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Abstract 

 

Sediment transport in fluvial systems is governed by complex, non-linear interactions 

between water discharge and suspended-sediment concentration, giving rise to hysteresis loops that 

standard rating curves cannot capture. This thesis introduces an integrated, automated workflow 

for concentration–discharge hysteresis analysis. We develop the concept of a “hysteresis 

signature,” a systematic code that partitions each loop into linear, clockwise, and anticlockwise 

segments. We then quantify each segment both on a normalized scale (partial amplitudes) and in 

real discharge–concentration units via an asynchronous-load metric. 

Applied to a large multi-parameter dataset, our method automatically classified 51 distinct 

hysteresis forms—far beyond traditional five-type schemes—and resolved classification 

ambiguities inherent in existing indices. This approach provides a powerful tool for understanding 

watershed dynamics in terms of sediment production and for identifying sediment sources at the 

catchment scale. In a semi-arid case study on the Mekerra River (NW Algeria), we validated the 

workflow against successive flood events and found that bank-and-bed sources contribute roughly 

84 % of total suspended sediment yield. 

The modular nature of the tool makes it readily adaptable to various climates and different 

watershed sizes, from large basins to small ones. The hysteresis signature method can also be 

applied to dissolved loads. The tool offers a robust, scalable approach for high-frequency 

monitoring, sediment-source apportionment, and watershed management. 

 

Keywords: Sediment concentration–discharge hysteresis; Automated loop classification; 

Hysteresis signature; Semi‐arid watershed case study; Sediment source apportionment; 

Hysteresis Index. 
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 ملخص

 

يخضع نقل الرسوبيات في الأنهار لتفاعلات معقدة وغير خطية بين معدل الجريان وتركيز الرواسب 

التركيز تمثيلها بدقة.  –العالقة، مما يؤدي إلى ظهور حلقات هسترة لا تستطيع المنحنيات التقليدية لمعادلة الجريان 

ال هسترة  لتحليل  ومتكاملاً  آلياً  عمل  مسار  نقدمّ  الأطروحة  هذه  »بصمة  –جريان في  مفهوم  طوّرنا  التركيز. 

الهسترة«، وهو أسلوب ترميز يقسّم كل حلقة إلى مقاطع خطية، وأخرى باتجاه عقارب الساعة، وأخرى بعكس  

فعلية   مُطَبَّع )سعات جزئية( ووحدات  بقياس كل مقطع على مستويين: مقياس  قمنا  ذلك  بعد  الساعة.  عقارب 

 .شر الحمل غير المتزامنالتركيز باستخدام مؤ–لمعدل الجريان

شكلاً مختلفاً   51عند تطبيق هذا المنهج على قاعدة بيانات واسعة ومتعددة المعايير، تمكّنا من تصنيف  

من الهسترة بشكل آلي، وهو عدد أكبر بكثير من المخططات التقليدية ذات الأنماط الخمسة، كما عالجنا مشكلات 

النه  هذا  يوفر  السابقة.  المؤشرات  في  الموجودة  التصنيف  في  حوض  الغموض  ديناميكيات  لفهم  قوية  أداة  ج 

وفي دراسة حالة في مناخ شبه   .التصريف من حيث إنتاج الرسوبيات ولتحديد مصادرها على مستوى الحوض 

جاف على وادي مقرة )شمال غرب الجزائر(، تم التحقق من صحة المسار من خلال أحداث فيضانية متعاقبة، 

 .٪ من إجمالي الرواسب العالقة المنقولة84بحوالي وأظهرت النتائج أن ضفاف وقاع النهر تساهم 

تعُد طبيعة الأداة قابلة للتكيف بسهولة مع مختلف المناخات والأحواض المائية ذات الأحجام المختلفة، 

الذائبة، مما يجعلها أداة قوية  من الكبيرة إلى الصغيرة. كما يمكن تطبيق أسلوب بصمة الهسترة على المواد 

 .إدارة الأحواض المائيةوقابلة للتوسع في الرصد عالي التواتر، وتحديد مصادر الرسوبيات، و

 

للحلقات؛ بصمة الهستيرية؛   ليالرواسب؛ التصنيف الا  الجريان–: هستيرية تركيزالكلمات المفتاحية

 .؛ تعيين مصادر الرواسب؛ مؤشر الهستيريةهيدرولوجيا الأحواض النهرية

 

 

 

 

 

 

 

 

 



 
IV 

Résumé 

 

Le transport des sédiments dans les systèmes fluviaux est régi par des interactions 

complexes et non linéaires entre le débit d’eau et la concentration en sédiments en suspension, 

générant des boucles d’hystérésis que les courbes de tarage classiques ne peuvent pas représenter. 

Cette thèse propose un processus intégré et automatisé pour l’analyse des hystérésis concentration–

débit. Nous développons le concept de « signature d’hystérésis », un code systématique qui 

segmente chaque boucle en portions linéaires, horaires et anti-horaires. Nous quantifions ensuite 

chaque portion sur une échelle normalisée (amplitudes partielles) et en unités réelles de 

concentration et de débit via une métrique de charge asynchrone. 

Appliquée à un vaste jeu de données multi-paramètres, notre méthode a automatiquement 

classifié 51 formes d’hystérésis distinctes—bien au-delà des cinq types traditionnels—et a levé les 

ambiguïtés de classification inhérentes aux indices existants. Cette approche offre un outil puissant 

pour comprendre la dynamique des bassins versants en termes de production de sédiments et pour 

identifier les sources de sédiments à l'échelle du bassin. Dans une étude de cas sur le bassin semi-

aride de l’oued Mekerra (NW Algérie), la validation sur des crues successives a révélé que les 

apports des berges et du lit contribuent à environ 84 % du rendement total en sédiments en 

suspension. 

La nature modulaire de l'outil le rend aisément adaptable à divers climats et à différentes 

tailles de bassins versants, des plus grands aux plus petits. De plus, la méthode de signature 

d'hystérésis peut également être appliquée aux matières dissoutes. L'outil offre une approche 

robuste et évolutive pour la surveillance à haute fréquence, le calcul des parts de sources 

sédimentaires et la gestion des bassins versants 

 

Mots-clés : hystérésis concentration–débit ; classification automatisée des boucles ; 

signature d’hystérésis ; Bassin versant ; répartition des sources de sédiments ; indice 

d’hystérésis. 
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1 

Introduction 

1. Background 

The natural landscape is in a constant state of evolution. The flux of sediments plays a 

crucial role in shaping landscapes and maintaining ecosystems. For instance, the Nile River has 

transported vast amounts of sediments from its headwaters in Africa to the Mediterranean Sea, 

forming the fertile and densely populated Nile Delta (e.g., Dumont, 2010; Sestini, 1989). Similarly, 

the Loess Plateau in China has been formed by the accumulation of fine, wind-blown sediments 

over thousands of years, creating thick, fertile soil layers (e.g., Sun, 2002; L. Wang et al., 2006; G. 

Zhao et al., 2013). In contrast, the landscape of the Atacama Desert, one of the driest places on 

Earth, has been shaped by sporadic fluvial activity and constant wind erosion, where rare rain 

events carve out valleys and canyons, and windblown sediments create dunes and other aeolian 

landforms (e.g., Arenas-Díaz et al., 2022; Bull et al., 2018; Houston, 2006; Jungers et al., 2013). 

Sediments are detached from rock and soil bodies through natural processes such as rain, 

infiltration, evaporation, water flow, diurnal cycles, biological activity, and temperature 

fluctuations. These processes cause rocks and soils to break down into small, transportable 

aggregates. With sufficient transport capacity, these aggregates are carried away from their origin 

by wind and water, following a sequence of transport, deposition, and remobilization, described as 

a sediment cascade (Bracken et al., 2015; Collins & Walling, 2004; K. Fryirs, 2013; Harvey, 2002; 

Vercruysse et al., 2017). Sediment detachment, transport, and deposition dynamics are significantly 

influenced by anthropogenic activities. Urbanization, dam construction, deforestation, 

industrialization, and agricultural practices are key contributors to landscape transformations. 

These activities lead to the degradation of soils, fragmentation of rocks, detachment of sediments, 

and alteration of transport regimes and depositional rates, profoundly impacting downstream 

hydrological and hydrogeochemical conditions in lakes, wetlands, and coastal waters (R. Chalov 

et al., 2015).  

Sediment flux can have physical, chemical, and ecological impacts. Sediment transport is 

crucial for maintaining aquatic ecosystem health, resilience, and function (Koiter et al., 2013; 

Owens, 2008). However, it also has negative effects. In agricultural catchments, sediment export 

leads to the loss of nutrient-rich soil, reducing agricultural productivity and potentially contributing 
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to land instability (e.g., den Biggelaar, Lal, Wiebe, & Breneman, 2003; den Biggelaar, Lal, Wiebe, 

Eswaran, et al., 2003). Sedimentation in water bodies can reduce water storage capacity, increase 

flood risks, and degrade soil, water quality, and aquatic habitats (Ben Slimane et al., 2016; Bunzel 

et al., 2015; Duvert et al., 2012; Gardner & Gerrard, 2003; Horowitz, 2008; Kassoul et al., 1997; 

Koiter et al., 2013; Owens et al., 2005; Sánchez-Chardi et al., 2009; Tananaev, 2015; Upadhayay 

et al., 2017; Urban et al., 2009; Vörösmarty et al., 2003, 2010; S. Wang et al., 2019).   

The movement of sediment downstream is influenced by a complex interaction between 

watershed characteristics, storm events, and sediment properties, leading to variations in 

downstream sediment fluxes. This results in a non-linear behavior known as the hysteresis effect, 

where sediment concentration exhibits a lagged response to changes in water discharge, indicating 

a complex interaction between these variables. This asynchrony arises from dynamic sediment 

availability, channel morphology, and numerous other factors (Gharari & Razavi, 2018; Hamshaw 

et al., 2018; Prowse, 1984; Seeger et al., 2004; Zuecco et al., 2016). According to Phillips, (2003), 

hysteresis occurs when a single discharge value corresponds to multiple sediment concentrations. 

Hysteresis analysis has become a cornerstone methodology for examining the non-linear 

relationship between suspended sediment concentration and stream discharge. By quantifying these 

patterns, researchers have not only verified the underlying mechanisms driving flow-sediment 

feedback loops but have also decoded complex mass transport dynamics unique to individual 

watersheds. Investigations into temporal variability have highlighted shifting seasonal regimes of 

sediment availability, while others have addressed how catchment scale modulates the resulting 

hysteresis profiles. Consequently, these diagnostics offer a robust standard for determining whether 

sediment flux is restricted by source availability (supply-limited) or hydraulic capacity 

(transport-limited). Furthermore, the framework has proven vital for identifying provenance, 

allowing scientists to assess, locate, and measure the primary geomorphic drivers within a system. 

2. Research Gap and Study Objectives 

Hysteresis Analysis is a crucial approach for studying the non-linear nature of the sediment-

concentration discharge relationship. This analysis consists of two main components: 

a. Qualitative Analysis: This involves the visual inspection of sediment concentration as a 

function of discharge plots. Various hysteresis patterns have been linked to specific 
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phenomena and processes, deduced from analyzing multiple potential mechanisms and 

watershed characteristics (e.g., land use, slopes, soil types). This process includes manual 

inspection of sedigraphs and hydrographs. 

b. Quantitative Analysis: This involves computing metrics that describe the rotation, 

magnitude, and slope of hysteresis patterns (e.g., Aich et al., 2014; Andrea et al., 2006; 

Butturini et al., 2008; Langlois et al., 2005; Lawler et al., 2006; Lloyd et al., 2016b, 2016a; 

Poggi-Varaldo & Rinderknecht-Seijas, 2003; H. G. Smith & Dragovich, 2009; Vaughan et 

al., 2017; Zuecco et al., 2016)      

To extract comprehensive information from hysteresis relationships, both qualitative and 

quantitative assessments are essential. Hysteresis analysis combines techniques from both these 

axes. Briefly described, at the event scale, hysteresis analysis is performed as follows: 

(1) Hysteresis patterns are plotted and sorted according to a targeted classification (e.g., the 

Williams classification (G. P. Williams, 1989)). This classification can be manual or 

automated using techniques such as machine learning (e.g., Hamshaw et al., 2018), or based 

on hysteresis metrics (e.g., Butturini et al., 2008; S. D. Keesstra et al., 2019). 

(2) Quantitative metrics such as hysteresis indices and slope are computed. 

(3) Results are combined and analyzed. 

 However, hysteresis pattern sorting and the calculation of indices have often been 

conducted separately, leading to inconsistencies. To enhance the effectiveness of hysteresis 

analysis, it is crucial to integrate both qualitative and quantitative aspects, thereby improving 

quality of the results. This requires a more comprehensive classification approach to effectively 

sort and explore new hysteresis patterns, a unique quantitative analysis for each pattern, and 

consistency between classification and quantification. Additionally, automating these processes is 

essential for efficient handling of large datasets. In this study, we aim to address these 

methodological gaps by introducing an automated, comprehensive approach that meets these 

criteria and demonstrating it using a substantial dataset. 
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3. Thesis Structure 

The study is divided into three main chapters, each addressing a specific aspect of sediment 

dynamics, from their origins to advanced analytical techniques for understanding their transport. 

Below is an overview of the structure of the study 

Chapter I – Sediments from Origin to Outlet provides a comprehensive overview of 

sediment dynamics, beginning with the processes that lead to sediment detachment. It explores 

various mechanisms such as weathering—both physical and chemical—mass wasting, riverbank 

collapse, volcanic activity, forest fires, and anthropogenic activities. The chapter then delves into 

the properties of sediments and characteristics related to their origins. It continues with an 

examination of sediment transport, deposition, sedimentation, and the mixing processes of 

sediments from different sources. The chapter concludes by discussing the motivations and 

methods for identifying and understanding the contribution of various sediment sources. This 

chapter serves as a steppingstone for the following chapters by detailing crucial aspects of sediment 

transport dynamics. 

Chapter II – The Sediment Concentration – Discharge Relationship focuses on the 

relationship between sediment concentration and water discharge, known as hysteresis. It 

introduces the basic concepts of this relationship and discusses the factors that control the 

configuration of concentration-discharge hysteresis, including sediment production and transport 

patterns. The chapter also covers various aspects of hysteresis analysis. The practical applications 

of hysteresis analysis, such as the classification and interpretation of hysteresis patterns and the 

determination of sediment sources, are explored. This chapter concludes with a brief review of the 

current state of hysteresis analysis, setting up the foundation for the next chapter.  

Chapter III – Conception and Development of An Improved Concentration – 

Discharge Hysteresis Analysis Workflow presents the development and validation of a new 

method for hysteresis analysis. It starts with the background and objectives of the study, followed 

by a detailed description of the datasets used for validation. The chapter proceeds with a step-by-

step description of the new and improved workflow for hysteresis analysis. A critical analysis of 

the method’s performance is provided, highlighting the strengths and limitations of this new 

approach. The chapter concludes with the application of the method in a case study within a semi-
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arid climate watershed, demonstrating the practical utility and implications of the improved 

hysteresis analysis workflow. 

_ _SECTION END_ _
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I. Chapter 1 – Sediments from origin to outlet 

I-1. The Sediment Cascade: Processes from Origin to Outlet 

The journey of sediments begins with detachment, where physical and chemical 

processes—augmented by mass movements, biological activity, and human interventions—release 

particles from parent materials. Liberated sediments have distinct properties tied to both their 

characteristics (such as grain size, composition, and structure) and their site of origin. These 

attributes not only determine their mobility but also influence their role in downstream processes. 

Transport agents then convey sediments through hillslopes and channel networks, where 

they may be deposited temporarily or mixed with material from other sources. The mixing of 

sediments in transit creates complex signatures that integrate the diverse conditions of their 

pathways, offering valuable clues about their provenance and controlling mechanisms. Ultimately, 

this journey culminates in deposition, whether within floodplains, reservoirs, or coastal systems, 

where sediments leave lasting imprints on landscapes and human societies. 

Understanding these interconnected processes is essential for unraveling sediment sources 

and fluxes at the watershed scale. Identifying where sediments originate and how they move 

provides the foundation for both scientific inquiry and practical management. This chapter explores 

the sediment cascade in its entirety—detachment, properties, transport, mixing, and source 

analysis—laying the groundwork for subsequent analyses of sediment dynamics through 

concentration–discharge relationships. 

I-2. Sediment detachment  

Sediment production processes are a diverse set of natural and anthropogenic phenomena 

that contribute to the generation and release of loose particles in the environment. These processes 

play a fundamental role in shaping landscapes, influencing ecosystems, and impacting human 

activities. 
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I-2.1. Weathering 

Weathering is the process of breaking down rocks and minerals into smaller particles 

through physical, chemical, and biological processes (Figure I-1). Physical weathering includes 

mechanical actions such as freeze-thaw cycles, abrasion by wind or water, and root growth. 

Chemical weathering involves chemical reactions that alter the composition of rocks, such as 

dissolution, oxidation, and hydrolysis. 

 

Figure I-1. Example Illustration of rock weathering. 

 

 

I-2.2. Physical Weathering 

Physical weathering encompasses a spectrum of processes that alter rocks without changing 

their internal mineral structure (Scheffers et al., 2015b). Unlike chemical weathering, which 

involves the transformation of minerals through chemical reactions, physical weathering focuses 

on the mechanical breakdown of rocks. Rocks, resilient as they may seem, are prone to 

fragmentation, and this can occur for a multitude of reasons. One of the primary mechanisms is 

stress along natural zones of weakness, such as joints or cracks (Scheffers et al., 2015b). In response 

to external forces, rocks can fracture into smaller fragments, ranging from sand-sized particles to 

fine silt. The susceptibility of rocks to such breakage stems from their vulnerability to bending, 

stretching, or compression induced by various exogenous factors including temperature 

fluctuations, frost action, plant root growth, and the impact of objects.  
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I-2.2.1. Frost Action (Frost Wedging):  

Freezing and thawing processes (Figure I-2), occurring on a daily cycle, hold significant 

sway over the physical weathering of rocks, thereby playing a pivotal role in sediment production. 

Water seeping into cracks and pore spaces can freeze, causing expansion—approximately 9-11% 

at 0°C—thus exerting force across existing fractures or instigating cracks from ice-filled pore 

spaces (Jain, 2014; Price, 1995; Scheffers et al., 2015b). Crystals have been observed to lift 

substantial weights, highlighting the importance of crystal growth-induced pressure in this process 

(Becker & Day, 1905). Frost wedging, a form of mechanical disintegration, becomes active when 

temperatures hover around 0°C. This process hinges on the frequency of water transitioning from 

its fluid state to ice; more frequent changes lead to increased breakage (Scheffers et al., 2015b). 

Frost wedging occurs when water in a crack freezes, expands, and presses against the rock, thereby 

prying open the crack and facilitating weathering (Jain, 2014). Frost action emerges as a dominant 

force in breaking down solid bedrock into transportable sediments (Anderson, 1998; Deprez et al., 

2020; Matsuoka & Murton, 2008). Despite a single freezing and thawing cycle not necessarily 

inducing immediate disintegration, the cumulative effect of sequential cycles leads to the 

deterioration of porous materials. This degradation manifests in an increase in porosity due to the 

introduction of micro-cracks (Deprez et al., 2020; Martínez-Martínez et al., 2013). Moreover, 

freezing and thawing indirectly contribute to hazards such as rock falls, slides, and debris flows, 

posing threats to infrastructure and human lives (Deprez et al., 2020; Matsuoka & Sakai, 1999). 

Changes in freezing and thawing activity in mountainous regions influence sediment delivery 

downslope (Anderson et al., 2013; Deprez et al., 2020; Sass & Oberlechner, 2012). 
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Figure I-2. Frost wedging weathering process 

 

 

I-2.2.2. Thermal Stress:  

Rocks, composed of multiple minerals (J. Liu et al., 2018; Yan & Zheng, 2017), undergo 

thermal cracking (Figure I-3) primarily due to thermal stress, resulting in damage to the rocks 

(Browning et al., 2016; C. David et al., 1999). Temperature changes induce the creation of new 

cracks and the reactivation of existing ones, even during uniform heating (Yan & Zheng, 2017). 

Thermal stress arises from differences in mineral thermal expansion coefficients and mineral 

thermal decomposition (Fredrich & Wong, 1986; Heap et al., 2013; J. Liu et al., 2018; Richter & 

Simmons, 1974; Yan & Zheng, 2017). Various mechanisms initiate thermal stress, including the 

disparity in mineral thermal expansion coefficients, anisotropic thermal expansion of minerals, and 

temperature thresholds (Browning et al., 2016; H. W. Cooper & Simmons, 1977; Fredrich & Wong, 

1986; Heap, Baud, et al., 2014; Heap, Lavallée, et al., 2014; Keshavarz et al., 2010; Lin, 2002; J. 

Liu et al., 2018; Nasseri et al., 2009). Stress builds up between grains on heating or cooling, even 
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in monomineralic rocks with randomly oriented grains, exacerbating the situation in polymineralic 

rocks (Browning et al., 2016). 

 

Figure I-3. Evolution of a boulder through thermal stress weathering process. 
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Differences in mineral thermal expansion coefficients are a primary factor causing thermal 

cracking (J. Liu et al., 2018; Yan & Zheng, 2017). This disparity extends and widens existing 

cracks, generating new inter and intra-granular cracks (J. Liu et al., 2018; Yan & Zheng, 2017). 

Furthermore, both old and new cracks can connect to form networks, altering rock permeability 

(Bauer & Handin, 1983; Fredrich & Wong, 1986; J. Liu et al., 2018). Thermal stress contributes to 

the creation of fine sediments by disaggregating rocks into fine aggregates, influencing porosity 

(Chaki et al., 2008; C. David et al., 1999; Griffiths et al., 2018; Nasseri et al., 2007; Reuschlé et 

al., 2003; X. Wang et al., 2013), reducing uniaxial strength (Griffiths et al., 2018; Nasseri et al., 

2007), and stiffness (E. C. David et al., 2012; Griffiths et al., 2018; Walsh, 1965). In essence, 

thermal stress exacerbates various processes, contributing significantly to the transformation of 

rocks into fine sediments. 

I-2.2.3. Salt Crystal Growth (Salt Wedging):  

The growth of salt crystals in rock fissures and pores can exert pressure on the surrounding 

rock, causing it to crack and fragment (Figure I-4). The process of salt crystal growth poses a 

danger by exerting a wedging force as the salt solution in rock pores and cracks undergoes 

crystallization (Genkinger & Putnis, 2007; Oguchi & Yu, 2021; Ruiz-Agudo et al., 2013; Scherer, 

1999, 2004; M. Steiger, 2005a, 2005b). This pressure is called crystallization pressure or crystal 

growth pressure and causes salt weathering in rocks, monuments, buildings, and other structures 

(Oguchi & Yu, 2021). This pressure is caused by a growth of the salt against the confining force of 

the rock (Oguchi & Yu, 2021) leading to rock cracking, fragmentation, increase in porosity, and 

permeability. A detailed description of salt weathering can be found in Espinosa-Marzal & Scherer, 

2010a, 2010b, and Oguchi & Yu, 2021.  
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Figure I-4. Evolution of a boulder through salt wedging process. 

 

 

I-2.2.4. Pressure Release 

Exfoliation weathering (Figure I-5), a type of physical weathering, occurs when large flat 

or curved sheets of rock detach from crystalline rock bodies (Scheffers et al., 2015b). This process 

is not directly tied to the interaction between climate and the lithosphere (Scheffers et al., 2015b). 

Fractures form in near-surface rocks experiencing high residual compression parallel to the surface, 

followed by pressure relief caused by events such as the buildup and melting of glaciers during 
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glacial periods or erosion of thick overlying sediment layers (Scheffers et al., 2015b). This 

"unloading" effect reduces the vertical confinement on subsurface strata, allowing the elastic matrix 

of the rock to expand toward the surface (Jain, 2014). This volumetric increase produces fractures 

roughly parallel to the topographic gradient (Earle, 2019; Jain, 2014). Over time, continued erosion 

exposes these fractured segments detach as distinct slabs along the decompression planes (Jain, 

2014). The remaining resistant structures appear as expansive, rounded landforms termed 

exfoliation domes, while the shed material is categorized as exfoliation sheets (Jain, 2014). 

 

Figure I-5. Exfoliation Process Schematic 
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I-2.2.5. Root Wedging  

Biomechanical weathering, a phenomenon often attributed to the action of tree roots, plays 

a pivotal role in the gradual disintegration of bedrock (Figure I-6). Roots, as noted by various 

studies (Cross & Birot, 1967; Jain, 2014; Malik et al., 2019; Pitty, 2020), are capable of penetrating 

cracks in fractured bedrock, initiating a process that leads to their widening and, ultimately, the 

fragmentation of the rock body. The biomechanical interactions between tree roots and bedrock 

become particularly apparent when roots encounter gaps or weaker portions of the rock, such as 

elongated fissures or chemically altered joints (Pawlik et al., 2016). Remarkably, roots adapt to the 

shape of the rock cracks, exhibiting irregular or elongated growth on one or more axes, in contrast 

to the oval shape seen in roots growing in loose material (Malik et al., 2019). 

The dynamics of root growth in rock cracks involve distinct stages. Initially, a growing root 

encountering a rock surface undergoes growth blocking. Subsequently, the crack widens, providing 

the root with new space and an opportunity for more intensive radial growth in the direction that 

was previously impeded (Malik et al., 2019). When roots grow in open cracks, they gradually fill 

them up; however, if injured by rock edges, they respond by forming irregular disturbed rings. This 

response is attributed to changes in crack shape, particularly when dislocated rock edges wound a 

root, allowing growth in new directions (Malik et al., 2019). 

Observations suggest that the impact of roots on rock weathering is influenced by the 

inherent properties of the rock body, including the existing network of joints, cracks, and fissures 

(Little & Field, 2003; Pawlik et al., 2016; Phillips, 2009, 2016; Zwieniecki & Newton, 1995). A 

noteworthy case study by Jackson & Sheldon, (1949) observed tree roots growing in the rock 

fissures of a limestone cliff face. Their findings concluded that the penetration and expansion of 

tree roots enlarged rock fractures, causing rock fragmentation and the development of a scree slope 

beneath the cliff, ultimately contributing to the gradual retreat of the cliff. Additionally, sequences 

of wood anatomical features serve as indicators of crack widening in bedrock, providing further 

insights into the intricate processes of biomechanical weathering (Malik et al., 2019). 
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Figure I-6. Impact of tree roots' development on their surrounding soil. 
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I-2.2.6. Wetting and Drying 

Slaking, a fundamental process in weathering, involves the alternation of wetting and 

drying in rocks (Figure I-7). This phenomenon, driven by the ordered accumulation of water 

molecules between mineral grains, can be attributed to various causes. 'Slaking' may occur due to 

the volume expansion of clay minerals or be associated with the movement of moisture within the 

rock mass (Price, 1995). The process of hydration, a chemical attachment or incorporation of water 

molecules into specific minerals, exemplified by the transformation of anhydrite into gypsum, 

contributes to an increased mineral volume (Scheffers et al., 2015b). Interestingly, while hydration 

is fundamentally a chemical process, it manifests as a physical weathering process due to the 

mechanical pressure resulting from the increased volume (Scheffers et al., 2015b). The impact of 

slaking becomes evident as rock grains undergo tensional stress with the thickening of water layers. 

The repetitive cycle of wetting and drying serves as a potent agent of physical weathering. 

