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Abstract: Sediment transport is highly sensitive to flow conditions, showing significant increase 

during flood events. Based on this principle, this study set out to rank flood events occurring along 

river Trotuș (Romania) based on the amount of transported sediment and event duration. The 77 

flood events recorded from 2000 to 2017 were ranked into 4 classes: type A (4%); type B (16%), type 

C (14%) and type D (66%). The sediment transport specific for the 4 types of flood events was 

related to the flow discharge (sediment rating curve and hysteresis effect), the specific stream 

power and the energy expenditure of these events. More than 60% of the hysteresis loops typical 

for flood events were clockwise, thus singling out the channel as the main sediment source. Ca. 

74% of the total sediment yield was transported at stream power values higher than the 300 Wm-2 

threshold, which was exceeded in less than 1% of the investigated timeframe. The changes 

occurring in the sediment transport rates after major floods show that these events are significant 

thresholds in the hydrogeomorphic evolution of river channels. 

Keywords: flood; sediment transport; sediment rating curve; hysteresis loop; stream power; 

maximum flow efficiency; energy generated by the flood. 

 

1. Introduction 

During the past decade, against the backdrop of global climate changes, an increasing number 

of high quality studies tackling sediment transport have been published [1,2,3,4]. The sediment 

regime on any given stream is determined by four types of interconnected controls: (i) 

meteorological and hydrological factors; (ii) disruptions in landform stability (e.g., natural 

landslides); (iii) anthropogenic activities and (iv) changes of sediment sources [5,6,7]. In this study 

the focus was placed on the first category of controls due to the recent marked increase in extreme 

precipitation events, both in terms of frequency and intensity, with direct repercussions on flood 

events [8]. In addition, the highest amounts of sediment are transported during such flood events 

when the kinetic energy of the stream is sufficient for sediment displacement and transfer [9,10]. 

The total sediment load during flood events, comprising the suspended load and the bedload, is 

highly significant for the spatial-temporal changes of stream channels [11,12]. Whereas the 

suspended load is dominant at low to medium flows, the bedload deposited on the channel bed is 

removed and transferred by flows higher than 50–60% of the bankfull flow [13,14]. The highest 

degree of displacement of the bedload occurs at discharges higher than the bankfull flow [15], 

therefore we selected the flood events where the bankfull flow was exceeded. The most frequent 

values of the bedload to total solid load ratio documented in the literature range from 10 to 20% [11]. 

However, direct bedload gauging is difficult, therefore these measurements are rather rare for the 

majority of alluvial streams [16]. Moreover, various indirect methods are used for estimating 

bedload values, including the Bedload Assessment for Gravel-bed Streams (BAGS) software [17]. 
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The largest share of the total sediment load is held by the suspended load, such that the latter is 

regarded as the main global mechanism of fluvial sediment transport [18]. Flood events are often 

accompanied by intense soil erosion processes, which account for the large amounts of suspended 

alluvium transported during these events [19]. 

Firstly, the suspended load is closely linked to the streamflow discharge of fluvial systems [20]. 

The relation between the suspended sediment concentration (SSC) and the flow discharge (Q) is 

illustrated by the sediment rating curve (SRC) [21]. Various studies show that flood events can alter 

to a significant degree the relation between Q and SSC [22,23]. During flood events, the relation 

between SSC and Q can exhibit a hysteresis-type of behavior generated by the time gap between the 

peaks of the sediment load and the flow [22,24,25]. Hysteresis loop patterns are determined by the 

location of sediment sources: in the catchment, in the channel bed or the river banks [26]. 

In addition to the flow (albeit in close connection with it), the sediment transport was 

investigated in relation to various energy parameters, such as the specific stream power. The latter, 

defined as the time rate of potential energy expenditure per unit weight of water, has been 

documented as the major factor determining the total sediment concentration [27]. Thus, specific 

stream power can be regarded as an extremely useful index for studying fluvial sediment transport, 

and has been widely employed for assessing sediment transport [28]. Although specific stream 

power and energy expenditure have been used mainly for the bedload [29,30], in some instances 

they were correlated with the suspended load [31], as well. 

In the case of Romanian rivers, the studies assessing the sediment transport during flood events 

[32,33,34] are rather scarce, whereas the papers tackling climatic and hydrological conditions 

prompting the occurrence of flood events or associated risk phenomena are more numerous [35 - 38]. 

The main objectives of this study consisted in: (1) estimating bedload sediment transport rates 

during the flood event; (2) ranking flood events which exceeded bankfull discharge (Qbf) values in 

terms of magnitude, duration and amount of transported sediment; (3) assessing the relation 

between the sediment load and the discharge based on the sediment rating curve and the hysteresis 

effect; (4) determining, according to each type of flood event, the connection between the sediment 

transport during flood events and some energy parameters (specific stream power, energy 

expenditure, maximum flow efficiency). 

