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Preface

Soil erosion is a pervasive environmental challenge with far-reaching implications 
for land, water, and ecosystem health. This book, Soil Erosion – Risk Modeling and 
Management, is a comprehensive exploration of the intricate science and practical strate-
gies surrounding the understanding, prediction, and mitigation of soil erosion. Each 
chapter within this volume delves into a specific facet of soil erosion, offering unique 
insights, methodologies, and case studies worldwide.

Chapter 1 introduces the fundamental concepts of soil erosion-risk modeling and man-
agement, laying the groundwork for the subsequent chapters’ in-depth examinations. In 
Chapter 2, the reader embarks on a journey to the Eastern Hindu Kush region in Pakistan, 
where the spatial quantification of soil erosion using the RUSLE approach reveals valuable 
insights into erosion dynamics. Chapter 3 shifts the focus to the Ol Bolossat catchment 
area, exploring the assessment of spatial soil loss with the aid of the Universal Soil Loss 
Equation (USLE) and geographic information systems (GIS). The application of the 
Analytic Hierarchical Process takes center stage in Chapter 4, as it explores the model-
ing of soil sensitivity to erosion in the Menoua Mountain watershed in West Cameroon. 
Chapter 5 focuses on a small watershed, providing a meticulous soil erosion risk analysis. 
Chapter 6 takes us to the downstream of a reservoir, shedding light on erosion control 
using in-stream weirs. The dynamics of coastal morphology near the Sundarban area in 
the Bay of Bengal are examined through remote sensing in Chapter 7. Chapter 8 explores 
the drivers and opportunities for woody vegetation and erosion management in pastoral 
hill country in New Zealand. Prediction of internal soil erosion in hydraulic works is 
the subject of Chapter 9, offering valuable insights into infrastructure stability. Lastly, 
Chapter 10 presents the utilization of rainfall simulators for designing and assessing post-
mining erosional stability, offering innovative solutions for an increasingly relevant issue.

This book, compiled by experts in the field, serves as a valuable resource for researchers, 
policymakers, and practitioners engaged in the vital task of understanding, modeling, and 
managing soil erosion. It showcases diverse perspectives and methodologies, making it a 
comprehensive guide for addressing one of the most pressing environmental challenges of 
our time.

We hope this collection of chapters will inspire new research directions, inform 
 sustainable land management practices, and contribute to preserving our precious  
natural resources.

Dr. Shakeel Mahmood 
Chairperson,

Department of Geography,
 Government College University Lahore,

Lahore, Pakistan 
XII
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Chapter 1

Principles of Soil Erosion Risk 
Modeling
Soheila Aghaei Dargiri and Davood Samsampour

Abstract

It is anticipated that modern agriculture practice patterns will accelerate soil ero-
sion in a negative way. Evaluating the long-term impact of various management strat-
egies on a large farm is a gauge of the sustainable practices of soil nutrients. To find 
areas at risk, there are generally three different methods used: qualitative research, 
statistical approach, and model approach. Each of these approaches has distinctive 
features and applications. The use of geographic databases created using GIS technol-
ogy has improved all techniques and strategies created recently. The sustainability 
of agricultural ecosystems worldwide is severely threatened by low or nonexistent 
attention given to environmental impact assessments, which also seriously threaten 
soil systems. Both conventional field-based methodologies and soil erosion model-
ing can be employed to quantify soil erosion. Agricultural automation has increased 
along with the accessibility of finer scale global level data, strengthening agri-
environmental related modeling approaches. Due to the laborious, moment, limited 
flexibility, and noncomparability of field-based methods, soil erosion modeling has 
many advantages over these assessments. The examined models will be examined 
this season in the direction of wind erosion. The model is useful for forecasting and 
highlighting the areas most impacted by erosion while also saving time and resources.

Keywords: erosion risk assessment, modeling potential soil erosion,  
erosion hazard zones, erosion risk management, soil erosion types

1. Introduction

A serious issue is soil erosion, which averages 30–40 t/ha per year in South 
America, Africa, and Asia, and in the South Asia region is thought to be severe [1]. 
The agroecological efficacy in semiarid and arid regions is facing a significant impact 
from climate change, primarily due to an increased rate of land degradation [2, 3]. 
Due to the undulating to steep terrain and heavy rainfall, particularly in the first few 
years after establishment, soil erosion is typically higher in plantation farms. In order 
to maintain the productivity and fertility of the estates, appropriate soil conserva-
tion measures must be taken in order to reduce this soil erosion to a higher level. 
These measures included reducing soil erosion, strengthening the soil’s structure 
to make it more resilient to detachment and transportation and more permeable to 
surface water, shielding the surface from the effects of rainfall, reducing runoff, and 
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providing secure disposal options for excess runoff. Some of the features that have 
been seen include drainage systems, embankments, fences, cover crops, and stone ter-
racing [4]. Despite the fact that soil is regarded as a mass containing nutrients, topsoil 
with nutrients has been drained in those fields over time, owing primarily to soil 
erosion. As a result, reliable and timely soil erosion monitoring in agricultural and 
plantation regions is crucial for developing soil preservation strategies and improving 
agricultural practices [5]. Numerous nations in the twentieth century experienced 
increased land loss as a result to raise human-induced soil erosion [6]. The most 
fertile topsoil can be lost due to erosion, which lowers soil productivity. Investigating 
soil loss mechanisms and determining the risk of soil erosion are crucial for planning 
future management of soils, preservation, and land-use activities [7–9].

Soil erosion can be evaluated using traditional field-based techniques and soil 
erosion modeling [10]. Agricultural computerization has increased along with the 
accessibility of finer-scale global-level data, which has improved the potency of 
modeling techniques associated with agriculture and the environment [11]. Field-
based approaches to measuring soil erosion are labor-intensive, time-consuming, 
limited in flexibility, and incomparable, whereas soil erosion modeling has numerous 
benefits over these approaches [12, 13]. Several methods for modeling soil erosion 
have been established in recent years with varying needs for input and complexity 
[5]. Applications, specifications, intended uses, and the type of data each model 
provides vary significantly [14]. Soil erosion modeling, which is employed in place 
of traditional methodologies, is the most practical and trustworthy instrument for 
evaluating soil erosion and enabling the appropriate selection of soil erosion manage-
ment strategies [12]. One of the primary reasons for the widespread use of soil erosion 
modeling around the world is unquestionably its high degree of adaptability and data 
accessibility, as well as its sparse parameterization, broad research, and comparability 
of results, which allow the model to be applied to almost any situation or geographi-
cal area [13]. The Universal Soil Loss Equation (USLE) and its associated models, 
which are widely employed to address soil erosion, are among the most extensively 
used designs. These soil erosion algorithms have been applied in a variety of contexts 
worldwide, making them well-known [15]. In this chapter of the book, soil erosion, 
risk modeling, and management using the model are discussed.

2. Soil erosion

2.1 Soil erosion definition

“The dirt on top of a field is naturally eroded by forces such as wind and water. 
This occurrence is known as soil erosion” [16]. It leads to a constant loss of topsoil, 
ecological deterioration, soil collapse, etc. Soil erosion is a continuous process that can 
occur either slowly or quickly. Soil erosion (Figure 1) is caused by the loosening or 
washing away of dirt particles in ravines, seas, waterways, or distant lands [9].

2.2 Types of soil erosion

The erosive process’ rate or the agent accountable for it is used to categorize 
objects. Fast or gradual and natural or human-caused soil erosion can all be catego-
rized. Water currents and windstorms are the main causes of soil erosion caused 
by natural processes, but human activity can also make the problem worse [17]. 
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In Figure 2, types of soil erosion are drawn with slight modifications (by HARM 
VENHUIZEN Associated Press/Reporting for America).

2.2.1 Water erosion

This sort of soil erosion, as its name implies, is brought on by water and denotes the 
removal of topsoil as a result of precipitation, snowmelt, floods, or improper irrigation. 

Figure 1. 
Soil erosion (@Frederick J. Weyerhaeuser).

Figure 2. 
Type of soil erosion.



Soil Erosion – Risk Modeling and Management

4

As a result, it can happen as a result of farming activity or extreme weather. Water is 
more destructive on bare land and during periods of heavy rain or melting [18].

2.2.2 Wind erosion

Another reason for erosion is dust storms, which have become more frequent in 
recent years, especially in arid areas. When the earth is level, acceptable, and dry, 
erodibility increases; nevertheless, hills reduce wind force and make it more difficult 
to remove rough and heavy particles [19].

2.2.3 Anthropogenic soil erosion

This typically happens as a result of anthropogenic forces, and both direct and 
indirect human activity can cause soil erosion. For instance, mining and quarrying 
have an immediate impact. The topsoil is impacted by unsustainable management in 
indirect ways, which aggravates agricultural and forest standing erodibility [20].