According to Jain (2014), after approximately 20 iterations, these transitions can compromise the 

integrity of rock samples. In soil environments, the process manifests as continuous swelling and 

shrinking, which destabilizes particle bonds and promotes structural breakdown. 

Observations extend beyond theoretical considerations, as illustrated by the disintegration 

of mudrock cores stored outdoors in leaky core boxes after weeks of wetting and drying (Price, 

1995). This phenomenon is not limited to controlled environments; similar disintegration may be 

observed in fresh cuts and natural exposures of mudrocks (Price, 1995). The broader context 

includes the role of abrasion in soil characteristics, where particles within the soil undergo abrasion, 

contributing to the fineness of sediments. Structural cracks emerge in dry soil environments as the 

matrix contracts, disrupting the uniformity of horizon interfaces(Jain, 2014).  



Chapter 1 – Sediments from origin to outlet 

 

 

 
17 

 

Figure I-7. The transformation of soil through wetting and drying. 
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I-2.2.7. Rainfall impact (Rain-splash effect) 

Splash erosion (Figure I-8), a fundamental process in soil erosion, is characterized by the 

initial detachment of soil particles upon impact with raindrops, making it a key factor in the overall 

erosion dynamics (Gabet & Dunne, 2003; Le Bissonnais, 1996; Marzen et al., 2015; Pulley et al., 

2022). Raindrop energy plays a pivotal role in overcoming soil particle bonds, resulting in the 

dislodgment of particles from the soil surface (Kinnell, 2005; J. Wang et al., 2020). The impact of 

raindrops transmits energy to the soil, causing the movement and disruption of particles and 

aggregates (Bisal, 1960; G. Li et al., 2017; Marzen et al., 2015; A. I. J. M. Van Dijk et al., 2002). 

The susceptibility to splash erosion is influenced by various factors, including particle size 

distribution, aggregate stability, slope, and raindrop characteristics like kinetic energy, impact 

angle, and size (Marzen et al., 2015; Riezebos & Epema, 1985). Infiltration capacity often falls 

short of immediately absorbing raindrops, leading to radial water expansion and the formation of 

a corona (Marzen et al., 2015). 

Wind-driven rain-splash, a combination of splash detachment and wind impact, introduces 

additional complexities to the process. Wind alters the physical properties of surface-impacting 

raindrops, accelerating their fall velocity and modifying their size and form through increased 

turbulence and collisions (C. R. Umback and W. D. Lembke, 1966; Disrud et al., 1969; Erpul et 

al., 2000; Fister et al., 2012; Marzen et al., 2015; Pedersen & Hasholt, 1995). The collaborative 

impact of wind and rainfall significantly amplifies the amount of detached and transported material, 

as observed by Marzen et al. (2015), reporting an increase of about two orders of magnitude in 

eroded material. 

Vegetation and other protective measures play crucial roles in mitigating raindrop impacts. 

Vegetation intercepts raindrops, rendering them with zero velocity upon reaching the soil surface 

(Díaz-Raviña et al., 2012; Fernández-Raga et al., 2017; Giménez‐Morera et al., 2010; Lu et al., 

2016; Ma et al., 2014). Moreover, a layer of water on the soil surface or overland flow can attenuate 

the erosive impact of raindrops, with the effectiveness depending on the ratio between flow depth 

and raindrop diameter (Gabet & Dunne, 2003; Kinnell, 1991, 1993; Moss & Green, 1983; Palmer, 

1946). Overland flow exceeding raindrop diameter by 0.6 to 1.0 times can reduce the detachment 

rate (Dunne et al., 2010; Ghahramani et al., 2011; Torri et al., 1987). Ponding, sheet, and rill 

overland flow act as a protective mulch layer, shielding the soil from raindrop impacts (Fernández-
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Raga et al., 2017; Kinnell, 2005; Mermut et al., 1997). Similarly, pre-detached soil particles, 

whether from overland flow or other protective measures, may offer ephemeral protection to the 

underlying soil by limiting the penetration of raindrops (Fernández-Raga et al., 2017; Kinnell, 

2005). 

 

Figure I-8. Comparative Illustration of Rain Splash Erosion: (1) Vertical Raindrop, (2) Wind-

driven Raindrop, and (3) Raindrop on a Sloped Surface. 
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I-2.2.8. Water flow and the associated matter 

When water is in motion, it serves as a carrier for a diverse array of materials. Suspended 

sediments, encompassing fine particles like clay, silt, and sand, remain aloft in the water column 

(referred to as suspended sediments) (e.g., Asselman, 1999; Bisantino et al., 2011). Additionally, 

larger particles, such as gravel, pebbles, and cobbles, may traverse the river or stream bed as 

bedload (e.g., Mao et al., 2014). The flowing water can transport floating organic material, 

including leaves, branches, and plant debris (e.g., Bocchiola et al., 2006; Jacobson et al., 1999; 

Kramer & Wohl, 2017; MacVicar et al., 2009). During heightened flow or flooding events, water 

can also transport more substantial debris, including boulders and fallen trees (e.g., Bocchiola et 

al., 2006; Kehew et al., 2010; Kramer & Wohl, 2017; Lenzi, 2004). In cold regions, when ice starts 

to melt and break, it is transported as floating debris (e.g., Chen et al., 2023; Tao Shen et al., 1990; 

Turcotte et al., 2011). Water, along with the diverse matter it carries, plays a pivotal role in the 

detachment of sediments at both the particle and macro levels. This dynamic process is 

fundamental to reshaping landscapes, rivers morphologies, and ecosystems.  

At the particle level, the detachment of cohesive and semi-cohesive sediments from the bed 

and banks by flowing water involves complex interactions. Water molecules, constituting the 

flowing stream, engage in frictional interactions with sediment particles in contact with the bed or 

banks. This frictional drag force, part of the overall viscous shear stress, arises from the movement 

of water molecules and their internal resistance to flow. As water flows over sediment particles, 

cohesive and adhesive forces between particles determine their resistance to shear stress. Collisions 

between water molecules and sediment particles, coupled with the generation of lift forces, 

contribute to the imparting of shear stress. These collisions provide kinetic energy to sediment 

particles, and higher flow velocities lead to more energetic impacts. The critical shear stress, 

representing the threshold at which applied shear stress overcomes cohesive and adhesive forces, 

defines the initiation of sediment particle movement. Once this critical threshold is surpassed, 

sediment particles start to move, potentially leading to their detachment from the bed or banks. 

Materials transported by flowing water, including suspended sediments, bed load, organic 

matter, large debris, and river ice, play a significant role in the detachment of sediments from the 

bed and banks. As water moves, these materials interact with the streambed and banks, exerting 

forces that contribute to sediment detachment. Suspended sediments, carried within the water 
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column, impact the streambed through abrasion and bed scour, potentially leading to the removal 

of finer particles. Bed load, comprising larger sediment particles transported along the riverbed, 

can induce scouring and contribute to the reworking of bed sediments. Organic matter, such as 

leaves and branches, can influence sediment detachment through interactions with the bed and by 

altering flow patterns. Large debris and river ice, especially during high-flow events, enhance 

erosive forces and may lead to the dislodging of sediment particles from the bed and banks. 

Stream banks and bed sediment contribution. Involve the following key processes: 

• Abrasion: the wearing down of stream materials through abrasion serves as a fundamental 

mechanism for clast destruction in overland and fluvial flows (Le Bouteiller et al., 2011; J. 

Wang et al., 2020; J.-G. Wang et al., 2012, 2013, 2017). Defined by specialized actions such 

as grinding, crushing, and chipping (Kuenen, 1956; J. Wang et al., 2020). This process 

involves the mechanical wearing down of the stream banks and bed by the impact of 

sediment particles carried by the flowing water (e.g., the action of sandpaper on a surface). 

• Scouring, or hydraulic surface erosion (Pike et al., 2018), is an intense, localized erosion 

of the stream bed, often associated with higher flow velocities, can lead to the removal of 

sediments and even bedrock material. Scour is commonly observed in the vicinity of 

structures such as bridges, piers, abutments, culverts, piles, islands, and groins (e.g., 

Dehghani et al., 2013; Deng & Cai, 2010; Koken & Constantinescu, 2008; Lança et al., 

2013; Melville, 1997; Prendergast & Gavin, 2014; C. Wang et al., 2017). General scour can 

occur irrespective of the presence of such structures and may manifest as either long-term 

or short-term scour, involving the removal of sediments across the width of a channel (C. 

Wang et al., 2017). Contraction scour and local scour are specific types directly attributed 

to the presence of obstacles like bridges, piers, abutments, or erosion control devices 

obstructing the flow (e.g., Dehghani et al., 2013; Umbrell et al., 1998; C. Wang et al., 2017). 

• Cavitation: The cavitation process in rivers is influenced by factors such as water velocity, 

the presence of obstacles, channel geometry, and other hydraulic conditions. When water 

flows rapidly over irregularities in the riverbed or encounters obstacles like rocks, the local 

pressure can drop, leading to the formation of vapor bubbles (Arndt, 1981; Carling et al., 

2017; Sun et al., 2023; Whipple et al., 2000). Subsequently, as the water continues to flow 

and the pressure increases, these bubbles collapse violently, releasing energy in the form of 

shock waves (Ochiai et al., 2013; Sreedhar et al., 2017; Sun et al., 2023; Yusof et al., 2016). 
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This cyclic process of bubble formation and collapse is known as cavitation. Fluvial 

cavitation can have several effects on the river environment, including the collapse of 

cavitation bubbles near the riverbed can contribute to erosive processes by causing 

localized pressure changes and impacting the surrounding sediment and bedrock (Whipple 

et al., 2000). 

• Fluid stress: shear stress plays a pivotal role in the detachment of sediments from the 

streambed and banks. As the velocity of flowing water increases, shear stress acts on 

cohesive or semi-cohesive sediments initially bound together. The cohesive forces, 

encompassing factors like electrostatic forces and surface tension, gradually yield to the 

mounting shear stress. This breakdown of cohesion leads to the detachment of individual 

or clustered sediment particles from the streambed and banks. The process initiates with the 

detachment of the most easily dislodged particles and progresses as shear stress continues 

to surpass the cohesive strength of channel sediments. Accordingly, the bed and banks are 

subject to sediment detachment as shear stress acts upon the materials constituting them. 

I-2.3. Chemical weathering 

Chemical weathering, a fundamental geological process, occurs when minerals within 

rocks react with the elements present in their environment, primarily water and air. This 

transformative process leads to a range of reactions, including dissolution and the formation of new 

minerals through combinations with molecules like oxygen, water, or carbon dioxide (Scheffers et 

al., 2015b). As minerals undergo these chemical alterations, rocks are fundamentally changed, 

decomposing, and decaying over time (Jain, 2014; M. Steiger et al., 2011). The impact of chemical 

weathering intensifies with increased precipitation, particularly in the form of rain, and higher 

temperatures, as water's essential role and elevated temperatures contribute to accelerated mineral 

degradation (Jain, 2014). Beneath the surface, chemical weathering operates through the movement 

of water within the mass and materials, with joints and other discontinuities serving as pathways. 

The distribution of mass weathering reflects both minor and major joint set spacing, orientation, 

and the presence of faults (Price, 1995). Chemical weathering results from the combined influences 

of precipitation, temperature, vegetation, topography, rock type, and time (Jain, 2014). 
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I-2.3.1. Dissolution and Solution 

When rocks and minerals encounter water, dissolution occurs (Jain, 2014). Carbon dioxide, 

a common component in the atmosphere, dissolves in water to form carbonic acid, a weak acid 

known for its capacity to chemically react with minerals and initiate dissolution (Earle, 2019; Jain, 

2014; M. Steiger et al., 2011). This reaction results in the alteration of minerals, either dissolving 

them entirely or transforming them into different compounds. As the dissolved material is 

transported away, it leaves behind voids in the rock, contributing to the development of geological 

features such as caves, exemplified in limestone terrains (Jain, 2014; Price, 1995). In regions where 

rocks contain minerals like calcium, magnesium, and potassium, the carbonic acid facilitates their 

conversion into carbonates, dissolving them in rainwater and creating unique karst topography 

characterized by sinkholes, caves, and caverns (Jain, 2014). The chemical activity of H+ ions, 

released during these reactions, enhances the weathering process as they easily infiltrate crystal 

structures, releasing other ions into the water (Jain, 2014; M. Steiger et al., 2011). The solubility of 

elements in this process follows a specific order, influencing the dissolution reactions in rocks 

(Price, 1995): 

Calcium (Ca) > Sodium (Na) > Magnesium (Mg) > Potassium (K) > Silicon (Si) > Aluminum 

(Al) > Iron (Fe). 

The rates of mineral dissolution reactions depend on: (1) the amount and contact time of 

liquid water; (2) the solubility of minerals; and (3) the availability of acidity, i.e., the pH of the 

solution in contact with minerals (M. Steiger et al., 2011). For instance, Iron (Fe) is about 100000 

times more soluble at pH 6 than at pH 8.5 (Price, 1995). 

I-2.3.2. Hydration 

Hydration, a fundamental process in chemical weathering, plays a pivotal role in altering 

the composition and physical characteristics of minerals within soils. This mechanism involves the 

reaction of certain minerals with water and acid, resulting in the uptake of hydrogen and the 

removal of other cations (Jain, 2014). The chemical changes induced by hydration are exemplified 

in transformations such as Hematite converting to Limonite (Jain, 2014). Additionally, specific 

minerals like anhydrite (CaSO₄) undergo hydration with water (H₂O) to form gypsum 

(CaSO₄⋅2H₂O) (Jain, 2014; Scheffers et al., 2015b).  
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As these minerals undergo hydration, their chemical structures enlarge, rendering them 

softer, more stressed, and prone to decomposition (Jain, 2014). The softened minerals, now more 

easily decomposed, become integral components in the breakdown of soil particles. This dual effect 

of chemical alteration and physical softening makes minerals more susceptible to the weathering 

forces that shape the Earth's surface. 

I-2.3.3. Oxidation 

Oxidation, a pivotal process in chemical weathering, involves the chemical combination of 

oxygen with compounds, leading to a change in the oxidation number of elements, characterized 

by the loss of electrons. This reaction prompts the formation of oxides as oxygen combines with 

compound elements in rocks (Jain, 2014), compelling their segregation from the crystal lattice 

(Scheffers et al., 2015b). Notably, oxidized minerals undergo an increase in volume and often 

exhibit decreased hardness (Jain, 2014). The alteration of the oxidation number disrupts the 

mineral's electrical neutrality, rendering it more susceptible to subsequent weathering by water and 

carbonic acid (Jain, 2014). This phenomenon is particularly evident in minerals containing iron 

and manganese, such as goethite and hematite, contributing to the distinct brown and red colors 

observed in soils and weathered rocks (Jain, 2014; Scheffers et al., 2015b). Additionally, higher 

temperatures and the presence of precipitation serve to accelerate the oxidation process, further 

influencing the chemical transformation of minerals in geological formations (Jain, 2014). 

I-2.3.4. Hydrolysis 

Hydrolysis, a transformative geological process, leaves its indelible mark on the Earth's soil 

profile, orchestrating changes that shape the landscape (Jain, 2014). As a precursor to hydrolysis, 

carbonic acid undergoes ionization, breaking down into hydrogen and bicarbonate ions, while 

concurrently, water dissociates into hydrogen and hydroxide ions (Jain, 2014; Scheffers et al., 

2015b). These ions engage in intricate chemical reactions, recombining with the crystal lattice of 

minerals through ion substitution (Scheffers et al., 2015b). The free hydrogen ions play a pivotal 

role in altering the atomic structure of minerals by displacing other ions (Jain, 2014). Initiated by 

water, typically in the form of precipitation, hydrolysis disrupts the chemical composition and size 

of minerals, yielding less stable forms that are more susceptible to weathering (Jain, 2014). 
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Hydrolysis extends its influence by elevating the pH of the solution through the release of 

hydroxide ions (Jain, 2014). Particularly effective in the weathering of common silicate and 

alumino-silicate minerals due to their electrically charged crystal surfaces, hydrolysis leads to the 

destruction of primary minerals like feldspar (Jain, 2014; Scheffers et al., 2015b). This destruction, 

coupled with the formation of secondary clay minerals such as kaolinite, is accompanied by the 

removal, discharge, or dissolution of large amounts of silica (Scheffers et al., 2015b). In humid 

climates, where the weathering of feldspar in rocks like Granodiorite or Granite is prevalent, clay 

formation is a distinctive outcome of hydrolysis (Jain, 2014). Unveiling the pervasive impact of 

hydrolysis, this process contributes significantly to the composition of sedimentary rocks, with 

clays constituting nearly half of the Earth's sedimentary rock inventory, with quartz being the sole 

exception to clay formation (Jain, 2014). 

I-2.3.5. Reduction 

Reduction, while often overshadowed by oxidation reactions, holds significance, 

particularly in anaerobic environments like waterlogged soils, where the characteristic greenish-

gray color is indicative of reduced iron oxides (Carroll, 1970; Depetris et al., 2014; Jain, 2014). 

Acting as a reducing agent, organic matter plays a crucial role in weathering processes, undergoing 

oxidation to produce CO2 or form new organic compounds (Depetris et al., 2014). The reduction 

of minerals results in the formation of electrically unstable, more soluble, or internally stressed 

compounds, ultimately leading to their accelerated decomposition (Jain, 2014). Microbial activity 

can contribute to sulfate ion reduction, where microbes utilize the oxygen in sulfates to oxidize 

organic material, producing sulfides that can further react, entering the gas pool as H2S or 

precipitating with metals as FeS or MnS (Depetris et al., 2014). 

I-2.3.6. Carbonation and Acidification 

Carbonation, a significant process in chemical weathering, involves the interaction of 

carbonate and bicarbonate ions with minerals, particularly in environments rich in carbon dioxide 

(Jain, 2014). Microbial and plant activities contribute to this process by providing CO2, fostering 

rock weathering, and facilitating carbonation reactions (H. Deng et al., 2023; Thorley et al., 2015; 

S. Wu et al., 2019). This reaction occurs as carbon in a gas or fluid reacts with silicate minerals, 
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forming solid carbonate minerals (E. M. Stewart et al., 2019). Carbonic acid, a product of CO2 and 

water, is instrumental in dissolving carbonates and decomposing mineral surfaces due to its acidic 

nature (Jain, 2014). When gaseous CO2 dissolves in water, it produces carbonic acid, which, as a 

weak acid, can dissociate into a negatively charged bicarbonate anion (HCO−3) and a positively 

charged H+ cation (Jain, 2014; E. M. Stewart et al., 2019). Acidification, considered a form of 

dissolution, accelerates weathering in the presence of hydrogen ions derived from carbonic and 

organic acids (Jain, 2014). Carbonic acid enhances mineral dissolution compared to water alone, 

forming more soluble bicarbonates (Jain, 2014). In regions with limestone, acidification is 

responsible for the weathering of limestones and dolomites, resulting in the formation of geological 

features such as sinkholes and caves (Carroll, 1970; Jain, 2014). 

I-2.4. Mass Wasting:  

Mass wasting, also known as "Mass Movement," describes the downslope movement of 

rock, debris, soil, and regolith near the Earth's surface under the influence of gravity (Jain, 2014; 

Pradhan & Siddique, 2019; Van Beek et al., 2008). This progression operates across a vast dynamic 

range, varying from nearly static transfer to instantaneous mobilization (Pradhan & Siddique, 

2019). The initiation of mass movement events is often preceded by weathering processes that 

weaken the massive bedrock structure along joints, faults, and predisposed bedding planes in 

sedimentary rocks (Scheffers et al., 2015a). For example, processes like frost wedging, driven by 

the pressure of freezing water and repeated freezing-thawing cycles in higher mountain areas, can 

trigger rockfalls (Scheffers et al., 2015a). Once a slope becomes unstable, a mass movement is 

likely to occur, requiring only a trigger to set it in motion. Such triggers can include ground 

vibrations from earthquakes, volcanic activities, or heavy rainfall during storms or monsoons 

(Pradhan & Siddique, 2019; Scheffers et al., 2015a). Ongoing weathering and erosion processes 

can gradually steepen slopes, contributing to the collapse of slope flanks (Scheffers et al., 2015a). 

Earth scientists classify different types of mass movements based on the nature of the material, 

velocity, physical nature of the movement, and the presence of water, air, or ice in the wasted 

material (Pradhan & Siddique, 2019; Scheffers et al., 2015a). Landslides, rockfalls, slumps, and 

debris flows are examples of mass wasting processes, each characterized by distinct features and 

behaviors (see Table I-1). 
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Table I-1. Mass Wasting Processes. 

Mass Wasting 

Processes 
Description 

Rockfall Rockfalls involve the rapid descent of detached rock fragments down a slope. Triggered by 

factors such as weathering, seismic activity, or undercutting, rockfalls are characterized by free-

falling rocks, often bouncing and colliding as they descend. 

Rock Avalanche Rock avalanches are massive, fast-moving landslides predominantly comprising rock debris. 

They can travel at high speeds, causing extensive damage. The distinguishing feature is the 

catastrophic release of large volumes of rock down a slope. 

Rockslide Rockslides are characterized by the sudden and rapid movement of rock masses along well-

defined shear surfaces. They often occur on steep slopes and are initiated by factors like heavy 

rainfall or seismic events. 

Debris flow Debris flows involve a mix of soil, rock, and water that moves downslope as a viscous fluid. 

These flows can be triggered by intense rainfall, rapid snowmelt, or volcanic activity, and they 

exhibit high velocities. 

Debris Fall Debris falls refer to the downslope movement of a mixture of rock and soil that breaks away and 

falls freely. While like rockfalls, debris falls involve a more significant proportion of soil and 

loose material. 

Debris Avalanche Debris avalanches consist of a rapid flow of fragmented rock and debris, often triggered by 

volcanic eruptions, earthquakes, or heavy rainfall. They can cover large areas and have 

destructive consequences. 

Debris Slide Debris slides involve the movement of loose rock, soil, and debris along a defined surface. They 

occur on moderately steep slopes and are characterized by the sliding motion of material. 

Mudflows Mudflows, or mudslides, are rapid movements of water-saturated soil and fine-grained debris. 

They often follow heavy rainfall, snowmelt, or volcanic activity, exhibiting fluid-like behavior. 

Earthflow Earthflows are slow-moving downslope flows of fine-grained soil and sediment. They typically 

exhibit a lobate or tongue-shaped appearance and can be triggered by prolonged rainfall or 

saturation. 

Slumps Slumps involve the rotational movement of a mass of rock and soil along a curved surface. They 

are characterized by a distinctive backward rotation, creating a slump block at the base. 

Solifluction Solifluction refers to the slow downslope movement of water-saturated soil over frozen or 

impermeable layers. It is common in periglacial environments and results in the gradual 

deformation of the landscape. 

Earth Creep Earth creep is the extremely slow and continuous downslope movement of soil and regolith. It 

is often imperceptible but can cause long-term landscape changes through the gradual 

displacement of soil. 

Sediment Flows Sediment flows involve the movement of loose sediment, including sand and silt, downslope. 

They can be triggered by various factors, such as heavy rainfall or human activities, and may 

exhibit diverse behaviors. 

Slurry Flows A type of sediment flow involving water-saturated, fine-grained mixtures that move like a thick 

slurry. They occur in rivers, on coasts, or due to rainfall, snowmelt, or human activity. Slurry 

flows behave fluid-like, transport large amounts of sediment, and can threaten infrastructure and 

ecosystems. 

Granular Flows Granular flows involve the downslope movement of sediment predominantly composed of 

larger, granular particles. These flows can range from dry granular materials to mixtures with 

varying moisture content. Factors such as slope instability, seismic events, or heavy rainfall can 

trigger granular flows. They may exhibit characteristics of both solid and fluid behavior, with 

particles interacting in a complex manner. Granular flows can pose hazards in mountainous 

terrain and are associated with phenomena like rockfalls and landslides. 

Grain Flows Grain flows consist of the downslope movement of individual grains or particles. They often 

occur in arid or desert environments and are influenced by factors like wind and slope instability. 

Subsidence Subsidence refers to the gradual sinking or settling of the Earth's surface. It can result from 

various factors, including the collapse of underground caves, mining activities, or the extraction 

of fluids from underground reservoirs. Subsidence may lead to the formation of sinkholes or 

ground depressions. 
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Friction and collision during the fall or slide of large rock bodies increase fragmentation, 

generating additional fine sediments and rock fragments of varying grain sizes. At the conclusion 

of mass wasting processes, diverse landforms and deposits emerge, contributing to material 

accumulation (Figure I-9). For instance, talus cones resulting from rockfalls exhibit distinct sorting 

arrangements, with finer particles generally at the top and coarser particles at the bottom (Scheffers 

et al., 2015a). Debris and alluvial fans, fan-shaped deposits of sediment, debris, and rocks, are 

landforms where transported material spreads out upon reaching flatter terrain (e.g., Baumann & 

Kaiser, 1999; Blair & McPherson, 2009; Cavalli & Marchi, 2008; Crosta & Frattini, 2004; De Haas 

et al., 2018; Liu et al., 2017). Toma landscapes, named after the Toma River in Japan, result from 

large, fast-moving landslides abruptly stopping, creating a chaotic, hummocky topography (e.g., 

Abele, 1974; Iturrizaga, 2012; Ostermann et al., 2020; Penck & Brückner, 1909). Scree slopes, 

covered with loose, fragmented rock debris, accumulate at the base of cliffs or steep slopes (e.g., 

Lucas, Fankhauser, et al., 2020; Lucas, Herzog, et al., 2020). Landslide dams, natural dams formed 

when landslide debris obstructs a river or stream channel, are also notable features (e.g., Duman, 

2009; Fan et al., 2020, 2021). These landforms illustrate how mass wasting processes contribute to 

sediment detachment, landscape evolution, and the formation of sediment sources. 
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Figure I-9. Example mass movement landscapes. 
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I-2.5. Riverbank collapse 

Bank collapse is a significant form of river channel transverse deformation, influenced by 

the interaction between river flow and bank soil (Xu et al., 2018). The process is driven by fluvial 

erosion, where material removal from the bank toe directly induces bank retreat and triggers mass 

instability indirectly (Langendoen, 2000). Various failure mechanisms contribute to bank collapse, 

each with distinct characteristics (Figure I-10). Rotational failure occurs with shallow slopes, 

involving bank materials sliding into the channel along a curved surface (Langendoen, 2000; Staley 

et al., 2006). In steeper banks, planar failure is observed, where a block of soil slides downward 

and outward into the channel, either through a planar slip or a toppling failure (Langendoen, 2000; 

Staley et al., 2006). Cantilevered collapse, prevalent in the concave bank of the bend during the 

dry season, results from the failure of an overhanging bank block formed by undercutting 

(Langendoen, 2000; Staley et al., 2006; Y. Wang et al., 2016). Piping or sapping failure, another 

mechanism, describes streambank collapse due to seepage, where erosion caused by soil piping 

undermines the upper cohesive layer, leading to the detachment and rotation of the failure block 

into the stream (Hagerty, 1991; Langendoen, 2000; Staley et al., 2006). Post-collapse, the sloping 

soil becomes a sediment source, significantly altering sediment inflow and concentration, 

consequently impacting downstream channel evolution (Tang et al., 2012; Xu et al., 2018). 
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Figure I-10. Types of Riverbank Failures. 
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I-2.6. Volcanic Activity and Forest Fires:  

Explosive volcanic eruptions (Figure I-11) can have profound impacts on river systems, 

altering hydrology and sediment transport significantly (Major, 2003). The physical and chemical 

effects of explosive volcanic eruptions and their products extend to rivers in the vicinity of 

volcanoes (Kataoka et al., 2019). These eruptions have the potential to disrupt the environment by 

depositing large volumes of erodible fragmental material, causing severe disturbances (Areu-

Rangel et al., 2020). The consequences include the damaging, destroying, burying, or obliterating 

of vegetation and the widespread coverage of landscapes with centimeters to tens of centimeters of 

gravelly to silty sediment known as tephra or volcanic ash (Major, 2003). Volcanic eruptions result 

in the burial of landscapes with tephra, creating extensive areas with unstable surfaces (Arnalds et 

al., 2013; Del Moral & Grishin, 1999). Following an eruption, increased turbidity and suspended 

sediment transport are commonly observed, driven mainly by the erosion and remobilization of 

newly deposited, loosely packed eruptive material upstream of the catchment (Blong, 1984; 

Kataoka et al., 2019; C. Stewart et al., 2006). For example, the eruption of Unzen volcano in 

southwestern Japan from 1990 to 1995 led to a substantial accumulation of sediment at the 

periphery of the lava dome (Ogawa et al., 2007; Yamakoshi, 2005; Miyabuchi, 1999). 

