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Abstract

:

Fine particles or sediments are one of the important variables that should be considered for the proper management of water quality and aquatic ecosystems. In the present study, the effect of catchment characteristics on the performance of an already developed model for the estimation of fine sediments dynamics between the water column and sediment bed was tested, using 13 catchments distributed worldwide. The model was calibrated to determine two optimal model parameters. The first is the filtration parameter, which represents the filtration of fine sediments through pores of the stream bed during the recession period of a flood event. The second parameter is the bed erosion parameter that represents the active layer, directly related to the re-suspension of fine sediments during a flood event. A dependency of the filtration parameter with the catchment area was observed in catchments smaller than ~100 km2, whereas no particular relationship was observed for larger catchments (>100 km2). In contrast, the bed erosion parameter does not show a noticeable dependency with the area or other environmental characteristics. The model estimated the mass of fine sediments released from the sediment bed to the water column during flood events in the 13 catchments within ~23% bias.
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1. Introduction


Fine particles or sediments are considered one of the most important factors affecting the quality and functioning of fluvial environments. For instance, fine sediments are long-lasting sources of toxic substances in catchments; that is, contaminants, such as pathogens, heavy metals as well as nutrients, are transported attached to fine sediments [1,2,3,4,5]. Fine sediment dynamics also have various effects on the health of benthic communities and the overall aquatic ecosystems [6,7,8,9].



The suspended sediment yield is affected by various catchment characteristics such as climate, geology, soils, catchment area, and land cover [10,11,12]. Because of the spatial variability of these catchment characteristics, developing a universally applicable fine sediment transport model remains an important research challenge. Rainfall intensity, erodibility and runoff processes mainly govern the fine sediment dynamics at the basin outlet. Not only these factors but also the catchment sizes cause variations in the sediment supply and transport processes. For example,



Gao et al. [13] suggested that the suspended sediment load (Qs) is dominated by short-time-interval processes in smaller catchments with less-developed drainage density and small capacity to store fine sediment (i.e., drainage area <0.1 km2). As the drainage area increases, the homogeneity of the catchment decreases and drainage density gradually increases, leading to a greater contribution of remobilization of fine riverbed sediments and bank erosion to the overall sediment budget [13].



Suspended sediment concentration (hereafter C) is closely related to flow discharge (Q), but this relationship varies over time, from the flood scale to the annual scale. The C–Q relationship often shows orders of magnitude of scatter [14]. Such variability is explained by the fact that the rising limb of the flood generally shows a different C–Q relationship compared with the falling limb, leading to a hysteresis pattern in the relationship [13,15,16,17,18,19]. The supply of sediment from the channel system is often considered to be a significant source of sediment [18,20,21,22]. For instance, Klein [17] observed clockwise hysteresis, being mainly driven by the supply of sediments from the channel bed or from highly eroded hillslopes close to the outlet. In contrast, anticlockwise hysteresis can be observed when sediment is supplied from distant upstream sources. Recently, Yang et al. [23] derived a flow and sediment travel time model, verifying that clockwise hysteresis is observed when flow travel time is more extended than the sediment travel time, whereas anticlockwise hysteresis is observed in the opposite. More recently, Juez et al. [24], based in a series of laboratory tests, observed clockwise hysteresis driven by the supply of sediment from the channel bed, whereas anticlockwise hysteresis is observed when upstream supply of sediment has more contribution. These hysteresis patterns are one of the main reasons why single power-law models are generally insufficient to explain the scatter in the relationship between C and Q [14,25]. Seasonality of precipitation and land cover also causes scatter in C for a given Q [15,26,27,28]. For example, Alexandrov et al. [15] carried out a study in a semi-arid region and observed that autumn–spring convective storms with higher-intensity rainfall often produce higher C than winter frontal storms with lower intensity; much earlier,



Negev [26] and more recently Cantalice et al. [21] have suggested that the first flood in a given water year could have a higher C than subsequent floods of similar magnitude. The reason of these differences was attributed to the re-suspension of deposited sediment from bed during the first flood of the year. Seasonal variations of the flow due to snowmelt may also induce additional sediment supply from the channel bed and cause variations in the functional relationship between C and Q. Stubblefield et al. [29] observed an increase of the sediment supply from the channel bed when the flow rate was increased by snowmelt in a field study of Lake Tahoe. Interannual variations of the suspended sediment load with water discharge are also caused by larger-scale variations of the environment, such as climatic changes and related variability of discharge [30], or extreme events such as large floods [14].



A conceptual model coupling fine sediment dynamics with bedload transport was presented by Park and Hunt [31] based on systematic analysis of fine sediment and stream bed movement. This study led to the development of a model for the estimation of fine sediment accumulation and re-suspension from the bed [32]. It is worth mentioning that fine sediments are defined as “particles that are transported in suspension in surface waters and can also be accumulated in the sediment beds” [32]. Within this context, the objective of this study is (i) to analyze the applicability and robustness of the model developed by Park et al. [32] and (ii) to study the effect of catchment characteristics (e.g., catchment area, climate) on the performance of the model. The study was carried out based on data of 13 catchments with different drainage area and located in various hydro-climatic environments.




2. Materials and Methods


2.1. Research Sites and Data Sources


C and Q data from 13 catchments (ranging from 2.2 to 21,000 km2) were used to test the robustness of the model under different environmental characteristics (Figure 1; Table 1; Table S1 in Supplementary Materials). Note that we consider environmental characteristics, as mainly, the catchment area and climatic condition of catchments.