2. Materials and Methods  

2.1. Study area 

Trotuș River is a major tributary of Siret River, which, in turn, is the largest tributary of the 

Danube within the Romanian territory. Trotuș drainage basin overlies the central areas of the 

Eastern Carpathians and the Moldavian Subcarpathians (Figure 1), extending over 4500 km2. Trotuș 

is a gravel bed river along its entire 150 km length. The most significant characteristics of the study 

area are listed in Table 1. The substrate underlying the drainage basin pertains to four distinct 

structural-lithological units: the crystalline–Mesozoic zone (crystalline schists, limestone, dolomite) 

(Figure 1Ba), the Carpathian flysch (sandstone, marls, clay) (Figure 1Bb), the pericarpathian molasse 

(clays, marls, sandstone) (Figure 1Bc) and the foreland or platform (sand, clays, sandstone, gravel) 

(Figure 1Bd). The highest effective erosion and sediment yield rates are documented in the molasse 

and foreland zones [39], due to the ample human intervention affecting the hillslopes. The river 

hydrology is dominated by frequent spring floods determined by overlapping snowmelt and high 

precipitation, typically low to medium in magnitude, as well as by more infrequent flood events of 

large magnitude generated by prolonged summer precipitation. Sediment transport along Trotus 

River exhibits distinctive traits compared to other rivers east of the Eastern Carpathians. These 

variations are caused by: (i) the most intense activity in terms of precipitation of retrograde cyclones 

from the Black Sea in Eastern Romania [40]; (ii) the relative proximity of the study area to Vrancea 

seismic zone, thus affecting erosion rates. In the neighboring Putna drainage basin, located to the 

south, the erosion rates are among the highest documented in the temperate region of Europe [41]; 
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(iii) massive deforestation, both after WW2, as well as after 1990 [42]; (iv) minor changes of the 

channel bed (one reservoir, located on a tributary, few gravel pits). 

Table 1. Main characteristics of Trotuș drainage basin and channel at gauging stations 

 

Parameter Lunca de Sus Goioasa Târgu Ocna Vrânceni 

Basin area, km2 88 780 2090 4090 

Average elevation, m  1140 1052 924 734 

Distance to the river mouth, km 146 106 69 37 

Channel bed slope, mm-1 0.02 0.07 0.05 0.03 

Annual precipitation, mm 602 636 592 523 

Maximum water discharge, m3s-1 23.5 353 1490 2845 

Mean water discharge, m3s-1 0.88 6.5 17 35 

Bankfull discharge 8 63 170 325 

D50 surface sediment, mm 75 95 119 43 

 

 

 Figure 1. A. Location of Trotuș River basin in Romania; B. Trotuș River basin – location of gauging 

stations and major lithological-structural units: (a) crystalline–Mesozoic zone; (b) East Carpathian 

flysch zone; (c) pericarpathian molasse zone; (d) foreland zone; C. Longitudinal profile of Trotuș 

River, comprising the grain size of surface deposits in the analyzed sections and the type of channel. 

2.2. Data sources 

The data regarding the daily mean flow discharge and sediment load from 2000 to 2017 are 

provided by the “Romanian Waters” National Administration - Siret Water Branch, which manages 

the four gauging stations included in this study (Lunca de Sus – LS, Goioasa – GO, Târgu Ocna – TO 

și Vrânceni–VR). 

The bedload sediment transport was estimated using the Bedload Assessment for Gravel-bed 

Streams (BAGS) software developed by the US Forest Service [17]. BAGS is an Excel-based sediment 

transport model and pertains to the public domain (open-source software). A surface-based bedload 

transport equation [43] was the most suitable for the specific conditions of Trotuș River. The 
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parameters utilized for estimating the bedload based on this model included the grain size 

distribution of the channel bed surface [44,45,46], the cross-section profile of the channel in the 

analysed reach, the average slope gradient of the channel bed, the flow discharge and Manning's “n” 

values estimated from Chow (1959) [47]. The data yielded by BAGS were used to assess the total 

sediment load according to the type of flood event or in relation to various energy parameters. 

2.3. Methods 

In most instances, investigations on flood fequency focused mainly on extreme events, and to a 

lesser degree on more frequent, moderate magnitude events which leave a lasting mark on channel 

bed morphology, and therefore should be of particular interest to geomorphologists [48]. Based on 

this argument, we included in the analysis all flood events which reached or exceeded the bankfull 

discharge. 

Consequently, all the flood events recorded between 2000 and 2017 which reached or surpassed 

the bankfull discharge were ranked according to the classification introduced by Costa and 

O`Connor (1995) [49] and adapted to sediment transport by Sear (2003) [50]. Thus, Sear (2003) 

defined the following types of floods depending on the magnitude, duration and amount of 

transported sediment: (i) type A, specific for short duration and high magitude events, where the 

sediment source area consists mainly of the channel (banks, channel bed), during which relatively 

large amounts of alluvium are transported; (ii) type B, characteristic for events with both ample 

duration an magnitude, which carry the largest amounts of sediment due to the diversification of 

source areas (channel, hillslopes); (iii) type C, specific for flood events with long duration and 

moderate magnitude where the channel-catchment connectivity generates a significant amount of 

transported alluvium; (iv) type D, where both the stream power and the transported sediment have 

low values. 

The unit stream power is a measure of the river capacity to transport sediments at a certain flow 

discharge and is quantized using eq. [51]: 

ω =Ω/w =γQS/w, (1) 

 

where ω (Wm-2) is the unit stream power, Ω (Wm-1) – the total stream power per unit of length, 

w (m) – length of wetted perimeter, γ – specific weight of water (9810 Nm-1), Q (m3s-1) – flow 

discharge.  

In this study the minimum threshold of stream power (300 Wm-2) associated to major 

geomorphic changes of the channel is the one defined by Magilligan (1992) [52], also known as the 

Miller – Magilligan threshold. 

The total energy generated by the flood, as well as the average energy per unit area (Ω) that was 

expended over the duration of the floods are closely related to the stream power. The former 

parameter was calculated by estimating the area below the stream power plot, whereas the latter 

was computed using the equation elaborated by Costa and O'Connor (1995): 

Ω = ∫ γQS/wdt, (2) 

where t - duration (s), Ω – total energy expended during the flood event (Js-1).  