2.3 The risks of soil erosion

More than just the loss of fertile land is a consequence of soil erosion. It has 
resulted in increased sedimentation and pollution in streams and rivers, blocking 
these waterways and resulting in a fall in fish populations and other species. Degraded 
areas are also frequently less able to retain water, which can make floods worse [21].

2.4 Mechanisms for erosion

Detachment (from the ground), movement (by water or wind), and deposition 
(frequently in areas where we do not want the soil such as streams, lakes, reservoirs, 
or deltas) are the three processes involved in erosion [22].

2.5 Reason for soil erosion

The following factors are significant contributors to soil erosion:

2.5.1 Rainfall and flooding

Four different types of soil erosion are brought on by rainstorms of greater 
intensity: Sheet and rill erosion, sheet erosion, gully erosion, and splash erosion. In 
locations with extremely heavy and frequent rainfall, a sizable amount of soil is lost 
because rainfall drops scatter the soil, which is then washed away into the nearby riv-
ers and streams. Running water during floods also obliterates a tremendous amount 
of soil by creating holes, rock-cut basins, etc. [16].

2.5.2 Agriculture

Soil erosion is mostly caused by agricultural practices. The ground is disturbed by 
agriculture. To plant new seeds, the trees are cut down, and the ground is plowed. The land 
is left fallow during the winter because the majority of the crops are grown in the spring. 
During the winter, the earth erodes the most. Tractor tires also leave grooves in the ground 
that operate as a natural waterway. Wind erosion removes fine soil particles [16].
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2.5.3 Grazing

Grazing animals consume the grasses on the land and clear it of its flora. The dirt 
is disturbed by their hooves. Additionally, they remove plants from the roots. As a 
result, the soil becomes more permeable to erosion [23].

2.5.4 Logging and mining

The logging process necessitates the removal of multiple trees. Trees firmly hold 
the soil in place. The forest cover protects the soil from intense rain. The leaf litter 
that protects the soil from erosion is also removed during logging. Additionally, min-
ing activities harm the ecology and increase soil erosion risk [24].

2.5.5 Construction

The soil is at risk of erosion due to the building of structures and roadways. The 
trees and meadows are destroyed for development purposes, exposing the soil, and 
making it vulnerable to erosion [25].

2.5.6 Rivers and streams

The dirt particles are carried away by the moving waters of streams and rivers, 
causing a V-shaped erosion action [26].

2.6 Heavy winds

Small soil particles are carried away by the wind to distant countries when the 
weather is dry or in semiarid regions. During dry periods or in semiarid regions, the 
wind carries minute soil particles to far-off nations [24].

2.7 Effects of soil erosion

Erosive processes have an effect on agricultural productivity, deteriorating rural 
communities’ living conditions and well-being (both for individual farmers and 
agricultural cooperatives). Farmlands that have been eroded over time lose their 
soil fertility, deteriorate, and are no longer suited for farming. In addition, erosive 
activities severely harm the environment, decreasing biodiversity and disrupting 
the balance of ecosystems. However, soil erosion is an issue for other reasons as well. 
Oftentimes, it goes unnoticed, causing irreversible land decay [27].

The principal consequences of soil erosion include:

2.7.1 Loss of arable land

Crop production is not supported, and agricultural output is reduced since soil 
erosion damages the top fertile layer of the soil, which is rich in the nutrients needed 
by plants and the soil [28].

2.7.2 Obstruction of waterways

In addition to fertilizers and other chemicals, agricultural soil also con-
tains pesticides and insecticides. Thus, the waterways where the soil flows get 
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contaminated. Flooding results from sediments building up in the water and 
increasing water levels [29].

2.7.3 Polluting the air

The mixing of dust particles in the atmosphere is the main source of air pollution. 
When inhaled, some toxic compounds, such as petroleum and insecticides, can be 
quite dangerous. When the winds blow, the arid and semiarid regions’ dust plumes 
generate extensive pollution [30].

2.7.4 Desertification

Soil erosion is a primary contributor to desertification, transforming habitable 
areas into deserts. Deforestation and damaging land use exacerbate the situation, 
resulting in biodiversity loss, soil degradation, and ecosystem changes [31].

2.7.5 Infrastructure destruction

Soil silt deposition in dams and along their banks might limit their efficiency. As 
a result, it has an impact on infrastructure projects such as dams, embankments, and 
drainage [24].

2.7.6 Losses of topsoil

The removal of topsoil by water or wind has a significant negative impact on field 
fertility since it is the layer of the ground that contains the most organic matter and 
nutrients. This is why soil erosion on agricultural land is so important. Additionally, 
rills or gullies make it very difficult to cultivate eroded fields [32].

2.7.7 Soil acidification

The agricultural ground may become more acidic due to a lack of organic matter, 
delaying crop growth, and exposing it to water and wind [33].

2.7.8 Losses in planting material

Due to agricultural losses and decreased farmer profitability, water streams and 
dust storms kill seedlings and remove seeds from the fields [34].

2.7.9 Water contaminant

Other implications of soil erosion include sedimentation and the deterioration of 
irrigation water quality due to chemical pollution of water bodies from the crops [35].

2.8 Soil erosion affects the environment

There are other problems beside the detrimental consequences on agriculture. 
Plants and aquatic life suffer due to soil erosion, which also results in biodiversity loss, 
sedimentation, and frequent flooding [36].
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2.8.1 Events of regular flooding

Due to the stabilizing effects of tree roots, transforming forests into pastures or 
fields increases the likelihood of flooding and waterlogging since these areas lose their 
capacity to allow for infiltration [37].

2.8.2 Clogged waterways and polluted aquatics

In addition to causing sedimentation in areas with higher altitudes, eroded particles suf-
focate water pumps, dams, and grass-lined streams. Frequently, chemicals that are harmful 
to people, animals, and aquatic life are present in the water currents from fields [38].

2.8.3 Loss of biodiversity

Because many creatures are robbed of their native homes, eroded lands have scarce 
vegetation and eventually become completely naked. The loss of biodiversity causes 
environmental imbalance [39].

2.8.4 Reduced greenhouse gases sequestration

The loss of carbon-sequestering plants on our world might be slowed or stopped 
with sustainable management, lowering greenhouse gas emissions caused by defor-
estation. Trees and vegetation are excellent at storing carbon dioxide, but they can 
rarely develop on degraded terrain. Additionally, soils themselves can function as CO2 
sinks. According to Aberdeen University Professor Peter Smith, the planet can store 
almost 5% of man-made greenhouse gases per year [40].

2.9 Solutions to soil erosion

The kind of soil, terrain, local climate, and appropriate agricultural practices such 
as crop rotation or tillage methods all play a role in the decision-making process for 
controlling soil erosion [41]. Analyzing the efficacy of implemented techniques and 
customizing them for different fields is crucial [42]. The key to success is early prob-
lem discovery and the selection of appropriate solutions based on the severity of the 
issue. In the early stages of soil erosion, for instance, replanting, growing cover crops, 
or mulching can be successful treatments because vegetation protects fields from 
harm brought on by water runoffs, rainfall, and wind. In severe cases, the effects can 
be lessened by terrace farming or check dams [43]. In order to stabilize the ground 
and slow down water streams, further soil erosion management techniques include 
contour cropping and perennial plantings with robust root systems [44].

2.10 Soil erosion prevention

The major environmental problem of soil erosion. It is necessary to take action to 
solve this issue. Some strategies for preventing soil erosion include the ones listed below:

1. To stop soil erosion, add mulch and rocks to the grass and plants below.

2. Plant trees to prevent soil erosion on bare land.
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3. Mulch sheeting may be utilized to stop slopes from eroding.

4. Place a number of fiber logs to prevent any soil or water from washing away.

5. Create a wall at the bottom of the slope to aid in preventing soil erosion.

6. Proper drainage should be installed in every home so that water can be collected 
in the right places [45].

2.11 Key points of soil erosion

The topsoil is naturally being worn away, but human activity has sped up the 
process. It usually happens as a result of clearing vegetation or taking any other activ-
ity that dries out the ground. Soil erosion is a problem that can be caused by farming, 
grazing, mining, building, and recreational activities. One effect of soil erosion is 
land degradation, which has led to a rapid increase in river pollutants and sedimenta-
tion, choking up water bodies, and reducing the diversity of aquatic life. Floods occur 
when deteriorated areas lose their capacity to hold water. Although there are numer-
ous obstacles to overcome when trying to stop soil erosion, there are also solutions to 
it. Farmers and the community that depends on agriculture for food and employment 
place the greatest importance on the health of the soil [46].