These catchments are classified into 5 categories according to their climatic characteristics or geographical regions: (i) temperate oceanic, (ii) snowmelt, (iii) Mediterranean mountainous, (iv) Mediterranean, and (v) European-continental (Table 1).



The temperate oceanic climate is represented by two catchments located in Northwestern France, Violettes and Moulinet, where the mean longitudinal channel slope is about 1.8% in both sites [33,41]. The land in this region is used extensively for dairy cattle farming, including pastures. Cattle disturbance has been associated with bank erosion and increased suspended sediment concentration in the stream [42]. Turbidity sensors were installed at the outlet of each catchment and C was estimated from the relationship between turbidity and C [41]. The Q and C parameters were measured every 30 s, and 10-min average values were reported. Similar climatic and land use conditions are found in the Owenabue and Bandon catchments in Southern Ireland, where 90% of the land is used for pasture and tillage [16]. The Q and C values of these two catchments were provided by Ireland’s National Office of Public Works for Q and the Cork Institute of Technology for C.



Snowmelt- and glacial melt-dominated streams have periodic flow rates and corresponding fine sediment concentration fluctuations [29]. One of such streams was the Incline Creek in Nevada, which drains into Lake Tahoe, CA, USA. For this stream, Q and C were measured at 15-min intervals between 4 April and 24 May 2000. This snowmelt-dominated catchment provides an extreme test of the model, given that there are only 24 h between flood events. The gauge elevation is 2100 m a.s.l., therefore, winter precipitation falls mainly in the form of snow. The flow regime of the United States Geological Survey (USGS) station (site number 103366993) shows daily cycles reflecting snowmelt conditions in spring. The C was continuously estimated from turbidity measurements, based on the turbidity-C relationship developed by Langlois et al. [34]. The earlier arrival of suspended sediment concentration peaks compared with peak water discharge shows clockwise hysteresis loops for almost all flood events.



The Mediterranean mountainous climate was assessed in four different catchments located in two different regions. Firstly, the two tributaries of the Bléone catchment, the Galabre and Bes rivers, located in the subalpine region of southeastern France, were evaluated. The climate of the catchment is characterized by a pronounced seasonality with the occurrence of frost in winter and high-intensity rainfall in summer. The peak water discharge during the spring season is affected by snowmelt in the Bès catchment where the median grain size of bed surface materials is 70 mm [35,43]. The main types of land cover found are forests, scrubland, sparse vegetation, and grassland. Continuous Q and C values were monitored at two gauging stations located at the outlet. Depending on its magnitude, the Q was regularly gauged with the salt (NaCl) dilution method and a current flow meter. The concentration C was estimated from turbidity data based on the method developed by Navratil et al. [44].



The Ribera Salada stream, located in the southern Pyrenees, and the river Isábena (which presents frequent flooding that causes relatively high sediment transport rates) located in the southern central Pyrenees, are others representative of the Mediterranean mountainous climate. Mean annual precipitation at both catchments is around 800 mm, being the monitoring period selected for the present study representative of the long-term hydrological regime. Predominant land uses are forest in headwaters and forest mixed with agriculture at the lowlands. Q and C (estimated from turbidity sensors by establishing rating curves between turbidity and C) were continuously measured at 15-min intervals, at the Inglabaga monitoring station (channel slope at around 1%) in the case of the former [36,45], and at the Capella gauging station (channel slope at around 0.4%) for the latter, and the median grain sizes of bed surface materials are 49.0 mm and 69.5 mm in the Ribera Salada and Isábena catchments, respectively [37,46].



Another different Mediterranean environment is that of the Carapelle catchment, located in the Puglia region of Southern Italy. It presents yearly precipitation that ranges from 450 to 800 mm, and land use is mostly agricultural where the mean slope of main channel is 1.8% [38,47]. Continuous Q and C values have been measured from 1 January 2007 to 31 December 2011 in this catchment, which is characterized by long periods with low flows and a prevalence of counter-clockwise hysteresis [48]. For this reason, a shorter period, between 3 March and 31 April 2009, was utilized for calibration in this study where 2009 was quite humid year (annual rainfall 786 mm) [38,47].



The Hopland and Guerneville catchments, both located in the Russian River, California, CA, USA, analyzed in a previous study [32] were included in the catchment list; the climate in this region is also Mediterranean-type, with warmer, drier summers and cooler, wetter winters, where the median grain sizes of bed surface materials are 7.9 mm and 7.1 mm in the Hopland and Guerneville catchments, respectively.



Finally, the wet European-continental climate was considered with the inclusion of the Meuse River catchment, located at the Belgian–Dutch border, with a length of 935 km and a catchment area of 36,000 km2, where wet season is between October and April, and dry season is between May and September [40]. The main channel has steep slopes and land is dominantly used for both agriculture and forest [40]. Daily Q and C data reported over 15 years by the Dutch Institute for Inland Water Management and Waste Water Treatment (RIZA) are available from the upstream of the Eijsden gauging station, where the river length is approximately 700 km and the catchment area is ~21,000 km2. Because the identification of model parameters requires sufficient resolution to discern the hysteresis of C to Q in rising and falling limbs during a flood event, daily data were applicable for model simulation in this relatively large catchment.