Intense fires have significant consequences on soil (Figure I-12), leading to the loss of 

ground cover and reduced infiltration rates due to the development of hydrophobic layers or surface 

sealing with ash and fine sediment, thereby enhancing runoff and surface erosion (Reneau et al., 

2007; Shakesby & Doerr, 2006). The combustion process during a fire produces mobile, fine-

grained wood ash, which is transported downstream in suspension, particularly in the initial flow 

events following the fire (Malmon et al., 2007; Ranalli, 2004; Reneau et al., 2007). This 

combustion transforms biomass, necromass, and soil organic matter into ash (Bodí et al., 2014; 

García-Comendador et al., 2020). The immediate aftermath of a wildfire results in a non-

homogeneous ash layer covering the soil surface (García-Comendador et al., 2020). Although ash 

does not persist on the soil surface for an extended period, it is swiftly redistributed or removed in 

the days or weeks following a fire, often being transported in rivers in conjunction with fine 

sediment (Cerdà & Doerr, 2008; García-Comendador et al., 2020; Pereira et al., 2015) or gradually 

infiltrates the layers of soil below, contributing to the complex dynamics of post-fire soil conditions 

(Pereira et al., 2015). 
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Figure I-11. Landscape Evolution Before and After a Volcanic Eruption. 

 

 

Figure I-12. Comparison Schematic of Forest Fires' Effect on Landscapes. 
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I-2.7. Anthropogenic Activities:   

Human activities have long been a source of environmental challenges, with significant 

implications for water and soil resources worldwide (Ozcan et al., 2012; Q. et al., 2002). 

Urbanization, dam construction, deforestation, industrialization, and agricultural practices are key 

contributors to landscape transformations, leading to the degradation of soils, fragmentation of 

rocks, and detachment of sediments. These anthropogenic actions reshape natural terrains into 

disrupted environments. Inland human activities can profoundly impact downstream hydrological 

and hydrogeochemical conditions in lakes, wetlands, and coastal waters (R. Chalov et al., 2015). 

Notably, the suspended-phase transport of anthropogenically derived elements can dominate 

overall transport processes (Chalov et al., 2012; R. Chalov et al., 2015; Thorslund et al., 2012). 

Agricultural practices, such as plowing and irrigation, disturb soil structures and 

significantly contribute to sediment mobilization. Pulley et al., 2022 found that post-plough periods 

accounted for a mean of 28.8% of monitored sediment flux, despite covering only 10.9% of the 

monitoring period. Human activities not only influence sediment production directly but also 

exacerbate other sediment detachment processes. Land pollution, arising from the release of heavy 

metals in mining and ore excavation (Malmström et al., 2008), nutrient and pesticide runoff in 

agricultural areas (Darracq & Destouni, 2005), and the release of various elements and chemicals, 

including persistent organic pollutants, in urban and industrial areas (Jarsjö et al., 2005), 

contributes to the environmental challenges associated with human activities. Furthermore, the 

release of chemicals and salts into the environment can infiltrate soils, enhancing chemical and 

physical weathering processes. 

I-2.8. Sediments Global Properties 

Sediment properties refer to the physical, chemical, and biological characteristics of sediment 

particles. These properties play a crucial role in understanding sediment behavior, transport, and 

their impact on the environment. Some of the key sediment properties are summarized in  

Table I-2 and  

 

 

 



Chapter 1 – Sediments from origin to outlet 

 

 

 
35 

Table I-3. These sediment properties are interconnected and collectively determine sediment 

behavior, including erosion susceptibility, transport dynamics, and sedimentation patterns. 

Understanding and characterizing these properties are essential for various fields of study, 

including geology, geomorphology, hydrology, environmental science, and engineering, as they 

help predict and manage sediment-related processes and their impacts on the environment. 

 

Table I-2. Physical Properties of Sediments 

Property Description Example references 

Grain Size Size of individual sediment particles Caldwell & Edmonds, 

(2014) 

Hartkamp et al., (1993) 

Horowitz & Elrick, (1987) 

Lepesqueur et al., (2019) 

Walling & Moorehead, 

(1989) 

S. Wang et al., (2022) 

W. Wu & Wang, (2006) 

Porosity Amount of open space between sediment 

particles 

Edwin L. Hamilton, (1976) 

Hartkamp et al., (1993) 

Kamann et al., (2007) 

W. Wu & Wang, (2006) 

Permeability Ability of water to flow through sediment J. R. Cooper et al., (2018) 

Hartkamp et al., (1993) 

Kamann et al., (2007) 

Density Mass per unit volume of sediment Edwin L. Hamilton, (1976) 

Lepesqueur et al., (2019) 

Seng Low, (1989) 

Sorting Uniformity of grain size distribution Blom et al., (2003) 

McCave, (2008) 

Powell, (1998) 

Roundness (shape) Shape of sediment particles Blott & Pye, (2008) 

Harold L. Alling, (1950) 

W. Wu & Wang, (2006) 

Cohesion Internal strength or stickiness of sediment 

particles 

Bui, (2000) 

Q. Li et al., (2017) 

W. M. Van Dijk et al., (2013) 

Consistency State of firmness or viscosity of sediment Hasiotis et al., (2002) 

Milàn & Bromley, (2007) 

Smith, (1998) 
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Table I-3. Chemical and Environmental Properties of Sediments 

Property Description Example References 

Composition Types and proportions of minerals in 

sediment 

El Bilali et al., (2002) 

Hartkamp et al., (1993) 

Horowitz & Elrick, (1987) 

Nederbragt et al., (2006) 

Zhou et al., (2005) 

Organic Content Amount of organic material in sediment Beaudoin, (2003) 

Tansel & Rafiuddin, (2016) 

Wicks et al., (2009) 

Texture General appearance and feel of 

sediment 

Jeong et al., (2010) 

Rustomji, (2006) 

Schilirò et al., (2019) 

Mineralogy Study of minerals present in sediment Herman et al., (2007) 

Jeong et al., (2010) 

River & Richardson, (2019) 

Color Visual appearance of sediment Kabir & Ahmari, (2020a) 

Kabir & Ahmari, (2020b) 

Nederbragt et al., (2006) 

pH Acidity or alkalinity of sediment Masscheleyn et al., (1991) 

Ravisangar et al., (2001) 

Zhou et al., (2005) 

 

 

I-2.9. Sediment origin related characteristics 

There are several sediment properties that tend to remain relatively unchanged as sediment is 

transported from its origin to its deposition site. These properties can provide crucial information 

regarding the origin of sediments and their history. Some sediment properties that often remain 

consistent and relate to its origin are summarized in Table I-4. By examining these unchanged 

sediment properties, scientists can infer crucial details about the sediment's origin, depositional 

processes, and the environmental conditions prevailing in the source area. These properties help 

reconstruct past landscapes, understand sediment transport dynamics, and provide a basis for 

interpreting geological and environmental changes over time. 
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Table I-4. Origin-Related Sediment characteristics.  

Property Description Example Reference 

Mineralogy Identification and study of 

minerals present in sediment. 

Andrews et al., (2018) 

Andrews & Eberl, (2012) 

River & Richardson, (2019) 

Heavy Mineral 

Analysis 

Examination of dense minerals 

in sediment. 

Hounslow & Morton, (2004) 

Tsikouras et al., (2011) 

 Wong et al., (2013) 

Clay Mineralogy Analysis of clay minerals 

present. 

He et al., (2013) 

J. Liu et al., (2010) 

Veerasingam et al., (2014) 

Geochemical Signatures Chemical composition and 

distribution in sediments. 

Amorosi et al., (2022)  

Franz et al., (2013)  

Raigani et al., (2019) 

Color Visual appearance and hue of 

sediment. 

García-Comendador et al., 

(2020)  

Kieta et al., (2023)  

Krein et al., (2003)  

Pulley & Collins, (2021) 

Texture Particle arrangement and size in 

sediment. 
David Krinsley, Pierre E. 

Biscaye, (1973) 

Grain Size and shape Measurement of particle size 

distribution and form. 

Koiter et al., (2018)  

Sadeghi & Singh, (2017)  

Saukel et al., (2010)  

Zhang et al., (2023) 

Organic Matter 

Composition 

Analysis of organic materials 

present in sediment. 
F. Chen et al., (2016)  

Koiter et al., (2015, 2018) 

Magnetic Properties Evaluation of sediment's 

response to magnetic fields. 

Hatfield & Maher, (2008) 

Hounslow & Morton, (2004)  

Oldfield et al., (1979) 

Isotopic Signatures Identification of isotopic ratios 

in sediment. 

Gellis & Noe, (2013)  

Lizaga et al., (2022)  

Upadhayay et al., (2017) 
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I-3. Transport and Sedimentation 

Sediment transport dynamics from the origin to the outlet of a watershed involve a complex 

interplay of processes that determine the movement and deposition of sediments throughout the 

watershed. The journey of sediments can be divided into transport, mixing, and deposition phases. 

In a watershed, in addition to wind transport, rainfall and snowmelt can generate overland flow or 

runoff with sufficient capacity to pick up and mobilize sediments.  

I-3.1. Wind Sediment Transport:  

Wind sediment transport refers to the process by which wind moves and transports sediment 

particles across the Earth's surface. It is a natural phenomenon that plays a significant role in 

shaping landscapes, particularly in arid and semi-arid regions (Nickling & Neuman, 2009) where 

vegetation cover is sparse. During wind erosion, the force of the wind dislodges and lifts loose 

sediment particles from the ground, carrying them over short or long distances depending on wind 

strength and sediment size. The transported sediment can range from fine dust particles to larger 

sand grains (Nickling & Neuman, 2009), and even pebbles or small rocks in extreme cases. Wind 

sediment transport can lead to the formation of features such as sand dunes (Parteli et al., 2009; 

Tsoar, 2001), dust storms (Semenov, 2012; Sivakumar, 2005), and loess deposits (Pye, 1995; Sun, 

2002), and it can have both erosional and depositional effects on the landscape. Additionally, wind-

blown sediment can impact air quality, agricultural productivity, and ecosystem health in affected 

areas (Semenov, 2012). 

I-3.2. Water transport 

Water serves as a versatile carrier, capable of transporting a diverse range of materials 

depending on its capacity. The materials transported encompass dissolved particles, such as salts, 

nutrients, and pollutants (e.g., Butler & Ford, 2018; Chahinian et al., 2011; Xue et al., 2022), as 

well as finer particles like clay, silt, and sand that remain suspended in the water column, 

collectively referred to as suspended sediments (e.g., Asselman, 1999; Bisantino et al., 2011). 

Larger particles, including gravel, pebbles, and cobbles, can be transported along the stream bed 

as bedload (e.g., Mao et al., 2014). Additionally, flowing water has the capacity to transport organic 
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materials like leaves, branches, and plant debris (e.g., Bocchiola et al., 2006; Jacobson et al., 1999; 

Kramer & Wohl, 2017; MacVicar et al., 2009). During periods of high flows or flooding, water can 

carry more substantial debris, such as boulders and fallen trees (e.g., Bocchiola et al., 2006; Kehew 

et al., 2010; Kramer & Wohl, 2017; Lenzi, 2004). In colder regions, broken ice becomes a form of 

floating debris (e.g., Chen et al., 2023; Tao Shen et al., 1990; Turcotte et al., 2011). Accordingly, 

with enough capacity, it is evident that water can carry everything that it encounters in its path.  

Sediment transport within flowing water is a dynamic process, and the initial phase, Sheet 

Flow or Overland Flow, plays a crucial role in reshaping landscapes. This phase occurs when water, 

primarily from rainfall or snowmelt, moves as a thin, unconfined sheet over the land surface, 

spreading evenly. Overland flow is triggered when the rate of water application exceeds the soil's 

infiltration capacity (Lavee & Poesen, 1991). Literature reports multiple types of overland flow, 

including Saturated Overland Flow, a flow that is  not generated until the soil is saturated, 

Hortonian (or Horton) Overland Flow, induced by intense rainfall exceeding infiltration capacity, 

Concentration Overland Flow, occurring when water is locally concentrated on impermeable 

objects like stones, and Return flow, observed when subsurface flow resurfaces (Calvo-Cases et 

al., 2003, 2005; Cook, 1946; Ferreira et al., 2000; Gomi et al., 2008; Hewlett & Hibbert, 1967; 

Horton, 1933; Hueso-González et al., 2015; Lavee & Poesen, 1991; Ziegler et al., 2004). Horton 

Flow can be considered as the most important overland flow process. Hydrophobic soils can 

produce both localized areas of high Hortonian overland flow and preferential vertical infiltration 

(Gomi et al., 2008; Imeson et al., 1992; M. Kobayashi & Shimizu, 2007). Overland flow from 

hillslopes displays high spatial and temporal variability influenced by microtopographic patterns, 

causing variability in ponding and preferential infiltration (Dunne et al., 1991; Gomi et al., 2008; 

Julien & Moglen, 1990). Overland Flow contributes to the transport of fine-grained sediments, 

known as the "wash load”, from hillslopes to the channel during runoff events (Yuill & Gasparini, 

2011) where Hortonian Overland Flow has been identified as a significant contributor to soil loss 

in Mediterranean geomorphological systems (Beven, 2002; García-Ruiz et al., 2013; Hueso-

González et al., 2015; Puech & Chabi-Gonni, 1984; Rao et al., 1998; Stomph et al., 2002). 

As water progresses from sheet flow, the development of small channels known as rills 

becomes apparent, triggered by concentrated flow in specific areas (Casalí et al., 2006; Di Stefano 

& Ferro, 2011). Rill flow signifies the creation of incised channels in response to erosive forces. If 

erosive forces persist, rills can transform into larger, more defined features called gullies, 
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representing a significant concentration of water into distinct, eroded channels. The formation of 

these channels results from concentrated flow transporting sediment particles detached from 

interrill areas and scoured from the channels wetted perimeter (Di Stefano et al., 2013; Di Stefano 

& Ferro, 2011; Foster, 1982; Nearing et al., 1997). Rill formation and development contribute to 

an increase in total sediment transport efficiency (Di Stefano et al., 2013). Gullies and rills, 

common in cultivated soils globally, pose a threat of significant soil loss (Auzet et al., 1993; Benito 

et al., 1992; Bennett et al., 2000; Bryan, 1987; Casalí et al., 2006; De Santisteban et al., 2006; Di 

Stefano & Ferro, 2011; Govers & Poesen, 1988; Zheng & Huang, 2005). Detached sediments are 

carried by overland flow into the rill channels, where the concentrated linear flow is deeper and 

faster than the more dispersed overland flow, enhancing overall sediment transport efficiency 

(Bruno et al., 2008; Di Stefano et al., 2013). According to Gao, (2013), higher velocities in gullies 

ensure that sediment transport downslope exceeds that supplied from the surrounding surface and 

banks, leading to the enlargement of these channels. 

Interflow, though concealed beneath the surface, plays a crucial role in subsurface water 

movement within the unsaturated zone. As water infiltrates the soil, it may traverse deeper into the 

ground, integrating into the groundwater system. Subsurface water flow is intricately associated 

with various processes such as heave, piping, concentrated leak erosion, contact erosion, and 

suffusion piping (Fleshman & Rice, 2014). Internal erosion, resulting from the transport and 

migration of soil particles, induces alterations in the hydraulic and mechanical characteristics of 

the soil (Sharif et al., 2015). A specific manifestation of this process is soil piping, also known as 

tunnel erosion, where concentrated flowing water creates linear voids in soils or unconsolidated 

sediments (Verachtert et al., 2011). Piping occurs when high-velocity flow erodes weak spots in 

the soil or rock, gradually enlarging voids and transporting detached material away, contributing 

to the growth of underground channels. Dissolution, another significant facet of piping, especially 

in scenarios where the soil or rock is susceptible to chemical breakdown by water, further 

influences the evolution of these channels (see Chemical weathering). These channels, formed by 

centralized subsurface flows, have implications for gully development and direct land degradation 

(Faulkner, 2006; Hosseinalizadeh et al., 2019; Nadal-Romero et al., 2011; Podmanicky et al., 2011; 

Poesen, 1989; G. Wilson, 2011). Piping can lead to the collapse of the soil surface, resulting in the 

formation of discontinuous gullies (Jones, 2004; Verachtert et al., 2011). However, this process 

remains less observed and studied because pipes become visible only after surface soils collapse 
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(Verachtert et al., 2011). Underground water has a substantial contribution to overall streamflow 

and baseflow significantly influencing surface sediment transport. 

Ultimately, the culmination of various pathways converges in the creation of streams or 

rivers. Stream flow embodies the concentrated movement of water within clearly defined channels, 

amalgamating water and sediment contributions from overland flow, rills, gullies, and groundwater 

discharge. Streams and rivers thus exhibit heightened transport capacity and erosion efficiency, 

integrating sediments sourced from upstream hillslopes, rills, gullies, subsurface deposits, and 

locally detached sediments from the channel bed and banks. 

I-3.3. Deposition and Sedimentation:  

The integrated sediment transfer system operates as a physical progression of solid 

detachment and deposition spanning the terrestrial and aquatic zones. Soil disruption occurs via a 

combination of kinetic rainfall energy, surface runoff, biotic activity, and geochemical breakdown. 

Following the loss of structural integrity, wind and water serve as the primary transport vectors, 

displacing particles from their point of origin. These detached materials subsequently follow two 

distinct evolutionary tracks within the broader watershed landscape:  

(1) Direct transport: Sediments moved by overland flow (e.g., rain or snowmelt) or wind to 

the nearest channel (natural or artificial) and are transported towards sediment deposition 

zones (e.g., reservoirs, lakes, deltas, estuaries, sinkholes, and alluvial fans); 

(2) Temporary storage and remobilization: Sediments are temporarily deposited on hillslopes 

and within the channel, then re-entrained when transport agents resume or acquire enough 

capacity (e.g., stronger winds, more intense rains, and higher flow events). 

The sequence of transport, deposition and remobilization is described as a sediment cascade 

(Bracken et al., 2015; Collins & Walling, 2004; K. Fryirs, 2013; Harvey, 2002; Vercruysse et al., 

2017). Sediment deposition is intrinsically intertwined with sediment transport, representing the 

subsequent phase in the continuum of sediment movement. While this progression may seem 

sequential when viewed from the perspective of individual particles, it is important to recognize 

that these processes also occur concurrently when considering the collective behavior of sediment 

ensembles. Deposition and Transport are a dynamic interplay of factors influenced by 

geomorphological and geological conditions (e.g., parent material, tectonics, relief, landforms, 
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topography), climate (e.g., rainfall and temperature), biota (vegetation and fauna), and human 

activities (e.g., agriculture, grazing, fire, mining, roads).  

In recent decades, the concept of connectivity has emerged as a valuable tool for analyzing 

and quantifying the influences on water and sediment fluxes across various scales (S. Keesstra et 

al., 2018). Connectivity refers to the degree to which the movement of water and sediment is 

facilitated within landscapes, encompassing aggregate, pedon, slope, and watershed scales (S. 

Keesstra et al., 2018; Najafi et al., 2021). Connectivity is seen to act on different spatial directions 

separated into (1) longitudinal (river channel), (2) lateral (hillslope/floodplain-channel), and (3) 

vertical (surface-subsurface) connectivity (K. A. Fryirs et al., 2007; S. Keesstra et al., 2018). 

Despite its importance, it's notable that instances of disconnection are prevalent within hydro-

geomorphological systems, often due to factors such as the short duration of rainfall events or the 

presence of relief, vegetation, fauna, and reservoirs (K. A. Fryirs et al., 2007; S. Keesstra et al., 

2018; Strohmeier et al., 2016). These disconnections disrupt the direct transfer of runoff and 

sediment from source areas to river channels, highlighting that runoff and sediment yield are not 

simply the sum of their sources (S. Keesstra et al., 2018). For example, studies in arid regions, such 

as those conducted by Yair & Lavee, (1985) have demonstrated that runoff generated in upper slope 

areas may not reach river channels due to infiltration into colluvium, resulting in disconnection 

from the drainage network. Consequently, connectivity can be understood as the collective set of 

factors that promote water and sediment fluxes, while disconnections represent impediments to 

these fluxes. High connectivity indicates efficient water and sediment transfer, leading to lower 

rates of deposition, whereas lower connectivity, characterized by a higher prevalence of 

disconnections, signifies inefficient water and sediment transfer, consequently promoting greater 

deposition.    

Several factors can intensify overland flow and consequently promote sediment transport 

within a watershed. Deforestation, for instance, can significantly increase surface runoff by 

removing vegetation cover that intercepts rainfall and reduces infiltration (Anselmetti et al., 2007; 

C. Zhao et al., 2016). Similarly, changes in land management practices, such as ceasing tillage, can 

initially reduce soil infiltration, leading to increased surface runoff. Keesstra et al., (2018) note that 

soil recovery, facilitated by biota, is necessary for restoring infiltration rates over time. Intense 

rainfall events can exacerbate connectivity by removing vegetation from river channels, enhancing 

the conveyance of water and sediment. Additionally, natural forest fires can strip slopes of 
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vegetation, further contributing to increased overland flow and sediment transport (Nunes et al., 

2018; Sanjuán et al., 2016). Furthermore, land abandonment can lead to the neglect of terrace 

maintenance, resulting in structural collapse. This transition from terraces that reduce connectivity 

to collapsed structures can enhance overland flow pathways (Arnáez et al., 2015). 

In contrast, various factors can impede overland flow and promote sediment deposition 

within a watershed, leading to diverse depositional environments (Table I-5). Vegetation plays a 

crucial role in reducing the velocity of overland flow, promoting infiltration while decreasing 

surface connectivity (C. Zhao et al., 2016). Ant nests, while often overlooked, promote infiltration 

and overland flow disconnectivity (Cammeraat et al., 2002). Wildlife activities, such as wild boar 

burrowing, activate sediment availability and enhance soil stability, thereby reducing overland flow 

and sediment transport (S. Keesstra et al., 2018). Similarly, beavers significantly alter hydrological 

processes by impounding rivers through a natural dam construction, effectively reducing flow 

velocity (Nyssen et al., 2011; Westbrook et al., 2006). Land abandonment can reduce connectivity 

by means of and recovery of natural vegetation (S. Keesstra et al., 2018). Changes in practices of 

land use like tillage, can also influence surface runoff patterns. Under tillage, the soil remains 

permeable, allowing rainfall to infiltrate easily and reducing surface runoff (S. Keesstra et al., 

2018). Additionally, anthropologic activities intentionally designed to decrease connectivity, such 

as terrace construction, contour afforestation, and damming, contribute to impeding overland flow 

and promoting sediment deposition (Poeppl et al., 2015; Pringle, 2003). Natural events, such as 

landslides and earthquakes, can further alter landscape morphology, creating lakes on slopes and 

in channels that disconnect parts of the fluvial system (Lanckriet et al., 2016). 
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Table I-5. Sedimentation Locations and Influencing Factors 

Sedimentation 

Location 
Description Example Reference 

Floodplains Low-lying areas adjacent to rivers or streams prone to 

sediment deposition during floods 

Asselman & 

Middelkoop, (1995) 

Deltas Coastal landforms formed by river carried sediment 

deposition 

Moore, (1966) 

Alluvial Fans Fan-shaped deposits of sediment formed at the base of 

mountains or hills 

Lanckriet et al., (2016). 

Estuaries Transitional zones where rivers meet the sea, characterized 

by sediment deposition due to mixing of freshwater and 

saltwater 

Brush, (1989) 

Backwaters Sheltered areas behind obstacles such as islands or large 

rocks, where flow velocity decreases and sediments settle 

Bhowmik & Demissie, 

(1989) 

Levees Raised embankments along rivers or streams, where 

sediments accumulate during floods 

Asselman & 

Middelkoop, (1995) 

Riparian Zones Vegetated areas along the banks of rivers or streams, where 

sedimentation occurs due to reduced flow velocity and 

vegetation trapping 

J. Steiger et al., (2001) 

Oxbow Lakes Curved, U-shaped bodies of water formed when a river 

changes course, where sediments settle due to reduced 

flow velocity 

C. M. Cooper & 

McHenry, (1989) 

Reservoirs Artificial lakes created by damming rivers, where 

sediment deposition occurs as flow velocity decreases 

Schleiss et al., (2016) 

Ponds Small bodies of standing water where sediment settles due 

to low flow velocity 

D. R. Butler & 

Malanson, (1995) 

Marshes Wetlands dominated by herbaceous vegetation, where 

sediment accumulates in the stagnant water 

Nolte et al., (2013) 

Wetlands Ecologically important areas with saturated soils and 

vegetation, where sedimentation is common due to low 

flow velocity 

Wardrop & Brooks, 

(1998) 

Depressions Low-lying areas where water collects, leading to sediment 

deposition 

Craft & Casey, (2000) 

Channel Bars Sand or gravel bars found within river channels, where 

sediment accumulates due to reduced flow velocity 

Hooke, (1986) 

Point Bars Crescent-shaped sediment deposits found on the inside of 

river bends, formed by the gradual deposition of sediment 

Bluck, (1971) 

Bayous Slow-moving, swampy streams or channels where 

sedimentation occurs due to low flow velocity 

Guccione et al., (1999) 

Lagoons Shallow coastal bodies of water separated from the sea by 

reefs or islands, where sediment accumulates 

Adriano et al., (2005) 

Sloughs Slow-moving or stagnant channels within marshes or 

wetlands, where sediment settles out of suspension 

Neal & Anders, (2015) 

Groundwater 

Recharge 

Zones 

Areas where surface water infiltrates into the ground, 

leading to sediment deposition 

Prathapar & Bawain, 

(2014) 
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I-4. Sediment Mixing 

Sediment transport involves the dynamic movement of particles across various 

environments, driven by the forces of water, wind, or ice. The phenomenon of sediment mixing 

plays a crucial role in this journey, where individual particles undergo intricate interactions during 

their movement. When we take a water sample at a stream gauging station, the sediments carried 

within the water represent a mixture originating from diverse locations within the basin, including 

exo-basin sources brought in by wind transport. 

I-4.1. Hillslope Sediment Mixing 

Sediment mixing within a watershed is a dynamic process shaped by various factors, with 

the origins of sediments playing a crucial role. Particles from remote sediment sources follow two 

distinct paths before contributing to the streamgage mixture. These sources may either be directly 

linked to the channel or transported to other sediment sources where they undergo hillslope mixing 

before their entry into the channel. 