The suspended sediment rating curve (SRC) is based on an empirical correlation between 

sediment concentration and the flow discharge. This correlation can be expressed either in the shape 

of log sediment load (Qs) or log concentration (Co) versus log discharge (Q), or as a power function 

[21,53,54] : 

Qs = aQb, (3) 

where Qs is the rate of the suspended sediment load; a – regression coefficient; b – regression 

exponent. 
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Although Asselman [2000] argued that parameters a and b of the sediment rating curve have no 

particular physical significance, other studies regard the a coefficient as an index of erosion severity 

in the river channel [55,56]. Typically, a displays high values in areas comprising easily erodible and 

displaceable rocks. The b exponent is employed to describe the erosive power of the stream. High 

values indicate a strong increase in the sediment removal and transport capacity as the flow 

discharge increases. Moreover, the b exponent can also reflect the extent to which new sediment 

sources become available as the flow discharge rises [21]. 

Therefore, the b exponent of the regression represents the sediment concentration per discharge 

unit and its value depends on the availability of source areas which provide sediments to the 

channel. Consequently, it is also closely related to soil erodibility and the amount of fine-grained 

sediment reaching the stream channel [21,56]. The b exponent indicates the rate of change of the 

suspended sediment load with the variation of the flow discharge, thus, depending on its value, the 

following situations are possible [25]: (i) When b = 1, the suspended sediment load increases linearly 

with the rising flow discharge. The transport curve is a straight line; (ii) When 0 < b < 1, the 

suspended solid load increases slower compared to the discharge. In this case, the rating curve has a 

concave shape. Rivers with such curves have limited material inputs, which indicates that the 

amount of transported alluvium is correlated with the availability of the source area to provide 

sediments [57]; (iii) When b > 1, the suspended solid load increases faster than the flow discharge and 

the curve has a convex shape. The transport capacity documented for this type of curve is typically 

limited [21]. This situation occurs when the channel contains coarse-grained material [58] or the flow 

discharge has to reach a certain threshold in order to make the sediment available for suspended 

transport. 

The values of the suspended sediment load estimated based on the rating curve and the b 

exponent are often underestimated compared to the real values due to the fact that the projections of 

the flow discharge and the suspended sediment load have a high degree of dispersion, particularly 

during flood events as a result of the superimpression of external controls during periods with high 

flows. 

The flow discharge is used as a surrogate for determining stream power, therefore some errors 

may occur in estimating the transport rate in situations with discrepancies between stream power 

and flow discharge [58]. 

The dispersion of points around the rating curve can be a result of the hysteresis effect generated 

by the time gap between the peaks of the sediment load and the flow discharge. In the case of a flood 

event, the relation between SSC and Q can be described as a loop, rather than a rating curve, since 

the sediment load differs on the rising limb of the flood compared to the falling limb [22,25]. 

By relating the suspended sediment concentration to the flow discharges characteristic for 

rising and falling periods of the flood events, Williams [1989] proposed five main classes of 

hysteresis: (i) Type I – clockwise hysteresis is specific to situations where the peak suspended sediment 

concentration occurs before the peak discharge, indicating limited sediment sources within the 

channel or even sediment depletion. At the onset of the flood event the energy is sufficient for the 

removal of materials from the channel or its close proximity; (ii) Type II – counter clockwise hysteresis 

(AC) is characteristic to situations where the suspended sediment concentration peaks after the peak 

discharge, indicating either a more remote source of alluvium, a flow discharge threshold which has 

to be reached in order to mobilize bank materials, or a precipitation threshold required for initiating 

erosion in the catchment; (iii) Type III – single-valued line, where both peaks (i.e. suspended sediment 

concentration and discharge) occur simultaneously, pointing to continuous sediment delivery. This 

type depends to a larger extent on the entrainment of channel material rather than the input from 

slopes; (iv) Type IV – figure eight combines the first two types. This hysteresis model is influenced by 

the presence of various sediment sources. In the initial stage of the flood event, the sediment 

originates in the channel or its close proximity. However, after the depletion of this source, a second 

phase of sediment concentration increase ensues due to the availability of other sources; (v) Type V – 

complex. In some instances the relation between the suspended sediment load and the flow discharge 

is rather complex, with several hysteresis loops (clockwise, counter clockwise, single-valued), both 
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on the rising limb, as well as the falling limb. This type of hysteresis typically occurs during flood 

events with large duration and several discharge peaks.  

The hysteresis index (HI) calculated at mid-point discharge (Qmid) is closely related to the 

hysteresis type. The plot of the hysteresis type reveals the dynamic response of the suspended 

sediment load to changes in the flow discharge during a flood event. In order to quantify the 

magnitude and direction of the hysteresis effect we calculated the hysteresis index using the 

following equation [59]: 

 

Qmid = k (Qmax-Qmin)+Qmin, (4) 

                           

where Qmid (m3s-1) is the mid-point discharge; ; Qmax is the peak discharge; Qmin is the starting 

discharge of the flood event, and k is the position where the loop width is evaluated relative to the 

flow discharge class (k=0,5). 

 

HImid = (QsRL/QsFL)-1 (for type I of hysteresis), (5) 

HImid =[-1 (QsRL/QsFL)]+1 (for type II of hysteresis), (6) 

 

where HImid is the hysteresis index; QsRL – value of the suspended sediment load corresponding 

to Qmid on the rising limb; QsFL – value of the suspended sediment load corresponding to Qmid on the 

falling limb. 

3. Results 

3.1. Types of flood events 

 

From 2000 to 2017, 77 flood events were recorded at the four gauging stations which reached or 

exceeded the bankfull discharge. According to their stream power, duration and amount of 

transported sediment, these events were ranked into four classes. Of the 77 analyzed events, 3 (4%) 

pertained to type A; 12 (16%) to type B; 11 (14%) to type C, and 51 (66%) to type D (Figure 2). 