2.2. Model Description


The model applied in this study was developed by Park et al. [32]. The model estimates in-channel storage and re-suspension of fine sediment through three phases (Phase 1–3). In the model, it is considered that the effect of other catchment characteristics, such as channel morphology, on sediment dynamics is included through two parameters. This simplicity is one of the benefits for the application of this model. The model development process will not be described in detail in this study, but the main concepts are summarized.



2.2.1. Fine Sediment Accumulation


In Phase 1, when Q is less than the critical flow rate (Qc) to initiate sediment bed material mobilization, the fine sediments in the water column are accumulated in the sediment bed through hyporheic flow. The change of accumulated fine sediments mass during the time period from t to t + Δt is represented by Equation (1), which was derived by considering that the mass of fine sediments accumulated in the sediment bed is proportional to the fine sediment concentration in surface water, C(t).


ΔM(t)=αC(t)[1−M(t)Mmax]Δt  for Q<Qc,



(1)




where M is the mass of fine sediments accumulated within the pore space of the sediment bed. The maximum value of M, Mmax, represents the sediment particle accumulation capacity of the sediment bed. The sediment particle removal parameter, α (L3/T), represents the filtration and settling of fine sediment particles within the sediment bed.




2.2.2. Fine Sediment Re-Suspension


In Phase 2, during the rising flood with dQ/dt > 0 and Q > Qc, fine sediments are released from the sediment bed into the water column, because the bed materials become fluidized when Q exceeds Qc, initiating mobilization of the bed material.



An analysis of the data from Haschenburger [49] leads to the assumption that the erosion depth of the sediment bed during a flood event is an exponential function of the peak flow rate (Qpeak). From this approach, it is assumed that the maximum bed erosion occurs at the maximum flow rate (Qmax) during the observation period, when the release of all fine sediment particles within the sediment bed is expected. Thus Mmax is observed at Qmax (Appendix A1).



In the model, the ratio of fine sediments mass released from the sediment bed, Mf,model, to the maximum possible mass of fine sediments in storage, Mmax, is expressed as an exponential function of the ratio of Qpeak to Qmax. Thus, the mass of fine sediments released from the sediment bed by flood event i is


Mfi,model=Mmaxexp[−β(1−Q(tp,i)Qmax)],



(2)




where tp,i is time at Qpeak of flood event i and β a dimensionless sediment bed erosion parameter.



The mass of fine sediments remaining in the pore space of the sediment bed immediately after flood event i is estimated from the difference between the accumulated fine sediment mass in the sediment bed before flood event i and the mass of fine sediments released from the sediment bed by flood event i, as


M(tp,i)=M(ts,i)−Mmaxexp[−β(1−Q(tp,i)Qmax)],



(3)




where M(t) is the fine sediment mass accumulated in the sediment bed at time t, and ts,i is the time at the beginning of flood event i. In the model simulation, M(tp,i) is restricted to be non- negative.




2.2.3. Fine Sediment Accumulation during Flood Recession


Finally, in Phase 3, in the falling limb with dQ/dt < 0 and Q > Qc, fine sediments can be removed by filtration through hyporheic flow and stored within the pore space of the sediment bed. During flood recession, the available capacity for sediment storage is limited by partial fluidization of the sediment bed, which reduces the volume of porous media available for sediment accumulation (Appendix A2). In the model, the available capacity for sediment storage in the sediment bed during the flood recession of a flood event, Mcap, is represented as


Mcap[Q(t)]=Mmax{1−exp[−β(1−Q(t)Qmax)]},



(4)







The change of accumulated fine sediments mass during the flood recession period is estimated by substituting Mcap[Q(t)] for Mmax in Equation (1) as


ΔM(t)=αC(t){1−M(t)Mcap[Q(t)]}Δt  for Q>Qc and dQ/dt<0,



(5)








2.2.4. Model Simulation


In the model, it is assumed that M is set to Mmax as an initial condition of model simulation, and remains fixed at Mmax before the start of the first flood event. Then, flood event i with a flow rate exceeding Qc erodes the mass Mf i,model, which is estimated by Equation (2), into the water column. During the flow recession, Mcap is limited below Mmax, and as the flow rate recedes, Mcap increases. In the case of another flood event occurring before the flow rate recedes below Qc, additional sediment re-suspension occurs, which also can be estimated by Equation (2). In the case that the flow rate recedes below Qc, sediment particles can accumulate in the pore space of the sediment bed up to the maximum capacity Mmax, where the accumulation rate is limited by the available mass of fine sediments in the water column. The model estimates the mass of fine sediment storage and re-suspension during the repeated cycles of flood events.





2.3. Determination of the Model Parameters


The input parameters for the model simulation are Qc, Mmax, Qmax, and background suspended sediment concentration (Cb). These parameters were determined for the 13 catchments using Equations (6)–(8) following Park et al. [32] as described below.



Park et al. [31] observed the transition in the relationship between suspended sediment load (Qs) and Q, which occurs when the flow initiates mobilization of bed materials. The value of Q at the transition corresponds to the Q that initiates bed mobilization, defined as Qc. The suspended sediments in the water column above the sediment bed are separated according to the source of the sediments as “background suspended sediments from the catchment (Cb)” and “fine sediments released from the sediment bed during the rising limb of a flood event”, where Cb is site-specific and represented by Equation (6):


Cb(t)=γQ(t),



(6)




in which Cb is expressed in (mg/L), Q is expressed in (m3/s), and γ is expressed in (mg·s/L/m3).



