stream are 49% and 37%, respectively. The major land use is rangeland (51%, which includes herbaceous vegetation and shrubland), followed by cropland (22%), and the remaining 14% is forests and low-density urban areas [36].



The basin experiences a classic Mediterranean climate, characterized by hot, arid summers and mild winters with moderate rainfall. The average annual temperature is 14.6 °C, with an annual precipitation of approximately 880 mm. The rainfall patterns in ephemeral streams can be highly irregular, with events being brief and intense. These streams, usually dry for long periods, can quickly overflow from heavy rain, causing flash floods. The sudden surge of water from these high-intensity storms surpasses the streambeds’ capacity to absorb water, resulting in substantial runoff and abrupt flooding [37].



The length of the watercourse is approximately 3.6 km, and the width of the sections varies from 0.50 m in the mountainous sections up to 6 m in the lowlands. The average stream discharge is 1.4 m3 s−1, with a mean sediment transport rate of 0.0166 kg s−1 m−1, and the median particle has a diameter of 0.0009 m. The downstream part of the basin is a lowland plain, and the stream eventually flows into the Kosynthos River (Figure 1).




3. Materials and Methods


A significant amount of experiment setups was conducted over a period of two years during rainfall events, in which the streamflow rate was calculated and the flow depth and total load transport rate were measured. Out of all of the measurements that were conducted, ten measurements were able to be used to calibrate the numerical coefficients of the equations and create new nonlinear equations, while the information collected from the rest measurements was used to optimize the measurements algorithm.



To conduct the measurements in the ephemeral stream, the classification based on particle size, such as bed material load and wash load, was used [38]. This approach was chosen instead of the classification based on the mechanism of transport, which includes bed load and suspended load, commonly practiced in watercourses with permanent flow [39,40]. This classification was used due to the short duration and intense nature of the phenomenon, which does not allow for the development of a steady flow, making it impossible to distinguish between the two types of transport: bed load and suspended load. As a result, the sediment captured by the trap is considered to be the bed material load.



Apart from the measurements, the total sediment concentration was calculated by means of six different ways:




	
Yang’s (1973) [34] formula for total sediment concentration.



	
Yang’s (1973) [34] formula for total sediment concentration with coefficients calibrated through multiple regression based on field measurements.



	
Yang’s (1979) [35] formula for total sediment concentration, excluding critical conditions for incipient motion.



	
Yang’s (1979) [35] formula for total sediment concentration, excluding critical conditions for incipient motion, with coefficients calibrated through multiple regression based on field measurements.



	
Two formulas of nonlinear simple regression relationships for the sediment transport rate per unit width, on the basis of field measurements in the ephemeral stream.



	
Two formulas of linear multiple regression relationships for the sediment transport rate per unit width, on the basis of field measurements in the ephemeral stream.








The effectiveness of the methods was assessed by comparing the calculated total sediment concentrations with those measured at the site.



There are various formulas for calculating the sediment transport for perennial and intermittent rivers, but there are no exclusive formulas for ephemeral rivers [41,42,43,44,45]. Yang’s formulas were chosen as a starting point for the examination since these types have been tested in nearby streams such as the Kimmeria Torrent and Kosynthos River [31]. Additionally, the selected ephemeral stream flows into the Kosynthos River, making it a relevant point of comparison.



3.1. Streamflow Rate Calculations


The prevailing conditions at the ephemeral watercourses generate flow only during rainfall events and due to their intensity, the well-known methods of measuring the average flow velocity, as conducted in other watercourses, cannot be applied. The flood wave is of high velocity and intense magnitude, which makes it precarious for the observer to enter the watercourse to conduct measurements. Since it was not possible to conduct velocity measurements safely, the water discharge was simulated using rainfall data from the nearest meteorological station operated by the Democritus University of Thrace (Figure 1). Τhe data were transferred into the HEC-HMS software (version 4.12), and the flow was calculated for the duration of each rainfall event.