The connectivity of these remote sources determines the pathway they follow, influencing 

the mixing processes they undergo. Direct connection implies an immediate engagement with 

channel dynamics, where sediments swiftly enter the stream network, undergoing direct channel 

mixing processes (e.g., Figure I-13 Zone 3.). In contrast, indirect connections involve sediments 

traveling through hillslopes and adjacent locations before reaching the channel, initiating hillslope 

mixing processes (e.g., Figure I-13 Zone 1 and 2). 

 

Figure I-13. Example Sediment Pathways for Different Zones of the Watershed. 
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The degree of connectivity further refines this process, delineating between strong and 

weak connections. A strong connection signifies a direct and efficient pathway, accelerating the 

travel rate of sediments toward the channel. This efficiency has implications for the rate and nature 

of hillslope mixing processes. On the other hand, weak connectivity implies a less efficient 

pathway, leading to a slower travel rate. Sediments with weaker connections may undergo more 

cycles of the transport-deposition process, resulting in a prolonged journey through hillslopes. This 

extended journey introduces the concept of aging, where sediments experience significant time 

gaps between detachment and arrival at the streamgage location. Aging involves physical and 

chemical changes to sediment particles, contributing to the complexity of sediment dynamics and 

challenging efforts to trace them back to specific sources within the watershed. Accordingly, the 

resulting mixtures at the streamgage include sediments of varying histories, blending freshly 

detached particles with those that have undergone extended journeys through the landscape. 

Areas adjacent to the stream gauging station and the stream channel share crucial 

characteristics that shape their role in sediment mixing processes. Both types of areas serve as 

direct conduits to the stream channel, acting as key entry points for sediments into the stream 

network. These locations receive sediment contributions from nearby areas, establishing them as 

crucial nodes for hillslope mixing processes. Sediments arriving from proximal sediment sources 

settle alongside sediments previously deposited and locally detached sediments, creating a 

deposited sediment mixture, marking the final stage of hillslope processes before entering dynamic 

channel mixing. Their significance lies in being the last stops where hillslope-mixed sediments 

experience environmental conditions distinctive to their journey, setting the stage for their 

subsequent transport dynamics within the stream network. 

I-4.2. Hydrographic Channel Network Sediment Mixing 

The stream channel, a fundamental component of a watershed, encompasses the intricate 

network of watercourses that collectively form the drainage system. Its definition can vary, ranging 

from the main river channel to the entire hydrographic network, depending on the context and the 

perspective of the observer. Within this hydrographic network, a diverse array of sediments 

undergoes dynamic interactions and mixing processes. The sediment in the stream channel can be 

broadly categorized into distinct types, each with its origin and unique characteristics. These 
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include sediments delivered from hillslopes, those stored within the channel, particles detached by 

the flowing water from the bed and banks, and materials resulting from accidental processes such 

as bank collapse. 

In understanding sediment mixing within a watershed, envisioning the hydrographic 

network as a converging tree network provides a useful framework. This representation views the 

various watercourses as branches converging toward the main stem, culminating at a stream 

gauging station—the sampling endpoint. Starting from the lowest level branches, akin to the 

smallest watercourses, we can systematically explore the sediment mixing dynamics within each 

segment, gradually working our way downstream to the main stem. This hierarchical approach 

allows us to simplify the intricate sediment mixing at different levels, providing insights into the 

complexities of channel mixing processes. 

At the lowest level branch, representing the smallest watercourse, sediment mixing exhibits 

distinct characteristics. Here, we encounter a limited set of sediment mixtures, primarily originating 

from hillslope processes. These include mixtures from the left and right banks, along with a 

combination of deposited sediments lining the channel bed. Additionally, contributions arise from 

sediments detached from the bed and banks by the flow. These mixtures evolve to form a unique 

low level branch mixture (Figure I-14). 

 

Figure I-14. Low level branch sediment mixing process schematic 
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In the second stage of channel mixing within intermediate level branches, the hydrographic 

network assimilates sediment mixtures from lower-level branches, adjacent hillslope compositions, 

and channel sediments, including those stored within the channel and particles detached by water 

flow (Figure I-15). This stage represents a critical juncture where various tributaries and 

watercourses contribute their distinct sediment blends to the evolving composition within the 

broader stream network.  

 

Figure I-15. Intermediate branch sediment mixing process schematic 

 

Finally, at the highest-level branch leading to the streamgage, the channel integrates 

mixtures from low and intermediate level branches, adjacent hillslope mixtures, storage, and 

sediments detached from the bed and banks, culminating in the production of a final mixture at the 

streamgage (Figure I-16). 
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Figure I-16. Highest level branch sediment mixing process schematic 

 

 

I-5. Sediment Sources Analysis 

I-5.1. Motive 

Sediment transport, a fundamental process in fluvial systems, plays a pivotal role in shaping 

landscapes, maintaining ecosystem health, and influencing socioeconomic activities. It involves 

the movement of sediment particles that contribute to the formation of landforms, river 

morphology, and the redistribution of nutrients and organic matter. Sediment transport is important 

for maintaining aquatic ecosystem health, resiliency and function (Koiter et al., 2013; Owens, 

2008). However, alongside its natural significance, sediment transport also presents challenges and 

issues, particularly in human-altered landscapes and water management practices (Allan, 2004; 

Koiter et al., 2013; Owens et al., 2010; Syvitski et al., 2005). 
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One significant concern associated with sediment transport is sedimentation in water 

bodies, which can lead to reduced water storage capacity, increased flood risks, and degradation of 

soils, water quality, and aquatic habitats (Ben Slimane et al., 2016; Bunzel et al., 2015; Duvert et 

al., 2012; Gardner & Gerrard, 2003; Horowitz, 2008; Kassoul et al., 1997; Koiter et al., 2013; 

Owens et al., 2005; Sánchez-Chardi et al., 2009; Tananaev, 2015; Upadhayay et al., 2017; Urban 

et al., 2009; Vörösmarty et al., 2003, 2003; S. Wang et al., 2019). Indeed, excessive sedimentation 

can impair water quality, affecting aquatic ecosystems and compromising water supply for human 

consumption, agriculture, and industry. Moreover, sediment-laden water poses challenges for 

navigation, infrastructure maintenance, and hydropower generation, impacting local economies 

and livelihoods. Additionally, sediment erosion and deposition can exacerbate soil erosion, leading 

to loss of fertile land and reduced agricultural productivity and heightened vulnerability to natural 

hazards such as landslides and floods. 

Given these multifaceted impacts, there is a growing recognition of the need to assess 

sediment transport processes and sources comprehensively. From a socioeconomic perspective, 

understanding sediment transport dynamics is crucial for sustainable water resource management, 

flood risk mitigation, and infrastructure planning and maintenance. By quantifying sediment 

fluxes, identifying sediment sources, and assessing sediment connectivity, decision-makers can 

develop effective strategies to mitigate sediment-related risks, enhance ecosystem resilience, and 

promote sustainable development. Moreover, from a scientific standpoint, studying sediment 

transport provides valuable insights into landscape evolution, ecosystem dynamics, and the 

interconnectedness of Earth's surface processes, advancing our understanding of geomorphology, 

hydrology, and environmental change. Therefore, efforts to assess sediment transport and sediment 

sources are essential for addressing both practical challenges and scientific inquiries, contributing 

to informed decision-making and holistic management of fluvial environments. 

I-5.2. Methods 

I-5.2.1. Modelling Sediment Transport 

Sediment transport models are instrumental in numerically simulating the complex 

processes of sediment detachment, mobilization, and deposition within fluid environments (James 

et al., 2010). As Batista et al., (2019) emphasized, erosion models establish a formalized structure 
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for the mechanisms controlling the lifecycle of soil particles. These frameworks allow researchers 

to resolve the complex feedback loops between erosive forces and contributing environmental 

variables (Kumar, 2019). Furthermore, they act as indispensable diagnostic tools for quantifying 

the localized and watershed-scale impacts of siltation, facilitating evidence-based strategies for 

sustainable land management (Andualem et al., 2023). 

Categorically, models of soil erosion are separated into: empirical, conceptual, and 

physical-based (Hajigholizadeh et al., 2018). Empirical models rely on observed data and 

mathematical equations but may make unrealistic assumptions about catchment physics 

(Andualem et al., 2023). Conceptual models aim to capture the overall functioning of catchments 

but may not accurately represent real-world processes (Andualem et al., 2023; Lørup & Styczen, 

1990). Physically based models, on the other hand, aim to represent erosion mechanisms using 

comprehensive datasets and subprocesses, making them suitable for assessing sediment sources 

(Andualem et al., 2023; Lørup & Styczen, 1990). However, the complexity and data requirements 

of physically based models can pose significant challenges. 

Indeed, uncertainty is inherent in sediment transport modeling due to hydrological process 

representation, model structure biases, data accuracy, and discrete measurements (Andualem et al., 

2023; Refsgaard & Storm, 1990). Therefore, model calibration, validation, and testing against 

observed data are crucial for achieving desired accuracy levels (Andualem et al., 2023). However, 

testing soil erosion models can be challenging due to the difficulty and expense of collecting 

quantitative erosion data over multiple spatiotemporal scales (Batista et al., 2019; Nearing, 2000; 

Quinton, 2004; Stroosnijder, 2005). Consequently, the process of model selection, data collection, 

analysis, calibration, and validation can be resource-intensive and time-consuming, necessitating a 

long-term perspective and careful consideration of alternative approaches to achieve desired 

modeling objectives. 

I-5.2.2. Sediment Fingerprinting 

According to Vercruysse et al., (2017), sediments characterized by a natural signature or 

fingerprint (see Table I-4) tying sediments to their origin within a watershed. These properties are 

assumed to remain unchanged and thus allow to define the origin based on a comparison between 

the source and outlet samples (Koiter et al., 2013; Vercruysse et al., 2017; D. E. Walling, 2013). 
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Sediment fingerprinting offers a direct and robust framework for quantifying provenance, 

enabling researchers to determine the proportions of particulate matter originating from specific 

source (Du et al., 2019; Vale et al., 2016; C. G. Wilson et al., 2008). Achieving a reliable estimate 

of source contributions relies on a three-tier system: 

• Provenance Sampling: Collecting representative material from hypothesized source 

categories. 

• Tracer Discrimination: Identifying unique geochemical fingerprints to differentiate 

potential sources. 

• Mass-Balance Modeling: Quantifying relative loads through models such as the Walling-

Collins model (Collins et al., 1997; D. Walling et al., 1993), the Hughs model (A. O. Hughes 

et al., 2009) and a Bayesian model coupled with a discriminant function analysis (Du et al., 

2019) (Figure I-17). 

However, Pulley & Collins, (2021) stated that sediment fingerprinting methods are costly 

due to the required expertise, lengthy sample collection and preparation, and high-cost of tracer 

analyses. Indeed, according to Vercruysse et al., (2017), geochemical such techniques are very 

expensive and lengthy, which discourages a higher sampling frequency. Accordingly, studies are 

mostly applied using samples from deposited sediments rather than sediments in transit (i.e., 

streamflow samples) (e.g., Amorosi et al., 2022; He et al., 2013; Veerasingam et al., 2014; Wong 

et al., 2013). 
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Figure I-17. Sediment Fingerprinting Approach Process. 
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I-5.2.3. Rating Curves and Hysteresis Analysis 

Streamflow and sediment transport exhibit a direct relationship, prompting studies to 

analyze their correlation across various time scales (i.e., event, season, and year) using different 

time resolutions. Sediment rating curves, commonly established to depict the relationship between 

discharge and sediment concentration, are often in the form of power or log functions (e.g., 

Asselman, 1999; De Girolamo et al., 2015; Dickinson & Bolton, 1992; Fan et al., 2013; Irvine & 

Drake, 1987; Marttila & Kløve, 2010; Megnounif et al., 2007; Megnounif & Ouillon, 2018). 

Despite their simplicity, sediment rating curves face several challenges, including accuracy issues 

and an inability to explain the scatter around the curve due to spatiotemporal variations in sediment 

erosion and transport processes (Asselman, 1999; Vercruysse et al., 2017). This observation was 

highlighted by Dickinson & Bolton, (1992), stating that this issue is due to the hysteresis effect.  

Hysteresis effect, observed when concentrations during the rising stage of flow differ from 

those during the falling stage, presents a challenge to sediment rating curves. Hysteresis analysis 

has emerged as a powerful tool to address these challenges where they have been useful in studying 

the different materials (as concentration) carried by natural flow (e.g., Andrea et al., 2006; Aubert 

et al., 2013; Bača, 2008; Eludoyin et al., 2017; S. D. Keesstra et al., 2019; L. A. Rose et al., 2018; 

S. Rose, 2003; Sherriff et al., 2016; Tananaev, 2015) allowing for a more nuanced understanding 

of sediment mixing dynamics. Indeed, early applications of hysteresis analysis to identify sediment 

sources and understand sediment transport patterns date back to 1956 (e.g. Dickinson & Bolton, 

1992; Heidel, 1956; Irvine & Drake, 1987; Megnounif et al., 2013; Peart & Walling, 1982). 

Determining sediment sources through hysteresis analysis is an inductive method that requires 

knowledge of how different sources affect hysteresis loops. Quantifying sediment sources based 

on hysteresis analysis is not straightforward, and few methods have been developed for this purpose 

(e.g., Khettab, 2022; Megnounif et al., 2013). Khettab, (2022) notes that such methods give limited 

information about sediment sources compared to other approaches. Despite its challenges, 

hysteresis analysis remains a valuable tool in sediment transport studies, with detailed discussions 

to follow in subsequent chapters. 

_ _SECTION END_ _
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II. Chapter 2 – The Sediment Concentration – Discharge Relationship 

II-1. Introduction To the Concentration – Discharge Relationship 

The relationship between sediment concentration (C) and water discharge (Q) is crucial for 

understanding sediment transport dynamics in hydrological studies. Traditionally, this relationship 

has been described using sediment rating curves, which present significant challenges due to 

inherent inaccuracies and variability. Asselman, (1999, 2000) highlighted that errors in C-Q 

correlations can reach up to ±50%, often resulting in underestimations of sediment transport rates 

during low flows and overestimations during high flows. However, long-term observations suggest 

these discrepancies might balance each other out (Wolf et al., 2023). 

Shields' (1936) concept of excess shear stress forms the basis for understanding sediment 

transport mechanics. It defines excess shear stress (τ∗) as the difference between the actual shear 

stress (τ) and the critical shear stress (τc) needed to initiate sediment movement.  

τ∗ = τ − τc      (Equation II.1) 

This distinction is pivotal in predicting whether sediment transport will occur under specific 

flow conditions. However, additional equations are needed to quantitatively predict sediment 

transport rates (e.g. Bagnold, 1997; Brown, 1950; Einstein, 1942; Meyer-Peter & Müller, 1948). 

Among such equations the Meyer-Peter Müller Equation stands out: 

𝑞𝑠 = 𝛼 ⋅ (𝜏 − 𝜏𝑐)𝛽     (Equation II.2) 

Where: 

• 𝑞𝑠 is sediment transport rate per unit width. 

• 𝛼 𝑎𝑛𝑑 𝛽  are empirical coefficients 

By substituting τ∗ from Eq. II. 1 into Eq. II. 2, we derive: 

𝑞𝑠 = 𝛼 ⋅ τ∗𝛽
      (Equation II.3) 

It is widely known that sediment discharge (Qs), the total sediment transported per unit 

time, is also related to flow discharge (Q) through a power-law relationship: 
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𝑄𝑠 = 𝑘 ⋅ Q𝑚+1  or  𝐶 = 𝑘 ⋅ Q𝑚   (Equation II.4) 

Where: k and m are empirical coefficients that encapsulate the effects of channel geometry, flow 

characteristics, and sediment properties in a generalized way. 

While these equations are similar in structure, Eq. II. 4 is preferred due to its direct use of 

easily obtainable flow characteristics without compromising the essential physics of sediment 

movement. 

However, assuming a strict correlation between suspended sediments and discharge 

oversimplifies the complexity of the C-Q response, ignoring multiple factors that influence 

sediment movement and leading to spurious correlations (McBean & Al‐Nassri, 1988; Wolf et al., 

2023). The inability of sediment rating curves to accommodate variations in erosion and transport 

processes contributes to the scatter observed around these curves, which Dickinson & Bolton, 

(1992) attributed to the hysteresis effect. 

Hysteresis in the C-Q relationship represents a lagged response of sediment concentration 

to changes in water discharge, indicating a complex interaction between these variables. This 

asynchrony emerges from dynamic sediment availability, channel morphology, and other factors 

(Gharari & Razavi, 2018; Hamshaw et al., 2018; Prowse, 1984; Seeger et al., 2004; Zuecco et al., 

2016). Phillips, (2003) suggests that hysteresis occurs when a single discharge value corresponds 

to multiple sediment concentrations, highlighting the complexity of the C-Q relationship. 

Since the works of Haines, (1930), Marshall, (1933), and Richards, (1931) Hysteresis effect 

has been widely observed and documented (e.g., Aich et al., 2014; Bača, 2008; Chalov et al., 2012; 

Eder et al., 2010; Hamshaw et al., 2018; Khettab, 2022; Malutta et al., 2020; Megnounif et al., 

2013; Misset et al., 2019; Moog & Whiting, 1998; Oeurng et al., 2010; Pietroń et al., 2015; R. 

Chalov et al., 2015; Seeger et al., 2004; Vale et al., 2016) spanning thousands of studies across a 

wide spectrum of meteorologic and geomorphologic conditions. 

The complexity of this relationship is further compounded by seasonal variations, which 

exacerbate the scatter in sediment concentration predictions and influence hysteresis patterns in 

sediment transport dynamics (e.g., Megnounif et al., 2013; Oeurng et al., 2010; Wolf et al., 2023). 
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Such observations emphasize the need to consider a broader range of factors controlling sediment 

supply and transport in fluvial systems. 

In summary, the limitations and challenges associated with using sediment rating curves for 

predicting sediment transport rates—accentuated by the hysteresis effect—call for a more nuanced 

approach. Recognizing the complex interdependencies within the C-Q relationship is essential for 

developing more accurate and reliable models for sediment transport prediction. 

II-2. Hysteresis Patterns 

In general, C-Q hysteresis loops have 4 traits: (1) the form, (2) the area, (3) the rotation, 

and (4) the slope (Aguilera & Melack, 2018). G. P. Williams, (1989) advanced a systematic 

description and classification of hysteresis relationships using five classes : (1) single-valued line, 

(2) clockwise, (3) anticlockwise, (4) single line plus loop, and (5) the figure-eight. Other forms 

exist but are not as widely used as these forms. Indeed, subsequent studies have expanded on this 

classification focusing on variations of classes (1) and (2) or multipeak hydrologic events (e.g., 

Gao & Josefson, 2012; Hamshaw et al., 2018; Nistor & Church, 2005; Tananaev, 2015). 

II-2.1. Single-Valued Line 

The single-valued line (or curve) is the simplest form among C-Q patterns (Figure II-1). Its 

unique characteristic is that for the same value of Q, the concentration on the hydrograph's rising 

limb equals the concentration on the falling limb (G. P. Williams, 1989). Three subgroups of this 

single-valued-line class are the straight line, the curve bending upward, and the curve bending 

downward (G. P. Williams, 1989). In all three subgroups, the relationship is positive (i.e., positive 

slope or C increases as Q increases).  
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Figure II-1. Single-Valued line Concentration-Discharge Relationship. 

 

 

II-2.2. Clockwise Loop 

Clockwise loop, the most observed pattern among C-Q relationships (e.g., Aich et al., 2014; 

Hudson, 2003; Olive & Rieger, 1985), occurs when for all values of Q, the concentrations on the 

hydrograph's rising limb are higher than the concentrations on the falling limb (note: must exceed 

error margin). There exist multiple subgroups for this class of C-Q relationships depending on the 

timing of the concentration peak in comparison with hydrograph peak (Figure II-2). 
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Figure II-2. Clockwise Concentration-Discharge Hysteresis Relationship – A Few Variations.  
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II-2.3. Anticlockwise Loop 

Anticlockwise loops, commonly observed pattern, occurs when for all values of Q, the 

concentrations on the hydrograph's rising limb are lower than the concentrations on the falling 

limb. Depending on the timing of the concentration peak compared to the hydrograph peak, 

multiple subgroups for this class were reported (Figure II-3).   

 

Figure II-3. Anticlockwise Concentration-Discharge Hysteresis Relationship – A Few Variations. 

 

 

II-2.4. Single-Valued Line Plus Loop 

Single-Valued Line plus Loops (Figure II-4) combine a single-valued line plus a clockwise 

or an anticlockwise sub-loop (Lloyd et al., 2016b; Megnounif et al., 2013; Yang & Lee, 2018). This 
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type of loop usually describes loops that have single-valued line at high flows and a loop at high 

flows. In other words, for low flows the concentration is similar whereas the concentration is 

different at high flows for the rising and falling of the hydrograph. 

 

Figure II-4. Single-Valued Line Plus Loop Concentration-Discharge Hysteresis Relationships. 

 

 

II-2.5. Figure of Eight Loop 

Figure-of-eight loops (Figure II-5) combine clockwise and an anticlockwise subloop, 

caused by a shift in the form of the relationship between discharge and suspended sediment 

concentration during a single event (Lloyd et al., 2016b; Megnounif et al., 2013; Nadal-Romero et 

al., 2008; Nu-Fang et al., 2011; Seeger et al., 2004; G. P. Williams, 1989; Yang & Lee, 2018). Two 

sub-forms are commonly observed. The first has a clockwise subloop at low flows and an 

anticlockwise subloop at high flows whereas the order is reversed for the second.  
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Figure II-5. Figure of Eight Concentration-Discharge Hysteresis Relationships. 

 

 

II-2.6. Random and Other Hysteresis Patterns 

There exist various other patterns that do not fit into the established classifications. These 

random or other hysteresis patterns may exhibit unique characteristics or combinations of 

behaviors that defy or are difficult to fit in a simple categorization. While less prevalent and less 

well-defined, these patterns still useful in the understanding of the complexities of sediment 

transport dynamics.  

II-3. Factors controlling C-Q Hysteresis Configuration 

The relationship is a direct function of the climatic and physiographic traits that regulate 

the transport regime throughout a hydrologic event. As established by Wilson, (1990), hydrograph 

morphology is governed by meteorological variables—including precipitation intensity and spatial 

coverage—alongside topographic and lithological factors such as catchment gradient and soil 

composition. In contrast, the sedigraph demonstrates heightened complexity due to the non-linear 
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interactions of sediment production, provenance availability, and the transient cycles of 

entrainment and deposition.  

Sediment availability is considered a key factor influencing C-Q patterns (e.g. Asselman, 

1999; Aubert et al., 2013; Buendia et al., 2016; Gao & Josefson, 2012; Lloyd et al., 2016a). 

Sediment availability and depletion is affected by several factors such as sediment production and 

transport patterns (i.e., the magnitude and frequency of flood events). There are other factors that 

influence the C-Q hysteresis form such as sediment sources proximity and basin size. 

II-3.1. Sediment Production 

Rovira & Batalla, (2006) describes a seasonal trend where sediment transport has two 

phases: (1) sediment preparation and (2) sediment mobilization and depletion. The first phase takes 

place during the period separating flow events, during which sediment availability is replenished. 

If the conditions permit it, sediment availability is increased at the start of storm through rainfall 

impact while some more sediments are produced (i.e., detached) during transport due to water 

stressing (see production processes in Chapter I). 

The first part of sediment production consists of sediments that are produced independently 

of flow, denoted Independent Production (Ip). These sediments encompass hillslope, depositional, 

channel storage, Exo-basin (wind imported), and accidentally produced sediments (i.e., bank 

collapse and mass wasting sediments). The second part consists of sediments whose production 

depends on flow, denoted Dependent Production (Dp). The part of sediments is mainly associated 

with the erosion of the channel network.  

Mathematically, sediment concentration (C) can be expressed with the following equation 

𝐶 = %𝐼𝑝 + %𝐷𝑝      (Equation II.5) 

Where: 

• %Dp: This variable is the percentage of transported sediment whose production is directly 

influenced by the flow rate. A higher %Dp indicates a strong input from the channel 

network. 
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• %Ip: This variable is the percentage of transported sediment whose production is 

independent of the flow rate. 

If we assume that channel network does not undergo a significant change during an event, leading 

to an alteration in the sediment production function associated with flow induced channel erosion, 

then %Dp is a linear relationship dependent upon the flow rate (as demonstrated in section II.II-1). 

As a result, EQ. 5 becomes: 

𝐶 = %𝐼𝑝 +  𝑎 ⋅ Q∗𝑏
      (Equation II.6) 

Where: 

• Q is water discharge.  

• a and b are empirical coefficients. 

As a result, the portion of sediments whose production is independent of flow is the main 

component that causes the hysteresis effect. The manner this portion of sediments affects sediment 

availability, and as a result the C-Q patterns, is a function of transport patterns or events magnitude 

and frequency.    

II-3.2. Sediment Transport Patterns 

One crucial concept in sediment transport is transport capacity, which can be defined as the 

maximum amount of sediment that a flowing water body can carry under a given set of hydraulic 

conditions. Transport capacity is influenced by factors such as flow velocity, channel slope, 

sediment size, and water discharge. Essentially, it represents the ability of the flowing water to 

entrain, transport, and deposit sediment particles. In the other hand, Sediment Availability 

encompasses the total quantity of transport-ready sediment present in a basin. These sediments 

originate from various sources, including weathering and erosion of rocks and soils, human 

activities such as construction and mining, as well as biological processes.  

In transport-limited settings, rivers have more sediments than they can carry, especially 

during floods or high flows. In other words, sediments are highly available whereas river flow lacks 

the capacity, due to the short duration or the magnitude of floods. This causes sediments to 

accumulate in the riverbed and floodplains, as the river cannot transport all the sediments it 
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receives. Over time, these accumulations can change the river's course, increase flood risks by 

elevating the riverbed and surrounding areas or create new sediment sources (sediment storage) for 

subsequent more potent floods. Conversely, in supply-limited situations, sediments are scarce, but 

the river has the capacity to carry more. This often happens when human activities, like dam 

construction or sediment extraction, reduce sediment supply, when a flood occurs in close 

succession to the previous, or when the flood is long and has sufficient magnitude to deplete 

sediments. Despite the lack of sediments, the river's ability to transport material leads to the erosion 

of riverbanks and beds. These terms describe the two ends of a spectrum that controls how sediment 

is moved and deposited in fluvial environments.  

The response of a given basin lays somewhere in this spectrum. During the second phase 

reported by Rovira & Batalla, (2006) (i.e., sediment transfer and depletion), the exhaustion of the 

sediments is affected by flood events frequency (Malutta et al., 2020; Rovira & Batalla, 2006). 

Bača, (2008) argues a events’ sediment transport is affected by the period separatin it from the 

previous one. Figure II-6 shows the succession of three floods. Flood 1 starts when sediment 

availability is high whereas Flood 2 starts in quick succession. Flood 3 takes a sufficient period to 

start. Flood 2 has a lower magnitude because sediments were exhausted during Flood 1. However, 

Flood 3 has a high magnitude due to the period separating it from Floods 1 and 2. Accordingly, if 

sediment supply will be replenished after some time has passed (Khettab, 2022; Malutta et al., 

2020). Antecedent Dry Days, the number of days between events, is used in the sequential analysis 

of events. It indicates the length of the period of sediment preparation (e.g., sediment production 

by weathering) and thereby gives an insight into sediment availability. Many authors described 

sediment depletion within successive events (e.g., Khettab, 2022; Malutta et al., 2020; Nistor & 

Church, 2005; Olive & Rieger, 1985; Wood, 1977). Such events show a higher concentration during 

primary floods compared to subsequent ones desmontrating how a flood sequence afects sediment 

availability. 
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Figure II-6. Relationship between Flood events succession and Sediment Availability. 