The observed mass released from the sediment bed into the water column by a flood event (Mf, obs) is calculated from observed data using Equation (7), whereas Mf, model, the modeled mass of fine sediments released from the sediment bed into the water column by a flood event, is estimated by Equation (2):


Mfi,obs=∫ts,ite,iQ(t)[C(t)−Cb(t)]dt,



(7)







The lower limit of integration ts,i is the beginning of flood event i, which is either the first occurrence when Q(ts) > Qc or when dQ(t)/dt transitions from negative to positive, while Q > Qc during multiple high-flow events. The upper limit of integration te,i represents the time of the end of flood i, either when Q(te,i) < Qc or when dQ/dt transitions from negative to positive. The maximum value of Mf, obs during the model calibration period is defined as Mmax in the sediment bed, assuming that all fine sediments stored in the sediment bed are re-suspended during the maximum flood event when the highest peak flow rate (Qmax) is observed.




2.4. Model Evaluation


Two parameters, α and β, were utilized for model calibration. The fine sediment filtration parameter, α, represents the removal of fine sediments from the water column by filtration and settling of fine sediments within the pore space of the sediment bed of the catchment and the bed erosion parameter, β, represents the erosion of the sediment bed during a flood event. The optimal values of model parameters (α and β) were determined by a reiterative trial and error process to minimize the root-mean-square error to data standard deviation ratio (RSR), using Equations (8)–(10).



The model performance was also evaluated based on values of the term R, which is defined as the ratio of the modeled sediment mass released to the observed sediment mass released. The model performance is considered satisfactory when RSR < 0.70 [50] and when R approaches 1 when there is a total agreement between observed and predicted values.


R=∑j=1nMfj,model∑j=1nMfj,obs,



(8)




where n is the number of flood events in the entire simulation period.


RSR=∑i=1n(Mfi,obs−Mfi,model)2∑i=1n(Mfi,obs−Mf,obs¯)2,



(9)




where n is the number of flood events and the mean observed mass released for all flood events is


Mf,obs¯=1n∑i=1nMfi,obs,



(10)







The period of data available for model simulation varies for each catchment. For catchments with more than three years of observations, about two-thirds of the data were used for model calibration and the remaining data were used for validation, except for the Meuse River where 15 years of data were available. Due to the longer period of observations in the Meuse River, five years were used for model calibration, whereas data from the remaining 10 years were used for model validation, in order to test the applicability of the model in a longer period.





3. Results


3.1. Model Parameters


The model parameters (i.e., Qc, Cb, Mmax, and Qmax) were determined from analysis of observed data in each of the 13 catchments (Figures S1 and S2 in Supplementary Materials) and are summarized in Table 1; a complete set of figures for all catchments is presented in Supplementary Materials, and in the next we present some observations on the data.



Slope breaks in the relationship between Qs to Q were observed at flow rates of 5 m3/s for Owenabue and 10 m3/s for Bandon (Figure S1). The falling limb flow recessions asymptotically approached a linear relationship between C and Q, which defined the assumed background suspended sediment concentration dependence on Q as Cb(Q) = 1.5Q for Owenabue and Cb(Q) = 0.1Q for Bandon (Figure 2).



Unlike in the other catchments, the range in Q was rather small for Incline Creek; that is, 0.15 to 0.45 m3/s. In addition, the flow rates above 0.28 m3/s are reported only within a resolution of 1 cfs (cubic feet per second), thus 0.028 m3/s, which was the minimum resolution of the flow rate measurement for this USGS gauging site, leading to limited resolution of the recession curve and vertically aligned data beyond flow rates of 0.28 m3/s (Figure S1).



The relationship of Qs to Q for water discharge above 1 m3/s for the Ribera Salada showed noticeable expansion of vertical scatter. Thus, Qc was determined to be 1 m3/s, which corresponds to previous observations [51]. In three catchments, Ribera Salada, Isabena, and Carapelle, considerable scatter was observed in the relationship between Qs and Q, and power laws show a reasonably good fit with the falling limb recession of flood events (Figure S2). Thus, power laws were utilized for the estimation of the background fine sediment concentrations (Table 1). The Qc values in two subalpine regions, Galabre and Bès, were determined to be 1 m3/s and 10 m3/s, respectively (Figure S1).



The hysteresis analysis of sequential flood events provides better insight into model parameter determination. For example, much less hysteresis is observed during the second flood event of the two sequential events with similar peak flow rates between 9 and 10 August 2002, in Moulinet, France (Figure 3). This represents the depletion of stored suspended sediments by the preceding flood event and suggests that the suspended sediments were mostly supplied from the catchment during the second flood event. The observed mass of the fine sediments released from the sediment bed was 2.0 Mg for the first flood and 0.6 Mg for the second flood. The background suspended sediment concentration relationship Cb = 300 Q for Moulinet shows consistency with the suspended sediment concentration during the recession of the two flood events (Figure 3). A similar pattern of fine sediment dynamics in sequential flood events was also observed in the examples of hysteresis analysis between Q and C in other catchments. For example, much less hysteresis was observed during the second flood event of the two sequential flood events at Owenabue between 5 and 10 December 2009, at Incline Creek between 4 and 6 May 2000 and at the largest catchment Meuse between 1 December 1999 and 26 January 2000 (Figure S3). The background suspended sediment concentration relationship also shows consistency with the suspended sediment concentration during the recession of the two flood events at each site.