3. Soil erosion models

Several theoretical frameworks emphasize the significance of protracted (whether 
natural or geological) erosion in shaping the topography. A multitude of erosion 
models has been devised to gauge the potential outcomes of expedited soil erosion or 
soil erosion stemming from anthropogenic actions [47]. The phenomenon of tillage 
erosion is frequently neglected by models, and the development of soil erosion models 
is more commonly observed in agricultural landscapes rather than in naturally 
vegetated areas such as forests or rangelands. The preponderance of erosion models 
concentrates solely on the phenomenon of soil erosion due to water, whereas some 
other models center their attention exclusively on the issue of erosion at mining loca-
tions [48]. The fundamental aim of the majority of soil erosion models is to predict 
customary levels of soil depletion (frequently an annual mean rate) within a given 
area via the utilization of diverse land management practices such as a plot, a field, 
or a catchment/watershed [49]. Some models used to predict erosion are founded on 
statistical principles, whereas other models rely on mechanical or physical principles 
[50]. The Water Erosion Prediction Project erosion model (WEPP) and the Revised 
Universal Soil Loss Equation (RUSLE) represent two of the most widely utilized soil 
erosion models in North America [51]. The majority of mine land erosion research 
focuses on setting up or improving RUSLE parameters. Gully erosion is frequently 
excluded from soil erosion models because it is challenging to forecast these essential 
erosional features [52].

3.1 Principles of erosion modeling

The complex interactions among a number of elements of the Earth’s system such 
as precipitation, surface, subsurface, groundwater movement, vegetation growth, soil 
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detachment, transport, and deposition, which lead to patterns of erosion and deposi-
tion in both time and space [53]. This section concentrates on the management of 
rainfall, runoff, vegetation cover, and soil characteristics as ingredients without going 
into great detail about the methodology used to calculate the values of these elements 
[54]. Here, an extensive mathematical representation of erosion and sediment trans-
port processes is presented, and an association between models with various levels of 
complexity and experience is derived, showing the common principles [55].

3.1.1 Soil Erodibility models by type

Three types of soil erosion models can be distinguished: theoretical, physics-
based, and empirical or statistical models. These models can be divided into three 
categories based on the physical processes they replicate, the model algorithms that 
represent these processes, and how much they rely on data [14]. The Universal Soil 
Loss Equation (USLE), along with its derivatives, the Revised Universal Soil Loss 
Equation (RUSLE), and the Modified Universal Soil Loss Equation (MUSLE) repre-
sent prominent instances of empirical models. They continued by saying that because 
they may be used in scenarios with sparse data and parameter inputs, empirical 
models are the most basic models. Additionally, they are particularly helpful in locat-
ing the sources of sediment and nutrient production [56].

3.1.2 Reduced erosion process models

It is possible to create equations for streamlined models of erosion processes that 
satisfy easy-to-compute models with freely available data, interactions between two 
restrictive conditions, rainfall, runoff, the local land cover’s condition, erosion, and 
sediment movement [57].

• Limited separation capacity.

• Sediment transfer capacity is limited.

3.1.3 Estimating erosion rates: Techniques

The classification of soil erosion assessment approaches is shown in Figure 3. 
Many different scientific techniques and modeling strategies have been used to build 
a number of soil erosion models. There exist three distinct categories of soil erosion 
models, namely physics-based, empirical, and conceptual models. These models are 
dependent on the underlying algorithms utilized, with each model type tailored to the 
specific nature of the algorithms employed [58, 59].

• Models that use only statistics

• A comprehensive analysis has been conducted by professionals on a com-
pilation of data regarding erosion rates across both naturally occurring and 
reclaimed locations situated in close proximity to both natural and man-made 
ecosystems.

• Examinations of prevailing erosive or depositional structures to determine the 
mean erosion rates are imperative. The age of these attributes should be duly 
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ascertained (or determined by dating deposits). The analysis of antiquated aerial 
photography is a common practice.

• Empirical models that are site-specific that link slope, watershed size, and 
rainfall

• Observations of erosion in flumes under replicated flow or rainfall situations

• Models of gully erosion with a physical basis

• Statistical or erosion mechanics-based landform and landscape scale models that 
are typically based on GIS are used to forecast changes in topography and erosion 
rates.

• Using data from watershed monitoring and sediment budget models [60].

3.1.4 The method for modeling erosion risk

An erosion risk modeling approach combined with routine field research can 
produce reliable decision support beneficial for the effective management of soil 
erosion risk [61–63]. A global initiative to predict soil loss has been the development 
of empirical and process-based models [14, 64–66]. The majority of the effort has 
gone toward thoroughly assessing the risk of soil erosion [67–69]. Habib-Ur-Rehman 
[70] employed a methodology centered on the process to prognosticate soil erosion 
on a regional scale. Numerous models of soil erosion and sediment transportation 
have been created on a global scale to determine the rates of sediment and nutrient 
movement in various land use systems. These models can be classified into three 
distinct groups, namely conceptual models, physical models, and empirical models, 

Figure 3. 
Methods for classifying soil erosion assessments.
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as stated by Merritt et al. [14]. The GIS-based models, namely the USLE, WEPP, 
AGNPS, LISEM, and EUROSEM, exhibit considerable dissimilarities in terms of their 
complexity, inputs and prerequisites, methodologies, visual representations, intended 
application domains, and output data formats [14, 71].

3.1.5 Modeling erosion using GIS

The application of GIS in erosion models enables the storing of georeferenced 
data, computation of input parameters for multiple scenarios, geographical analysis 
of modeling outputs, and effective display. GIS is utilized for the statistical analy-
sis and modeling of erosion processes found in remote sensing data. In the early 
1990s, the Geographic Resource Analysis and Support System (GRASS) provided 
an environment for creative work on the integration of GIS with hydrologic and 
erosion modeling [72, 73]. The primary use of geospatial erosion models is found in 
the fields of agriculture, soil conservation, minimization of silt contamination, and 
sustainable military management as evidenced by various sources [64, 74]. One of 
the initial hillslope erosion models utilized in GIS was the Universal Computing Soil 
Loss Equation (USLE), which was applied to analyze the impact of recent wildfires on 
forests and hillslopes [75]. Furthermore, topographic parameters derived from digital 
elevation models (DEMs) are extracted to support the analysis. Moore and Wilson 
come next, then Moore and Birch [73, 76], set the stage for USLEAP-Applications to 
Landscapes with Complex Topography and the connection between unit flow power 
theory and USLE. The popularity of this strategy has led to multiple USLE installa-
tions supported by GIS for challenging topographic settings [77, 78]. Among the more 
recent GIS applications of USLE coverage area size, large watersheds with mapped 
land cover from remote sensing images are just a few examples [79–82].

3.1.5.1 Making erosion estimation easy with GIS tools

The RUSLE model was originally formulated with the intent of assessing the 
potential for soil erosion in small and localized watersheds. Nevertheless, due to the 
wide distribution, rapidity, and concerns related to the quality of water, the utiliza-
tion of the RUSLE framework inherently presents drawbacks in relation to expenses 
of implementation, adequacy of site representation, and precision of anticipated 
outcomes [76, 83]. The spatial distribution of soil erosion using the traditional RUSLE 
model is often challenging to map, thus posing a considerable difficulty [83]. The 
proliferation of GIS-based models at the regional level has surged significantly subse-
quent to the innovation of GIS technology. Various researchers have reported that the 
utilization of GIS technology in tandem with erosion models, such as the RUSLE, has 
considerably boosted the efficacy of assessing the spatial dissemination and magni-
tude of erosion hazards, while simultaneously reducing costs and augmenting preci-
sion. These findings have been documented in the scholarly literature [77, 84–88].

3.1.6 Soil erosion using the RUSLE model

Satellite-based remote sensing and the utilization of geographic information 
systems (GIS) are indispensable instruments in the evaluation of soil erosion in 
spatial contexts. This is due to their remarkable ability to extract, identify, and 
modify land features, as well as their seamless integration with the Revised Universal 
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Soil Loss Equation (RUSLE) [83, 89–91]. The RUSLE model exhibits extensive usage 
and has an extensive record of validation. It is noteworthy that its limitations have 
been thoroughly established [92, 93]. African soil erosion rates have been predicted 
and assessed in a number of studies using RUSLE, with a focus on highlands and river 
basins [94–96]. Nevertheless, there is a dearth of research on identifying possible 
erosion and simulating the danger of soil erosion in built-up metropolitan settings 
[97–99]. In contemporary times, noteworthy progressions in urban planning and the 
mitigation of soil erosion have demonstrated that land managers and policymakers 
hold a greater degree of significance toward the spatial distribution of soil erosion 
risk as opposed to the factual values for soil loss [100].

3.1.6.1 Using RUSLE to estimate parameters for soil erosion risk

The preeminent and uncomplicated digital manifestation of the Universal Soil 
Loss Equation (USLE) was formulated with the aim of computing the yearly soil 
erosion per unit region predicated on erosion attributes [101, 102]. The RUSLE 
model is regularly employed to forecast the mean yearly soil depletions due to sheet 
and rill disintegration along with exhibiting the geographic arrangement of poten-
tial erosion hazard [51, 97, 102–106]. The assessment of soil erosion risk through the 
utilization of the RUSLE model involves the consideration of several critical factors, 
including the slope length and steepness factor (LS), the land cover and manage-
ment component (C), the support practice factor (P), and the rainfall erosivity 
factor (R) [101]. In the current investigation, the peril of soil erosion was spatially 
allocated, and conceivable erosion was charted by using C and P factors as identify-
ing elements (C and P = 1).