 

II-3.3. Other Factors 

II-3.3.1. Particle Size 

Sediment particle size gives insight into what is available for transport. For instance, fine 

particles are easily transportable. Hudson, (2003) reported that clockwise loops are due to a higher 

supply of washload from the nearby hillslopes. Fine sediments are usually responsible for early 

sediment concentration peaks due to their transportability. According to Lenzi & Marchi, (2000) 

and Malutta et al., (2020) the concentration of fine sediments lowers as discharge increases relative 

to the sediment source’ particle size. Malutta et al., (2020) and Salant et al., (2008) reported that 

sand supply replenishes easily, something that does not occur in gravel-dominated basins.  
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II-3.3.2. Sediment Sources Proximity 

The configuration of C-Q hysteresis loops is heavily affected by the proximity of sediment 

sources. For instance, input from sediment storage and areas close to the streamgage has been 

reported to result in an early concentration peak (Beel et al., 2011; Buendia et al., 2016; De 

Girolamo et al., 2015; Klein, 1984; McDonald & Lamoureux, 2009; Megnounif et al., 2013; Nadal-

Romero et al., 2008; Nu-Fang et al., 2011; Oeurng et al., 2010; Pietroń et al., 2015; Salant et al., 

2008; Seeger et al., 2004; H. G. Smith & Dragovich, 2009; Ziegler et al., 2014). In contrast, remote 

sediment sources are associated with delayed concentration peaks, mainly due to the long distances 

sediments have to cover before reaching the streamgage (Asselman, 1999; Beel et al., 2011; 

Buendia et al., 2016; De Girolamo et al., 2015; Duvert et al., 2010; Heidel, 1956; Hudson, 2003; 

Klein, 1984; Lenzi & Marchi, 2000; McDonald & Lamoureux, 2009; Megnounif et al., 2013; 

Rodríguez-Blanco et al., 2010; Seeger et al., 2004; Tian et al., 2016; Ziegler et al., 2014). 

II-3.3.3. Basin Size and Meteorology 

According to H. G. Smith & Dragovich, (2009) Hysteresis patterns are dependent on the 

characteristics of the basin, namely its size. For instance, a small basin favors sediment source 

proximity whereas a large basin creates both proximity and remoteness of sediments sources. For 

instance, Hudson, (2003), in a 98 227 km² basin, identified counterclockwise hysteresis because of 

the long distance sediments have to travel making the sediment wave travel slower than the 

discharge wave. Indeed, the spatiotemporal heterogeneity of a basin increases with its size. The C-

Q configuration can cease being controlled by sediment availability and depletion of sediment 

sources. Hence, it becomes essential to identify which sub-basin contributes water and sediments 

and how each basin influences the hysteresis pattern. (Vercruysse et al., 2017). 

As basin size increases, the spatial distribution of rainfall patterns becomes more 

pronounced. However, the effectiveness of rainfall parameters, including intensity and duration, 

remains critical. For instance, flash floods, characterized by sudden and intense rainfall lasting 

from minutes to a few hours, are often associated with meteorological phenomena such as 

convective storms and tropical cyclones. The swift accumulation of rainwater results in rapid runoff 

and elevated discharge rates, causing abrupt rises in water levels and swift flow velocities. While 

flash floods can inflict significant damage and transport substantial sediment loads, their brief 
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duration often allows for sediment settling in the channel. Conversely, longer duration and 

moderately intense rainfall events produce more evenly distributed hydrographs. These prolonged 

hydrological events are sufficient to deplete sediment availability within the basin within their span. 

II-4. Hysteresis Analysis 

The application of hysteresis analysis relies on the premise that C−Q relationships are 

determined by the location and nature of runoff generation and sediment mobilization (e.g., Aich 

et al., 2014; Gao & Josefson, 2012; S. D. Keesstra et al., 2019). By examining the variations in 

these loop patterns, scientists have identified clear signatures related to sediment sourcing and 

transport pathways (e.g., Gao & Josefson, 2012; Hamshaw et al., 2018; Megnounif et al., 2013; 

Seeger et al., 2004). This methodological approach has been instrumental in verifying the processes 

that trigger hysteretic behavior (e.g., Duvert et al., 2010; Pietroń et al., 2015; Seeger et al., 2004) 

Consequently, interpreting these patterns serves a dual purpose: confirming experimental 

geomorphology theories and providing quantitative insights into the sediment connectivity and 

dynamics within a study watershed (e.g., Gellis, 2013; Sherriff et al., 2016; H. G. Smith & 

Dragovich, 2009).  

The application of hysteresis diagnostics is vital for resolving the underlying mechanics of 

sediment delivery. Specifically, researchers utilize these loops to determine whether a watershed is 

governed by source availability or the hydraulic capacity for transport (e.g., Asselman, 1999; 

Duvert et al., 2010; Gao & Josefson, 2012). This framework has proven robust for identifying 

sediment sources, such as localized bank destabilization, and assessing the overall connectivity of 

sub-basins to the main channel.(e.g., Aich et al., 2014; Buendia et al., 2016; Duvert et al., 2010; 

Eaton et al., 2010; A. Hughes et al., 2012; Lefrançois et al., 2007; Sherriff et al., 2016; H. G. Smith 

& Dragovich, 2009; Ziegler et al., 2014), determine the primary sediment sources, such as bank 

erosion (e.g., Lefrançois et al., 2007; H. G. Smith & Dragovich, 2009). Recent developments have 

even enabled the numerical quantification of sediment contributions, allowing for a clearer mass-

balance of particulates moving through the watershed (e.g., Khettab, 2022; Megnounif et al., 2013). 

Moreover, research has demonstrated hysteresis analysis to be widely applicable, extending 

to other hydrological parameters and phenomena such as the relationships summarized in Table 

II-1. 
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Table II-1. Example Hysteresis relationships in Hydrology. 

Parameter A Parameter B Example reference 

Temperature Runoff  
Schaefli, (2016)  

Subehi et al., (2010) 

Soil moisture Runoff 
Matgen et al., (2012)  

Spence, (2010) 

Runoff Water table McGlynn et al., (2004) 

Hillslope contribution Runoff 
McGuire & McDonnell, 

(2010) 

Temperature 
Water conductance 

Runoff 
Kobayashi et al., (1999) 

Precipitation Runoff Andermann et al., (2012) 

Runoff  Water temperature 
Piccolroaz et al., (2016)  

Subehi et al., (2010) 

Runoff Groundwater level 
Covino & McGlynn, (2007) 

Piccolroaz et al., (2016) 

Runoff Nutrient loads 

Aguilera & Melack, (2018)  

Lloyd et al., (2016)  

McDiffett et al., (1989) 

 

II-4.1. Pattern Analysis 

The hysteresis pattern analysis has been the main approach to study Suspended Sediment 

Concentration – Discharge relationships. Each shape has been attributed to certain phenomena and 

processes. It is worth noting that the causes leading to each hysteresis loop vary with climatic and 

watershed characteristics, hence the diversity of explanations given to each pattern in literature. 

Indeed, researchers have analyzed multiple potential processes that afect the C-Q configuration 

(e.g., Hamshaw et al., 2018; Lloyd et al., 2016; Rodríguez-Blanco et al., 2010, 2018; Sherriff et 

al., 2016; Wood, 1977). The analysis is accompanied with statistical analysis to correlate C-Q 

configurations and controlling factors (e.g., Principal Component Analysis) (e.g. Aguilera & 

Melack, 2018; Beel et al., 2011; Buendia et al., 2016; Gellis, 2013; Giménez et al., 2012; Haddadchi 

& Hicks, 2021; S. D. Keesstra et al., 2019; Nadal-Romero et al., 2008; Oeurng et al., 2010; 

Rodríguez-Blanco et al., 2018). The interpretations associated with each pattern are summarized 

in Table II-2. 
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Table II-2. Common Hysteresis Patterns Interpretations. 

Class Interpretations and causes References 

I • Abundance of fine-grained sediments in the 

channel. 

Lloyd et al., (2016a)  

Yang & Lee, (2018) 

• Discharge travel time equals the sediment travel 

time. 

Hudson, (2003) 

• Low availability of fine sediment. Rodríguez-Blanco et al., (2010) 

Walling & Webb, (1982) 

• Uninterrupted supply of sediment. Nistor & Church, (2005) 

Olive & Rieger, (1985) 

Rodríguez-Blanco et al., (2010)  

Smith & Dragovich, (2009) 

Williams, (1989)  

Wood, (1977) 

• The entrainment of bed material of the channel 

rather than on the supply of hillslope sediments. 

Hudson, (2003)  

Megnounif et al., (2013) 

• Small Events Mossa, (1996)  

Rodríguez-Blanco et al., (2010) 

II • Mobilization followed by depletion of in-

channel/nearby sediment sources/ Wash-load 

(exhaustion effect/ initial flush of sediments) 

Aich et al., (2014 

Asselman, (1999)  

Buendia et al., (2016)  

Gao & Josefson, (2012)  

Hudson, (2003)  

Lloyd et al., (2016a)  

Megnounif et al., (2013)  

Nadal-Romero et al., (2008)  

Nu-Fang et al., (2011)  

Peart & Walling, (1982)  

Pietroń et al., (2015)  

Rovira & Batalla, (2006)  

Seeger et al., (2004)  

H. G. Smith & Dragovich, (2009)  

Williams, (1989)  

Wood, (1977)  

Yang & Lee, (2018) 

 • Formation of armored layer before peak discharge Williams, (1989)  

Yang & Lee, (2018) 

 • Bank erosion Smith & Dragovich, (2009) 

 • Increased base flow or arrival of fresh water after 

peak discharge / Snowmelt Runoff events 

(Dilution effect) 

Asselman, (1999)  

Buendia et al., (2016)  

Gonzales-Inca et al., (2018)  

Nadal-Romero et al., (2008) 

Wood, (1977) 
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Table II-2. Common Hysteresis Patterns Interpretations (continued).  

III • Flood wave traveling faster than mean flow 

velocity/ sediment wave travels slower than 

the discharge wave 

Heidel, (1956);  

Williams, (1989)  

Lloyd et al., (2016a) 

• High soil erodibility (Williams, (1989)  

Yang & Lee, (2018) 

• Bed and/or bank erosion Asselman, (1999)  

Hudson, (2003)  

Pietroń et al., (2015) 

• Distant sediment source/upstream 

tributaries/late sediment supply by the 

tributaries 

Aich et al., (2014)  

Asselman, (1999)  

Bača, (2008)  

Buendia et al., (2016)  

De Girolamo et al., (2015)  

Duvert et al., (2012)  

Gao & Josefson, (2012)  

Heidel, (1956)  

McDonald & Lamoureux, 

(2009)  

Megnounif et al., (2013)  

Pietroń et al., (2015)  

Rodríguez-Blanco et al., (2010)  

Seeger et al., (2004)  

Tian et al., (2016)  

Williams, (1989)  

Ziegler et al., (2014)  

• Seasonal variability in rainfall and sediment 

production 

Williams, (1989) 

• Exhaustion of sediment available due to 

previous event 

Gao & Josefson, (2012)  

Marttila & Kløve, (2010) 

• Valley slopes form the most important 

sediment source 

Chalov et al., (2017)  

Pietroń et al., (2015) 

• The distribution of non-uniform sediment 

yield in the basin 

Williams, (1989) 

• Small events with high rainfall intensity and 

very dry soil conditions 

Eder et al., (2010) 

• During winter freezing – river cross-sections 

are often fully closed with ice 

Tananaev, (2015) 

• Bank-collapse (Asselman, (1999)  

De Girolamo et al., (2015)  

Marttila & Kløve, (2010)  

Megnounif et al., (2013)  

Rodríguez-Blanco et al., (2010) 

• Very high moisture and high antecedent 

rainfall conditions 

Seeger et al., (2004) 
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Table II-2. Common Hysteresis Patterns Interpretations (continued).  

IV • Sediment travel time is distinct from the flow 

travel time in separate runoff states 

• Occurs under extreme dry conditions 

Yang & Lee, (2018) 

Seeger et al., (2004) 

V • Sediment depletion followed by a second 

sediment wave (Exhaustion followed by 

replenishment of sediments)  

Beel et al., (2011)  

Megnounif et al., (2013)  

Nadal-Romero et al., (2008)  

Nistor & Church, (2005)  

Nu-Fang et al., (2011)  

Vanmaercke et al., (2010) 

• Ice breakup Williams, (1989) 

• Delayed contribution of sediment from 

sub-basins 

Bača, (2008)  

Eder et al., (2010) 

• Influences of drainage system Eder et al., (2010) 

• Multiple peaks Eder et al., (2010)  

Gao & Josefson, (2012)  

Tananaev, (2015) 

• Sediment contribution from the 

streambed and its banks 

Eder et al., (2010)  

Tananaev, (2015) 

 

 

II-4.2. Direction and Magnitude Analysis 

Hysteresis Analysis was previously conducted qualitatively. Hysteresis patterns were 

plotted and classified visually. Direction and Magnitude were also described visually as small or 

large (e.g., Bowes et al., 2015; Butturini et al., 2008; Eder et al., 2010; Evans & Davies, 1998; Vale 

& Dymond, 2020).  Although, these qualitative descriptions have generated many insightful 

inferences, they do not allow a direct comparison between events. To solve this issue, Andrea et 

al., (2006) proposed a semi-automatic index (∆R) calculated with: 

∆𝑅 = 𝑅 ⋅ 𝐿𝑜𝑜𝑝𝐴𝑟𝑒𝑎 ⋅ 100      (Equation II.7) 

Researchers must visually assess and manually assign the direction (R in the equation) of 

each hysteresis loop to the index. If the C–Q hysteresis is clockwise, then R = 1; if it is 

counterclockwise, then R = -1; and if the hysteresis is unclear or inexistant, R = 0. Accordingly, 

∆R ranges between -100 and 100. This requires considerable time and effort when dealing with 

large datasets, prompting a more general, numerical method to better quantify hysteresis loops. 
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Langlois et al., (2005) proposed a general hysteresis index (𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠) based on the area 

of the map. The index calculation is the ratio of the area below the rising limb (𝐴𝑅𝑖𝑠𝑖𝑛𝑔) and the 

area below the falling limb (𝐴𝐹𝑎𝑙𝑙𝑖𝑛𝑔): 

𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠 =
𝐴𝑅𝑖𝑠𝑖𝑛𝑔

𝐴𝐹𝑎𝑙𝑙𝑖𝑛𝑔
=

∫ 𝐶𝑅𝑖𝑠𝑖𝑛𝑔
𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛 

∫ 𝐶𝐹𝑎𝑙𝑙𝑖𝑛𝑔
𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

     (Equation II.8) 

The reference value for 𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠 is 1. Accordingly,  when 𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠 > 1 the hysteresis is 

clockwise, when 𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠 < 1, the hysteresis is anticlockwise, whereas when 𝐻𝐿𝑎𝑛𝑔𝑙𝑜𝑖𝑠 ≅ 0, the 

hysteresis is balanced or a single-valued line. Langlois et al., (2005) advised that this index should 

be used on basic or mono-directional hysteresis patterns (clockwise, anticlockwise, single-valued 

line, and single-valued line plus loop) its application on patterns that combine clockwise and 

anticlockwise parts (e.g., figure of eight) could be confusing.  

 Lawler et al., (2006) developed an index (𝐻𝐿𝑎𝑤𝑙𝑒𝑟) based on mid-point (i.e., 𝑄50%where 

𝑄0% = 𝑄𝑚𝑖𝑛 and 𝑄100% =  𝑄𝑚𝑎𝑥 ). The index is the ratio of concentrations on the rising and falling 

limb at the mid-point of discharge. The index is then determined, for clockwise hysteresis where 

the concentration on the rising limb (𝐶𝑚𝑖𝑑𝑅𝑖𝑠𝑖𝑛𝑔
) is higher than the concentration on falling limb 

(𝐶𝑚𝑖𝑑𝐹𝑎𝑙𝑙𝑖𝑛𝑔
), simply as: 

𝐻𝐿𝑎𝑤𝑙𝑒𝑟 =
𝐶𝑚𝑖𝑑𝑅𝑖𝑠𝑖𝑛𝑔

𝐶𝑚𝑖𝑑𝐹𝑎𝑙𝑙𝑖𝑛𝑔

− 1      (Equation II.9) 

or, when the hysteresis is anticlockwise, i.e., where 𝐶𝑚𝑖𝑑𝐹𝑎𝑙𝑙𝑖𝑛𝑔
> 𝐶𝑚𝑖𝑑𝑅𝑖𝑠𝑖𝑛𝑔

, as: 

𝐻𝐿𝑎𝑤𝑙𝑒𝑟 = 1 −
𝐶𝑚𝑖𝑑𝐹𝑎𝑙𝑙𝑖𝑛𝑔

𝐶𝑚𝑖𝑑𝑅𝑖𝑠𝑖𝑛𝑔

      (Equation II.10) 

Aich et al., (2014) stated that this index becomes skewed at higher concentrations, with a smaller 

index calculated for loops of the same shape and loop area in case of storms commencing at a 

higher concentration (Figure II-7a). Lloyd et al., (2016a) stated that calculating this at the mid-

point can be misleading exemplified by figure of eight loops especially those which cross close to 

the mid-point (Figure II-7b).  
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Figure II-7. Variations in HLawler values. a) Effect of initial values effect on HLawler where different 

values are associated with the same loop. b) Effect of a Figure of Eight loop that cross at (or 

close) to the mid-point effect on HLawler. 

 

 

 Aich et al., (2014) improved on this by proposing an index (𝐻𝐴𝑖𝑐ℎ) using normalized values. 

The computation of the index consists of (1) splitting the hysteresis into a rising and falling curve 

by drawing a line that connects the concentration corresponding to 𝑄𝑚𝑎𝑥 and the concentration 

corresponding to the end of the event. Rectangular to this line, the maximum distance to the rising 

limb (𝐷𝑅𝑖𝑠𝑒) and the falling limb (𝐷𝐹𝑎𝑙𝑙), respectively are computed. Finally, hysteresis index is 

defined as:  

𝐻𝐴𝑖𝑐ℎ = 𝐷𝑅𝑖𝑠𝑒 + 𝐷𝐹𝑎𝑙𝑙       (Equation II.11) 

The reference value for this index Is 0. For a clockwise loop, 𝐻𝐴𝑖𝑐ℎ is positive, for an anticlockwise 

loop it is negative.  
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These two indices (i.e, 𝐻𝐿𝑎𝑤𝑙𝑒𝑟and 𝐻𝐴𝑖𝑐ℎ) (1) show the direction (sign) and magnitude in 

one single number, (2) they are dimensionless; and (3) they are straightforward and easy to 

compute. However, several points were raised regarding their limitations. Both Lloyd et al., 

(2016a) and Zuecco et al., (2016) agree that these indices did not consider complex forms (e.g., 

figure of eight). Additionally, they are positional indices. While  𝐻𝐿𝑎𝑤𝑙𝑒𝑟 is computed at the mid-

point, 𝐻𝐴𝑖𝑐ℎ is computed on the largest section of the loop. Their positional nature can lead to an 

incomplete representation of hysteresis loops. To overcome these shortcomings, Lawler et al., 

(2006) suggested computing the index at multiple sections of the loop and use an averaged value 

to represent the event. However, Lloyd et al., (2016a) demonstrated that the index is still affected 

since it uses the ratio and the absolute values. Lloyd et al., (2016a) also demonstrated that it is more 

adequate to rely on normalized values.  

  Lloyd et al., (2016a) and Zuecco et al., (2016) proposed integrative (global) indices, 

𝐻𝐿𝑙𝑜𝑦𝑑 and 𝐻𝑍𝑢𝑒𝑐𝑐𝑜 respectively, that consider multiple sections of the loop. For 𝐻𝑍𝑢𝑒𝑐𝑐𝑜, first, the 

definite integrals under the normalized rising and the falling limb for each interval (from 1 to k) 

are calculated. Then, for each interval, the difference between definite integrals from the rising and 

the falling limb are calculated. Finally, the index is simply the sum of these differences. On the 

other hand, 𝐻𝐿𝑙𝑜𝑦𝑑 is the mean of the differences between normalized concentrations, described by 

the following equation:  

𝐻𝐿𝑙𝑜𝑦𝑑 =
1

𝑘
∑ 𝐶𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑅𝑖𝑠𝑒

𝑖 −𝑘
𝑖=1 𝐶𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝐹𝑎𝑙𝑙

𝑖    (Equation II.12) 

Despite differences in the calculations the underlying idea of the quantification is identical. Both 

metrics have showed many advantages in application (e.g., Baker & Showers, 2019; Birkel et al., 

2017; Lloyd et al., 2016b; L. A. Rose et al., 2018; Sherriff et al., 2016; Vaughan et al., 2017; M. R. 

Williams et al., 2018). While W. Liu et al., (2021) strongly recommends to use one of these two 

integrative indices, Hamshaw et al., (2018) showed that these indices do not offer a unique 

description for different hysteresis loops. Indeed, to observe the differences, researchers need to 

rely on the series of metrics representing each interval. Moreover, the sole use of normalized valued 

leads to a loss of information in the data compression and does not reflect the differences between 

events at a real scale. Among solutions, Misset et al., (2019) used a new weighted index to 

investigate the transport efficiency using the transported mass and 𝐻𝐿𝑙𝑜𝑦𝑑. 
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II-4.3. Hydro-Chemical Analysis – Loop Range and Slope Analysis 

The slope describes the nature of the relationship between variables as positive (direct) for 

a positive slope (Figure II-8a) or negative (indirect) for a negative slope (Figure II-8b). Usually, 

the slope is related to the flushing index (e.g., Rose et al., 2018; Vaughan et al., 2017; Wymore et 

al., 2019) or the relative changes in solute concentration ∆C (Butturini et al., 2008). In solutes, 

negative slopes indicate solute dilution whereas a positive slope indicates solute flushing (Aguilera 

& Melack, 2018; Butturini et al., 2008; Lloyd et al., 2016b). Evans & Davies, 1998, Godsey et al., 

2009, and Wymore et al., 2019 stated that the hysteresis slope is positive when material transport 

is considered transport-limited (flushing effect), negative where the transport of material is 

considered source limited (dilution effect), or chemostatic where concentrations are independent 

of discharge (horizontal slope). With suspended sediment concentration, the relationship is mostly 

positive. In this case, It is characterized by the slope steepness (Figure II-8c). Asselman, (1999) 

advanced that steep slopes are indicative of large quantities of sediment available for transport, 

whereas low slopes indicate a limited sediment availability.  

 

Figure II-8. Hysteresis Loop Slope Property. 

 



Chapter 2 – The Sediment Concentration – Discharge Relationship 

 

 

 
77 

II-5. Hysteresis Analysis Derived Applications 

II-5.1. Hysteresis Classification 

Hysteresis classification refers to the systematic categorization of hysteresis relationships 

based on one or multiple traits. These traits typically include pattern, rotation, size, and slope. 

Various classification schemes have been developed to classify hysteresis loops according to these 

traits: 

a) Pattern Classification: This approach focuses on identifying recurrent forms of hysteresis 

patterns within the SSC-Q relationship. 

b) Size Classification: Size classification categorizes hysteresis loops based on their 

magnitude or width. Loops may be classified as large, medium, or narrow, often using 

hysteresis indices. 

c) Rotation Classification: Rotation classification assesses the directional rotation of 

hysteresis loops. This classification is also based on hysteresis indices and examines 

whether the loop rotates clockwise, anticlockwise, or exhibits a figure-eight pattern. 

d) Slope Classification: Slope classification categorizes hysteresis loops based on their slope 

characteristics. Loops may be classified as positive, negative, or chemostatic, depending on 

the direction and steepness of the slope. 

e) Combined Classification: Some classification schemes incorporate multiple traits to 

provide a comprehensive characterization of hysteresis relationships. 

Several methods have been employed to classify hysteresis loops. For instance, G. P. 

Williams, (1989) proposed a systematic classification and description of the most recurring 

hysteresis patterns in literature in a time where works focused on specific forms (e.g., Olive & 

Rieger, 1985; Wood, 1977). The Williams classification consisted of the most recurrent forms at 

the time. However, due to necessity, this classification was later expanded upon (e.g., Butturini et 

al., 2008; Gao & Josefson, 2012; Hamshaw et al., 2018; Khettab, 2022; Nistor & Church, 2005; 

Tananaev, 2015; Zuecco et al., 2016). Hysteresis patterns are frequently inferred visually. However, 

with an increasing number of patterns in the classification (e.g., 14 forms in Hamshaw et al., 

(2018)), an increasing number of events, and larger datasets (e.g., Aguilera & Melack, 2018; Baker 

& Showers, 2019; Hamshaw et al., 2018; S. D. Keesstra et al., 2019), faster and reliable methods 

have become a necessity to classify hysteresis loops or to conduct hysteresis analysis in general.   
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Butturini et al., (2008) combined the hysteresis index (∆R) and the relative changes in 

concentration (∆C) to develop a 2-Dimensional diagram presentation to discriminate between 

different hysteresis patterns (Figure II-9). This method of combining a hysteresis index with ∆C or 

the flushing index proved to be an informative and a straightforward way to classify hysteresis 

loops (e.g., Aguilera & Melack, 2018; Darwiche-Criado et al., 2015; Strohmeier et al., 2013). 

Zuecco et al., (2016) utilized metrics such as the largest and smallest interval amplitudes and 

𝐻𝑍𝑢𝑒𝑐𝑐𝑜 to classify hysteresis loops. However, such methods still require additional effort (visual 

or manual). Moreover, many studies have considered hysteresis patterns with a negative slope as 

separate classes (e.g., Aguilera & Melack, 2018; Butturini et al., 2008; Lloyd et al., 2016b; Zuecco 

et al., 2016). 

 

Figure II-9. Hysteresis loop classification based on ∆R and ∆C as advanced by Butturini et al., 

(2008).  
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S. D. Keesstra et al., (2019) automated a method based on 𝐻𝐿𝑙𝑜𝑦𝑑. The method consists of 

computing the index for each discharge quartile and then based on the sign of the indices of each 

quartile the hysteresis pattern is identified (Table II-3). The authors were able to identify many 

patterns excluding some basic patterns (e.g., single valued line plus loop). 

 

Table II-3. Event type separation procedure based on sign of 𝐻𝐿𝑙𝑜𝑦𝑑 value for discharge quartiles 

(Qu) 

N° 𝑯𝑳𝒍𝒐𝒚𝒅 Qu1 𝑯𝑳𝒍𝒐𝒚𝒅 Qu2 𝑯𝑳𝒍𝒐𝒚𝒅 Qu3 𝑯𝑳𝒍𝒐𝒚𝒅 Qu4 Class 

1 + + + + 

Clockwise 2 + + + - 

3 - + + + 

4 - - - - 

Anti-Clockwise 5 - - - + 

6 + - - - 

7 + + - - 

Figure of Eight 

8 + + - + 

9 + - - + 

10 - - + + 

11 - - + - 

12 - + + - 

13 + - + + 

Complex 
14 + - + - 

15 - + - + 

16 - + - - 

 

 

 Hamshaw et al., (2018) proposed utilizing image-recognition techniques through a 

Restricted Boltzmann Machine (RBM) to streamline hysteresis analysis. This workflow requires 

predefining event shapes and training the algorithm on an established library before attempting 

automated classification. Despite demonstrating sensitivity to specific loop variants, the model 

showed a drop in accuracy from 85% in the training phase to 70% in application. A distinct 

advantage of this machine-learning approach is its potential for iterative improvement through 

continuous exposure to new events. However, the reported 8% error rate in directional 

classification presents a significant challenge that more training might not fully eliminate. 
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Ultimately, the RBM framework functions as a qualitative tool; consequently, the researchers 

utilized the 𝐻𝐿𝑙𝑜𝑦𝑑 metric to calculate the actual geometrical intensity of the loops.  