3.2. Model Calibration


Model calibration results are summarized in Table 2. The model was calibrated for each catchment to determine optimal model parameters (α and β) that minimize RSR (Figure S4 in Supplementary Materials). Figure 4 shows examples of model calibrations for two catchments, Owenabue and Bandon in Ireland, where the RSR was 0.49 and 0.36, respectively. The number of flood events in each catchment ranged from 22 to 79 during the calibration period. The filtration parameter, α, ranged from 0.022 to 1650 m3/s, whereas relative consistency was observed for the bed erosion parameter, β, ranging from 2.4 to 5.3 (Figure S4 in Supplementary Materials). The model parameter sensitivity analysis shows that the model calibration stably converges to optimal values, and is more sensitive to change in α rather than β, in the two small catchments in France (Violettes and Moulinet), the snowmelt-dominated Incline Creek, and Carapelle (Figure S4). In the relatively larger catchments of Isabena, Guerneville, and Meuse, the model calibration also converges to optimal values, although it is more sensitive to change in β rather than α (Figure S4 and Park et al. [32]). In the other six catchments, Galabre, Owenabue, Bandon, Bès, Ribera Salada, and Hopland, the model calibrations are less sensitive to the change of α than to that of β when α is larger than the optimal value (Figure S4 and Park et al. [32]).



The model-estimated cumulative mass of fine sediments released from the sediment bed shows a good fit to the observations for the 13 catchments (Table 2 and Figure S5). The average RSR value in these 13 catchments is 0.54, ranging from 0.33 to 0.97, where the largest RSR of 0.97 is observed in the Isabena catchment. The model also estimated an observation bias of less than 20% in 12 catchments, except for Violettes, where R was 1.23 (Table 2).



The mass of fine sediments released from channel beds, that is, the cumulative sum of Mf, obs, ranged from 18% to 65% of the total suspended sediment load in the 13 catchments during the model calibration periods (Table 2), which is consistent with previous studies [52,53,54].




3.3. Model Validation


The model was applied to five catchments (Ribera Salada, Isabena, Hopland, Guerneville, and Meuse) where data for validation were available. For model validation, it was assumed that there were no observed suspended sediment data during the validation period. Thus, Cb(t) was substituted for C(t) as model input for phases 1 and 3. The number of flood events in the five catchments ranged from 10 to 101 during the validation period. The proportion of the cumulative mass of fine sediments released from the sediment bed during a flood event to total suspended load ranged from 44% to 66%. The mass was not compared in Hopland, where C data were not continuous during the validation period [32]. The validation results for each catchment are summarized in Table 3. The average RSR and R of the five catchments were 0.65 and 1.11, respectively. The model estimated the cumulative released mass of fine sediments well, with only 2% bias, for the Ribera Salada catchment (Figure 5a). The largest RSR of 1.04 was observed in the Isabena catchment, where R was 1.61 (Figure 5b). For the Meuse River, the model showed a good fit with the observations for the 10-year validation period with 20% bias (Figure 5c). Overall, the model bias in the five catchments ranged from 2% to 61% (Table 3).




3.4. Model Parameter Dependence on Catchment Characteristics


Figure 6a plots log α against the log of the catchment area, showing that there is an increase in α with area for smaller catchments. For catchments with areas of approximately 100 km2 and larger, a limited dependence on the area is observed. Although no clear dependency of α on climatic condition was observed, it is notable that similar values of α, from 10 to 20, were observed in five catchments, four (Galabre, Bès, Ribera Salada, Isabena) in Mediterranean mountainous and one (Carapelle) in Mediterranean climate, regardless of catchment area. These five catchments are located around the Mediterranean Sea with Mediterranean-type climate, where climate and bedrock show similarities (for instance, limestone is present in many areas), except for Carapelle (a clayey-loamy dominated watershed). Relatively larger values of α (>100) were observed for the five largest catchments (i.e., Owenabue, Bandon, Hopland, Guerneville, and Meuse). The catchment data that could be analyzed thus far are limited, but it is encouraging that the filtration parameter is reasonably consistent, with area dependency and with similarity between sites of similar catchment area, among a wide range of catchments. Unlike the filtration parameter (α), the bed erosion parameter (β) values varied within a narrow range of 2.4 to 5.3 in the 13 catchments without notable dependency on catchment area or other environmental characteristics (Figure 6b).





4. Discussion


The storage and re-suspension model developed by Park et al. [32] was applied to multiple catchments in contrasted climatic conditions with different catchment areas and other catchment characteristics (e.g., soil properties, and land use). Area dependency of the filtration parameter was observed, and it is notable that five catchments with Mediterranean-type climates show consistency in α, with ranges from 10 to 20 regardless of catchment scale. Relatively larger values of α (>100) were observed in larger catchments (i.e., Owenabue, Bandon, Hopland, Guerneville, and Meuse) where climatic conditions and bed material compositions were more variable (Table 1). In the case of the bed erosion parameter, the values were within a narrow range. It is clear that both α and β were affected by various environmental characteristics in each catchment. Understanding the effects of these various environmental characteristics on the model parameters, including the reason for the possible area dependency of α and relative consistency of α in the five catchments of Mediterranean-type climate, is suggested as a subject for future study.