According to reference [101], the Revised Universal Soil Loss Equation (RUSLE) 
stipulates that:

 ∗ ∗ ∗ ∗=A R k C PLS  

Figure 4 presents an exemplification of the procedure through which the model’s 
input parameters are procured from diverse sources that comprise rainfall data, 
soil attributes that include soil texture, hydraulic conductivity, and organic matter 
content, as well as topographical characteristics such as slope length and percentage. 
These attributes are acquired from elevation digital models (DEMs) and satellite 
imagery. The RUSLE model encompasses several inputs such as topography (LS fac-
tor), crop cover (C factor), soil erodibility (K factor), rainfall erodibility (R factor), 
and soil erodibility (K factor), among others [107].

3.1.6.2 Techniques for evaluating RUSLE factors in a GIS environment

The application of the Revised Universal Soil Loss Equation (RUSLE) has been 
extensively implemented in various settings, including tropical watersheds with 
mountainous terrain, expansive watersheds, those dominated by agricultural 
practices, locales exhibiting discernible wet and dry seasons, and areas undergoing 
dynamic transformations in terms of land coverage patterns, agricultural farm-
land utilization, and developmental activities. The RUSLE model comprises three 
primary databases, namely the climatic and survey database, the crop database, 
and the soil data. The climatic and survey database contains monthly temperature 



13

Principles of Soil Erosion Risk Modeling
DOI: http://dx.doi.org/10.5772/intechopen.111960

and precipitation data, as well as contours essential for the computation of factors 
such as erosivity, slope length, and steepness (LS). On the other hand, the crop 
database contains crucial data required for the determination of the surface cover 
factor (C). Lastly, the soil data includes relevant information on soil survey and soil 
characterization. The RUSLE model incorporates the five variables enumerated in 
eq. 1 to compute the mean annual soil erosion loss [108]. Estimation of the various 
components of the model, which is rooted in a significant corpus of research, is a 
prevalent approach to employing the Revised Universal Soil Loss Equation (RUSLE). 
Prior scholars have employed diverse techniques to compute these variables such as 
utilizing meteorological data, geological and soil maps, satellite imagery obtained 
remotely, empirical formulas, and digital elevation models (DEM) sourced from 
multiple origins [109].

3.1.7 Fundamental issues with erosion modeling

The inherent complexity of landscape systems, regional variation, and a lack of 
data makes distributed erosion models difficult [14]. A novel investigation is impera-
tive for soil erosion prediction due to the fact that, despite the extensive efforts 
devoted to soil erosion assessment at the plot or catchment level, the quantitative 
estimation of soil erosion, which is regionally distributed, has not been comprehen-
sively tackled [110]. The basic difficulty with erosion risk models is validation due 
to a lack of data to compare model projections with actual soil loss [111]. The data 
sources from which empirical models were constructed limit their application to 
locales and ecological circumstances [14]. Smith [112] claims that empirical models 
are particularly useful in a number of situations since they are the only ones that can 
be utilized when there is little available data. They have the following restrictions, 
among others; They have several drawbacks, including the following: (1) they are 
based on statistical analysis of significant factors in the soil erosion process and 

Figure 4. 
Flowchart for RUSLE-based estimation of soil erosion.
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produce only approximate and probable results; (2) they are not practical for event-
based prediction of soil loss; (3) they estimate soil erosion on a single slope rather 
than within catchments; (4) they do not represent the sedimentation process; (5) 
they are limited to sheet and/or rill erosion; and (6) they merely take changes in soil 
over time into account.

Physically-based models are typically the most scientifically valid and applicable 
to a wide range of soils, climatic circumstances, and land use scenarios because they 
are based on an understanding of the physical processes that produce erosion and are 
flexible in both input and output [113]. Ganasri and Ramesh [81] expressed agree-
ment on the notion that models based on physical principles necessitate a significant 
amount of data, much of which is not easily accessible. They further posited that this 
implies a typical challenge in parameterizing such models.

Conceptual models can depict the qualitative and quantitative effects of changes 
in land use without needing a significant amount of input data dispersed across a 
wide variety of locations and times [14]. Conceptual models, such as the agricultural 
nonpoint source (AGNPS), occupy an intermediate position between empirical 
and physically-based models. These models serve as a substitute for the mechanical 
components of the system in question [56].

3.1.8 Soil erosion: risk management

When surface vegetation is removed or physically disturbed, the soil is more 
susceptible to erosion. Seasonally extremely dry circumstances raise the danger of 
erosion, where there is less vegetation due to inadequate crop and pasture growth [34].

Important management techniques that have an impact on the risk of soil erosion:

1. How often, how intensely, and when tillage activities occur.

2. the amount and kind of surface cover [114].

The greatest risks related to feeding happen in late summer and autumn if the sup-
ply of feed and the amount of cover of each year’s crop and grass leftovers is decreas-
ing. The majority of the erosion risk is caused by showing practices such as cultivation 
and burning of stubble. Grazing management is additionally a significant factor, in 
particular during dry years, especially if there are more than two subsequent dry sea-
sons [115]. The safeguarding of soil from erosion has significantly increased with the 
implementation of more environmentally friendly land management techniques such 
as no-till sowing and stubble retention. In order to avoid soil disturbance and maxi-
mize residue protection on the soil surface, no-till sowing entails placing the seed in 
a small opening in the soil [116]. Water-repellent soils increase the danger of soil ero-
sion by causing poor plant germination and limited development of plants. A key tool 
for preventing soil erosion is the spreading, digging, and spading of clay to cultivate 
water-repellent soil [117]. These methods of soil alteration are commonly employed 
in the Southern Mallee, Upper South East, and portions of the Eyre Peninsula, where 
there are vast expanses of naturally water-repellent soils [118]. The utilization of 
these methodologies engenders an escalation in the clay concentration of the topsoil, 
thereby fortifying and safeguarding the soil from erosion [119]. Livestock can be 
withdrawn from fields using confined feed before the ground covering deteriorates 
too far. It is a crucial method for stopping erosion during dry seasons, as well as in the 
late summer and early fall when vegetation is dwindling [120].
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3.1.9 Risk assessment of soil erosion

Despite the potential cost of collecting field data for risk assessments at 
elevated levels, it remains a crucial factor in the formulation of efficacious poli-
cies and strategies concerning the conservation of soil and water resources [121]. 
The technological progress in geographic information systems (GIS) and satellite 
imagery provides practical avenues for surveying, classifying, identifying, and 
tracking land use and soil at diverse levels. In numerous research endeavors, models 
aimed at evaluating soil erosion have been established and executed through the 
utilization of satellite data and geographic information system (GIS). Remarkably, 
it has been disclosed that these models are at times more efficacious and accurate in 
detecting and linking the peril of soil erosion compared to field survey data. This, 
in turn, confers invaluable insights for resource management and soil conservation 
planning [122]. Overall, the assessment of soil erosion employs both qualitative and 
quantitative approaches. Despite the availability of measures for approximating soil 
erosion volumes and rates, the determination of the severity of the risk is conducted 
qualitatively. The methodology utilized in qualitative evaluation encompasses a 
broad spectrum of techniques such as picture categorization [123], index linking 
[124], photo analysis [125], field research statistics [126], and photo interpretation. 
The soil erosion risk map is produced through the utilization of the index coupling 
procedure, which is a qualitative evaluation technique that utilizes remote sensing 
images and GIS [127]. The aforementioned methodology has been demonstrated 
to be a plausible and economically feasible approach for gauging the likelihood of 
erosion [128, 129]. Several quantitative techniques, such as USLE, RUSLE, CORINE, 
PESERA, and WEPP, employ methodologies for constructing models [130–133]. 
The determination of the average annual soil loss per unit area of soil over a 
prolonged period can be ascertained through the utilization of the Universal Soil 
Loss Equation (USLE), a widely employed and uncomplicated soil erosion model 
[134]. Additionally, the Revised Universal Soil Loss Equation (RUSLE) has been 
established as a novel technique that integrates current data, which supersedes the 
USLE approach [92]. There exists alternative, less commonly utilized methodolo-
gies for appraising soil erosion depletion, including the collaboration of data on the 
environment (CORINE) model, which was derived from a USLE model for assessing 
the erosion vulnerabilities and attributes within the member states of the European 
Union (EU) [135]. The PESERA model, designed to predict long-term average ero-
sion rates at a 1 km resolution, has been predominantly adopted by a large portion 
of Europe [136]. The water erosion prediction project (WEPP) computational 
model is an uninterrupted, simulation-based, and distributed parameter frame-
work for soil erosion prediction that is equivalent in status to the USLE and RUSLE 
models [137]. However, the authentication of qualitative erosion models presents 
obstacles due to the requirement for extensive proof, fresh resources, and the 
preparation of qualified personnel [138].