3.2. Sediment Transport Rate Measurements


Τhe total sediment load in streams is classified based on the mechanism of transport into bed load and suspended load, and, based on the particle size, into wash load and bed material load [46], as mentioned above. This paper adopted the latter classification, and bed material load measurements were conducted.



There is a variety of methods measuring sediment transport rates [47,48], the most common of which are direct sampling, bed load traps, bed load transport sensors, Acoustic Dopler Profilers (ADPs), Particle Image Velocimeters (PIVs), tracing materials, and remote sensing. Each of these methods has its strengths and limitations; usually, a combination of techniques is used to obtain comprehensive measurements of sediment transport rates.



Direct sampling is the usual method of conducting bed material load transport rate measurements using bed load samplers, such as the Helley–Smith sampler, in combination with retention paper filters [49,50]. This method is widely preferable because it is not expensive and provides accurate measurements. However, it may be labor-intensive, it requires the observer to enter the stream to acquire instantaneous measurements, and, thus, it is hard to capture short-term fluctuations. The technique of direct sampling cannot be applied to ephemeral streams due to the fact that streamflow is unsteady, and instantaneous measurements cannot represent the overall flow conditions.



Another method of measuring sediment transport rates is placing bed load traps on the streambed to capture sediment transported along the bed. Sediment trapped in the device is periodically collected and weighed to determine sediment transport rates. Bed load traps are relatively simple and can provide continuous measurements of bed load transport. However, this method may be labor-intensive and requires close monitoring of the setup.



There is a variety of modern methods measuring the sediment transport rate of streams using sensors, acoustic pulses, images, and tracers. However, all those methods cannot be easily applied to field measurements, as they require specialized equipment, are sensitive to environmental conditions and hazards, and require a power source.



A new load measurement algorithm, using a modified bed load trap combined with calculations, was developed in order to cope with the particularities of the ephemeral streams and eliminate any danger for the observer.



Based on the designs of Bunte et al. [21], we constructed modified sediment traps suitable for installation in ephemeral streams. The traps consist of a metal ground plate, a metal frame with slots for the rest of the components, two metal stakes, a nylon netting for catching the sediment and bolts, webbing straps, and wires for fixing the apparatus on the streambed (Figure 2).



The rectangular metal frame is 0.30 m wide and 0.20 m high and is mounted onto the metal ground plate in the stream. The ground metal plate is 0.30 by 0.40 m size and is used to prevent local scouring. To stabilize the apparatus, smooth metal rods of 1.20 m are fixed to the ground for half their length (0.60 m). The net has a length of 1 m and a 2 mm mesh opening, and it can store more than 20 kg of load. The whole device is tight together using shaft collars, bolts, and flexible wires. Apart from its stability, the merit of the trap is its large storage capacity (Figure 3).



The sediment measurement procedure starts by checking the rainfall forecast. As soon as heavy rainfall, capable of generating streamflow, is predicted, the trap is placed at the preselected installation point before the initiation of the rainfall. The metal ground plate and the metal frame with the net are placed through the rods, and all the parts of the apparatus are fixed using screws and wires. The apparatus remains in place throughout the event, and frequent visits are deemed necessary for checking the trap’s condition and replacing the net if required (Figure 4).



Once the event is over or the net is full of sediments, the material is collected and placed in a drying oven for 48 h at 80 °C [51]. After collecting and drying it out to remove moisture, the sample is sieved using a stack of sieves in order of decreasing opening size. For this study, we used a series of sieves with openings of 31.5 mm, 16 mm, 8 mm, 2.36 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm, and 0.063 mm, as well as the collector, which covers a range of particle sizes from coarse gravel down to very fine silt and clay. The material retained on each sieve was carefully weighed.




3.3. Calculation of Total Sediment Concentration


3.3.1. Yang’s Formulas (1973 and 1979)


Yang’s formulas are based on the unit stream power theory, utilizing easily measurable parameters like flow velocity, bed slope, or flow depth [34,35]. Yang [52] defines unit stream power as the time rate of potential energy expenditure per unit weight of water. Therefore, it is expressed as the product of average water velocity and bed slope.