II-5.2. Sediment sources determination 

II-5.2.1. Principle 

Sediments carried by natural flow can originate from the river network (bed and bank 

erosion) and from the watershed. The combination of sediments from different sources often 

generates variability within the carried concentration (Gellis, 2013; G. P. Williams, 1989). While 

stream derived sediments’ production and transport are fully dependent upon flow, catchment and 

storage sediments only depend on streamflow for transport, whereas their production (detachment) 

is function of various other processes (Chapter I). The second part of sediments is limited in terms 

of quantity and transfer. In other words, this portion of sediments’ delivery into the stream can 

either be exhausted or interrupted (when transfer agents are ceased or lack the transport capacity). 

Hence, there is a direct causation between sediments from different origins and the hysteretic effect 

observed in the relationship. 

As described above, sediment sources are qualitatively identified through pattern analysis. 

For instance, when the C-Q relationship showed a clockwise pattern, it was attributed to the 

mobilization and depletion of in-channel or nearby sediment sources (i.e., Wash-load, exhaustion 

effect, and the initial flush of sediments) (Aich et al., 2014; Asselman, 1999; Bača, 2008; Buendia 

et al., 2016; De Girolamo et al., 2015; Duvert et al., 2012; Gao & Josefson, 2012; Heidel, 1956; 

McDonald & Lamoureux, 2009; Megnounif et al., 2013; Pietroń et al., 2015; Rodríguez-Blanco et 

al., 2010; Seeger et al., 2004; Tian et al., 2016; G. P. Williams, 1989; Ziegler et al., 2014). Due to 

the difficulty of separating and quantifying different sediment sources directly from hysteresis 

analysis, the acquired information remained qualitative or based on separate methods. 

II-5.2.2. Estimation Concept 

 Megnounif et al., (2013) developed an unmixing model, based on hysteresis analysis, to 

separate sediments into two portions: (1) sediments from the stream channel, and (2) sediments 

from the watershed surface, stream storage, and other sediment sources. The authors proceeded to 
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a sediment transport phase-by-phase breakdown, leading to the development of a mathematical 

model for several hysteresis loops, graphically simplified and represented in Figure II-10. 

As explained in Chapter II – Section II-3.1, sediment can be divided into two categories 

based on the nature of their origin. The first category includes sediments produced independently 

of flow, such as those from hillslopes, depositional areas, channel storage, exo-basin (wind-

transported) sources, and accidental events like bank collapse and mass wasting. The second 

category comprises sediments whose production is flow-dependent, primarily associated with the 

erosion of the channel network. 

Khettab, (2022) mathematically represented the concentration of sediment recorded at the 

streamgage with the following equation: 

𝐶 = ES + 𝑃𝑄     (Equation II.13) 

Where:  

• ES (External Sources) represents the sediment produced independently of flow. This 

includes contributions from hillslopes, depositional areas, channel storage, exo-basin 

sources, and accidental sediments. 

• PQ denotes the sediment production from the stream channel. It is highly dependent on the 

erosive power of flow. Assuming a constant channel erosivity, the rersulting relationship 

is linear. 

Both Megnounif et al., (2013) and Khettab, (2022) agree that the quantity of sediments 

delivered from external sources is limited by sediment availability as well as overland flow capacity 

and duration. In other words, these sediment sources can be exhausted when their availability is 

depleted, or their supply can be interrupted when transport agents stop or lose capacity. Meanwhile, 

the channel remains a continuous sediment source throughout a flood event. This implies that the 

status of external sediment supply (active, exhausted, or interrupted) causes the hysteretic effect 

observed in the Concentration-Discharge relationship. During certain periods of the event, external 

sediment supply may be inactive, making the channel the only active sediment source.  

The authors suggest that this phase can be deduced from analyzing the hydrograph, 

sedigraph, and hysteresis loop. As shown in Figure II-10, there are two distinct flow phases: 

• Phase (a) corresponds periods of transport when multiple sediment sources are 

active (Both ES and PQ are active). 
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• Phase (b) corresponds periods of transport when the channel is the only active 

sediment sources (PQ is active and ES ≈ 0). 

In summary, when both ES and PQ are active, sediment concentration is higher compared 

to when only PQ is active. Therefore, the authors associate the lower bound curve of the hysteresis 

loop with the stream channel contribution, while the excess concentration (or loop area) is 

attributed to external sediment sources. 
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Figure II-10. Sediment sources contribution breakdown schematic as given by Megnounif et al., 

(2013)  
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II-5.2.3. Concept Criticism  

The method might not be directly applicable since there is no general agreement on the 

factors behind of C-Q hysteresis patterns (Table II-2). For instance, while some agree that a 

sediment availability is the main factor, others attribute hysteresis effect to other factors including 

armored layer formation or breakage, bank erosion, and sediment dilution effect (Asselman, 1999; 

Buendia et al., 2016; Gonzales-Inca et al., 2018; Nadal-Romero et al., 2008; H. G. Smith & 

Dragovich, 2009; G. P. Williams, 1989; Wood, 1977; Yang & Lee, 2018). Indeed, the core of this 

concept is based on several conditions, each when not met lead to an inadequate sediment sources 

separation. 

The first condition for the applicability of this concept is the absence of external sediment 

sources. However, this condition might not be met. Many studies have described cases where 

hysteresis loops in multi-peak and successive floods are stacked, with the hysteresis loop of the 

primary event being higher and having a steeper slope (e.g., Khettab, 2022; Nistor & Church, 2005; 

Olive & Rieger, 1985; Wood, 1977). In such cases, the contribution from external sources remains 

active, leading to an overestimation of the channel's contribution (Figure II-11a). 

The second condition requires external sources to be the primary factor responsible for the 

hysteresis effect. This condition is not met when dilution effects occur. For example, Nadal-

Romero et al., (2008) advanced that the clear water from forested headwaters can cause dilution 

without affecting the transported mass. Similarly, Wood, (1977) observed that increased 

groundwater input leads to the dilution of sediment concentration (Figure II-11b). However, it is 

crucial that the clean water input occurs close to the streamgage; otherwise, it will only dilute the 

external sediment supply.  

The third condition requires the channel sediment contribution to have a linear relationship 

with discharge (Figure II-11c). This condition is not met when there is a significant change in the 

channel's contribution. Such changes can occur during a flood event due to factors like landslides, 

the formation or melting of glacier armor, or variations in stream erosivity during prolonged floods. 

These events cause significant alterations in the state of the stream, disrupting the linear 

relationship between the channel sediment contribution and discharge. 



Chapter 2 – The Sediment Concentration – Discharge Relationship 

 

 

 
85 

 

Figure II-11. Cases where the lower bound curve does not represent the stream contribution. 

II-5.2.4. Concept Validation 

For the concept to be applicable, all three conditions must be fulfilled. Verifying the 

inactivity of external sources is not straightforward. Except for cases showing a single-valued line 

behavior (fully or partially), there is no clear indication of external sediment sources being inactive 
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and that the lower bound of the hysteresis loop represents the channel contribution. Therefore, 

verification may require additional data, further analysis, and more adequate approaches.  

Khettab, (2022) proposed a validation process using hysteresis analysis, specifically 

targeting situations where data is limited to discharge and concentration measurements. This 

validation process involves assessing multi-peak and successive floods. As shown in Figure II-6, 

when floods are sequential and sediment availability is the main controlling factor, the expected 

result is a decrease in concentration magnitude for the same discharge. Accordingly, the author 

proposed an indicator based on the slope of the normalized concentration by discharge ratio (Figure 

II-12a). A negative value indicates sediment depletion, whereas a positive value indicates sediment 

replenishment. This indicator highlights that sediment availability is the primary factor affecting 

the C-Q patterns.  

The second part of the validation process is a visual inspection of hysteresis loops using 

multi-peak and grouped successive floods. After confirming sediment depletion, the visual 

assessment aims to identify one of two observations: 

(1) Shared Segment Observation: When two or more flood events reach the depletion or 

interruption of external sediment sources, the loops of these individual flood events are 

expected to share a segment (Figure II-12b). Since the channel contribution is the sole 

common factor between these floods, and initial conditions are different, observing this 

shared segment indicates that the loop area is indeed associated with the contribution 

of external sources. 

(2) Single-Valued Curve Observation: Continuous depletion throughout events leads to 

the appearance of a linear behavior in later events, positioned the lowest (Figure II-12c). 

When this case is observed, it indicates that the loop area reflects the contribution of 

external sources. Their depletion results in the stream channel becoming the only active 

sediment source, leading to the appearance of a single-valued line later on.  
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Figure II-12. Observations required for the validation of the Hysteresis Analysis based Unmixing 

Model. 

 

 

These two observations confirm that, for a given discharge, the contribution of the channel 

bank and bed discrepancies for each discharge measurement are negligible. Consequently, both the 

depletion indicator and these observations ensure that all conditions are fulfilled and thereby 

validate the concept of the method. 

However, this validation method relies on multi-peak and closely occurring flood events. 

Therefore, this process might not be useful when flood events are isolated and multi-peak floods 

are minimal, necessitating additional data or different methods for estimating sediment sources. 

Nonetheless, Khettab, (2022) states that despite these limitations, the lower bound of the curve 

remains the closest estimation of the in-channel contribution. The author compared the 

computation of the channel contribution to sediment yield using single-peak and grouped 

successive and close-occurrence floods, finding that the change in estimation was adjusted by a 

maximum of about 6.5%. The author attributes this slight adjustment to the domination of large 

and medium events with enough duration and capacity to exhaust external sediment sources.   

II-6. Current State of Hysteresis Analysis 

The process of Concentration-Discharge hysteresis analysis typically begins by establishing 

clear objectives, which serve as the foundation for subsequent analytical steps. Assuming 

comprehensive analysis is the goal, the next phase involves extracting flood events from the 
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concentration-discharge data timeseries. A secondary dataset can be set up where multipeak events 

are not separated, and successive floods are grouped together. Following flood event extraction, 

the classification of hysteresis patterns is performed, followed by a subsequent computation of 

metrics such as Hysteresis Indices and the Flushing Index (or slope). Finally, to discern sediment 

source contributions, events undergo analysis using hysteresis-based unmixing models. These 

sequential steps encapsulate the key components of Concentration-Discharge hysteresis analysis, 

providing a structured framework for understanding sediment transport dynamics. However, there 

is ongoing work to refine and enhance these operations and the overall process of Hysteresis 

Analysis. 

Achieving a comprehensive understanding of hysteresis dynamics necessitates the 

integration of both qualitative and quantitative frameworks. While visual diagnostics are subject to 

human limitations, numerical methodologies provide exact data on loop attributes such as 

magnitude, orientation, and gradient. Over the past decade, a variety of quantitative indices have 

been developed to standardize cross-watershed comparisons (e.g., Aich et al., 2014; Langlois et al., 

2005; Lawler et al., 2006; Lloyd et al., 2016b, 2016a; Poggi-Varaldo & Rinderknecht-Seijas, 2003; 

Smith & Dragovich, 2009; Zuecco et al., 2016). However, as dataset volumes grow, manual sorting 

becomes increasingly impractical. Automated solutions, such as the machine learning algorithm 

introduced by Hamshaw et al. (2018), offer potential efficiency but often require extensive training 

data and prior shape knowledge. Similarly, the automated protocol established by Keesstra et al. 

(2019) lacks the flexibility to categorize certain complex geometric hybrids.. Furthermore, existing 

indices may not fully capture the physical significance of the loop, leading to ambiguity in 

quantifying complex shapes.  

Current indexing methods often struggle to represent the true physical complexity of 

transport events. Evidence suggests that they may conflate different loop shapes (Hamshaw et al. 

2018) or create interpretative confusion when rotational directions shift within a single event 

(Langlois et al. 2005) highlighted the potential confusion in applying the hysteresis index to shapes 

combining clockwise and anticlockwise components. To enhance analysis consistency and 

reliability, a more flexible classification method and unique quantitative analysis for each 

hysteresis pattern are necessary, alongside the automation of these operations for efficient handling 

of large datasets. These points are explored in more depth in the following chapter. 
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III. Chapter 3 – Conception and Development of An Improved 

Concentration – Discharge Hysteresis Analysis Workflow 

III-1. Background and Study Objectives 

Concentration-Discharge (C-Q) hysteresis analysis begins with setting specific objectives 

that guide the choice of analytical techniques. Initially, this involves isolating flood events from 

time series data on concentration and discharge, often using automated tools (e.g., Fischer et al., 

2021; Oppel & Mewes, 2020). These tools automatically identify the start and end points of flow 

events within continuous time series data 

Subsequently, the extracted flood events undergo classification of hysteresis patterns. This 

classification can be visual, involving manual inspection of C-graphs, Q-graphs, and hysteresis 

loops, and subsequent categorization into predefined classes. This approach can be either targeted, 

based on existing classifications, or exploratory, to identify new patterns or sub-patterns of 

hysteresis. Despite disregarding the comprehensiveness of a targeted classification, manually 

sorting hysteresis is labor-intensive, particularly in extensive studies such as regional analyses or 

those involving long historical data sets and various parameters (e.g., Aguilera & Melack, 2018; 

Baker & Showers, 2019; Hamshaw et al., 2018; S. D. Keesstra et al., 2019). This complexity 

prompts the need for an automated classification process that simplifies these tasks. However, 

existing methods (e.g., Butturini et al., 2008; Hamshaw et al., 2018; S. D. Keesstra et al., 2019; 

Zuecco et al., 2016) often lack comprehensiveness, are only semi-automatic, or face issues with 

misclassification. 

To thoroughly analyze hysteresis relationships, both qualitative and quantitative 

assessments are necessary. Graphical inspections of hysteresis loops are limited and need numeric 

descriptions of the loop's geometrical features—such as size, rotation, and slope—to reveal their 

hydrological implications. Researchers have developed various hysteresis metrics and indices to 

quantify these aspects and determine the loop's orientation and strength (Aich et al., 2014; Langlois 

et al., 2005; Lawler et al., 2006; Lloyd et al., 2016b, 2016a; Poggi-Varaldo & Rinderknecht-Seijas, 

2003; H. G. Smith & Dragovich, 2009; Zuecco et al., 2016). These indices compare the metrics to 

a baseline value, indicating clockwise or anticlockwise motion, and serve as diagnostic tools for 
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comparing hydrological events across different channels or watersheds, enhancing understanding 

of sediment transport dynamics (Aich et al., 2014; L. A. Rose et al., 2018; Sherriff et al., 2016). 

Automating these indices ideally provides both qualitative and quantitative insights into 

hysteresis loops. However, hysteresis in hydrology often exhibits complex patterns beyond simple 

directional loops, and current indices, which are primarily geometrical, may not adequately reflect 

the physical processes involved (Lloyd et al., 2016a). Furthermore, the same index value can 

correspond to different loop shapes (Hamshaw et al., 2018), and indices can be misleading when 

applied to mixed-direction loops, such as figure-eight shapes (Langlois et al., 2005). Consequently, 

there remains a need for more precise and distinct quantification methods to accurately characterize 

hysteresis shapes and their variations over time. 

For suspended sediment concentration – discharge relationships, it is possible to derive a 

computation method to estimate the stream channel contribution to sediment yield (Khettab, 2022; 

Megnounif et al., 2013). The automation computation method advanced by  Megnounif et al., 

(2013) requires the automation of pattern classification. As a result, classification accuracy is 

necessary to correctly estimate the stream channel contribution portion and reduce errors. 

Meanwhile, the automated computation method by Khettab, (2022) was designed to remove the 

requirement for hysteresis classification. However, the author insists that hysteresis analysis is still 

required to validate the concept of the computation method. 

Historically, the classification of hysteresis loops and the calculation of their metrics have 

been conducted separately, leading to inconsistencies. To enhance the effectiveness of hysteresis 

analysis, it is crucial to integrate the qualitative and quantitative aspects, thereby improving the 

reliability of the results. This requires a more flexible classification approach to effectively sort and 

explore new hysteresis patterns, a unique quantitative analysis for each pattern that differentiates 

not just shapes but also sizes and impacts, and consistency between classification and 

quantification. Additionally, automating these processes is essential for efficiently handling large 

datasets. 
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In this study, we aim to address these methodological gaps by introducing an automated, 

comprehensive approach that meets these criteria. We demonstrate this method using a substantial 

dataset focusing on discharge and associated water parameters. Our objectives are two-fold: 

1. We introduce the "Hysteresis Signature" as a concept to classify hysteresis shapes, 

including standard and novel forms.  

2. We also introduce a new numeric analysis format corresponding to the signature. It is used 

to individually characterize segments of the loop using dual-metrics (real-scale and 

normalized). This approach also aims to highlight and address the limitations of existing 

metrics and highlighting the necessity for this dual quantification method. 

III-2. Study Data 

III-2.1. Main Data Collection 

Datasets were systematically selected and retrieved from the United States Geological 

Survey (USGS) sources, including the National Water Information System: Web Interface 

(https://waterdata.usgs.gov/nwis) and USGS Real-Time Water Quality Data for the Nation 

(https://nrtwq.usgs.gov/). An initial data quality assessment was conducted using the data portal’s 

visualization tools. Stations with minimal missing data were selected for further analysis (Table 

III-1). 

Hydrological events were subsequently identified from the time series data. The delineation 

of events can be performed manually or using automated methods such as the ones described by 

Fischer et al., (2021) and Oppel & Mewes, (2020). For this study, a semi-automatic tool was 

developed to facilitate flood event extraction, details of which are provided below. The isolated 

events were then individually subjected to the hysteresis analysis methods described later. 
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Table III-1. Station details and hysteresis variables. 

Region USGS Station ID Area (km²) Event count 
Secondary 

dataset 

Suspended-Sediment Concentration 

Hawaii 

USGS 16200000 

USGS 16210500 

USGS 16226200 

USGS 16226400 

USGS 16238000 

3.57 

101.68 

10.41 

11.91 

6.4 

105  

Colorado USGS 07105800 1295 80 Yes 

Turbidity-based suspended-sediment concentration 

Indiana 
USGS 03353200 274.5 81 Yes 

USGS 05516665 976.4 50  

Arkansas 
USGS 07194880 89.87 21 Yes 

USGS 07263296 189.1 35 Yes 

Pennsylvania 
USGS 01479820 73.3 56 Yes 

USGS 01480870 232.8 181  

New York USGS 0136219503 76.7 18 Yes 

Maryland USGS 01649190 33.9 38  

Kansas USGS 07144100 3209 97  

Turbidity 

Pennsylvania USGS 01473169 53.87 123  

Virginia 
USGS 02035000 16192.6 96  

USGS 01673000 2792 89  

Georgia USGS 02203863 22.35 121  

Maryland USGS 01589025 779.6 90  

Missouri USGS 07061270 135.2 92  

Texas USGS 08181500 3411 60  

Total   1433  

These sites are managed and maintained by the U.S Geological Survey (USGS). All the events included in this 

study correspond to a period of record approved by the USGS. Data sampling and automated retrieval 

measures can be found in the Water Data Web Interface (https://waterdata.usgs.gov/nwis). 
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III-2.2. Main Dataset Description 

At all selected stations, discharge is monitored continuously, with data recorded at intervals 

ranging from 5 to 15 minutes. Turbidity measurements are taken every 15 minutes. Suspended-

sediment samples are collected under various hydrological conditions using automatic samplers 

and manually during routine water-quality assessments, adhering to the protocols specified in the 

USGS National Field Manual (U.S. Geological Survey, 2015). Laboratory-analyzed suspended-

sediment concentrations are integrated with in-stream turbidity readings to calculate real-time 

concentrations. 

The stations retained for analysis are situated in diverse regions and vary in watershed sizes. 

These stations measure three key determinants against discharge. Despite the high time-resolution 

of data collection, analysis of hydrograph types via the rising limb duration revealed a tendency 

toward extremely skewed hydrographs. Typically, the rising limb phase is brief, with the minimum 

duration recorded as short as two measurements (5 to 15 minutes). This often results in hydrographs 

where the rising limb appears almost as a straight line, while the falling limb contains more detailed 

data. Conversely, longer rising limbs were less frequent across the sampled events. 

The field data testing collection comprised: 

• Events from stations across various regions and catchment sizes. 

• Analysis of different water parameters. 

• Mixed data quality during events, characterized as: 

a) Low during the rising limb and high during the falling limb. 

b) Balanced quality across phases. 

c) High during the rising limb and slightly low during the falling limb. 

This variety deemed the field data collection sufficiently diverse for further testing, which 

included trials with manually generated datasets.  

The quality check for each parameter is the following:   

• Suspended Sediment Concentration (SSC): Six stations were chosen, with five in Oahu, 

Hawaii, which exhibited excellent data quality due to minimal missing data. The station in 

Colorado, despite some data interruptions, provided a significant number of events. 
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• Turbidity-Based SSC: Nine stations from six regions were retained, showing satisfactory 

data quality. Turbidity-based SSC, utilizing frequent turbidity measurements, offered more 

detailed sedigraphs compared to regular SSC. This method allows for finer time-step 

monitoring, enhancing the detail in the data. 

• Turbidity: Widely available and of adequate quality, turbidity data was collected from 

seven stations across six states, encompassing 671 hydrologic events. This ample dataset 

highlights turbidity as a representative of non-concentration water quality parameters. 

III-2.3. Manually Generated Dataset 

To validate the flexibility and compatibility of our method with various data characteristics, 

we conducted complementary tests using manually generated hysteresis events. These tests also 

aimed to illuminate specific hydrologic conditions not covered by observed data. The manually 

generated events were divided into two sets: 

• First Set: This set explored a range of hysteresis forms at varying time resolutions, starting 

from very low (as few as three measurements) to very high, which introduced noise into 

the hysteresis loops. Certain data resolutions were limited to specific possible forms. 

• Second Set: Utilizing the same events from the first set, this set included modifications to 

the sign of the data (incorporating both positive and negative values) and alterations to the 

slope (negative, neutral, mixed). 

While real observed data provides insights into the method's performance under actual 

conditions, manually generated datasets are crucial for pushing the method to its limits and 

ensuring its applicability to a broader range of hysteretic relationships and data characteristics. 

III-3. Hysteresis Classification Concept 

In Hysteresis analysis, three fundamental hysteresis behaviors are identified based on the 

relationship between discharge and concentration. These behaviors form the basis for classifying 

hysteresis patterns observed during flood events: 
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• Linear: similar concentrations between the rising and falling limbs. 

• Clockwise: higher concentrations during the rising limb compared to the falling limb. 

• Anticlockwise: higher concentrations during the falling limb compared to the rising limb. 

All observed hysteresis loops are combinations of these basic behaviors. These combinations can 

be categorized into two primary subgroups: 

• Simple: Comprised of single, consistent behaviors throughout. 

• Complex: Combinations of two or more behaviors that occur at different phases of the 

flood event. 

Common forms reported in literature include simple classes such as:  

(1). Linear (Class I): This behavior occurs when the concentration is similar in both limbs of 

the hydrograph, indicating a direct, proportional relationship between discharge and 

concentration without any delay or lag effects. 

(2). Clockwise (Class II): This behavior is observed when the concentrations are higher during 

the rising limb.  

(3). Anticlockwise (Class III): In contrast, anticlockwise pattern occurs when the concentration 

is higher during the falling limb. This could be indicative of delayed responses in the 

watershed, where the mobilization of materials like sediments or pollutants occurs after the 

peak discharge. 

Additionally, known combined forms that account for more complex hydrological and 

hydrochemical interactions during flood events include: 

(4). Single-Valued line plus Loop (Class IV): Represents a combination of linear behavior 

with either clockwise or anticlockwise behavior, suggesting a transition in hydrological or 

chemical processes. 

(5). Figure of Eight (Class V): This combined form involves a loop that exhibits both 

clockwise and anticlockwise behaviors, resembling a figure of eight. This pattern indicates 

multiple phases of concentration response relative to discharge. 
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While these forms are commonly reported, numerous other combinations based on specific 

flood event characteristics exist. By automating the process of identifying and coding these 

combinations at different discharge increments, we can efficiently and accurately classify a wide 

range of hysteresis loops. This approach enables the merging of qualitative classification and 

quantitative analysis into a single cohesive procedure. 

III-4. Flood Events Extraction 

A simple flood event begins when discharge rises above baseflow, reaches its peak, and 

then decreases back to baseflow. Consecutive or multi-peak events can differ, with overlapping 

peaks that do not always return to baseflow between them. To simplify the extraction of hydrologic 

events from continuous data, a straightforward algorithm was developed for event separation. The 

extraction process involves three key steps: 

1. Automated Event Extraction: The algorithm identifies flood events by first pinpointing the 

peak discharge. It then marks data points to the left of the peak (rising limb) until baseflow is 

reached, indicating the start of the event. A similar process is applied to the right of the peak, 

marking the end of the event when baseflow is reached. Data points are flagged to avoid 

rechecking, and the process repeats for each flood event, sorted in descending order by peak 

magnitude. 

• The upper bound of baseflow is the first parameter needed. If unknown, it can be 

approximated by automatically using the average discharge or manually through 

graphical inspection.  

• The second required parameter is the flattening criterion, defined as the difference 

between two consecutive discharge observations. In this study, it was set to zero. The 

algorithm allows for separate criteria for the rising and falling limbs. 

• For each event, the algorithm generates plots of the hydrograph and the associated water 

parameters, with identifiers, and tabulates the start, end, and identifier for each event. 
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2. Event Validation and Manual Adjustment: The plots generated during the automated process 

help identify events requiring attention. Any event with substantial missing data in either the 

streamflow or the associated water parameters is rejected (e.g., Figure III-1d), as are multi-peak 

events that cannot be separated (e.g., Figure III-1d). Rejections are noted in the tabulated data 

(Figure III-1a). 

• Accepted events are marked in the master dataset, and multi-peak events that need 

attention are manually separated at their midpoint. Multi-peak events are considered 

separable when the section below the midpoint is less than 50% of the peak. Separating 

such events at higher discharges can result in incomplete analysis. 

• During this step, start and end points can be adjusted to salvage events where missing 

data is found at low flows, allowing partial analysis at high flows. 

3. Final Automated Event Extraction: Once validated and adjusted, the final flood events are 

re-extracted from the master dataset and sorted in chronological order. 

In Phase 2, the semi-automatic tool allows for validating extracted events and making 

manual adjustments as needed (Figure III-2). Depending on the objective, this phase allows to 

perform the following operations: 

(1) Single-Peak Hysteresis Analysis: Removing inseparable multi-peak flood events and 

separating others into distinct single-peak events. Optional adjustments to the start and end 

of floods can also be made. 

(2) Mixed Hysteresis Analysis: Events generally do not require specific treatments. However, 

optional adjustments can be made to the start and end of floods. 

(3) Sediment Sources Unmixing Model Validation: Following the validation method 

advanced by Khettab, (2022), events that occur closely together can be grouped into a single 

multi-peak event, with an optional adjustment to the start and end of events 
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Figure III-1. Flood events validation and treatment phase schematic 

 

 

 

 



Chapter 3 – Conception and Development of An Improved Concentration – 

Discharge Hysteresis Analysis Workflow 

 

 

 
99 

 

Figure III-2. Flowchart of the Semi-Automated Tool Process for Event Extraction, Validation, and 

Adjustment. 
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III-5. Procedure 

III-5.1. Data Pre-Processing 

The preprocessing stage involves segmenting the hydrograph into uniform discharge 

intervals to ensure comparability across events. With Qmax and Qmin establishing the scale, n equal 

divisions determine the nodes for calculation. These intervals are established numerically:  

Q𝑆𝑒𝑙 
i = Qmin + i.