3.1.10 Global soil erosion analysis studies

Water-induced soil erosion is a significant factor in the global degradation of land 
[139–142]. The nutritious topsoil, which contains the majority of organic matter 
and nutrients, is lost due to erosion [143, 144]. According to the global evaluation of 
land degradation (GLADA) conducted by the United Nations Environment Program 
(UNEP), it has been observed that there has been a degradation of 1.1 billion hectares 
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of land globally due to soil erosion. The issue of land degradation has been most 
prevalent in Asia, accounting for a significant portion of the total at 48%, followed 
by Africa at 21%, Latin America and the Caribbean at 15%, Europe at 10%, Oceania 
at 8%, and North America at 5% [145]. In areas prone to drought, it was estimated 
that the yield loss of agricultural produce was associated with a significant decrease 
of 55% [146]. The regions exhibiting the greatest levels of soil erosion were observed 
in Africa and Asia, predominantly due to the presence of intense precipitation that 
is highly erosive in nature [120, 122], larger population [123], and despite the loss of 
natural vegetation, there has been a proportional increase in agricultural land and 
urban areas [124, 125]. Researchers have shown that soil erosion rates vary widely 
among countries, continents, and climate zones [28, 112, 118–121]. In conjunction 
with these alterations, a significant reduction in biodiversity and ecological services 
has been observed [147–149]. According to a recent scholarly investigation [113], it 
has been anticipated that there will be an escalation in soil erosion until the water on 
a global scale by 30–66% by the year 2070 due to the projected alterations in climatic 
conditions and land use. This phenomenon is expected to have a more pronounced 
impact on the global poor. This necessitates additional research to enhance our 
knowledge of the key factors influencing soil erosion throughout a broader variety of 
geographical areas [142]. This necessitates additional research to enhance our knowl-
edge of the key variables influencing soil erosion over a larger variety of geographical 
regions. Additional knowledge on land cover and its management practices is of 
particular importance because it will help with planning, implementing, and evaluat-
ing mitigation efforts [150].

3.1.11 Limitations of the model

Recent research calls for increased field-based erosion assessment and monitoring 
because it is challenging to anticipate erosion potential using models [151]. In addition 
to being instruments for simulation and predictability, models are tools for under-
standing. As a result, models can be thought of as both instruments for understand-
ing and tools for controlling variables, trends, and disparities between data that are 
distinct in terms of space or time [152]. There is always a potential that what models 
transmit is insufficient or even incorrect, and these deficiencies may not be obvious to 
the model user or the recipient of the model output as models are also used to com-
municate research and its results [153].

4. Conclusion and future directions

Soil erosion modeling is developing due to the availability of highly precise 
geographical and meteorological data for monitoring intra-annual fluctuations in 
temperature, vegetation, and management practices. Accurate soil erosion modeling 
is required to make informed decisions about planning, management, and policy at 
both small and large spatial scales. Based on a comprehensive review of the literature, 
it has been observed that the RUSLE model has gained widespread usage and has been 
proven to be an effective tool in estimating the amount of soil loss caused by erosion 
across various regions of the globe. The RUSLE model has proven to be a valuable 
tool when implemented on a local scale. However, the integration of RUSLE with GIS 
methodologies has greatly improved the assessment of soil erosion that is geographi-
cally distributed over large catchment areas. Based on an analysis of the existing 
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literature, it has been determined that the fundamental components of the model can 
be derived from various sources of data, including digital elevation models (DEMs), 
meteorological data, cartographic depictions of soil, and remote sensing imagery. 
GIS technology facilitates the examination of a broad study region, specifically in the 
context of soil erosion studies, by virtue of its requisite capabilities. Nevertheless, 
the identification of an appropriate model that can accurately assess soil loss from all 
forms of erosion at a given site remains a challenging endeavor.
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Chapter 2

Spatial Quantification of Soil
Erosion Using Rusle Approach:
A Study of Eastern Hindu Kush,
Pakistan
Zara Tariq and Shakeel Mahmood

Abstract

Globally, soil erosion is a severe environmental issue, particularly in mountainous
regions, leading to substantial declines in soil productivity. This study aims to quan-
tify soil loss in Eastern Hindu Kush region using Revised Universal Soil Erosion Loss
Equation (RUSLE) approach integrated with Remote Sensing and Geographic Infor-
mation System (GIS). The study considers various factors including rainfall, soil
erodibility, topography, slope, and land use to model annual soil loss rates. Rainfall
erosivity (R), slope length and steepness (LS), soil erodibility (K), cover management
(C), and conservation practice (P) were utilized as input parameters. These parame-
ters are integrated to estimate soil erosion risk zones through raster-based GIS analy-
sis, categorizing soil loss severity into five classes. The results show soil loss rates
ranging from > 50 to over 276 tons/ha/year, indicating varying levels of severity. The
distribution of soil loss severity is as follows: 37% of the area falls under insignificant,
16% under slight, 22% under moderate, 11% under severe, 6% under very severe, and
8% under catastrophic severity zones. Notably, valley areas with steep slopes and
significant relief display higher erosion rates. The intricate and challenging terrain of
the Eastern Hindu Kush makes it particularly susceptible to soil erosion risks.

Keywords: soil erosion, RUSLE, GIS, elevation, slope, susceptibility, Hindu Kush

1. Introduction

Soil degradation is one of the most leading environmental challenges all around the
world. It decreases land for agricultural activities and ultimately lead to less agricul-
tural production. It also leads in the removal of top soil which reduces the fertility rate
of that land [1–3]. Soil is a medium which has been threatened by several factors like
soil erosion, decrease in organic matter, contamination. The regions having arid and
semi-arid climatic conditions are more prone towards soil erosion [4]. It has influence
on land degradation, water quality, sedimentation of rivers, infrastructural damages
and on agricultural productivity [5, 6]. The causes for erosion include, agricultural
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activities, urbanization, population explosion, climate change, infrastructure, mining
activities and many other [7].

Short-term environmental and climatic change is resisted by most soils, but may
undergo irreversible change such as large-scale erosion. Erosion of the soil is normally
used to depict the adverse effects of man’s utilization of soil resource, with soil being a
valuable natural resource which is renewed really slowly. Soil erosion is induced by
anthropogenic impact on land surface, whether in terms of deforestation, extreme
cultivation or the misuse of the land. Rill and sheet erosion proves to be very danger-
ous form of soil erosion, resulting in an almost imperceptible but constant degradation
of land under cultivation. Soil erosion proves to be disastrous natural phenomenon
that threatens soil stability [8].

The identification and estimation of erosion risk zones is an important element in
preventing land degradation. Among those elements the most important factors are
the observation of soil forming factors of that particular region. In Pakistan, the
phenomenon of soil degradation is also of utmost importance and is one of the major
environmental challenges. Soil erosion has many impacts such as low agricultural
productivity and sedimentation. The quantities of soil erosion depend upon the
topography, vegetation, soil type, and climatic conditions. Pakistan is a dry land and
lies in arid and semi-arid region. Eighty percent of the land in Pakistan is arid or semi-
arid, about 12% is dry sub-humid and the remaining 8% is humid. About two-third
population in Pakistan are depended on this dry land for their livelihood. Dry lands of
Pakistan are drastically affected by degradation of land and desertification because of
poor and mismanaged land practices [9].

Soil erosion assessment, zonation and prediction are highly important in order to
lessen soil loss [10]. Several soil erosion modeling approaches have been introduced to
predict soil erosion in highland regions and to evaluate the transportation and deposition
of sediments. Among these models, majority of the models were first introduced in
United States based entirely on different equations. Later on, these equations were
improvised and many new variables and factors were added. Some of the soil erosion
models are, Modified Universal Soil Loss Equation (MUSLE) [11], Universal Soil Loss
Equation (USLE), the Unit Stream Power – based Erosion Deposition (USPED) [9, 12],
and the Revised Universal Soil Loss Equation (RUSLE) [13].

The RUSLE is a computer-based version of USLE. It has been modified by adding
several new factors which include new set of rules and algorithms to compute the
cover factor, for slope length and steepness factors. This study aims to spatially
quantify the soil loss in Eastern Hindu Kush Region using RUSLE approach integrated
with Remote Sensing and Geographic Information System (GIS).