 

 
 

Figure 2. Types of flood events according to the maximum stream power and duration: A. Type A 

flood (Târgu Ocna – 26 – 31 July 2004); B. Type B flood (Vrânceni – 9 – 23 July 2005); C. Type C flood 

(Lunca de Sus – 9 – 18 July 2005); D. Type D flood (Goioasa - 22 – 31 March 2007). Pie charts show the 

number and percentages of the respective types of flood events. 
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The investigated timeframe extended over a period of 6575 days, amounting to 157,800 hours. 

Overall, the period with flood events exceeding Qbf was 22,128 hours, corresponding to 14% of the 

analyzed interval, with the following particularities at each gauging station: Lunca de Sus – 14 flood 

events exceeded Qbf, amounting to 3816 hours or 2.4% of the investigated period, during which was 

transported 52% (0.15 mil. t) of the total sediment carried through this section; Goioasa – 22 flood 

events exceeded Qbf, amounting to 6624 hours or 4.2% of the time, during which 74% (3.4 mil. t) of 

the total sediment was transported; Târgu Ocna – 20 floods surpassed Qbf, amounting to 5568 hours 

(3.5% of the interval), during which was transported 50% (~10 mil. t) of the total sediment load; 

Vrânceni – 21 flood events exceeded Qbf, adding up to 6120 hours or 4% of the analyzed timeframe, 

during which 80% (~28 mil. t) of the total sediment was transported. 

3.2. Stream power 

The daily specific stream power was calculated at the four gauging stations using eq. (1), 

yielding the following results: (i) the average values of the specific stream power between 2000 and 

2017 ranged from 10.4 Wm-2 (at Vrânceni station) to 16.2 Wm-2 (at Târgu Ocna station); (ii) the 

maximum values ranged between 345 Wm-2 (at Lunca de Sus station, on June 2, 2016) and 1549 Wm-2 

(at Târgu Ocna station, on July 12, 2005); (iii) the time variation plots for the specific stream power at 

the four gauging stations (Figure 3) point out that the D50 threshold movement was exceeded in 16% 

(i.e. 1040 days out of a total 6575 days) of the investigated timeframe at Lunca de Sus, compared to 

11% (725 days) at Goioasa, 9% (581 days) at Târgu Ocna and 30% (1940 days) at Vrânceni station; (iv) 

the 300 Wm-2 threshold, above which major changes can occur in the channel bed, and implicitly 

significant sediment transport, was exceeded in less than 1% of the total investigated timeframe at all 

four gauging stations: at Lunca de Sus, the threshold was barely surpassed in 0.05% of the interval 

during the flood events of 2005 – 338 Wm-2, 2014 – 318 Wm-2 and 2016 – 345 Wm-2; at Goioasa the 

threshold was exceeded in 0.12% of the analyzed time, in 2004 – 829 Wm-2, in 2005 – three times: 776, 

460 and 430 Wm-2, in 2007 – 317 Wm-2, in 2010 – 695 Wm-2 and in 2016 – 567 Wm-2; at Târgu Ocna the 

Magilligant threshold was surpassed in 0,12% of the analyzed period, with very high values on July 

12, 2005 (1549 Wm-2) and June 2, 2016 (713 Wm-2); at Vrânceni the threshold was exceeded in 0.14% of 

the time (9 days) in 2004, 2005 (930 Wm-2), 2010, 2012 and 2016 (825 Wm-2). 

 
 

Figure 3. Daily specific stream power at station: A. Lunca de Sus; B. Goioasa; C. Târgu Ocna; D. 

Vrânceni. 
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3.3. Energy generated by the flood 

The total amount of energy expended during one year varies from 160 MJ (at Vrânceni station 

in 2013) and 1049 MJ (at Târgu Ocna in 2005), whereas the average ranges between 320 and 512 MJ 

(Table 2). The total energy generated during the flood events of 2005 and 2010 is ca. 4 times higher 

compared to the energy expended in 2013, the year with the lowest recorded value. Flood peaks may 

contribute in certain years (e.g., 2005, 2010 and 2016 at Vrânceni station) with more than 50% of the 

total energy expended during one year. The average annual energy expenditure was 429 MJ 

between 2000 and 2017.  

Table 2. Total energy expenditure over the duration of one year and during flood events 

 

Years 

 

Total energy expended per unit area (MJ) Total energy of floods (MJ) 

LS GO TO VR LS GO TO VR 

2000 270 309 267 161 83 0 0 0 

2001 374 369 342 185 46 59 54 0 

2002 509 676 594 311 62 165 145 68 

2003 318 381 396 233 0 0 37 0 

2004 316 540 566 329 0 128 163 122 

2005 520 963 1049 636 125 513 513 366 

2006 527 680 724 391 117 269 176 0 

2007 394 523 497 279 36 125 115 90 

2008 435 573 520 323 66 155 53 46 

2009 332 516 483 264 0 137 47 0 

2010 702 814 861 586 187 361 323 315 

2011 397 479 501 304 0 0 0 67 

2012 249 359 374 246 0 66 94 94 

2013 194 257 244 160 0 0 0 0 

2014 349 364 386 280 97 0 52 69 

2015 244 303 347 212 0 0 0 0 

2016 441 545 612 516 99 141 218 255 

2017 303 369 451 340 0 43 0 0 

Mean 382 501 512 320 51 120 111 83 

Depending on the total energy expended and the maximum annual specific stream power (at 

Vrânceni station, where the influences of the entire drainage basin are cumulated), three distinctive 

clusters of years were singled out in terms of hydro-geomorphology (Figure 4): (i) years with high 

flow discharge values, and consequently high stream power and energy expenditure (2005, 2010, 

2016), when the largest sediment transport rates were recorded; (ii) a second cluster including years 

(2004, 2007, 2012 and 2014) when the hydraulic parameters reached values close to the 

Miller-Magilligan threshold, and sediment transport had moderate values, and (iii) the last cluster, 

comprising the remaining years of the 2000 - 2017 interval, with typically low values for both energy 

parameters and sediment transport, and a certain degree of stability of the channel. 
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Figure 4. Distribution of hydrological years depending on the total energy expenditure and the 

maximum annual specific stream power (Vrânceni gauging station – 2000 to 2017). 