In 1973, Yang developed a formula for the total sediment transport in rivers and streams by utilizing multiple regression analysis on 463 datasets obtained from laboratory flumes:


  l o g   c   F   = 5.435 − 0.286 l o g   w   D   50     v   − 0.457 l o g     u   ∗     w   +   1.799 − 0.409 l o g   w   D   50     v   − 0.314 l o g     u   ∗     w     l o g     u s   w   −     u   c r   s   w      



(1)




where     c   F     represents the total sediment concentration in parts per million by weight (ppm by weight); w stands for the terminal fall velocity of the sediment particles (m s−1); D50 denotes the median particle diameter (m);   v   is the kinematic viscosity of water (m2 s−1); s represents the energy slope; u indicates the mean flow velocity (m s−1);     u   c r     stands for the critical mean flow velocity (m s−1); and     u   ∗     is the shear velocity (m s−1). The product us is the unit stream power, which, according to Yang’s (1972) definition [38], represents the amount of energy dissipated by a gravitational flow per unit of time and per unit of weight of the fluid [32].



In 1979, Yang, based on 1259 sets of laboratory and field data, concluded that neglecting the critical unit stream power term in Equation (1) would not introduce a significant error if the measured sediment concentration surpassed 20 ppm. As a result, a simplified unit stream power equation was derived:


  log   c   F    = 5.165  −  0.153 log    w   D   50     v   −  0.297 log      u   ∗     w   +   1.780 −  0.360 log    w   D   50     v   −  0.480 log      u   ∗     w     log     us   w      



(2)







Due to the intense and transient nature of ephemeral streams, energy losses or gains are negligible compared to the gravitational component of the slope [53]. The flow of the stream can be considered uniform, and the energy slope is replaced by the bed slope.




3.3.2. Hydrologic Nonlinear Regression Relationships


An attempt has been made to establish hydrologic nonlinear and linear regression relationships linking the total load transport rate per unit width with streamflow discharge, rainfall intensity, and median particle diameter, as follows:




	
Total load transport rate per unit width y (kg s−1 m−1) as function of stream discharge Q (m3 s−1) (3).



	
Total load transport rate per unit width y (kg s−1 m−1) as function of rainfall intensity I (mm h−1) (4).



	
Total load transport rate per unit width y (kg s−1 m−1) as function of stream discharge Q (m3 s−1) and median particle size D50 (m) (5).



	
Total load transport rate per unit width y (kg s−1 m−1) as function of rainfall intensity I (mm h−1) and median particle size D50 (m) (6).








Table 1 and Table 2 illustrate the derived equations for the ephemeral stream.



By converting the units of the aforementioned relationships, we managed to compute the total sediment concentration (ppm by weight).






4. Results


4.1. Sediment Size Distribution


The obtained granulometric curves are provided in Figure 5. The horizontal axis represents the particle size on a logarithmic scale, and the vertical axis represents the cumulative percentage finer through a sieve of a specific size. The median particle diameter (D50) is 2.70 mm, which indicates that the main particle classification is coarse and medium sand.




4.2. Revising Yang’s Equations Using Ephemeral Stream Data


To recalibrate the coefficients of Equation (1), a multiple regression analysis was conducted [29]. The logarithm of total sediment concentration,   l o g   c   F    , was designated as the dependent variable, while the independent variables x1, x2, x3, x4, and x5 were utilized:


        x   1   = l o g ( w   D   50   / ν )         x   2   = l o g (   u   ∗   / w )         x   3   = l o g ( u s / w −   u   c r   s / w )         x   4   = l o g     u s   w   −     u   c r   s   w     l o g ( w   D   50   / ν )         x   5   = l o g     u s   w   −     u   c r   s   w     l o g (   u   ∗   / w )      



(7)







Thus, Yang’s formula can be expressed as a multiple linear regression equation:


  l o g   c   F   = 5.435 − 0.286   x   1   − 0.457   x   2   + 1.799   x   3   − 0.409   x   4   − 0.314   x   5    