2. The study region

Geographically, Eastern Hindu Kush in Pakistan extends between 34° 34 ̍11̋ to 36°
54̍30 ̋ North Latitude and 71°11 ̍56 ̋ to 73°52 ̍5̋ East Longitude. Hindu Kush region lies in
the west of Himalayas. Its western section falls in Afghanistan, however the eastern
section located in Pakistan. The drainage basins of river Swat and Chitral are covering
the eastern section of Hindu Kush mountain system. Swat River originates from two
major glaciers of Ushu and Gabral, whereas river Chitral originates from Chiantar
glacier. The study region is famous for its beautiful and fertile river valleys, which
support large population (Figure 1) [14].
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Eastern Hindu Kush stretches from Karambar Pass in East to the Dorah Pas not far
from Mount Tirch Mir. The Central part continues to the Shebar Pass to the northwest
of Kabul. The Western part of Hindu Kush descends to the Kermu Pass. In the
extreme eastern region between the Karambar and Baroghil is dominated by very high
peaks. Administratively, the Eastern Hindu Kush consists of the following districts,
District of Chitral, Upper Dir, Lower Dir and Swat Scott [15]. The region is prone to
heavy rainfall, surface runoff and flash floods which further intensity soil loss [16, 17].

3. Spatial quantification of soil loss

The extent of soil erosion estimation is a complex interactions between Geology,
topography, climate, soil, land use and land cover. RUSLE approach was selected to
predict protracted average annual soil loss rates in an area (Figures 2 and 3). In this
model, five major parameters were utilized to quantify soil erosion loss in Eastern
Hindu Kush region. The mathematical expression of RUSLE model is given in the
following equation:

A ¼ R� K� L� S� C� P (1)

Where,
A = Soil loss per unit area (tons/ha/yr.).
R = Rainfall-runoff erosivity factor (index) (MJ/hectare mm/yr.).

Figure 1.
The study area.
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K = Soil erodibility factor (tons/ha/yr).
LS = Slope factor (unit less).
C = Cover management factor (unit less).
P = Conservation practice factor (unit less).

Figure 2.
RUSLE approach.

Figure 3.
Research work flow.
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3.1 Rainfall-runoff Erosivity factor (R)

Rainfall-Runoff erosivity (R) quantifies the impact of raindrop on the surface and
the rate of runoff likely to take place after a rain event. This factor is well-defined as
the mean annual sum of individual or specific storm event energy (E), and also the
maximum 30 min rainfall intensity for a specific storm event as described by [13, 18].
In order to estimate the accurate R factor, it is recommended to observe at least 20 to
30 years of rainfall data to accommodate climatic variation. The R factor determines
the erosivity by rainfall at a specific region based on the intensity and amount of
rainfall. It basically represents the impact of rainfall intensity on soil erosion. The
rainfall-runoff erosivity was estimated by the following equation used by many
researchers on areas where similar topographic and atmospheric conditions prevail
[19, 20].

R ¼ 0:05� P: (2)

Where,
R = Rainfall Erosivity Factor, P = Mean Annual Rainfall in (mm).

3.2 Soil Erodibility factor (K)

The K factor is a quantitative measurement of the erodibility of a particular type of
soil. It can be also described as a measure of the susceptibility of soil particles towards
detachment and transportation by rainfall intensity and runoff. Soil texture, soil
structure, soil permeability and the organic matter are the main soil properties
influencing K factor. The soil erodibility factor for every particular soil is defined as
the rate of erosion per unit erosion index from a standard unit plot of 22.13 m long
slope length having 9% of slope gradient [21]. It represents the rate of soil loss per
rainfall erosivity index (R).

On the basis of data availability, following equation was used to estimate the soil
erodibility of soil given by Wischmeier and Smith [18].

K ¼ Fcsand ∗ Fsi� cl ∗Forgc ∗Fhisand ∗0:1317: (3)

Where,

Fcsand ¼ 0:2þ 0:3 exp �0:0256 SAN 1� SIL
100

� �� �� �
: (4)

Fsi� cl ¼ SIL
CLAþ SIL

� �
0:3: (5)

Forgc ¼ 1:0� 0:25C
Cþ exp 3:72� 2:95Cf g

� �
: (6)

Fhisand ¼ 1:0� 0:70SNI
SNI þ exp 5:51þ 22:95SNIf g

� �
: (7)

Where, C is the organic carbon content, SIL, CLA and SAN are % silt, clay and
sand, respectively, SN1 is sand content which is obtained by subtracting it from 1 and
dividing by 100, Fcsand = gives a low soil erodibility factor for soil with coarse sand
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and a high value for soil with little sand content, Fsi-cl gives a low soil erodibility
factor with high clay to silt ration, Forgc is the factor that reduces soil erodibility for
soil with high organic content, Fhisand is the factor that reduces soil erodibility for soil
with extremely high sand content.

3.3 Slope length and slope steepness factor (LS)

The Slope length or Steepness factor (LS) is the output of two individual factors
combined together i.e. Slope length factor (L) and a Slope gradient factor (S), both of
these factors are delineated from the ALOS PALSAR DEM. The LS factor proves to be
an important parameter in the modeling of soil erosion.

The L factor depicts impact of slope on soil erosion. When the length of slope
increases, erosion of soil will also increase. Whereas, the S factor represents impact of
slope gradient on erosion. The rate of soil loss increases with increasing slope steepness
more than it does with length of slope. The LS factor depicts erodibility because of slope
steepness and length. It signifies the influence of topography, specifically slope features,
on soil erosion. Hence, proving it to be directly proportional to the soil erosion e.g., an
increase in slope steepness and length marks an increase in the LS factor.

The LS factor was calculated from after generating the flow direction and flow
accumulation grids in ArcMap 10.5 by using Arc Hydro toolset.

L ¼ λ
22:13

� �m

: (8)

Where, L = Slope length factor, λ = Slope length (m), m = Slope-length exponent

m ¼ F
1þ F0 : (9)

sin β=0:0896
3 sin βð Þ0:8þ 0:56

: (10)

Where, F = Ratio of rill erosion to inter-rill erosion, β = Slope angle (°).
In ArcMap, L was calculated by the following equation,

L ¼ flowacc þ 625
� � mþ1ð Þ � flowacc

mþ1ð Þ

25 mþ2ð Þ ∗ 22:13m
(11)

.

S ¼ Con Tan slope ∗0:01745ð Þ<0:09ð Þ, 10:8 ∗ Sin slop ∗0:01745ð Þ þ 0:03ð Þ,ð
16:8 ∗ Sin slop ∗0:01745ð Þ � 0:5ð ÞÞ

For Slope gradient factor,

S ¼ Con Tan slope ∗0:01745ð Þ<0:09ð Þ, 10:8 ∗ Sin slop ∗0:01745ð Þ þ 0:03ð Þ,ð
16:8 ∗ Sin slop ∗0:01745ð Þ � 0:5ð ÞÞ

(12)

.

Final LS Factor,

LS ¼ L ∗ S: (13)
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3.4 Cover management factor (C)

Cover management factor (C) is used for estimation cropping impact and other
managing practices on soil erosion. After topography, vegetation is considered the 2nd
most vital aspect that helps in minimizing the risk of soil erosion. Different types of
land use and land cover intercepts precipitation and increasing infiltration rates and
also helps in the reduction of rainfall impact on ground by reducing its energy before
hitting the ground.

In the study area, Global land cover data was used to generate a C-factor map.
It was generated by modifying the dataset in a raster-based GIS environment. The
shape file was then modified in ArcGIS by merging all the attributes of same grid
codes of land cover type. The C values were assigned by reviewing the literature of
comparable model usage in the areas having similar prevailing climatic conditions as
my study area.

3.5 Erosion control practice management factor (P)

Erosion support practice factor (P) indicates the rate of soil loss according to
different land cover management practices. This factor accounts for the control prac-
tices which reduces the rate of erosion caused by runoff and their influence on runoff
concentration, runoff velocity, drainage patterns. P factor also accounts for the
hydraulic forces exerted on soil by runoff. Land treatment in the form of contouring,
strip cropping and terracing are the precautionary measures taken to prevent erosion.
The precautionary measures or any control practices that are being used to minimize
the impact of various factors on erosion contributes in the calculation of P factor.

The extent of soil erosion can be predicted by estimating the complex interactions
between Geology, topography, climate, soil, land use and land cover. This empirical
based technique is used globally to predict protracted average annual soil loss rates in
an area. In this model, five major parameters are calculated to measure the soil erosion
rates in a specific region (Figure 3). The work flow the Study is given below.

4. Spatial estimation of soil erosion

4.1 The R factor

R factor determines erosivity by rainfall at a specific region, which is usually
based on the intensity and amount of precipitation. It mainly represents the impact
caused by rainfall intensity on soil erosion. In this study area, the monthly precipita-
tion data for six weather stations situated in the study area were obtained from the
World Bank website. It was validated with the satellite based data to integrate the
results. Rainfall map was prepared which represents the spatial distribution of rain in
the Eastern Hindukush. This map was utilized to estimate R factor map by calculat-
ing the Rainfall erosivity for a time period of about 1991 to 2019 in study area.
Rainfall-runoff erosivity was calculated by the following equation used by many
researchers on areas where similar topographic and atmospheric conditions prevail
(Figure 4) [19, 22].