3.4. The hysteresis effect 

The analysis of the hysteresis effect for the 77 flood events recorded at the four gauging stations 

along Trotuș River led to the following results:  

 
 

Figure 5. A. Type I hysteresis loop (positive or clockwise) – Lunca de Sus – 15–24 August 2002; B. 

Type II hysteresis loop (negative or counter clockwise) – Vrânceni – 27–31 July 2004; C. Type III 

hysteresis loop (single–valued line) – Goioasa – 19 May–12 June 2010; D. Type V hysteresis loop 

(complex) – Târgu Ocna –27 March–11 April 2006. 

(i) at Lunca de Sus, of 14 investigated events, 9 (64%) pertained to type I (Figure 5A) and 5 (36%) 

to type II; (ii) from Goioasa section onward, complex hysteresis loops are present, indicating a 
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diversification of sediment sources. Of the 22 analysed flood events, 14 (64%) pertained to type I of 

hysteresis, 4 (14%) to type II, 3 (14%) were complex and just one event ranked as type III (5%) (Figure 

5C); (iii) at Târgu Ocna station, of 20 analysed flood events, 10 (50%) ranked as type I, 4 (20%) as type 

II, 3 (15%) as type V (Figure 5D), whereas the remaining 3 (15%) pertained to type III; (iv) positive 

hysteresis is prevalent in the case of flood events analysed at Vrânceni gauging station. Of the 21 

studied events, 12 (57%) ranked as type I, 5 (24%) as type II (Figure 5B), and 4 (19%) as type V. 

3.5. Estimates of bedload sediment transport rate 

The average rate of bedload sediment transport for the entire Trotuș River is 234 t. However, 

there significant variations between the four gauging stations: at Lunca de Sus, the average rate was 

5.6 t, at Goioasa – 84 t, at Târgu Ocna – 323 t, while at Vrânceni the rate was 525 t. During flood 

events, bedload sediment transport rates exceed the average values several hundreds of times 

(Figure 6). For example, during the peak discharge of 12–13 July 2005, the estimated transport rate 

was 37,840 t at Goioasa station, 265,656 t at Târgu Ocna, and ca. 200,000 t at Vrânceni station. At 

Lunca de Sus station the maximum transport rate was estimated for 2 July 2016, amounting to ca. 

2200 t. By relating these data to the suspended sediment load, it was established that the bedload 

accounts for ca. 15% at Lunca de Sus and 11% at Vrânceni. 

 
 

Figure 6. Bedload transport rate estimated using BAGS software. 

4. Discussion 

4.1. Suspended sediment transport in relation to the flow discharge 

4.1.1. Suspended sediment rating curve 

In the section focusing on the suspended sediment rating curve the analysis was performed on 

three distinct intervals of the 2000-2017 timeframe: 2000–2005, 2006–2010 and 2011–2017, delineated 

based on major flood events. The highest values of the suspended sediment load were recorded 

when Qbf was exceeded (Figure 7). The values of the b exponent are above 1 in all the cases (ranging 

between 1.79 and 3.07), which reflects the size of bed material, indicating a gravel–bed channel [34]. 

For several rivers were observed changes throughout time of the a coefficient and the b 

exponent [60,61,62,63,64]. These variations point towards an alteration of erodibility and/or material 

inputs in catchments, or in the erosion and transport capacity of the river [21]. The multiannual 

variability of the rating curve is often influenced by certain climatic trends, by channel bed 

adjustments as a result of extreme events, or as a consequence of anthropogenic interventions in the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 August 2019                   doi:10.20944/preprints201908.0103.v1

https://doi.org/10.20944/preprints201908.0103.v1


11 of 22 

 

drainage basin [65]. High values of this exponent (>1.6) indicate an increase in sediment removal and 

transport within the river as the flow discharge rises. The vertical changes of the sediment rating 

curve can also be linked to the increasing discharge [61]. 

 

 
Figure 7. Temporal trend of sediment rating curves at gauging stations along Trotuș River: A. Lunca 

de Sus; B. Goioasa; C. Târgu Ocna; D. Vrânceni. 

 

As regards the temporal changes of coefficients a and b and the vertical oscillations of the 

sediment rating curve, the following trends were observed at gauging stations along Trotuș River: (i) 

after the major flood events of 2005, an increase of the b exponent was documented at all gauging 

stations (with the exception of Goioasa), indicating a growing transport capacity of the river. 

However, after 2010, the b exponent relapsed to a value similar to that prior to the flood events of 

2005; (ii) along the mid-course of the river an increase of the a coefficient was observed, as well as the 

decrease of the b exponent, suggesting a growing sediment input, as well as a reduction in the 

transport capacity; (iii) at Lunca de Sus and Târgu Ocna (Figure 7 A, C) a positive vertical migration 

of the rating curve was documented between 2006 and 2010, mainly as a result of increasing flow 

discharges to an extent which could boost sediment removal and transport. The same situation, 

albeit less apparent, was also observed at Vrânceni station; (iv) in the mid-course (at Goioasa station) 

the sediment rating curve for the 2006–2010 interval was rotated clockwise, with the central point 

near the Qbf. The suspended sediment transport at flow discharges above Qbf decreased slightly, 

whereas below this value an increase was documented. 