(8)







Similarly, if the following auxiliary variables x′1, x′2, x′3, x′4 and x′5 are taken into consideration:


          x   ′     1    = log    w   D   50   / ν             x   ′     2    = log      u   ∗    / w              x   ′     3    = log     us / w              x   ′     4    = log     us / w    log   w   D   50   / ν             x   ′     5    = log  (  us / w  ) log (   u   ∗    / w  )      



(9)







Equation (2) can be formulated as a multiple linear regression equation:


  log   c   F    = 5.165  −  0.153        x   ′     1   −  0.297        x   ′     2    + 1.780        x   ′     3   −  0.360        x   ′     4   − 0.480        x    ′     5    



(10)







Based on the data obtained from the ephemeral stream, the arithmetic coefficients of Yang’s original formulas, Equations (1) and (2), are adjusted accordingly:


  l o g   c   F   = − 4.661 + 2.014 l o g   w   D   50     v   + 0.494 l o g     u   ∗     w   −   4.681 − 1.599 l o g   w   D   50     v   − 1.729 l o g     u   ∗     w     l o g     u s   w   −     u   c r   s   w      



(11)






  log   c   F    =  − 14.377 +  5.853 log    w   D   50     v   +  3.030 log      u   ∗     w   −   23.101 −  8.495 log    w   D   50     v   −  7.437 log      u   ∗     w     log     us   w      



(12)







In practical terms, the updated arithmetic coefficients of Equations (11) and (12) were established using conventional least-squares regression.



Table 3 displays the calculated streamflow rate (m3 s−1), the measured total sediment concentration (ppm), and the calculated total sediment concentration (ppm), derived from all equations.



Figure 6 illustrates the calculated streamflow hydrograph and the measured precipitation hyetograph at a daily time step from January 2017 to July 2018.




4.3. Hydrologic Relationships for the Ephemeral Stream


The nonlinear and linear formulas were established by correlating the values of total load transport rate per unit width with the values of the stream discharge, rainfall intensity, and median particle size. The total load transport rate per unit width (kg s−1 m−1) was calculated based on the sediment measurements of the ephemeral streams. The water discharge (m3 s−1) was simulated using rainfall data (mm) obtained from a meteorological station near the study area. Rainfall intensity (mm h−1) was calculated as the amount of rainfall that falls within an hour. The median particle size (m) was obtained from granulometric curves.



The calculated and measured variables of the hydrologic nonlinear and linear regression relationships of the ephemeral stream are displayed in Table 4.




4.4. Assessment of Calculated Versus Measured Total Sediment Concentration


The evaluation of the calculated and measured total sediment concentration involves the use of the following statistical criteria [54].



4.4.1. Mean Relative Error (MRE) (%)




  M R E =   1   n     ∑  i = 1   n          y   i   −     y  ^    i         y   i       100  



(13)




where     y   i     represents the measured total sediment concentration;       y  ^    i     denotes the calculated total sediment concentration; and n is the amount of data.



The Mean Relative Error (MRE) indicates the proportionate magnitude of the error, serving as a gauge of the accuracy of the approximation between the predicted and measured values relative to the magnitude of the physical quantity.




4.4.2. Nash–Sutcliffe Efficiency (NSE)



   N S E = 1 −     ∑  i = 1   n      (   y   i   −     y  ^    i   )   2         ∑  i = 1   n      (   y   i   −   y  ¯  )   2         



(14)





Here,     y  ¯    represents the average value of     y   i    .



NSE [55] quantifies the alignment between the measured and calculated data points with the line of equality (1:1 line). The Nash–Sutcliffe Efficiency varies from −∞ to 1, with 1 representing the ideal value.




4.4.3. Linear Correlation Coefficient r




  r =     ∑  i = 1   n    (   y   i     −   y  ¯  ) (     y  ^    i   −     y  ^   ¯  )      ∑  i = 1   n      (   y   i   −   y  ¯  )   2         ∑  i = 1   n      (     y  ^    i   −     y  ^   ¯  )   2         



(15)




where       y  ^   ¯    is the average value of       y  ^    i    .