R ¼ 0:05� P: (14)
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Where,
R = Rainfall Erosivity Factor, P = Mean Annual Rainfall in (mm).

4.2 Soil Erodibility factor (K)

K factor is the quantitative depiction of soil erodibility analyzed for a particular soil
type. It basically is measure of soil particles susceptibility towards the impact of
rainfall and runoff. The erodibility factor is mainly influenced by the texture of soil,
soil structure, soil permeability and organic matter. For an individual soil type, K
factor is particularly defined as the rate of soil erosion per unit erosion index measured
by average unit plot of 22.13 m long. It chiefly determines the rate at which soil loss
takes place per rainfall erosivity index (Figures 5 and 6).

4.3 Slope length and slope steepness factor (LS)

Slope length or Steepness factor, The LS factor is the output of 2 individual factors
combined together i.e. Slope length factor (L) and a Slope steepness factor (S), both
of these factors were delineated using the ALOS PALSAR DEM. The LS factor proves
to be an important parameter in the modeling of soil erosion risk in eastern Hindukush
region.

L factor depicts the abrupt impact of slope on soil erosion. The soil loss increases
per unit area as the slope length increase. Whereas, the S factor represents the impact

Figure 4.
Rainfall-Erosivity factor (R) of eastern Hindukush, Pakistan.

36

Soil Erosion – Risk Modeling and Management



of slope steepness on erosion. The rate of soil loss intensifies with increasing steepness
of slope more than it does with length of slope. LS factor depicts erodibility because of
slope steepness and length. It signifies the influence of topography, specifically slope
features, on soil erosion. Hence, proving it to be directly proportional to the soil
erosion for example, an increase in slope steepness and length marks an immense
increase in the LS factor.

Slope length and steepness for the study area was calculated by utilizing an eleva-
tion model. The DEM was filled to fill all the depressions to get accuracy in the
imminent analysis. When all the depressions or sinks formed because of erroneous
data are filled, by assigning them the values of neighboring cells (Figure 7) [23].

4.4 Cover management factor (C)

The Cover management usually known as the C factor is used to estimate the
impact of several management and cropping practices on soil erosion. After topogra-
phy, vegetation is considered as the 2ndmostsignificant factor that helps in minimizing
the risk of soil erosion. Different types of LULC intercepts precipitation and results in
increasing infiltration rates and also helps in the reduction of rainfall impact on
ground by reducing its energy before hitting the ground (Figure 8).

In the study area, Global land cover data was used to calculate and analyze a
C-factor map. It was generated by converting the dataset into a polygon .shp. The
shape file was then modified in ArcGIS by merging all the attributes of same grid
codes of land cover type. Now, the C values were assigned by reviewing the literature

Figure 5.
Soil content.
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of comparable model usage in the areas having similar prevailing climatic conditions
(Table 1).

4.5 Erosion control practice management factor (P)

The P factor or erosion support practice factor indicates the rate of soil loss as per
different land cover management practices. This factor particularly accounts for the
control practices which reduces the rate of erosion caused by runoff, and also focusses
their influence on drainage patterns, runoff concentration and runoff velocity. P
factor also accounts for the hydraulic forces exerted on soil by runoff. Land treatment
in the form of contouring, strip cropping and terracing are the precautionary
measures taken to prevent erosion (Figure 9).

The precautionary measures or any control practices that are being used to mini-
mize the impact of various elements on erosion contributes in the generation of P
factor (Table 2).

This issue has never been addressed in the study region. Accordingly, no resistance
or management strategies and techniques have been used. Consequently, the value of
‘1’ was generally set for the generalization of the P factor in the eastern Hindukush,
Pakistan.

5. Annual soil loss

The final soil loss magnitude was obtained by analyzing five Geo-environmental
factors, Rainfall-Runoff Erosivity factor (R), Soil-Erodibility factor (K), Slope length

Figure 6.
Soil Erodibility factor (K) of eastern Hindukush, Pakistan.
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(L) and Slope Steepness (S), Cover management factor (C) and the Erosion Practice
Control management factor (P).

The estimated annual average soil loss in the Eastern Hindukush is ranging from 50 to
more than 276 Tons/ha/year. The spatial distribution of soil loss severity is represented in
Figure 10. The study area is delineated into five different zones showing the severity of
soil erosion. Maximum erosion is observed in northern parts of the study area. Bare areas
and highlands with steep slopes are more susceptible to soil loss. Bare areas and highlands
with steep slopes are more vulnerable to soil loss as shown in the map.

6. Discussion

Eastern Hindukush is mostly fed by glaciated water. When glaciers melt, it causes
rapid erosion. This increased rate of erosion can affect the productivity of Dam which
is located on Chitral River, leading to reduced power generation as well as loss of
agriculture land. Initial output of the dam was about 250,00 kilowatts but with the
passage of time, it reduced to 64,000–20,000 kilowatts.

RUSLE modeling approach comprises of following parameters; The Rainfall-
Runoff Erosivity (R), Soil Erodibility (K), Slope Length and Slope Steepness (LS),
Cover Management (C) and Support Practice (P) Factor. For the calculation of annual
average soil erosion, the above five factors were estimated. Input layers of these
factors were in ArcGIS individually. The high R factor values shows that the northern
part of District Chitral receive more rainfall, as well as areas of Shoghar, Kalash and

Figure 7.
Slope length and slope steepness (LS) of eastern Hindukush, Pakistan.
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the south eastern part of the study area as depicted by the results. The high elevation
and topographical features of this region is the cause of excessive rain apart from
other regions. The K factor of the study area ranges between �1 to 3.0. Soil erodibility
map was generated using the ISRIC Soil Data of organic carbon, Clay, silt an = d sand
content found in the region. Lower values of K factor show the soils having low

Sr. no. Land Cover C Factor

1 Grass Land 0.059

2 Built-up Areas 0

3 Barren Land 1

4 Shrub Land 0.69

5 Water Bodies 0

6 Cultivated Land 0.28

7 Forest 0.004

8 Wetland 0

9 Snow Covered 0

Table 1.
C-factor in the eastern Hindukush.

Figure 8.
Cover management (C) of eastern Hindukush, Pakistan.
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permeability and lower moisture content etc. The slope length and slope steepness
(LS) factor has a range of 0 to 28,048. Flow accumulation and accelerated slope is
represented by higher values of LS factor. Cover management, the C factor value falls
in the range of 0 to 1.1 depicts the maximum land cover, whereas 0 represents the
areas having minimum or very little land cover. The value of the support practice (P)
factor is generated as 0.2 to 27.8. The region is mostly suffering from the ignorance of
authorities on conservation, calculating this factor was a challenge because of the
deficiency of data on conservation practices being carried out in the region. The
annual average rate of soil loss of the study area is about 276 tons/ha/year, and the
overall annual soil loss from this region is nearly 31 million tons/year. The results
concluded by the severity classification of soil erosion estimated that % area of study

Figure 9.
Erosion control practice management (P) of eastern Hindukush, Pakistan.

Slope % Contouring

0–7 0.55

7–11.3 0.6

11.3–17.6 0.8

17.6–26.8 0.95

> 26.8 1

Table 2.
P factor values for slope as per agricultural practice.
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area falls in the very low zone, indicating soil erosion of <10 tons/ha/year, which is
contradictory to the bearable limit of <2 tons/ha/year [24]. It clearly shows that this
region needs to be addressed properly and timely in this regard. Moreover, almost
30% of the area falls in the low-erosion zone, 22% of the area in the region lies in the
moderate zone, 16% lies in high-erosion zones, whereas 8% of the total study area lies
under catastrophic erosion zone. The areas having minimum vegetation and steep
slopes are more vulnerable to high soil erosion. Several land use activities, such as
urbanization, overgrazing and deforestation, considerably increase erosion rates, and
make it critical in areas having steep slopes and high elevation.

RUSLE has proved to be efficient and suitable tool for soil loss estimation and is
globally acknowledged because of its accurate and reliable calculation of annual soil
loss rates [20]. On the other hand, practical validation was not achieved because the
resources were insufficient. The final outcome of this study is comparable to formerly
conducted studies in the neighboring regions at watershed level. The result of a study
proposed in the watershed of Fateh Jang showed that soil loss was 17–41 tons/ha/year
for 1–10% slopes in uncultivated land, while the rate was relatively lower (9–26 tons’
ha/year) for vegetative land [20]. Another proposed research for the soil loss appraisal
in plain areas using RUSLE showed almost 8 tons/ha/year. Results of the study
conducted above showed that the Eastern Hindukush is at more risk to soil erosion
than the Potohar region, Pakistan.

This study shows that soil erosion is a severe hazard and is in dire need to be
addressed. This study will help in identification and understanding risks associated with
soil erosion. It does not only identify the risk but also listed the contributory factors

Figure 10.
Average annual soil loss rates (T/H/year) of the eastern Hindukush region, Pakistan.
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towards the erosion. The management and strategic planning to sustain natural
resources and policymaking can analyze the findings of this study to minimizes oil loss.