The purpose of this study was to verify the general applicability of the storage and re-suspension model for catchments with various environmental characteristics and to understand the effect of environmental characteristics on the model performance. Therefore, providing specific values of model parameters for each catchment was out of the scope of this paper. Model calibration in 13 catchments shows a good fit with the real observations and thus verifies the possible applicability of the model, whereas there are certain areas where the applicability of the model can be improved in future studies, as described below.



(i) The first is to minimize uncertainties in determining the model input parameters Qc, Qmax, Cb, and Mmax for each catchment. Uncertainties in the determination of these model parameters can have various causes, such as limited periods of observation in the catchment and variability of sediment dynamics in the natural river system, which induce noticeable scatter of Qs, even at the same water discharge. For example, as shown in the previous study [32], a larger peak flow rate (1050 m3/s) than Qmax (890 m3/s) was observed in Guerneville on 12 December 2014, during the validation period, which was not observed during the calibration period. The model-estimated mass of fine sediments released from the sediment bed was 72,600 Mg, which is only ~50% of the amount during the flood event [32].



In Carapelle, a Qmax of 37 m3/s and Mmax of 23,000 Mg were observed on 5 March 2009, where the maximum flow rate during the model calibration period was 120 m3/s, registered on 6 March 2009. It is interesting that the flood with the largest mass of fine sediment release in Carapelle had a flow rate of only one third of the highest flow rates on record. As in Cantalice et al. [21], this could be explained by the fact that C in the first flood is related to the re-suspension of deposited sediments, whereas it decreases in the subsequent events as considerable amount of sediment was re-suspended in the previous flood event. This suggests that high rates of fine sediment erosion are possible also at moderate flow rates.



An example of model parameter uncertainty can also be drawn from the model simulation result for the Isabena. There is relatively greater disagreement between the model estimation and observations of the fine sediment mass released from the sediment bed in the Isabena, where the RSR of the model calibration is 0.97. This disagreement may be attributed to the wide range in observed suspended sediment concentrations during flood recession periods and baseflows, leading to considerable uncertainty in the assumed dependence of the background suspended sediment concentration on Q. In the Isabena, Cb was hardly discernable in the linear scale plot; thus, Cb was determined from the log–log scale (Figure S2). The wide ranges of scatter in the relationship between C and Q in the two subalpine regions, Galabre and Bès, also cause uncertainty in the determination of Qc and Cb in the two catchments. Unlike the Isabena, even with these constraints with respect to the application of the model, the calibrated model provides good representations of the fine sediment release during flood events, with 5% and 7% bias of the observation in the two catchments, Galabre and Bès, respectively.



Overall, model calibration and validation results in this study provide a good estimation of the observed sediment dynamics. However, consistent and longer-term observations will reduce possible uncertainties, including model parameter determination, and further improve model performance.



(ii) Secondly, there are possible issues that can cause considerable model bias, such as episodic events that may produce bank erosion. For example, the model reasonably estimated the observed mass of fine sediments released from the sediment bed in Violettes (Table 2). The observed mass of fine sediments released from the sediment bed (Mf, obs) was less than 1 Mg when Q was less than 0.1 m3/s, except for the two flood events on 16 and 27 October 2002. The model-estimated mass of fine sediments released from the sediment bed (Mf, model) was less than 1 Mg for all flood events including the two events specified above, while Mf, obs was 3.5 Mg and 2.1 Mg, where the Q of the two flood events on 16 and 27 October was 0.09 m3/s and 0.06 m3/s, respectively. Thus, a considerable underestimation of Mf, obs was observed for these two flood events. This underestimation by the model may be related to the additional supply of sediment by episodic events, such as bank erosion, associated with cattle trampling in riparian pastures from March to October [33,42].



The two model parameters in this study, α and β, successfully accounted for all variability despite contrasting environmental conditions, whereas episodic events may be considered little and may increase the uncertainty of the numerical model as it was assumed that the mass of fine sediment re-suspended from the sediment bed is proportional to the bed erosion depth which is considered as an exponential function of bed shear stress. Thus, better insights into the characteristics and episodic events of each catchment would provide a better understanding of the possible reasons for the model bias and thus clues for improving the model in future studies.



Various natural characteristics can affect fine sediment dynamics, and thus should be considered for the development of sediment dynamics models for rivers. For example, in catchments with low geomorphic activity, it is possible to obtain statistically significant multivariate models to predict suspended sediment concentrations [36]. However, in catchments with greater sedimentary activity, the results of these models fail to be significant through all the time, which indicates that sediment supply and the role of the riverbed acting as a sediment source or sink play fundamental roles [55]. Riverbed sediment clogging by cohesive sediment (<63 μm) is also one of factors that have possible effect on sediment transport processes and it can be considered that in sites with sandy or sand-gravel such as the Incline Creek, the Hopland and the Guerneville, the bed material is not dominantly cohesive while the sediment is cohesive in sites with clay or silty bed material dominated such as the Violettes, the Moulinet, and the Isábena. The limitation of available information for the detailed characteristics and conditions of field sites limits the practical applicability of sediment model in many cases. Including more parameters would improve model performance but would also increase model complexity, and would require more effort for data observation and thus reduce the practical applicability of the model [32,56]. The model developed in this study includes only two model parameters, α and β, but shows good ability for estimating fine sediment storage mass in 13 catchments with various environmental characteristics, which is an obvious benefit of this model.