The coefficient r indicates the extent of the linear relationship between the variables     y   i     and       y  ^    i    , ranging from −1 and +1. A value of r = ±1 represents an ideal scenario where the points representing the pairs of     y   i     and       y  ^    i    , plotted on a Cartesian coordinate system, align with the regression line with either a positive or negative slope, respectively.




4.4.4. Coefficient of Determination R2


The coefficient of determination R2 quantifies the proportion of variation in the calculated values that can be explained by the linear relationship between calculated and measured values. It ranges from 0 to 1, where a value of 0 indicates no correlation and a value of 1 signifies that the variance of the calculated values matches the variance of the measured values [39].




4.4.5. Discrepancy Ratio


The discrepancy ratio indicates the percentage of calculated total sediment concentration values within predetermined margins around the measured ones, determined by the watercourse type and result reliability. In this study, it signifies the percentage of calculated total sediment concentration values falling between four times and one quarter of the measured values.



The total sediment concentration was computed using the four derived formulas, as well as both the original and modified Yang formulas. The statistical criteria values are presented in Table 5.



Figure 7, Figure 8 and Figure 9 depict the results of the discrepancy ratio. Figure 7 and Figure 8 show the discrepancy ratio between measured and calculated values of the total sediment concentration using both the original formulas and the calibrated formulas of Yang. Figure 9 illustrates the discrepancy ratio between measured and calculated values of total sediment concentration using the nonlinear and linear regression equations. It is important to note that both axes in all plots are in a logarithmic scale.






5. Discussion


Sediment transport measurement in ephemeral streams presents several challenges due to their intermittent flow patterns, high flow variability, and their unique local characteristics. To address these challenges, a new measurement algorithm was created, and a new apparatus was built to comply with the ephemeral stream’s characteristics.



The main characteristic of ephemeral streams is the intermittent flow primarily driven by precipitation events and depends on factors such as rainfall intensity, duration, and frequency. Due to the variable nature of these streams and the intense flow during rainfall, the use of traditional channel flow meters for velocity measurements can be precarious. To address this issue, the HEC–HMS model is employed to estimate total water discharge using rainfall data from a nearby meteorological station. This approach allows for the calculation of water discharge based on the rainfall depth, which can be a satisfactory alternative to direct measurements under site-specific conditions. However, because of the complexity and multi-criteria dependency involved in these calculations, it is important to validate the results with actual measurements to ensure their accuracy and reliability. This validation process is necessary to confirm that the calculated values align with real-world conditions and can be considered fully acceptable for practical purposes.



Particle size and bed material load measurements were used to classify the total sediment load in the measuring technique designed for this particular ephemeral stream. A customized bed load trap that could be fixed to the stream bed was built, taking into consideration the unique features of the area and the fierce flow of the water. The bed load trap responded successfully to the intense streamflow conditions. The main drawbacks of the trap are the requirement to be positioned before the precipitation, the inability to move it once the event has begun, and its inability to capture sediments during low-flow and low-intensity rainfall events.



Some commonly used formulas for calculating sediment transport rate in streams are those developed by Yang (1973, 1979), and a framework for calculating sediment transport rates in streams is established. However, it is important to note that they may require adjustments or calibration based on site-specific conditions and empirical data.



The calibration of the original formulas is considered satisfactory, as all their statistical criteria are improved compared to the original ones. Notably, the Mean Relative Error (MRE) exhibits a significant decrease, the Nash–Sutcliffe Efficiency (NSE) shows marked improvement, and the discrepancy ratio tends to approach optimal values. However, the linear correlation coefficient (r) and the determination coefficient (R2) have not been improved.



Apart from well-known formulas for calculating sediment transport rate, there are various empirical formulas and equations that consider factors such as flow velocity, sediment characteristics, and channel geometry. In this paper, an attempt was made to establish empirical hydrologic nonlinear and linear regression relationships between the sediment transport rate per unit width and hydrologic variables for the ephemeral stream.