The temporal and spatial changes of SRC shape prompted us to question which are the control 

factors for these changes. In this respect, the findings are divided. Some authors [60,66] believe that 

basin-scale morphometric variables and hydro–climatic variables could influence the 

spatial-temporal changes of SRC coefficients. Others [67,68,69] argue that channel-floodplain 

morphology is responsible to a larger degree for the changes of SRC shape. The interannual 

variability of SRC coefficients is often influenced by climate trends and channel recovery after flood 

events [60,65]. However, in the case of Trotuș River, the consensus is that the changes occurring in 

the channel morphology (and consequently in sediment source availability) after the flood events of 

2005 led to the modification of SRC coefficients. Thus, the changes in the sediment transport rates 

after the 2005 floods attest to the fact that these events mark major thresholds in the 

hydrogeomorphic evolution of river channels. Moreover, the situation characteristic for the 

2011–2017 interval indicates that the general tendency is the return to the initial state. 
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4.1.2. Hysteresis loops 

 

The suspended sediment transport rate can be influenced by either energy conditions [70], or 

the sediment supply [21]. In order to infer the degree of availability of sediments within the channel 

or in the drainage basin the SSC–Q hysteresis patterns were employed. Based on these models, 

several characteristics of sediment transport processes can be interpreted [18]. By applying the 

SSC–Q models it was determined that on Trotuș River more than 60% of hysteresis loops typical for 

type A (67%), type C (60%) and type D (61%) flood events ranked as type I (clockwise). This situation 

appears to be prevalent in many rivers [71,72], and could be attributed to the appurtenance of their 

basins to a “supply-limited” sediment delivery system [73]. In this instance the sediment source area 

is located within the channel or in its close proximity [74]. In the case of type B flood events, type I 

hysteresis loops have diminished percentages (ca. 40%), while types V (complex) (35%) and II 

(counter clockwise) (25%) increase. This indicates that during more than 60% of the manifestation 

time for this type of flood a connection is maintained with sediment sources from the catchment. 

Complex hysteresis loops occur in flood events characterized by several discharge peaks [75]. In 

such floods (e.g., 2004, 2005, 2010 and 2016, all type B), with large duration and several peaks, a shift 

was documented in hysteresis loops, depending on the source areas, thus generating a complex 

model. Martin et al. (2014) [76] show that these hysteresis pattern changes can be attributed to one of 

two scenarios: (i) either a shift occurs from easily erodible channel material to more cohesive bed or 

bank material, or (ii) a transition from the channel and its proximal source area to the slopes. Type II 

hysteresis loops account for a significant share of the total number of D type floods (25% or 13 flood 

events), therefore confirming that this type is specific to moderate floods with limited flow 

discharge, low sediment yield and high SSC [73,75,77]. The prevalence of type I hysteresis loops is in 

full compliance with recent channel changes observed on Trotuș River, namely the tendency of 

degradation [33,34]. 

As regards the hysteresis index (HImid), 77% of all values were positive, which would support 

the relevance of the channel as a sediment source. The highest positive HImid was recorded during 

the 22 June–1 July flood event at Vrânceni station (+8.00). During this flood, at Qmid of 172 m3s-1, the 

suspended sediment concentration on the rising limb was as high as 2095 mgl-1, whereas on the 

falling limb it amounted to just 233 mgl-1. The lowest values of HImid were recorded primarily at 

Târgu Ocna station (2005c, 2006b, 2010c, 2012 flood events), suggesting a continuos sediment supply 

in the mid-course, which is also supported by the relatively even suspended sediment 

concentrations on both the rising and falling limbs. The maximum negative HImid was documented 

during the 9 July – 30 July 2005 flood event at Târgu Ocna (– 1.46) and was generated by the fact that, 

at Qmid of 752 m3s-1, the suspended sediment concentration was 3723 mgl-1 on the rising limb, and 

nearly 2.5 times as high on the falling limb (9175 mgl-1). 

In terms of the average sediment load corresponding to the mid-point discharge (Qmid) on both 

limbs of the hysteresis loop, the following situation was observed: at Lunca de Sus the average 

sediment load corresponding to the mid-point discharge (the average mid-point discharge between 

2000 and 2017 was 7,9 m3s-1) was 24.7 kgs-1 on the rising limb, and 17.5 kgs-1 on the falling limb; at 

Goioasa (average Qmid –71 m3s-1), the sediment load was ca. 437 kgs-1 on the rising limb and 302 kgs-1 

on the falling limb; at Târgu Ocna (average Qmid –194 m3s-1) the situation is reversed, with 1007 kgs-1 

of sediment transported on the rising limb compared to 857 kgs-1 on the falling limb. This 

conjuncture is due to the extremely high value (6900 kgs-1) of the suspended sediment load on the 

falling limb of the 9–30 July 2005 flood event, contrary to the general rule stating that the amount of 

transported alluvium is greater on the rising limb; and at Vrânceni station (average Qmid = 480 m3s-1) 

the scale is also tipped in favour of the falling limb (an average of 4280 kgs-1, compared to 3872 kgs-1 

on the rising limb), as a result of the large amount of sediment transported on the falling limb during 

the flood event of June 2006. During this flood, at Qmid of 1302 m3s-1, the sediment load was ca. 24,000 

kgs-1 on the falling limb and just ca. 12,000 kgs-1 on the rising limb. 