𝑄𝑚𝑎𝑥−𝑄𝑚𝑖𝑛

𝑛
      (Equation III.1) 

Where i = 0,1, … , n,  QSel
0 = Qmin, and QSel

n = Qmax. 

By projecting these standardized discharge values onto the hydrograph to find time (TSel 
i ) 

and then onto the concentration series (CSel 
i ), we create a nodal framework. This method relies on 

the assumption of temporal linearity between measurements. The final reconstructed loop 

represents a cleaned version of the hydrologic event, effectively purging measurement artifacts and 

irregularities from the source data to yield a technically smooth hysteresis profile (Figure III-3). 
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Figure III-3. Visual workflow of the data reconstruction process. a) Selected discharges projection 

to obtain the corresponding times followed by b) the projection of times to obtain the corresponding 

concentration. c) The original hysteresis loop. d) the hysteresis loop after treatment.  

 

III-5.2. Data Pre-Processing Validation 

The effectiveness of data subdivision levels was tested to determine if higher resolutions 

resolve complex hysteresis traits more accurately. While earlier work by Lloyd et al., (2016b) found 

no distinct advantage to exceeding 20 intervals, our comparative analysis suggests that 100-interval 

models offer marginal refinements in both visual topology and concentration metrics. 
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As illustrated in Figure III-4 and Figure III-5 , the increased granularity provides a slightly 

more nuanced representation. However, since smaller subdivisions provide greater adaptability 

across varied hydrological conditions, the 20-interval partition was selected as the optimal standard 

for the proposed methodology. 

 

Figure III-4. Example visual validation of different loop subdivisions. 
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Figure III-5. Qualitative validation of different loop subdivisions using Concentration-based 

parameters. 

 

 

III-5.3. Hysteresis Signature Determination 

For standard hysteresis analysis, the discharge and concentration time series are initially 

normalized:   

Q𝑁
i =

QSel
𝑖 −Qmin

Qmax−Qmin 
     (Equation III.2) 

C𝑁
i =

C𝑆𝑒𝑙
𝑖 −Cmin

Cmax−Cmin 
     (Equation III.3) 

Each discrete flow interval is then quantified using a normalized Partial Amplitude (PA), 

representing the geometric area bounded by the C𝑁
i −Q𝑁

i  curves of the hydrograph’s respective 

phases, computed via the trapezoidal rule (Figure III-7a): 

PAi =
1

2
(QN

i+1 − QN
i )(CNR

i + CNR
i+1) −

1

2
(QN

i+1 − QN
i )(CNF

i + CNF
i+1)  (Equation III.4) 

With CNR
i  and CNF

i  are the normalized concentrations on the rising and falling limb, respectively.  
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In this normalized framework, each integration interval is set at a constant 5% (1/20):  

PAi =
1

40
[(CNR

i + CNR
i+1) − (CNF

i + CNF
i+1)]  (Equation III.5) 

Structural signatures are then derived through parametric thresholding of the PAi values. As 

illustrated in Figure III-7b specific parameters are assigned based on directional dominance:  

• Intervals with a PAi between −0.005 and 0.005 are categorized as "x", signifying a 

single-valued or near-linear relationship. 

• Values exceeding 0.005 receive the "y" parameter (clockwise dominance); 

• Values below −0.005 are assigned "z" (anticlockwise dominance).  

This specific threshold was validated by benchmarking multiple synthetic datasets to ensure the 

separation of linear and hysteretic behaviors (Figure III-6).  

Consecutive intervals sharing the same parameter are aggregated into a single, unified sequence. 

The total flow range and net amplitude for these sequences are determined by their cumulative 

widths and partial amplitudes.  

When sequential segments yield identical parameters, they are merged into a continuous 

sequence defined by the total flow span and aggregate area (Figure III-7).  

 

Figure III-6. Threshold visual analysis synthetic events and different loop openings. 
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Figure III-7. Visual representation of the hysteresis signature derivation framework: (a) 

Partitioning of Partial Amplitudes. b) Rotational classification categories including (1) clockwise, 

(2) linear, and (3) anticlockwise. Following threshold filtering and directional merging, the 

illustrated event yields a "yz" signature. 

 

 

Minor segments involving minimal intervals can periodically encumber the primary 

hysteresis signature. These negligible segments occur during initial state returns, transitional limb 

crossings, or limb convergences at peak flow as well as stochastic noise, such as bank-cavings or 

measurement spikes (Figure III-7 and Figure III-8). To ensure the macro-scale loop form is not 

distorted by these micro-variations, a merging protocol :  
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• Case A: Segments under the 15% width requirement merge into the widest adjacent 

parameter of identical polarity. 

• Case B: If multiple segments are under 15% and share a sign, the one exhibiting higher 

amplitude is prioritized 

• Case C: For segments under 15% bounded by opposing polarities, the 10% limit acts 

as the final buffer; 5% segments are merged immediately. 

The 15% criteria marks the transition from computational noise to interpretative significance. 

Segments exceeding this width indicate meaningful shifts in hydraulic phases or transport quantity 

that warrant individual parametric representation.    

 

Figure III-8. Examples of low-significance loop segments requiring parametric merging: (a) 

Narrowing limb convergence; (b) Singular, high-frequency concentration spikes. 

 

 

Comprehensive analysis confirms that a hysteresis loop is definitively characterized by its 

unique signature, which maps the event to a specific class and morphological form. Fundamental 
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classes, comprising linear, clockwise, and anticlockwise rotations, are designated by single-

parameter identifiers: “x”, “y”, and “z”, respectively. For more complex, composite classes that 

exhibit shifting behaviors across varying flow stages, the resulting signature consists of a sequence 

of two or more parameters. This parametric progression tracks distinct segments of the loop from 

initiation at low flows to the peak discharge. Within this framework, “x” denotes a single-valued 

segment, while “y” and “z” represent clockwise and anticlockwise components. The final signature 

serves as a directional road map, with loop thickness for each sequence being assessed through a 

standardized, dimensionless quantifier (e.g., Figure III-7). 

III-5.4. Hysteresis Loop Hydrologic Qantification 

III-5.4.1. Computation 

The real-scale framework converts gemetrical loop characteristics into hydrologically 

significant values. In the context of sediment transport, this involves calculating the Asynchronous 

Load, effectively bridging the gap between concentration-discharge plots and total transported 

mass. Intervals defined by signatures “y” and “z” are quantified according to the specific 

computational concept illustrated in Figure III-9a and Figure III-9b, respectively. Once individual 

segments are processed, their respective sediment loads are synthesized in alignment with the 

event's hysteresis signature. 

In segments designated as “x,” where concentration offsets between hydraulic limbs are 

minimal, the algorithm assigns a quantification protocol based on dominant polarity: if 

concentrations are higher during the rising phase, the segment is processed as a “y” interval; 

conversely, it is treated as a “z” interval.  

It is essential to recognize that real-scale descriptions are intrinsically variable and 

contingent upon the specific parameters analyzed. Therefore, diverse hysteretic relationships may 

necessitate distinct adaptive calculations to achieve an accurate physical characterization. 
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Figure III-9. Conceptual framework for stream load partitioning: (a) Quantification of a 

clockwise interval; (b) Quantification of an anticlockwise segment. 

 

 

III-5.4.2. Interpretation 

The Asynchronous Load (AL) is a metric designed for water parameters based on 

concentraction (sediments, solutes, nutrients, and pollutants). It is used to differentiate between 

hysteresis loops and between subloops (more details are given in section III-6.2). It encompasses 

the effect of flow range and duration, two parameters that are not typically included in hysteresis 

analysis and whose effect is lost in the data compression. 

In Sediment transport, when external sources are responsible for the hysteretic effect, the 

Asynchronous Load can be associated to the contribution of these sediment sources while the 

difference between the Total and the Asynchronous Load is the channel contribution to sediment 

yield. This condition can be verified with the validation process described in Chapter II – Section 

II-5.2.4. 
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III-6. Method Validation 

III-6.1. Automated hysteresis classification 

The study generated 51 independent signatures by processing flow events without a 

predefined classification. This unbiased workflow allowed signatures to be defined purely by data-

driven attributes, which were subsequently audited via plot analysis and Partial Area (PA) 

distribution checks. These 51 signatures provide a confirmed baseline for distinct hysteresis pattern 

identification. Importantly, the modular nature of this method ensures that while 51 signatures were 

observed here, the system remains capable of detecting a much wider spectrum of loops. 

Signatures S1 through S7 (Figure III-10) correspond to the standard five-category model 

established in literature (e.g., G. P. Williams, 1989), representing 62% of the dataset. The presence 

of recurrent "complex" forms indicates that many patterns historically considered noise are actually 

predictable hydrological features. If a novel form appears with high frequency, it must be 

recognized as a fundamental component of the watershed dynamic rather than a rare process 

combination. Our analysis shows that simpler profiles (those with three parameters or fewer) occur 

with high regularity. Expanding the standard classification to encompass these 21 signature types 

allows for a robust characterization of 95% of hysteresis events, providing a more comprehensive 

analytical lens. 
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Figure III-10. Events characterized by a signature length of one to three.. 
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While the vast majority of events follow simpler patterns, a small fraction (5%) exhibit 

complex structures requiring four to six parameters to define. These rare signatures often arise in 

cases of subtle loop geometry (e.g., Figure III-11 S25 and S31), where the parameter “x” where the 

parameter “x” is frequently observed. Analysis shows that 18 of these elaborate forms appeared 

repeatedly, whereas 12 were single, transient events..  

Computational and visual classification protocols produced concurrent findings for the 

majority of events. However, long-signature events pose a visual challenge due to their 

characteristic narrow geometries. While most loop segments remained visually clear, the transition 

toward linear amplitudes in certain events rendered subtle geometric shifts undetectable by sight 

alone. For these specific cases, the distribution of partial amplitudes checks were essential to 

support the classification. The algorithm's ability to identify subtle distinctions between the "x," 

"y," and "z" parameters, despite these being visually unnoticeable, verifies the system's operational 

sensitivity and confirms the validity of the automated output (Figure III-12).  

In specific scenarios, the boundary between clockwise and anticlockwise components shifts 

away from the central intersection of the hydrograph limbs. Because this intersection does not 

necessarily align with established interval limits, and given that proximal intervals often exhibit 

narrow amplitudes, the algorithm characterizes these zones with the "x" parameter. When these 

segments fail to meet the defined 15% width threshold, they are integrated into adjacent parameters 

sharing the same directional sign. Analysis confirms that this merging process preserves output 

accuracy and exerts minimal to no influence on quantitative hysteresis metrics. Should higher 

precision be required for specific applications, these artifacts are easily addressable during the post-

processing phase. 
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Figure III-11. Events characterized by a signature length of four to six. 
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Figure III-12. Detailed examples of hysteresis forms’ part separation to compare visual and 

automated classification for narrow hysteresis loops. 
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III-6.2. Numerical Constraints in Hysteresis Quantification 

The diagnostic power of hysteresis classification is limited to identifying general trends in 

watershed behavior over time. However, because events labeled under a single signature can 

represent vastly different transport scales and geometric widths, the qualitative framework must be 

augmented. Quantitative quantification is required to bridge the gap between categorical sorting 

and physical process representation. 

III-6.2.1. The Lack of Descriptive Uniqueness in Global Indices 

We identified a core limitation regarding the representational uniqueness of standard 

indices. Specifically, Figure III-13. illustrates that distinct loop signatures can map to identical 

index values, a phenomenon recorded across 407 unique pairs in this study. This confirms that 

indices function as a low-resolution scale for rotational balance rather than a high-fidelity 

description of form. Consequently, there is a clear divergence between the pattern a loop and its 

quantitative index. As previously noted by Hamshaw et al., (2018), this lack of sensitivity suggests 

that such values cannot act as a surrogate for shape, necessitating a review of whether this statistical 

"aliasing" limits our understanding of watershed processes..  

Historically, research on hysteresis magnitude has often relied on subjective classifications, 

labeling events simply as "small" or "large" (Andrea et al., 2006; Bowes et al., 2015; Butturini et 

al., 2008; Evans & Davies, 1998; Jansson, 2002; Lowe & Eyring, 1975; Schaefli, 2016). To move 

beyond these qualitative descriptions, many scholars introduced numerical indices to provide an 

objective measurement of loop strength and orientation (e.g. Aich et al., 2014; Langlois et al., 2005; 

Lawler et al., 2006; Lloyd et al., 2016a, 2016b; Poggi-Varaldo & Rinderknecht-Seijas, 2003; Smith 

& Dragovich, 2009; Zuecco et al., 2016). These metrics were designed to standardize the 

description of loop geometry, allowing for cross-comparisons between individual flow events or 

diverse drainage basins (Aich et al., 2014; Lloyd et al., 2016b, 2016a; Zuecco et al., 2016).  

Fundamentally, these indices serve as geometric surrogates intended to characterize 

physical processes through spatial patterns. Consequently, evaluating whether such indices remain 

reliable, despite their failure to provide unique descriptions, hinges on their capacity to maintain 
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accuracy in identifying magnitude and direction. This representational uncertainty justifies a 

rigorous comparative study between standard indices and the proposed signature-based 

quantification format. 

 

Figure III-13. Evidence of index saturation: Demonstrating the failure of unique single values to 

account for geometric diversity in hysteresis patterns. 

 

 

III-6.2.2. The Structural Limitations of Indices 

The representational accuracy of hysteresis indices was assessed to determine if the lack of 

a unique description distorts the physical analysis. Our findings indicate that for complex loops—

those exhibiting bi-directional movement—the internal compensation between opposing segments 

leads to an artificially weak HI. This phenomenon effectively masks the true extent of the hysteretic 

effect. When benchmarked against sequence parameters (Figure III-13), the HI proved to be a less 

sensitive metric for capturing total transport dynamics. As Langlois et al., (2005) observed, such 

indices lack clarity when handling multi-phase rotations. In this case, the index is neither 
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representative of the size nor the direction. Furthermore, in instances where identical parameters 

occur multiple times within a single event (Figure III-10 S14-15 and S20-21). the HI cannot 

differentiate between subloops. These repeated segments, despite sharing a parameter, often 

originate from different geomorphic processes, necessitating a framework that acknowledges 

separate transport stages rather than collapsing them into a single, unrepresentative value.  

This limitation has led several researchers to propose high-resolution alternatives. For 

example, Lloyd et al., (2016a) suggested evaluating a distribution of values throughout various 

loop sections alongside the global average (i.e., HLloyd) arguing that this provides a more rigorous 

characterization of complex geometries like figure-eight forms. Similarly, Aguilera & Melack, 

(2018) opted for a segmented representation, calculating independent values for each quartile of 

the loop’s progression. Furthermore, Zuecco et al., (2016) introduced a complementary metric 

involving the variance between definite integrals of the hydrograph’s rising and falling limbs. 

  This research suggests that the vulnerabilities of current indices can be overcome by 

segmenting loops before index assignment. Because single-peak events are essentially 

combinations of simple rotational variations, modularizing the loop ensures that each component 

receives a unique, hydrologically sensitive numeric description. This segmentation prevents the 

statistical underestimation typically caused by amplitude compensation, leading to precise accounts 

of loop magnitude and orientation. Consequently, partial description modernizes the application of 

hysteresis indices, making them resilient to complex, multi-phase transport scenarios. 

III-6.2.3. The hydrologic problem 

Generally, loop magnitude measures the phase-shift difference, but normalized descriptions 

fail to account for the physical weight of hydrologic parameters. Identical hysteretic behavior, when 

analyzed via concentration-based metrics, produces vastly different sediment transport outcomes 

depending on the flow range and duration involved. By simulating an event where a fixed 

concentration increase is applied across various flow levels (Figure III-14) we can visualize this 

discrepancy. Although the indices remain consistent (Figure III-14c-h), the sediment load is clearly 

sensitive to flow stages—increasing markedly at higher discharges. Furthermore, the discrepancies 

between the rising and falling flow phases at constant flows demonstrate the critical role of 
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duration. Ultimately, this evidence points to the limitations of relying on normalized partial 

quantification to interpret physical hydrological phenomena. 

 

Figure III-14. Sensitivity of hysteresis metrics to temporal scales and flow intensity: A 

comparative analysis. 
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The solution involves re-evaluating loop segments using hydrologic parameters that 

influence their physical significance, specifically flow levels. Existing studies demonstrate the 

utility of this approach. Khettab, (2022) and Megnounif et al., (2013) successfully linked the 

geometric area of the loop to actual sediment loads to distinguish between watershed contributions 

and accidental sediment processes. Furthermore, Misset et al., (2019) refined the analysis of 

transport efficiency by applying a weighted index to the transported mass, a progression from the 

traditional indices established by Lloyd et al., (2016a).  

The Asynchronous Load (AL) was developed in this research to provide a real-scale 

quantification for concentration-based variables. Experimental data matches the example in Figure 

III-14, showing that the multiplier effect of discharge and concentration makes high-flow stages 

critical to sediment transport. Because the rising limb is often short, the resulting hysteresis can 

govern sediment dynamics in a condensed timeframe. This confirms that flow intensity and 

duration are the true metrics of dominance, often diverging from what the largest normalized 

segment of the loop might suggest (Figure III-15).  

Exclusively utilizing normalized metrics fails to provide the depth necessary for robust 

hydrological interpretation. For example, prioritizing the most "prominent" loop segments based 

only on normalized values may lead to erroneous conclusions; this is because normalized results 

often mask minor segments that possess substantial real-scale magnitude (as illustrated in Figure 

III-15). A truly comprehensive quantification requires a dual-metric approach for every segment. 

Assessing each component through both normalized and real-scale lenses ensures a nuanced 

understanding of the interplay between temporal duration, discharge levels, and constituent 

concentrations. 



Chapter 3 – Conception and Development of An Improved Concentration – 

Discharge Hysteresis Analysis Workflow 

 

 

 
119 

 

Figure III-15. Comparative analysis of hysteresis loops: Demonstrating the divergence between 

normalized metrics and physical hydrologic observations. 

 

III-7. Method’s Performance Critical Analysis 

III-7.1. Hysteresis Classification and Quantification Tool 

Hysteresis analysis can be divided into two parts: (1) the qualitative part which is usually 

performed graphically and therefore the obtained information is of an observational nature, and (2) 

the quantitative part which considers all the numerical derivations extracted from the hysteresis 

relationship such as size and slope. Many works have addressed issues related to each part albeit 

considering each issue individually. As a result, the available methods are inconsistent with each 

other. For instance, the classification of events is performed manually (same type of information 

when using machine-learning image identification however manual classification is more 

accurate). Then, hysteresis indices are calculated. All the limitations related to each method are 

passed down when they are coupled. Indeed, only classes I, II, and III are characterized correctly. 

Class IV is characterized as Class II or III disregarding the flow level whereas Class V and similar 

loops are mostly mis-characterized because of the combination of positive and negative metrics.     
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Signature-based hysteresis analysis is built so that such inconsistencies and drawbacks are 

solved. As shown in Figure III-16, the computation bloc of the method performs all the operations 

simultaneously then outputs the results all together. This intricate build relates all the calculations 

and sequencing to individual intervals. Then, partial amplitudes, elemental sequence parameters, 

and initial sediment loads per interval are reduced simultaneously. As a result, the output results 

are coherent:  

• The signature identifies the form. 

• Each sequence parameter in the signature identifies a part that constitutes the form. 

• The position of each sequence parameter identifies the position of the part in the 

hysteresis form going from left to right and thereby from low to high flow, 

respectively.  

• The width and position of each sequence parameter identify the flow range associated 

with the hysteretic event  

• The amplitude of each sequence parameter describes both its geometrical significance 

and hysteretic strength on a normalized scale. 

• The real-scale metrics of each sequence parameter characterize its physical 

(hydrological) impact and relates its hysteretic strength to its natural counterpart.        

 

Figure III-16. Signature-based hysteresis analysis computation and output format schematic. 
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III-7.2. Method’s Additional Performance Validation  

Data records from different parameters vary in scale, data sign, time resolution, and 

relationship direction (positive/negative). Field data allowed us to test some data variations such 

as scale and mixed data quality (mostly low on the rising limb and high on the falling limb). 

However, there was still room for more testing to validate the data compatibility of the approach. 

To this end, we tested the procedure on manually generated events to figure out whether different 

combinations of data characteristics have any effect on the results.  

High resolution data showed that the treatment process balances the number of points 

between the rising and the falling limb. As an effect, when a high-resolution dataset is used, the 

number of measurements is decreased, smoothing the loop in the process (e.g., Figure III-3). 

Meanwhile, when a low-resolution dataset is used, the number of measurements is increased. This 

observation was also made with observed data, prompting the need for a qualitative and a 

quantitative validation for several subdivisions, which were adequate (Chapter III – Section III-

5.2). Hence, we concluded that the data quality does not affect the processing.  

Data normalization standardizes the scale and sign of the values. Partial amplitudes depend 

only on the area enclosed between the rising and falling curves (Figure III-17). Consequently, the 

approach can classify and quantify the loop unaffected by the slope and data sign. As a result, we 

concluded that the approach successfully treats hysteresis loops unaffected by data sign and scale. 
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Figure III-17. Data treatment compatibility with different data variations and the same hysteretic 

effect. 

 

 

III-7.3. Sediment Sources Separation 

III-7.3.1. Hydrologic consideration 

As stated in Chapter II - Section II-5.2 and detailed in Table II-2, there is no consensus 

among authors on the controls of C-Q hysteresis patterns where one pattern is associated with 

multiple possible processes. Hence, it is required to ascertain that the lower bound of the loop is 

the contribution of the stream channel while the loop area is the contribution from other sediment 

sources. Accordingly, the workflow to verify whether the Asynchronous load (AL) is dependent 

upon External Sources being the main factor responsible for the hysteresis effect (Figure III-18).  
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Figure III-18. Decision Tree for Interpretation of Sediment Sources Quantification using the 

Asynchronous Load. 
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As shown in Figure III-18, There exists two workflows to assess whether the asynchronous 

load (or loop area) is the contribution of External Sources. The first path is when sediment transfer 

dynamics are known. This path does not require any further verification. For instance, Megnounif 

et al., (2013) used their unmixing model to study the case of Oued Sebdou (Northwest of Algeria). 

Their application was straightforward since sediment dynamics are known due to the sheer amount 

of conducted studies in the region (Ghenim, 2013; Ghenim et al., 2007; Megnounif et al., 2005, 

2007, 2013; Megnounif & Ghenim, 2016; Megnounif & Ouillon, 2018).  

Meanwhile, it becomes more intricate when sediment dynamics are unknown. In this case, 

it is essential to substantiate whether the model’s concept adheres to the basin’s sediment response 

behavior. Appropriately, the options to validate the applicability of the model range from data-

analysis techniques (such as hysteresis classification, and Hydrograph and sedigraph analysis) to 

in-field and lab-work small studies (such as in-situ channel dimensions monitoring, sediment 

fingerprinting, and short-term stream sampling at successive cross-sections). In brief, the second 

flow path is when sediment transfer dynamics are unknown and thus require further validation 

(e.g., the validation process advanced by Khettab, (2022)). 

It is worth noting that when external sediment sources’ contribution is not the main factor 

controlling hysteresis pattern, might be indicated by a failure in the validation process, the 

Asynchronous Load might not reflect a sediment sources quantification. Regardless, it remains a 

useful indicator to analyze hysteresis loops for concentration-based water parameters as 

demonstrated in Chapter III – Section III-6.2. 

III-7.3.2. Example Sediment Sources Unmixing Model Concept Validation 

The workflow when whether sediment availability-depletion is the main factor is unknown 

can use hysteresis analysis of successive flood events and thereby the analysis of multiple flood 

events (Chapter II – Section II-5.2.4). To demonstrate the validation process, a multipeak event 

was arbitrarily selected from the dataset. The flood was extracted from the station located in 

Colorado, United States (USGS station 07105800). The duration of the event is 10 days and 

consists of 9 main peaks (Figure III-19). The processing results of the separated floods are 

summarized in Table III-2. 
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Figure III-19. Multipeaked flood and sediment depletion graphs example for Sediment Unmixing 

Model concept validation. 
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Table III-2. Multipeaked Flood Hysteresis Analysis Results summary 

Peak Signature Hysteresis Class 
Asynchronous Load  

(in metric ton) 

Normalized Loop 

Area 

1 y Clockwise 968.64 0.265 

2 yzyx Complex 351.05 0.176 

3 zxy Figure of 8 530.14 0.138 

4 zx Linear + Anti Clockwise 
LA3 

1114.23 0.209 

5 zy Figure of 8 272.03 0.261 

6 zxy Figure of 8 52.95 0.185 

7 zxy Figure of 8 52.21 0.151 

8 x Linear 229.75 0.041 

9 x Linear 564.59 0.038 

 

 

As shown in Figure III-19, sediment depletion is evident since the slope of the normalized 

concentration by discharge ratio is a negative value. Indeed, the maximum concentration (Cmax) 

occurs at the early stages of the event compared to the maximum discharge (Qmax). This indicates 

that sediments are highly available at the start and progressively decrease as the flood progresses. 

This observation is reinforced by the successive classification of individual peaks. As summarized 

in Table III-2, the last two floods in the succession are a single-valued curve. The depletion is also 

shown in the size of the loop area, as it is constantly decreasing going from Peak 1 to Peak 9. This 

depletion can also be seen in the decrease in slope of individual peaks (Figure III-20b). As shown 

in Figure III-20b, Peak 1 has a steeper slope indicating a high sediment availability. As shown in 

Figure III-20a Peak 1 is positioned above all the other floods. Peak 3, also has a steeper slope 

possibly due to a heavy rainfall episode. Meanwhile, the remaining peaks have a lower slope and 

are superposed. This superposition leads to the appearance of a significant shared segment at the 

lower bound of the curve. The shared segment, and the appearance of a single-valued curve, or in 

this case two, at the end of the event indicates the depletion of external sources the stream channel 

becoming the sole contributor to sediment yield and thus indicating the success of the validation 

process. 
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Figure III-20. Multipeaked Flood Concentration-Discharge Graph and Individual Peaks' Slopes. 

 

 

III-7.4. Method Implications 

III-7.4.1. Method Limitations 

While signature-based hysteresis analysis effectively solves the many methodological 

issues of current hysteresis analysis, it is still only compatible with single-peak events. Multi-peak 

events either need to be separated or treated differently. However, their treatment is riddled with 
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technical difficulties and hydrological considerations. While their detection is easy, because they 

fail the data preprocessing validation, their data treatment is a case-by-case approach. In other 

words, each type of multipeak event has its own treatment. More technical considerations such as 

the difference between a fluctuation, an inconsequential spike (due to data errors or equipment 

malfunction), and an actual discharge peak increase the difficulty to obtain a robust automated 

procedure. Moreover, there is also the consideration of which and how different flow phases are 

compared. While single-peak events directly compare the rising and the falling limb, multipeak 

events have multiple rising and falling phases. Defining which phases of flow to compare not only 

is a technical challenge but needs to be defined under a hydrological aspect. Finally, multipeak 

events are both diverse and scarce, and therefore tend to be overlooked, and consequently, they 

remain an open challenge for future work and studies. 