Table 5 illustrates the third derived formula (Equation (5)), in which the total load transport rate per unit width is expressed as a function of the stream discharge and median particle size, has the best overall application to the under-study watercourse. This is indicated by the value of R2 approaching the optimum value and identical value to the NSE, and discrepancy ratio achieving the best value of 1. Based on the discrepancy ratio plot between measured and calculated values, along with the r and R2, the next best application to available data has Equation (4) and (3), in which total sediment concentration is expressed as a function of total rainfall intensity and discharge, respectively.



On the contrary, the least successful application was associated with the original 1979 and 1973 Yang formulas. Although an improvement of the original Yang formulas has been made by optimizing their arithmetic coefficients, the outcomes of the established nonlinear and linear regression equations describe better the ephemeral stream.



These findings are justified by the nature of ephemeral watercourses, which produce flow exclusively during rain events marked by swift and intense conditions.



The derived formulas demonstrate significant potential for the specific case study, but their broader applicability requires careful consideration of site-specific factors and extensive calibration. The results are primarily applicable to the particular ephemeral stream due to its unique hydrological and sediment characteristics, which limit their generalizability. The variability in flow patterns and sediment transport dynamics, influenced by localized climatic and geographical factors, poses challenges for universal application, requiring specific adjustments and calibrations for each site.



Moreover, the accuracy of the method depends heavily on the availability and quality of field data. In regions where such data is sparse, implementation may be limited, thereby reducing effectiveness. Additionally, certain assumptions inherent in the method may not be universally valid and thus require critical evaluation and adjustment based on site-specific conditions.



Conversely, the new algorithm, including the customized bed load trap and refined sediment transport formulas, demonstrates significant adaptability to the unique hydrological conditions of ephemeral streams and can be adapted to similar environments characterized by intermittent, high-intensity flows. The successful calibration of Yang’s formulas and the development of new relationships with hydrological parameters, as presented in this and previous studies, highlight the potential for improving sediment transport predictions and enhancing reliability across different settings. The integration of extensive field and laboratory measurements with hydrological modeling provides a robust framework for accurate predictions. This study extends the groundwork for future research, providing a practical approach to refining sediment transport formulas that are adaptable to various rivers.




6. Conclusions


Numerous equations and relationships can be employed and further developed for the purpose of computing sediment transport rates, depending on the type of stream and the available measurements at hand.



In this study, the total load transport rate was calculated by means of the 1973 and 1979 Yang formulas. The statistical criteria revealed that none of the original Yang formulas seem to align with the available measurements. Consequently, the arithmetic coefficients of the independent variables in the original Yang formulas were calibrated using the available data. Upon redefining both Yang formulas, there is a notable enhancement in various statistical criteria when compared to the original formulas.



Apart from the calibration of Yang’s formulas, various attempts to create nonlinear and linear regression equations were made based on the data of total load measurements, stream discharge calculations, and rainfall characteristics. As a result of these efforts, four distinct nonlinear and linear regression equations were developed in which the total load transport rate was expressed as a function of stream discharge, rainfall intensity, and median particle size.



Although there is an improvement in the statistical values of the calibrated Yang’s formulas compared to the original, it is not safe to say that those formulas can be successfully used for the specific ephemeral stream. The hydrologically derived equations provide better results compared to the results of the calibrated formulas. This discrepancy arises because Yang’s formulas were originally developed based on instantaneous measurements of flow velocity and sediment transport rate, whereas the calculations of stream discharge and sediment transport rate in this study are conducted for each individual hydrological event, representing average values. This suggests that the hydrologically derived equations might provide more accurate results for ephemeral streams because they account for variations across different hydrological events, whereas Yang’s formulas might not capture these nuances as effectively. It is crucial to consider the specific characteristics and conditions of the stream when selecting the appropriate equations for analysis and prediction.