The analysis of the suspended sediment yield corresponding to the two opposing limbs of 

hysteresis loops led to the following results: (i) at Lunca de Sus station 48% of the total sediment yield 
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(248,550 t) generated between 2000 and 2017 was transported during the 14 analysed flood events, of 

which 60% pertains to the rising limbs of hysteresis loops; (ii) at Goioasa, flood events accounted for 

70% of the total suspended sediment yield (4,026 232 t), with the same percentage corresponding to 

the rising limb; (iii) at Târgu Ocna the total suspended sediment yield throughout the investigated 

period was 17,578 644 t, of which 45% was generated by the 20 analysed flood events. Furthermore, 

of the amount of suspended sediment yielded by floods, 55% pertains to the rising limbs; (iv) at 

Vrânceni station, the 21 analysed floods account for approx. 80% of the total suspended sediment 

yield (31,106 360 t), with 77% corresponding to the rising limb. This situation further suggests that, 

overall, Trotuș River channel represents the main source of sediment. 

Regarding the relation between suspended sediment transport and the mid-point discharge of 

hysteresis loops, the correlation is rather strong, particularly on the rising limbs (Figure 8). In the 

cases of the two largest flood events in terms of the suspended sediment transport, both were type B 

floods, as recorded at Vrânceni station on 13 July 2005 and 12 June 2006, and revealed much higher 

transport rates on the falling limbs. This result indicates that during major floods the role of the 

catchment as a sediment source greatly increases. In the case of type D flood events, the amount of 

sediment corresponding to Qmid was higher on the falling limb in just 15% of instances, supporting 

the idea that for this flood type the main source area for sediment is the channel. 

 

 
 

Figure 8. Relationship between the suspended sediment load and the mid-point discharge of the 

hysteresis loop. A. Lunca de Sus; B. Goioasa; C. Târgu Ocna; D. Vrânceni. 

 

4.2. Sediment transport in relation to stream power 

 

Results confirm that the stream power of a flood event can account for over 70% of the 

variability in the sediment yield generated by the event [50]. In the case of Trotuș River, the highest 

sediment transport rates were also associated to high values of specific stream power (Figure 9). 

However, on rare occasions, stream power values close to the 300 Wm-2 threshold can transport large 

amounts of sediment. The 2012 flood event at Vrânceni station is illustrative in this regard, with 

higher peak values for the sediment load at lower stream power compared to the 2010 flood. 

Another explanation could reside in the removal of vegetation from the active river channel during 

the 2010 flood event, which had not completely recovered by 2012, such that the nude areas of the 

channel during the 2012 flood event were greater compared to 2010, thus yielding more sediment. 
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This situation is similar to the one presented by Milan (2012) [78], who stated that major floods have 

the additional role of creating a relaxation phase during which large amounts of sediments are 

redistributed within the channel by smaller floods. The response time necessary for the channel to 

reach a stable morphology is directly influenced by the vegetation recovery rate, which will increase 

the degree of stability of the banks and neighboring areas [79,80]. However, in reality the controls 

conditioning the variability of the solid load for each flood event are much more numerous and 

complex [11]. 

 
Figure 9. Relationship between the daily specific stream power and the daily sediment transport 

rate between 2000 and 2017 at: A. Lunca de Sus; B. Goioasa; C. Târgu Ocna; D. Vrânceni. 

 

 
 

Figure 10. Suspended sediment transport related to the maximum stream power and flood event 

duration (circle size is related to the total amount of sediment) at: A. Lunca de Sus; B. Goioasa; C. 

Târgu Ocna; D. Vrânceni. 

 

Depending on the maximum stream power and the duration of flood events, the suspended 

sediment transport had the following particularities between 2000 and 2017 (Figure 10): (i) during 

type A flood events (which accounted for ca. 0.26% of the 2000–2017 timeframe) 6% of the total 
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sediment carried by floods was transported, amounting to ca. 41 mil. t; (ii) type B flood events (3% of 

the analyzed timeframe) transported approx. 61% of the total alluvium carried through the gauging 

stations; (iii) type C flood events (2.5% of the investigated interval) accounted for ca. 7% of the total 

sediment; (iv) type D floods (26% of the time) contributed approx. 26% to the total sediment. 

The data reveal that the largest amounts of sediment were transported during flood events 

characterized by both high magnitude and large duration. Albeit, in many instances the duration 

appears to be more relevant compared to the magnitude of the flood event in terms of the sediment 

load transported by the river or the changes occurring in the stream channel [33,49,81]. In the case of 

Trotuș River, some large duration, lower magnitude floods (2002, 2004, 2007, 2010 and 2014) were 

able to remove and carry significant amounts of sediment, which would suggest that under certain 

conditions, the duration of the event becomes very relevant. The literature comprises two currents of 

opinion on this matter. The first one supports the idea that the type of the precedent flood (in terms 

of magnitude and duration) has a significant influence on sediment transport. As such, if large 

magnitude events are preceded by smaller scale events, sediment transport is largely unaffected by 

them. However, if long duration, small magnitude flood events are preceded by high magnitude 

events, the decrease documented in the amount of transported sediment (40–70%) is significant [82]. 

The second current points out that there is no memory effect of antecedent flood events, instead 

sediment composition is the major factor of fluvial system memory [83,84]. The majority of these 

conclusions are drawn based on lab experiments, whereas in nature the cumulated effects of several 

control factors can annul the influence of antecedent floods, as was the case with the 2007 flood 

events on Trotuș River. 