5. Conclusions


The general applicability of a storage and re-suspension model was tested in this study. The model was applied to 13 catchments with different climatic conditions (e.g., precipitation and hydrological conditions) and catchment area. The initial model parameters, Qc, Qmax, Cb, and Mmax, were determined from the observed data. The observed cumulative mass of fine sediments released from the bed in relation to the total suspended load during the model calibration period ranges from 18 to 65%.



The model performance was evaluated using the statistical parameters RSR and R. The optimal model simulation parameters, α and β, were determined to be values that minimize the RSR based on trial and error. The RSR of the model calibration ranges from 0.33 to 0.97, with an average value of 0.54, and the R value ranges from 0.83 to 1.23, with an average of 1.01. The value of the filtration parameter, α, ranges from 0.022 to 1650 m3/s; a clear area dependency was observed up to an approximate catchment area of less than 100 km2. The bed erosion parameter, β, was set within a narrower range than α, between 2.4 and 5.3.



It is also noticeable that relatively small values of α from 10 to 20 were observed in five catchments located around the Mediterranean Sea with similar climate, while larger values of α (>100) were observed in five catchments with largest area.



Overall, the model estimated the mass of fine sediments released from the sediment bed in the 13 catchments within ~23% bias.
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Abbreviations




	M
	mass



	L
	length



	T
	time



	Mg
	megagram (equal to 1000 km)



	Q (L3/T)
	water discharge



	Qs (M/T)
	fine sediment loading rate



	Qc (L3/T)
	critical flow rate required to initiate the mobilization of sediment bed material



	Qpeak (L3/T)
	peak flow rate of a flood event



	Qmax (L3/T)
	maximum recorded flow rate during the observation period



	C (M/L3)
	concentration of fine sediments within the water column



	Cb (M/L3)
	background suspended sediment concentration from the catchment



	M (M)
	mass of fine sediments accumulated within the pore space of the sediment bed



	Mmax (M)
	maximum mass of fine sediments accumulated within the pore space of the sediment bed, representing the capacity of the sediment bed for fine sediments accumulation



	Mf,obs (M)
	Observed mass of fine sediments released from the sediment bed into the water column



	Mf,model (M)
	model-estimated mass of fine sediments released from the sediment bed into the water column



	Mcap (M)
	capacity for fine sediment storage in the sediment bed



	Ai,obs (M)
	observed cumulative mass of fine sediments released in the first i flood events of the season



	Ai,model (M)
	model-estimated cumulative mass of fine sediments released in the first i flood events of the season



	α (L3/T)
	sediment removal parameter representing filtration and settling of fine sediments within the sediment bed of the catchment



	β
	dimensionless sediment bed erosion parameter



	ts,i (T)
	time at the start of a flood event i



	tp,i (T)
	time at the peak flow rate of a flood event i








Appendix A. Details of Model Description


Appendix A1. Fine Sediment Re-Suspension


An analysis of the data from Haschenburger [49] leads to an assumption that the average depth of bed erosion was an exponential function of bed shear stress as


bed erosion depth at Qpeak∝exp(β′Qpeak),



(A1)




where β′ is a bed erosion parameter.



From this approach, it is assumed that the maximum bed erosion depth occurs at Qmax during the observation period as


maximum bed erosion depth at Qmax∝exp(β′Qmax),



(A2)







The mass of fine sediments released from the sediment bed by a flood with Qpeak is assumed to be proportional to the bed erosion depth and thus, Mmax would be expected at Qmax. The ratio of Mf,model, to Mmax is


Mf,modelMmax=exp[β′Qpeak−β′Qmax]=exp[−β(1−QpeakQmax)],



(A3)




where β, a dimensionless sediment bed erosion parameter, is defined as β′Qmax.



Thus, the mass of fine sediments released form the sediment bed by flood event i is


Mfi,model=Mmaxexp[−β(1−Q(tp,i)Qmax)],



(A4)




where tp,i is time at Qpeak of flood event i.




Appendix A2. Fine Sediment Accumulation during Flood Recession


In this study, it is assumed that partial bed fluidization or erosion during falling limb of a flood event reduces the volume of porous media available for particle accumulation. For flood recession period with flow rate Q(t), Equations (A1) and (A2) are modified using the substitution β = β′Qmax and applied to the model as


bed erosion depth at Q(t)∝exp[βQ(t)Qmax],



(A5)






maximum bed erosion depth at Qmax∝exp[β],



(A6)







The available capacity for fine sediment storage is estimated by subtracting the bed erosion depth during flow recession at a flow rate Q(t) from the maximum bed erosion depth. Thus in the model, the available capacity for fine sediment storage in the sediment bed is represented during the falling limb of a flood event by


Mcap[Q(t)]Mmax=exp[β]−exp[βQ(t)Qmax]exp[β]=1−exp[−β(1−Q(t)Qmax)],



(A7)