In summary, the most favorable outcomes were obtained when the sediment transport rate was correlated with the stream discharge, the median particle size (Equation (5)), and the rainfall intensity (Equation (4)). Following in effectiveness is the first formula (Equation (3)), which considers the correlation between sediment transport rate and discharge, and, subsequently, the fourth formula (Equation (6)), with a correlation of the sediment transport rate with the combination of rainfall intensity and the median particle size.



This study showcases a practical approach to refining and establishing sediment transport formulas, demonstrating their adaptability to specific conditions. However, it also underscores the limitation of assuming universal applicability of well-known formulas across different rivers and streams. It is important to emphasize that the derived equations should primarily be restricted to the specific stream studied and potentially to nearby ephemeral streams or to those in similar semiarid climates. This consideration underscores the importance of accounting for the unique characteristics and dynamics of each water body to ensure accurate and reliable predictions.



However, the methodology of this study has broader applicability to various types of rivers. By integrating extensive field and laboratory measurements with advanced hydrological modeling, the study provides a robust framework that can be adapted and calibrated for various hydrological factors. This approach enhances our understanding and management of sediment transport processes in diverse environments and has the potential to improve sediment transport predictions across a wide range of river types.



Overall, this study promotes more accurate and reliable predictions by emphasizing site-specific calibration based on the unique characteristics of each water body.



An extension of this study would involve the expansion of the available data, achieved either by conducting additional measurements or using data-generation techniques. This expansion would facilitate the application and calibration of other well-established sediment transport formulas.
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Figure 1. Study area: (a) placement on a map of Greece; (b) placement on Kosynthos basin; (c) ephemeral stream basin. 
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Figure 2. Parts of the trap: (a) schematic diagram; (b) metal frame, ground plate with inclined front edge, metal stakes, and nylon netting with webbing straps. 
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Figure 3. The trap installed: (a) before the event; (b) after the event. 
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Figure 4. Flowchart of the measurement’s algorithm. 






Figure 4. Flowchart of the measurement’s algorithm.



[image: Hydrology 11 00096 g004]







[image: Hydrology 11 00096 g005] 





Figure 5. Sediment size distribution curve. 
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Figure 6. Streamflow hydrograph and precipitation hyetograph (January 2017–July 2018). 
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Figure 7. Discrepancy ratio plot between measured and calculated values of total sediment concentration in the ephemeral stream by means of the original and the calibrated Yang formula (1973). 
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Figure 8. Discrepancy ratio plot between measured and calculated values of total sediment concentration in the ephemeral stream by means of the original and the calibrated Yang formula (1979). 
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Figure 9. (a) Discrepancy ratio plot between measured and calculated values of total sediment concentration in the ephemeral stream (a) based on the water discharge and rainfall intensity and (b) based on the combination of the water discharge and rainfall intensity with median particle size. 
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Table 1. Hydrologic nonlinear simple regression relationships for the total load transport rate of the ephemeral stream.
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Total Load Transport Rate (y)

Based on Stream Discharge (Q)

	
Total Load Transport Rate (y)

Based on Rainfall Intensity (I)






	
y = −5.4074 × Q4 + 3.6263 × Q3 − 0.7895 × Q2 + 0.0624 × Q − 0.0009

	
(3)

	
y = −0.0013 × I3 + 0.0035 × I2 − 0.0016 × I + 0.0003

	
(4)











 





Table 2. Hydrologic linear multiple regression relationships for the total load transport rate of the ephemeral stream.
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Total Load Transport Rate (y) Based on Stream

Discharge (Q) and Median Particle Size (D50)

	
Total Load Transport Rate (y) Based on Rainfall

Intensity (I) and Median Particle Size (D50)






	
y = −0.000003 − 0.000056 × Q + 1.004642 × D50

	
(5)

	
y = 0.000119 + 151.187494 × I − 0.010741 × D50

	
(6)











 





Table 3. Calculated streamflow rate and total sediment concentration—Measured total sediment concentration.
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	No
	Mean