A good correlation was determined between the maximum stream power during a flood event 

and the sediment yield generated by that event (Figure 11). Of the 41 mil. t of sediment carried 

through the four sections during 77 flood events comprised in this study, ca. 30 mil. t (74%) were 

transported at stream power values above 300 Wm-2. 

 
Figure 11. Relationship between the total sediment yield and the maximum stream power. 
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The ratio between the sediment load and the stream power is defined as the maximum flow 

efficiency (MFE) [85,86]. According to this approach, an effective fluvial system can transport a large 

amount of sediment by using lower stream power. In order to determine this parameter, we 

calculated the ratio between the total annual sediment load and the average annual stream power at 

each gauging station [87]. The 0.65 value was used as the exponent of the stream power. In the years 

with type B, and occasionally type C flood events (i.e. characterized by values of the stream power 

close to the 300 Wm-2 threshold), the sediment flux was much higher compared to the multiannual 

average value (Figure 12A). The flood events of 2005, 2010 and 2016 are included in this category. 

Along Trotuș River a trend of increasing MFE was documented, which has been linked to a growing 

influx of sediment downstream (Figure 12B). Therefore, the lower course of Trotuș River can be 

regarded as an effective fluvial system due to its capacity to transport sediments by using lower 

values of the stream power. 

 
Figure 12. A. Annual variability of maximum flow efficiency (MFE); B. Downstream variability of 

MFE and stream power distribution along Trotuș River. 

 

4.3. Sediment transport in relation to the energy expenditure 

 

The relation between the sediment yield and the total energy expenditure reveals that typically 

the years with high values of specific stream power and implicitly of the energy expenditure are also 

characterized by high sediment transport rates [31]. In the case of Trotuș River, the total energy 

expended during a flood event can account for more than 80% of the sediment yield variability of 

that event (Figure 13). 

 
Figure 13. Exponential relationship between the suspended sediment yield and the total energy 

expenditure during flood events. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 August 2019                   doi:10.20944/preprints201908.0103.v1

https://doi.org/10.20944/preprints201908.0103.v1


17 of 22 

 

As expected, the highest values of the sediment transport were documented in the years with 

major flood events (2005, 2010 and 2016) which generated large amounts of energy capable of 

displacing alluvium. However, the relation between the sediment yield and the energy expenditure 

during the flood event is conditioned by the availability of alluvium sources. For instance, during 

the flood event of June 2016, the energy expenditure determined at Târgu Ocna gauging station was 

ca. 220 MJ, and the sediment yield of this event amounted to approx. 2 mil. t, whereas a Vrânceni the 

sediment yield was ca. 2.5 times larger (~ 5 mil. t), albeit the energy expenditure was no higher than 

160 MJ. 

5. Conclusions 

The estimation of the relations established between sediment transport and various 

hydrological and hydraulic characteristics of flood events required the usage of daily flow discharge 

and daily suspended sediment load data recorded at four gauging stations along Trotuș River. The 

bedload transport rate was evaluated using the Bedload Assessment for Gravel-bed Streams (BAGS) 

software. The average bedload transport rate for the entire length of Trotuș River was estimated at 

ca. 234 t, with significant variations between the four gauging stations (i.e. 5.6 t at Lunca de Sus 

compared to 525 t at Vrânceni). During flood events, bedload transport rates reach values several 

hundred times greater than the average rate. During the 2000 to 2017 period, 77 flood events were 

distinguished at the four gauging stations which exceeded the bankfull discharge. These events were 

ranked according to the classification introduced by Costa and O`Connor (1995) and adapted to 

sediment transport by Sear (2003). Based on this ranking, of the 77 analyzed events, 3 pertained to 

type A, 12 to type B, 11 to type C, and the remaining 51 to type D. 

The relationship between sediment load and flow discharge were analyzed based on two 

approaches: the sediment rating curve (SRC) and the hysteresis effect. In order to capture the 

temporal changes of a and b coefficients and the vertical oscillations of the sediment rating curve, 

this analysis was performed on three distinct intervals of the 2000–2017 timeframe: 2000–2005, 

2006–2010 and 2011–2017, delineated based on major flood events. The investigation revealed that 

after the major flood events of 2005 an increase of the b exponent was documented at all gauging 

stations (with the exception of Goioasa), which indicates an augmented transport capacity of the 

river. However, after 2010 the b exponent relapsed to a value similar to that prior to the flood events 

of 2005. As regards the study of hysteresis loops, we determined that more than 60% of type A, C 

and D flood events pertained to type I (clockwise hysteresis loops). In this case, the source area for 

sediments is located within the channel or in its close proximity. In the case of type B floods, type I 

hysteresis loops diminish their share to approx. 40%, while types V (complex) (35%) and II (counter 

clockwise) (25%) are more frequent. This suggests that during more than 60% of the manifestation 

time for this type of flood a connection is maintained with sediment sources from the catchment. 

The stream power during a flood event can account for over 70% of the variability in the 

sediment yield generated by the event. Of the 41 mil. t of sediment carried through the four sections 

during 77 flood events comprised in this study, ca. 30 mil. t (74%) were transported at stream power 

values above 300 Wm-2. 

The relationship between the sediment yield and the total energy expenditure reveals that, as a 

general rule, the years with high values of specific stream power, as well as of the energy 

expenditure, also have typically large sediment transport rates, such that the energy expended 

during a flood event can account for more than 80% of the sediment yield variability of that event. 

The changes documented in terms of the sediment transport rates after the flood events of 2005 

show that major events mark important thresholds in the hydrogeomorphic evolution of river 

channels, albeit the general tendency manifested between 2011 and 2017 points to a recovery of the 

initial state. 
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