Mcap[Q(t)]=Mmax{1−exp[−β(1−Q(t)Qmax)]},



(A8)
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Figure 1. Location of the monitoring sites (see Table 1 and Table S1 for details of the catchments). 
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Figure 2. Fine sediment concentration data during falling limb recession of each flood event for Owenabue from 15 September 2009, to 15 September 2010 (a), and Bandon from 10 February 2010, to 9 February 2011 (b). The symbols with different colors and shapes represent different flood events. 
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Figure 3. (a) Hydrograph (date format: month-day hour:min) and (b) hysteresis of sediment concentration (C) to suspended sediment load (Q) for sequential floods in Moulinet between 9 and 10 August 2002. 
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Figure 4. Model calibration output for (a) Owenabue from 15 September 2009 to 15 September 2010 and (b) Bandon from 10 February 2010 to 9 February 2011. The dashed magenta line represents the storage capacity of the sediment bed for fine sediments, Mcap [Q(t)], and the dotted black line represents the mass of the fine sediments stored in the sediment bed, M(t). The black line with triangles represents the observed cumulative mass of fine sediments released from the sediment bed by the first i flood events (Ai,obs) and the red line with circles represents the modeled cumulative mass of sediments released for the first i flood events (Ai,model). 
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Figure 5. Model validation output for (a) the Ribera Salada from 1 November 2007 to 30 October 2008, (b) the Isabena from 1 October 2010 to 30 September 2012, and (c) the Meuse River from 1 October 2000 to 30 November 2010. The dashed magenta line represents the storage capacity of the sediment bed for fine sediments, Mcap[Q(t)], and the dotted black line represents the mass of fine sediments stored in the sediment bed, M(t). The black line with triangles represents the observed cumulative mass of fine sediments released from the sediment bed by the first i flood events (Ai,obs) and the red line with circles represents the modeled cumulative mass of sediments released for the first i flood events (Ai,model). 
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Figure 6. Model parameter dependency on the catchment area. (a) the relationship between α and the catchment area and (b) the relationship between β and the catchment area. 
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Table 1. Characteristics of the studied catchments and model parameters.






Table 1. Characteristics of the studied catchments and model parameters.





	
No

	
Sites

	
Catchment Area (km2)

	
Climate

	
Mean Annual Precipitation (mm)

	
Dominant Bed Surface Materials

	
Observation

	
Qc (m3/s)

	
Qmax (m3/s)

	
Background C (Cb)

	
Mmax (Mg)

	
References




	
Period

	
Frequency (min)






	
1

	
Violettes

	
France

	
2.2

	
Temperate oceanic

	
900

	
Silty loess

	
1 June 2002–31 May 2003

	
10

	
0.05

	
0.15

	
4000Q

	
6.7

	
[33]




	
2

	
Moulinet

	
France

	
4.5

	
Temperate oceanic

	
1 June 2002–31 May 2003

	
10

	
0.1

	
0.41

	
300Q

	
9.8




	
3

	
Incline Creek

	
Nevada, USA

	
7.4

	
Snow melt

	
890–1270

	
Sandy decomposed granite

	
4 April–24 May 2000

	
15

	
0.2

	
0.34

	
100(Q-0.2)

	
0.5

	
[34]




	
4

	
Galabre

	
France

	
20

	
Mediterranean mountainous

	
600–1200

	
Limestone and marls

	
3 October 2007–23December 2009

	
10

	
1

	
22

	
300Q

	
2200

	
[35]




	
5

	
Owenabue

	
Ireland

	
103

	
Temperate oceanic

	
~1200

	
Mudstone and sandstone

	
15 September 2009–15 September 2010

	
15

	
5

	
17

	
1.5Q

	
170

	
[16]




	
6

	
Bandon

	
Ireland

	
424

	
Temperate oceanic

	
10 February 2010–9 February 2011

	
15

	
10

	
110

	
0.1Q

	
480




	
7

	
Bès

	
France

	
165

	
Mediterranean mountainous

	
600–1200

	
Limestone and marls

	
1 April 2008–31 December 2009

	
10

	
10

	
143

	
100Q

	
26,600

	
[35]




	
8

	
Ribera Salada

	
Spain

	
114

	
Mediterranean mountainous

	
760

	
Limestone and conglomerates

	
1 November 2005–30 October 2008

	
5

	
1

	
5.85

	
10Q0.5 + 0.1Q4

	
53.4

	
[36]




	
9

	
Isabena

	
Spain

	
445

	
Mediterranean mountainous

	
770

	
Limestone, marls and clay-rocks

	
1 November 2007–30 September 2012

	
15

	
10

	
68

	
0.02Q3 + 100

	
100,100

	
[37]




	
10

	
Carapelle

	
Southern Italy

	
506

	
Mediterranean

	
450–800

	
clayey-loamy-sandy

	
1 January 2007–31 December 2011

	
30

	
8

	
37

	
5Q2

	
23,000

	
[38]




	
11

	
Hopland †

	
California, USA

	
938

	
Mediterranean

	
1000–1200

	
Sand-gravel and silty materials

	
1 October 2010–31 December 2014

	
15

	
10

	
425

	
2Q

	
26,560

	
[31,32,39]




	
12

	
Guerneville †

	
California, USA

	
3465

	
Mediterranean

	
1000–1200

	
Sand-gravel and silty materials

	
1 October 2009–31 September 2010/ 1 October 2012–31 December 2014

	
15

	
20

	
890

	
0.5Q

	
83,960




	
13

	
Meuse

	
Belgian-Dutch border

	
21,000

	
European-continental

	
800– 1000

	
Limestone, shales and sandstone

	
1 October 1995–30 November 2010

	
1440

	
280

	
1700

	
0.03Q

	
187,800

	
[40]








† Data were obtained from a previous study [32].
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