Calculated Streamflow Rate (m3 s−1)
	Total Load cF (Meas.) (ppm)
	Total Load cF

Original Yang 1973

(Calc.) (ppm)
	Total Load cF

Calibrated Yang 1973

(Calc.) (ppm)
	Total Load cF

Original Yang 1979

(Calc.) (ppm)
	Total Load cF

Calibrated Yang 1979

(Calc.) (ppm)





	1
	0.058
	24.610
	4286.318
	1.925
	11,443.820
	2.013



	2
	0.040
	1.586
	7475.395
	1.713
	15,005.451
	2.045



	3
	0.019
	4.079
	2382.974
	6.149
	10,181.187
	7.469



	4
	0.039
	2.111
	2806.441
	2.528
	9814.388
	2.314



	5
	0.314
	1.112
	19,695.671
	0.676
	32,186.489
	0.864



	6
	0.186
	0.969
	7773.334
	3.478
	13,594.008
	3.535



	7
	0.080
	1.940
	26,484.902
	1.623
	36,850.514
	1.610



	8
	0.038
	0.163
	6313.266
	0.581
	14,937.399
	0.388



	9
	0.020
	9.978
	3541.361
	7.630
	10,096.038
	7.520



	10
	0.123
	1.840
	5780.400
	2.430
	12,088.459
	2.065










 





Table 4. Calculated and measured variables of the hydrologic nonlinear and linear regression formulas.
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	No
	Mean

Calculated Streamflow Rate (m3 s−1)
	Measured Rainfall

Intensity (mm h−1)
	Median Particle Size

(m)
	Measured Total

Load Transport Rate

(kg m−1 s−1)
	Equation (3) (kg m−1 s−1)
	Equation (4) (kg m−1 s−1)
	Equation (5) (kg m−1 s−1)
	Equation (6) (kg m−1 s−1)





	1
	0.058
	1.034
	0.001952
	0.00213
	0.00071
	0.00095
	0.00214
	0.00053



	2
	0.040
	0.536
	0.001283
	0.00007
	0.00054
	0.00025
	0.00009
	0.00033



	3
	0.019
	0.312
	0.001646
	0.00008
	0.00004
	0.00010
	0.00012
	0.00023



	4
	0.039
	0.426
	0.006305
	0.00009
	0.00053
	0.00015
	0.00012
	0.00023



	5
	0.314
	2.004
	0.001147
	0.00052
	0.00054
	0.00069
	0.00051
	0.00095



	6
	0.186
	1.170
	0.004373
	0.00027
	0.00025
	0.00114
	0.00026
	0.00056



	7
	0.080
	0.553
	0.001659
	0.00016
	0.00067
	0.00027
	0.00023
	0.00033



	8
	0.038
	0.405
	0.000704
	0.00001
	0.00052
	0.00014
	0.00000
	0.00028



	9
	0.020
	0.350
	0.004683
	0.00031
	0.00005
	0.00011
	0.00029
	0.00022



	10
	0.123
	0.798
	0.003294
	0.00023
	0.00034
	0.00059
	0.00033
	0.00042










 





Table 5. Statistical criteria of Yang’s original and calibrated formulas, as well as derived hydrologic formulas for the ephemeral stream.
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	MRE (%)
	NSE
	r
	R2
	Discrepancy Ratio





	Original 1973
	−88.3195 × 104
	−27.1491 × 105
	−0.2947
	0.0869
	0.00



	Calibrated 1973
	−45.3941
	−0.0549
	0.1894
	0.0359
	0.90



	Original 1979
	−17.8022 × 105
	−71.5172 × 105
	−0.2923
	0.0855
	0.00



	Calibrated 1979
	−38.0284
	−0.0620
	0.1780
	0.0317
	0.90



	Equation (3)
	−755.7318
	0.1443
	0.3804
	0.1447
	0.60



	Equation (4)
	−232.4395
	0.3204
	0.5695
	0.3243
	0.80



	Equation (5)
	0.6736
	0.9971
	0.9985
	0.9971
	1.00



	Equation (6)
	−427.6470
	0.1258
	0.3683
	0.1356
	0.70
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