III-7.4.2. Method Generalization and Future Directions 

The detailed analysis and inspection of the extensive method application on the main and 

manually generated datasets confirmed that the method can be applied on various datasets. In other 

words, the method can be applied to analyze various other hysteresis relationships in hydrology 

and across other domains. Indeed, hysteresis effect has been observed between many hydrologic 

parameters ranging from concentration-based parameters (suspended and bedload sediments, 

solutes, nutrients, and pollutants) to conductance, temperature, and groundwater level against 

discharge to name a few (see Chapter II – Section II-4). 

The method has a modular nature where the computation of results can be split into two 

parts (1) the signature and normalized metrics calculations and (2) real-scale metrics computation. 

Accordingly, the first block is universally applicable (as shown in section III-7.2). The second 

block presented in this study is only applicable to concentration-based parameters against 

discharge. For other parameters, adequate calculations are required. These calculations can be 

easily implanted due to the method’s flexible structure. 
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III-8. Method Application – Case Study.  

III-8.1. Background 

Semi-arid zones, also known as drylands or steppe regions, are geographical areas 

characterized by limited and irregular rainfall, resulting in a unique set of ecological, climatic, and 

socio-economic challenges, covering a significant portion of the Earth's surface. Arid and semi-

arid areas comprise about 30% of the earth’s surface (Huang et al., 2008; Tietjen & Jeltsch, 2007) 

among which semi-arid regions cover about 15 % (Huang et al., 2016). Semi-arid zones are 

typically found in the transition zones between deserts and more humid regions. They are 

characterized by low average annual rainfall, erratic precipitation patterns, high evaporation rates, 

and often extreme temperature fluctuations. These climatic conditions contribute to the formation 

of a distinct ecosystem, adapted to survive in water-scarce environments. 

In recent years, the challenges associated with semi-arid zones have been exacerbated by 

climate change and human activities (e.g., Charney, 1975; Huang et al., 2016; Y. Xue, 1996). Rising 

temperatures, increased frequency of droughts, and land degradation pose significant threats to the 

delicate balance of these ecosystems. 

One of the primary water challenges in semi-arid zones is the scarcity of rainfall (Ammar 

et al., 2016). These regions often receive low and irregular precipitation, which leads to a limited 

natural replenishment of water sources. The lack of reliable water supply poses significant 

hardships for communities that rely on agriculture, livestock, and domestic use. Insufficient rainfall 

can result in crop failures, reduced food production, and economic instability, leading to food 

insecurity and poverty (Ammar et al., 2016). 

Another water challenge in semi-arid zones is the high rate of evaporation (Yaseen et al., 

2020). With intense heat, water evaporates quickly from surface water bodies, soil, and vegetation. 

This exacerbates the water scarcity issue and further limits the availability of usable water 

resources. It also contributes to soil degradation and reduces the productivity of agricultural lands. 

In semi-arid zones, where the amount of rainfall is limited, every drop of water is valuable. 

However, erosion processes can contribute to the loss of soil and sediment transport, which can 
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have significant implications for water resources. When rainfall occurs, the eroded soil particles 

are carried away by runoff, resulting in sedimentation in rivers, streams, reservoirs, and other water 

bodies. The deposition of sediments reduces the overall volume of water that can be stored. As 

sediments accumulate, the capacity of reservoirs and water storage structures diminishes, limiting 

the amount of water available for various purposes such as irrigation, drinking water supply, and 

industrial use. This aggravates the water scarcity issue, particularly during prolonged dry spells or 

droughts. 

Managing sediment transport and studying sediment sources in semi-arid regions can help 

improve water management strategies and address water challenges. By understanding the origins, 

composition, and transport mechanisms of sediments, targeted interventions to address water 

challenges can be developed. Implementing soil conservation measures can help prevent erosion 

and reduce sedimentation in water bodies and improve soil structure and stability. By minimizing 

soil erosion, the amount of sediment carried by runoff can be significantly reduced, preserving the 

storage capacity of water reservoirs, and improving water quality. 

III-8.2. Motive, Study Area, and Objectives 

Algeria has limited natural water resources, with a notable scarcity in arid and semi-arid 

areas (Nadir & Boualem, 2016; Soltani et al., 2020). A large portion of northern Algeria falls within 

semi-arid climate regions, whereas the southern part is arid. Sediment transport in the region 

exacerbates the water stress situation. According to Guesri et al., (2020), an average of 45 million 

m³ of siltation is deposited annually at the bottom of dams. It is reported that siltation in Algerian 

dams has caused a significant loss of annual water storage capacity, ranging between 2-5% 

(Benselama et al., 2019; Kassoul et al., 1997; Megnounif et al., 2013). 

Among regions of interest in northern Algeria, the Mekerra basin stands out. The basin of 

Oued Mekerra, a sub-basin of the Macta watershed, is mostly located in the Sidi-Bel-Abbès 

Province, northwest of Algeria. To the north of the basin are the Tassala mountain range, where the 

elevation ranges between 1000 and 1100 meters; to the west are the mountains of the Tlemcen 

Province, with elevations around 1200 meters; to the south are the highlands of the Ras El Ma 

region, with elevations ranging from 1200 to 1260 meters; and to the east are the Telagh plateau 
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and Saïda mountains. The southern part of the basin is mostly covered with alfalfa and brushwood 

(Cherif et al., 2009). The central part of the watershed is forested, primarily with Aleppo pine and 

holm oak (Diaf et al., 2020). To the north, the region consists mainly of agricultural plantations and 

farmland (Cherif et al., 2009). 

The Mekerra watercourse’s flow is influenced by a semi-arid climate, characterized by 

irregular rainfall with an average annual precipitation ranging between 300-450 mm (Benmansour 

& Haddouche, 2019; Chehibi et al., 2024; Cherif et al., 2009; Diaf et al., 2020; Maref & Seddini, 

2018; Otmane et al., 2017). Rainfall is inconsistent, with long drought periods and high-intensity 

rainfall events. The drought periods do not support the development of a dense soil cover, leaving 

surfaces exposed to significant rain splash effects during intense rainfall (BENKHADRA, 1997; 

Diaf et al., 2020).  

The main course of the Mekerra originates in the south, from the high valleys of Ras El Ma. 

The basin can generally be divided into three areas: highlands in the south (1640-750 m), middle 

elevation areas (750-493 m), and the plain of Sidi Bel Abbès in the north (493-350 m) (Benmansour 

& Haddouche, 2019; Maref & Seddini, 2018; Otmane et al., 2017). Accordingly, the watercourse 

has three streamgages along its course (Cherif et al., 2009; Meddi & Ben Abbes, 2014; Otmane et 

al., 2017): 

• Hacaiba streamgage controls the upper Mekerra basin, which has a drainage area of 

938 km². 

• Sidi Ali Benyoub streamgage controls the upper and middle Mekerra basin, with a 

drainage area of 1871 km². 

• Sidi Bel Abbès streamgage controls the entirety of the watershed (upper, middle, and 

lower) with a drainage area of 3000 km². 

The Mekerra watercourse is known to flood parts of the towns in the lower Mekerra, namely 

the city of Sidi Bel Abbès (e.g., Benmansour & Haddouche, 2019; Chehibi et al., 2024; Meddi & 

Ben Abbes, 2014; Otmane et al., 2017). In addition to reducing dam storage, sediments can settle 

along, or clog infrastructure designed for flood mitigation, thereby increasing flooding risks. 

Flooding prone urban areas, the Tabia dam, and the Sarno dam are located downstream of the Sidi 
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Ali Benyoub streamgage, making this station a crucial node for studying sediment transport and 

assessing sediment sources to address these issues.  

Accordingly, in this section, the improved hysteresis analysis method is applied to study 

concentration-discharge relationships at this station. To further validate the enhanced hysteresis 

analysis workflow, the objectives of this application are to: 

1. Study sediment dynamics in the watershed. 

2. Verify whether the watershed response presents any challenges to the application of the 

method.  

 

Figure III-21. Mekerra Basin Map 
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III-8.3. Data Collection, Preliminary Analysis, and Processing Path 

The dataset utilized in this study comprises suspended sediment concentration and 

discharge measurements collected at the Sidi Ali Benyoub Streamgage. These data records, 

spanning from 1988 to 2009, were compiled by the Algerian National Agency of Hydraulic 

Resources (ANRH). The sampling frequency was adaptive: during baseflow conditions, samples 

were recorded less frequently, while during high flow periods, sampling frequency is increased to 

as frequent as every 15 minutes. The steps involved in data processing and analysis are summarized 

in Figure III-22. 

 

Figure III-22. Data processing and analysis flowchart 

 

 

Flood events were extracted from the dataset using a semi-automatic algorithm. The start 

and end of these events were then manually verified and corrected as necessary (as described in 

Chapter III – Section III-4). Multi-peak events were separated into single-peak events when 
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possible. From the dataset, 91 hydrologic events were identified, of which 82 were single-peak 

events, while the remaining 9 were multi-peak floods. 

The events underwent a preliminary assessment to evaluate their characteristics. The 

asynchrony of the sedigraphs was analyzed (Figure III-23). As shown in the comparison of 

maximum discharge concentration against peak discharge, the sedigraphs peaked around the same 

time as the discharge, with 24.2% peaking before the discharge, 37.4% peaking after the discharge, 

and 38.4% being synchronized. However, for most asynchronized events, the peaks of the 

sedigraphs occurred within a short timeframe relative to the discharge peak.  

 

Figure III-23. Sedigraph asynchrony analysis versus discharge. 
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The events were characterized by an abrupt rise and a short rising limb. The hydrographs 

can be categorized as extremely skewed (negatively skewed or of a prior-peak shape, according to 

Yue et al., (2002)). The hydrographs also exhibit an impulse-like shape with a sharp rise and fall 

followed by a long tail flow recession phase (Figure III-24). Floods tended to be separated by long 

drought and baseflow periods, ranging from a few weeks to several months, with an average 

drought period of about 71 days. This separation led to the dominance of isolated flood events, 

which could pose an obstacle in the sediment source concept validation phase.   

Finally, single-peak events were processed using the all-in-one hysteresis tool described in 

Chapter III – Section III-5 to obtain the automated classification of hysteresis loops. Both single-

peak and multi-peak events were considered for grouping floods of close occurrence to validate 

the applicability of the sediment sources unmixing model. However, even after grouping events of 

close occurrence into successive and multi-peak events, the dataset still consisted predominantly 

of single-peak floods. Therefore, the validation of sediment sources relied on the analysis of both 

single-peak events and grouped events, as shown in Figure III-22.    
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Figure III-24. Examples of the dominant hydrograph shape and distribution. 
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III-8.4. Results and Discussion 

III-8.4.1. Concentration-Discharge Hysteresis Relationships 

The processing results, summarized in Table III-3, reveal a diverse set of C-Q hysteresis 

relationships within the Mekerra watershed, encompassing combinations of single-valued lines, 

clockwise, and anticlockwise loop segments. The most frequently occurring classes were single-

valued line plus clockwise and single-valued line plus anticlockwise loop (25.27% and 19.7% 

respectively). The diversity of C-Q relationships strongly suggests that the watershed is not 

dominated by a single type of hydrological response but is influenced by multiple, interacting 

sediment sources and transport mechanisms. 

The distinctive sediment transport behavior observed in the Mekerra basin can be attributed 

to its meteorologic and geomorphologic properties. Rainfall events in the region tend to be sporadic 

and intense, which limits the development of dense land cover and leaves the soil exposed and 

vulnerable to rainfall erosivity, continuously refreshing the availability of loose sediments across 

the drainage area just prior and during runoff events, contributing to heightened sediment 

mobilization. 

Prolonged drought periods between high-flow events significantly influences sediments 

available during a flood event. Bača, (2008) highlighted that sediment transport during a flood is 

influenced by the time elapsed since the previous event. Similarly, Malutta et al., (2020) 

emphasized that longer intervals allow for the replenishment of sediment supply. Rovira & Batalla, 

(2006) further described sediment dynamics as a two-phase process involving sediment preparation 

followed by sediment transfer and depletion. In the Mekerra watershed, extended drought and 

baseflow conditions between high-flow events promote the accumulation of sediments both within 

the basin and in-channel storage. The prevalent impulse like hydrologic response is also a factor 

that favors in-channel sediment accumulation and therefore sediment resuspension, leading to the 

frequent occurrence of early sediment peaks during subsequent floods. 

Sediments from distant upstream sources must traverse significant distances before 

reaching the streamgage station. The disparity between the movement of water and sediment is 

further amplified by the basin’s hydrological response, where flow events exhibit a sudden and 
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steep rise from baseflow to peak discharge over a short duration. This abrupt and rapid increase in 

water discharge allows the flood wave to propagate much faster than the sediment wave, 

accentuating the lag in sediment transport and shaping the observed hysteresis patterns. This 

phenomenon has been widely documented, with studies attributing anticlockwise hysteresis 

behavior to delayed sediment supply from upstream tributaries or the slower movement of sediment 

compared to flood waves (e.g., Heidel, 1956; Lloyd et al., 2016; Williams, 1989; Yang & Lee, 

2018). Other studies have linked this behavior to sediments from distant sources or late sediment 

contributions (e.g., Aich et al., 2014; Asselman, 1999; Bača, 2008; Buendia et al., 2016; De 

Girolamo et al., 2015; Duvert et al., 2012; Gao & Josefson, 2012; McDonald & Lamoureux, 2009; 

Megnounif et al., 2013; Pietroń et al., 2015; Rodríguez-Blanco et al., 2010; Seeger et al., 2004; 

Tian et al., 2016; Ziegler et al., 2014). 

Table III-3. Classification summary for Oued Mekerra Flood Events 

Signature Hysteresis Class Count Portion 

x Single-valued line plus loop 4 4.40% 

y Clockwise 7 7.69% 

z Anticlockwise 8 8.79% 

xy Single-valued line plus clockwise loop Type A 8 8.79% 

xyx Single-valued line plus clockwise loop Type B 3 3.30% 

yx Single-valued line plus clockwise loop Type C 12 13.19% 

xz Single-valued line plus Anticlockwise loop Type A 7 7.69% 

xzx Single-valued line plus Anticlockwise loop Type B 2 2.20% 

zx Single-valued line plus Anticlockwise loop Type C 9 9.89% 

yz 
Figure of Eight (Clockwise – Anticlockwise) 

4 4.40% 

yxz 4 4.40% 

zy 
Figure of Eight (Anticlockwise – Clockwise) 

2 2.20% 

zxy 2 2.20% 

xyxz 

Other 

2 2.20% 

xzxz 1 1.10% 

yxy 1 1.10% 

yzx 6 6.59% 

Multipeak  9 9.89% 
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These combined factors drive the coexistence of both clockwise and anticlockwise 

hysteresis behaviors in the Mekerra basin, contributing to their frequent occurrence alongside more 

complex loop patterns, such as figure-of-eight configurations, which reflect the dynamic nature of 

sediment transport. The recurrent observation of single-valued line behavior suggests similar 

sediment transport rates between rising and falling flow phases, potentially indicating the depletion 

or temporary interruption of external sediment sources. This observation is particularly significant 

to validate sediment separation concept (Chapter II - Concept Validation). 

III-8.4.2. Sediment Sources Separation Concept Validation 

The main requirement to apply the lower bound curve method is to assess whether it is an 

adequate representation of the channel network contribution to sediment transport. The first part of 

the validation involved the grouping of events of close occurrence. Although floods tended to be 

separated by long droughts and baseflow periods, several multipeak and successive (or closely 

occurring) events were observed. These events were classified into three categories: 

(1) Small events grouped with a major event, where the latter dominates, rendering the 

smaller ones inconsequential. 

(2) Individual flood hysteresis loops showing a decreasing slope and size, indicating 

reduced sediment availability, without a shared segment or the presence of a single-

valued line. 

(3) Stacked or superposed hysteresis loops sharing a segment of the lower bound curve 

or displaying a single-valued line in secondary events. 

In the first and second categories, it is unclear whether the lower bound curve represents 

solely the contribution of internal sources. Meanwhile, the third category provides the strongest 

indicator. Indeed, as initial conditions such as sediment storage, soil moisture, and storm 

characteristics vary between successive events, the streambed and banks remain the only consistent 

sediment sources. When sediments from external sources are absent or depleted, the dominant 

sediment supply shifts to the channel bed and banks, resulting in shared segments of the lower 

bound curve across successive floods (Figure III-25). 
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Figure III-25. Successive Flood Categories Examples 
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Although the third category provided strong evidence, most events were isolated single-

peak events, requiring further analysis. In previous studies, a single-valued line is mainly attributed 

to an uninterrupted sediment supply (Nistor & Church, 2005; Olive & Rieger, 1985; Rodríguez-

Blanco et al., 2010; H. G. Smith & Dragovich, 2009; G. P. Williams, 1989; Wood, 1977). 

Rodríguez-Blanco et al., (2010) and Walling & Webb, (1982) attribute this behavior to limited fine 

sediment availability. Since external sources are subject to variable supply and potential depletion, 

a single-valued line behavior is associated with the entrainment of channel material rather than 

hillslope-derived sediments (Hudson, 2003; Khettab, 2022; Megnounif et al., 2013).  

The hysteresis signature plays a crucial role in distinguishing transport phases by 

highlighting concentration differences between the rising and falling limbs of the hydrograph. This 

distinction allows for easier isolation of phases exhibiting single-valued line behavior. This 

behavior was identified in approximately 60% of the events (e.g., Figure III-26), suggesting that 

during these events, external sources were either depleted or absent, leading to similar 

concentrations between the rising and falling limbs. In accordance with previous studies and 

successive flood observations (e.g., Figure III-25 – Category 3), a single-valued line behavior 

strongly indicates sediment contributions originating from the stream channel. It is worth noting 

that figure-of-eight loops containing a single-valued line behavior were excluded, since in these 

cases, the single-valued segment represents a transition between clockwise and anticlockwise 

subloops rather than a phase devoid of external sediment inputs. 
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Figure III-26. Example Flood Events showing a single-valued curve segment 
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III-8.5. Sediment Sources Estimations 

From the analysis of both single-peak and grouped flood events, it was evident that external 

sediment sources play a major role in shaping C–Q loop configurations in the Mekerra watershed. 

Results indicate that the geometrical base of the loop reliably represents channel network 

contributions, allowing for a straightforward estimation of stream channel-derived sediment yield. 

Estimations showed that the channel network contributed approximately 84% of the total 

sediment transport making external contributions to be limited to only 16%. Phase-based sediment 

yield separation offers deeper insights into sediment transport dynamics. As shown in Table III-4, 

the rising limb accounts for approximately 33% of the total sediment transport, while the falling 

limb contributes 67%. This is a direct reflection of the hydrographs’ asymmetry. Indeed, although 

clockwise effect was more frequent compared to the anticlockwise effect, duration plays a crucial 

role in defining which effect is dominant. 

Table III-4. Sediment yield partitioning by source and flow phase. 

Category Sediment Yield (%) 

Channel Network Contribution  84.07% 

External Sources Contribution 15.93% 

Sediment transport during rising limb 33.21% 

Sediment transport during falling limb 66.79% 

 

The dominant role of the channel network in sediment transport is closely tied to well-

documented hydrologic processes. Sheet Flow or Overland Flow occurs when water moves as a 

thin, unconfined sheet over the land surface, spreading evenly transporting fine-grained sediments 

from hillslopes to the channel during runoff events (Yuill & Gasparini, 2011). Sediments are carried 

by overland flow into the channel network, where the flow is deeper and faster enhancing the 

overall sediment transport efficiency (Bruno et al., 2008; Di Stefano et al., 2013). Higher velocities 

in the channel network ensure that sediment transport downslope is dominant. For instance, 

Trimble, (1997) performed a long-term survey in San Diego Creek, California, United Stated, and 

found that the channel contribution amounts to about two thirds of the total sediment yield. Fraley 
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et al., (2009) conducted a study on Valley Creek, Pennsylvania, United Stated, and found that the 

combined contribution of bed erosion and bank erosion accounted for approximately 75% of the 

estimated sediment load from July 2004 to July 2005. Megnounif et al., (2013) studied sediment 

yield in Oued Sebdou Basin, Algeria, and found that the channel network contributed 77% of the 

total sediment transport.  

The findings from the present study, which estimate the channel contribution to total 

sediment yield at ~84%, align closely with these documented values. This reinforces the notion 

that in semi-arid environments like the Mekerra basin, channel stabilization measures should be a 

primary focus for sediment management. Since channel processes largely govern sediment 

transport, mitigation efforts—such as bank reinforcement, riparian vegetation restoration, and flow 

regulation—could significantly reduce sediment loads and enhance watershed resilience. 

 

III-8.6. Conclusions and End Notes 

The analysis of sediment dynamics and concentration-discharge relationships in the 

Mekerra basin provided significant insights into its sediment transport mechanisms. The study 

highlights the substantial variability of sediment transport dynamics and on water resource 

management, particularly in an area that is prone to irregular and intense rainfall, dam siltation, 

and flood risk. 

Key findings from the hysteresis analysis reveal that the watershed's response is complex, 

characterized by diverse hysteresis patterns striking a balance between clockwise and 

anticlockwise behavior. These patterns show the variability in sediment availability and transport 

mechanisms influenced by factors such as irregular precipitation, long drought periods, and the 

watershed form and size. 

The predominance of single-valued curves and the successive events with stacked 

hysteresis loops with a significant shared lower bound segment provides a nuanced understanding 

of sediment source contributions during flood events and concluded that external sediment sources 

contribution (or sediment availability) is the main factor controlling hysteresis loops. This indicates 
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that the sediment sources concept (described in Chapter II – Section II-5.2) is applicable to the 

Mekerra basin. 

The identification of the stream channel as the primary sediment source, accounting for 

approximately ~84% of total sediment yield during hydrologic events, emphasizes the need for 

targeted interventions towards the channel network to manage sediment transport effectively. These 

findings are crucial for developing strategies to mitigate sedimentation impacts on water storage 

infrastructure and mitigate the risk of flooding in the Mekerra basin. 
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Conclusion 

The movement of sediment is a dual-edged process: it is essential for healthy river 

morphology and nutrient dispersion, yet it poses risks through the siltation of water bodies and 

resulting socioeconomic strain. Achieving sustainable management requires a comprehensive 

diagnostic approach to sediment sources and transport pathways. This knowledge facilitates a 

clearer understanding of landscape evolution and environmental change, linking hydrological 

patterns to geomorphic outcomes. Establishing a robust framework for source-based sediment 

assessment is therefore indispensable for modern environmental science. 

Sediment particles are detached, transported, and deposited through various natural 

processes and anthropogenic actions. Chapter I provides a comprehensive overview of sediment 

dynamics, beginning with an introduction to the fundamental concepts. It delves into the 

mechanisms of sediment detachment, exploring both physical and chemical weathering processes 

such as frost action, thermal stress, salt crystal growth, and various chemical reactions like 

dissolution, oxidation, and hydrolysis. The chapter also examines other significant contributors to 

sediment detachment, including mass wasting, riverbank collapse, volcanic activity, forest fires, 

and human activities. 

Following the detachment mechanisms, the chapter transitions to sediment transport and 

sedimentation. It addresses the movement of sediments by wind and water, discussing the processes 

of deposition and sediment mixing within different environments, such as hillslopes and 

hydrographic channel networks. The chapter concludes with an overview of sediment source 

analysis, presenting the motivations and methods used. This includes modeling sediment transport, 

sediment fingerprinting, and the use of rating curves and hysteresis analysis to assess sediment 

sources and dynamics. 

As a steppingstone for the subsequent chapters, Chapter I lays the groundwork for 

understanding the sediment concentration-discharge relationship explored in Chapter II. The 

detailed examination of sediment detachment, transport, and source identification is crucial for 

analyzing hysteresis patterns, factors controlling these patterns, and the overall sediment dynamics 

within fluvial systems. This foundational knowledge is essential for the development of improved 

methodologies in hysteresis analysis presented in Chapter III. 
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Chapter II focuses on the relationship between streamflow and concentration. It begins by 

introducing the fundamental concepts of the concentration-discharge relationship, linking back to 

the processes of sediment detachment and transport discussed in Chapter I. The chapter then 

explores various hysteresis patterns, including single-valued lines, clockwise and anticlockwise 

loops, and other complex configurations. 

Next, it delves into the factors controlling the configuration of concentration-discharge 

hysteresis. These include sediment production, sediment transport patterns, particle size, sediment 

source proximity, basin size, and meteorological conditions. These factors are directly related to 

the mechanisms covered in Chapter I. 

The chapter also covers hysteresis analysis techniques, such as pattern analysis, direction 

and magnitude analysis, and hydro-chemical analysis. Practical applications of hysteresis analysis, 

including hysteresis classification and sediment source determination, are explored in detail. The 

chapter concludes with an overview of the current advancements and gaps linked to hysteresis 

analysis, setting the stage for the methodological advancements presented in Chapter III. 

Chapter III represents the practical phase of this research, focusing on the development and 

validation of a novel methodological framework for hysteresis analysis. The chapter starts by 

meticulously outlining the procedure for an improved hysteresis analysis workflow. Method 

validation follows, encompassing both automated classification and quantitative analysis 

assessment.  

Hysteresis is a frequent occurrence in hydrology and other fields, making its analysis a 

crucial tool for understanding the underlying mechanisms of a phenomenon. This chapter addresses 

common challenges in existing hysteresis analysis methods by introducing a more refined and 

precise approach to analyzing hysteresis loops. Accordngly, two primary contributions are 

established in this work. First, the Hysteresis Signature was engineered to segment loops into 

recognizable components, facilitating more efficient data reading and organization. Second, Partial 

Quantification builds upon these signatures to provide robust numerical analysis through both 

normalized and real-scale variables, a process validated through broad empirical testing. 

The resulting 51-signature classification system offers a comprehensive baseline that can 

be easily extended via automated processing. The algorithm demonstrated impressive sensitivity, 
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distinguishing loop components even in instances of narrow, ambiguous geometry. This detailed 

exploration exposed gaps in existing metrics, specifically regarding distinctiveness and hydrologic 

accuracy. To address these deficiencies, the study proposes real-scale metrics and partial 

quantification as a more reliable standard. Even when real-scale data is unavailable, the normalized 

partial metrics provide a solid analytical foundation. Ultimately, the synergy between signature-

based sorting and partial quantification creates a cohesive, high-fidelity framework for studying 

hysteresis.  

The reliability of this method stems from its ability to ignore external data properties during 

processing. Normalized metrics and classification outcomes are determined exclusively by loop 

area, rendering them immune to variations in resolution or sign. While adaptive algorithms ensure 

real-scale metrics remain unaffected by these same factors, their use is strongly encouraged to 

achieve a meaningful physical characterization of the phenomena. 

The scope of this approach is limited to single-peak events, yet the complexities of 

sequential, multi-peak occurrences warrant specialized consideration. Examining these events 

directly would deepen our understanding of inter-event dynamics, such as the progression of 

hysteresis across a series. Managing these intricate flow patterns remains an open challenge, 

providing a rich opportunity for scholars to build upon this work in future investigations. 

This research demonstrates the significance of understanding sediment processes for 

accurate hysteresis analysis and highlights the practical applications of the new method in real-

world scenarios. The integrated approach presented in this thesis attempts to advance the fields of 

geomorphology, hydrology, and environmental science by offering valuable insights and tools for 

sustainable water resource management and landscape evolution studies. A key strength of the 

proposed method is its independence from specific variables, making it a versatile tool applicable 

to a wide range of hydrological parameters, such as nutrients and solutes, and extending its utility 

to other scientific disciplines where hysteresis is a fundamental concept. 
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