7. Conclusion

This research provides the quantitative aspect of soil erosion. The research utilized
RUSLE with GIS to map the soil erosion severity in the eastern Hindu Kush, Pakistan.
The five parameters involved in the RUSLE model are rainfall–runoff erosivity (R),
soil erodibility (K)) factor, slope length and steepness (LS) factor, land cover man-
agement (C) factor, and support practice (P) factor. These factors are used to estimate
the annual average soil loss rate. The maps of these factors were generated separately,
and value ranges were obtained from generated maps. The high value of rainfall–
runoff erosivity factor (R) indicates that the northern part of the study area receives
more rainfall, including the areas of Shoghar, Chitral, and Kalash, as indicated in the
results. The topography and high elevation of this region is the major reason for the
excessive rains. The soil erodibility (K) factor ranges between �1 to 3. The soil
erodibility map was generated by using the raster soil content layers of the respective
soil types in the soil map. The slope length (LS) factor has a range of 0 to 28,048. The
higher value represents flow accumulation and an increase of slope. Land Cover
management (C) factor lies in the range of 0 and 1. Maximum land cover is indicated
by assigning it the value of 1, whereas the least land cover is represented by 0. The
value of the support practice (P) factor is taken as 1.0 because of the ignorance of
authorities on conservation and the deficiency of data on conservation practices.

The study concludes that it is quite significance to recognize and to have a com-
plete understanding of risks related to the erosion of soil in the study area. The current
study has proved Eastern Hindu Kush to be under severe threat of soil erosion. The
highest rates of soil erosion are found along the path of river. River channel and some
areas in Eastern Hindukush are highly vulnerable to soil erosion. Barren land and
highlands with steep slopes are more vulnerable to soil loss. The lowermost portion of
the Eastern Hindukush is prone to very high soil erosion rates. The magnitude of soil
erosion was estimated by calculating the annual average soil loss rates in the Eastern
Hindukush, which ranged between >50 to more than 276 Tons/ha/year presented by
low and high values. Severity of the soil loss is represented by five different classes.
Maximum erosion is observed in northern parts of the study area. Bare areas and
highlands with steep slopes are more susceptible to Average annual soil loss. The
percentages of the area lie under soil loss rates, concerning its severity, are 37% in
insignificant, 16% in slight, 22% in moderate, 11% in severe 6% in very severe, and 8%
in the catastrophic severity zone of the study area. Final output of the study was to
calculate the soil erosion risk in the Eastern Hindu Kush region, Pakistan. The low and
very low class represents areas having no or minimum risk towards soil erosion as
compared to other classes. The areas bearing the moderate class are prone to soil
erosion but the damages may not be catastrophic. High and very high classes repre-
sents the areas having maximum risk of erosion that can be catastrophic in nature if
triggered in the near future.

This result of the study shows that the Eastern Hindukush is greatly prone to soil
erosion, mainly the southern part of the region including the areas of Ispheru, Arkari,
kalash and Harchin and many more. If the phenomenon of erosion expands with the
same pace it would cause more land degradation. The results in this study comprise
soil erosion severity classes and erosion intensity. The estimated soil loss in the present
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study was 276 tons/ha/year. The percentage of erosion which is about 8 percent shows
that this region is very prone to erosion. The rate of soil erosion is increasing day by
day; it will cause serious damage to the living conditions of eastern Hindukush. Thus,
livelihoods of many families will be suffered if actions and precautionary measure are
not taken in time. There are no precautionary measures in high elevated steep slopes
to ensure the mitigation of soil erosion risk. Lack of knowledge and mismanaged
agricultural practices in this region is also a major cause of soil erosion. This study will
assist the policymakers and planners who can utilize these results to generate a miti-
gation strategy and can future planning as well.

8. Recommendations

Plantation in the upper parts of the area would be help in sustaining soil and it also
will be helpful in stabilizing the climate. Moreover, plantation along the river channels
will be helpful in protecting the agricultural land from flash floods resulting in erosion
control. The construction of embankments along the river and adjacent to the river
will prevent the land from erosion caused by flooding. Hydro-meteorological stations
play an important role in collecting hydrological and meteorological observations, the
modeling of hydrological and meteorological phenomenon, forecasting weather and
warn about the extreme events. Government along with the local administration
should create a think tank in order to improve land management.
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Chapter 3

Spatial Soil Loss Assessment
Using USLE in Lake Ol Bolossat
Catchment
John Mwangi, Charles K. Gachene, Stephen M. Mureithi
and Boniface Kiteme

Abstract

Erosion by water is one of the most common types of soil degradation which
occurs in all climatic regions and is widely considered to be a serious threat to the
long-term viability of agriculture in many parts of the world. Lake Ol Bolossat in
Nyandarua County, Kenya, is a high altitude lake that was formed on Rift Valley
escarpment and faces the challenge of siltation due to increased soil erosion. Over the
last few decades, the lake has been encroached and lake area has been overgrazed
reducing the vegetation cover around the Lake. An assessment of spatial soil erosion
loss was conducted using USLE model and GIS which showed that most parts of the
Lake catchment have soil loss beyond tolerable levels of nine tons per year. The soil
erosion range was between zero and 22, 525.5 tons per year. The land uses that were
more vulnerable to soil loss are croplands, grazing lands with sparse vegetation and
barelands which had soil loss ranges of 10–50 tons, 100 to 1000 tons and 500 to
22,525.5 tons per year respectively. The study recommended for immediate interven-
tions by policy makers, researchers and development partners in curbing the soil loss
problem.

Keywords: USLE, spatial soil erosion, Nyandarua, soil degradation, modelling, GIS

1. Introduction

Soil is a prerequisite for food production [1] especially at the wake of rapidly
increasing world population placing a high demand for food resulting to agricultural
intensification globally. However, food productivity is fast declining due to increased
soil degradation [2]. Often, rapid land use transformation, for example, conversion of
forests to agricultural land results to soil degradation which normally takes four main
forms: water erosion; wind erosion; chemical degradation; and physical degradation.
Each form of soil degradation, occurring both individually and in combination with the
other forms, can result in the loss or damage to key ecosystem functions and processes
[3–5]. Among the four forms of soil degradation, erosion by water is the most common
which occurs in all agro-climatic zones and is widely considered to be a serious threat to
the long-term agricultural production in many parts of the world [6–8]. It is a primary
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agent of soil degradation [9], affecting 1094 million ha, or roughly 56% of the land
experiencing human-induced degradation worldwide [2, 10, 11]. Soil erosion has also
been recognised to be the major non-point pollution source in many areas, which causes
a large amount of damage every year [6, 12].

Soil erosion, considered as the most widespread form of soil degradation, has
greatly affected agricultural production globally and in particular, Sub Saharan Africa
[2, 6, 11, 13–16]. One-third of arable land globally has been estimated to have been lost
over the last four decades due to soil erosion [2, 11] at a rate of over 10 million
hectares per year [4]. Soil erosion by water dislodges soil particles from the surface
due to impact of rain drops [14, 17, 18] which generate enough power to carry the
particles far away causing sedimentation of water bodies [16, 19] and other
environmental hazards [4, 20, 21]. These negative environmental effects usually
deprive soil its capacity to perform its functions and the links between soil and other
ecosystem components [2].

Soil erosion by water is sometimes considered to be a purely natural process
caused by rainfall and water flow [4]; however human activities greatly aggravate the
erosion through alteration of land cover and disturbance of soil structure through
cultivation [2, 5, 11].

The main physical parameters influencing the intensity of erosion processes are
climate regime, soil characteristics, topography and vegetation. Apart from these
physical parameters, man and man-induced land use often have a significant influence
on erosion intensity. When the protection of the natural vegetation cover is replaced
by a temporary cover such as during the cultivation cycle, the erosion intensity might
increase significantly [22]. Wischmeier and Smith [23] noted six (6) factors that affect
soil erosion which include rainfall erosivity, soil erodibility, slope length and angle,
crop management and conservation practices.

Assessment of soil erosion remains critical as it enables different players to formu-
late mitigation measures [4]. Various methods employed in assessing soil erosion -
either by water or wind - vary depending on the causes, magnitude of erosion and on
the scale of assessment as well as the applicability of the methods in different envi-
ronments [8, 21, 24]. The most common methods of assessment are: expert opinions,
land users’ opinions [25, 26], field monitoring, observations and measurement,
modelling [27, 28], estimates of productivity changes and remote sensing [29, 30].

The soil loss prediction models include Universal Soil Loss Equation (USLE),
Revised Universal Soil Loss Equation (RUSLE), and Soil Loss Estimation Model for
Southern Africa (SLEMSA) and can be helpful in designing sustainable land use
practices in order to curb soil erosion menace [6, 11, 20]. These methods differ in their
use and application depending on various factors such as the intentions for use;
characteristics of study area; data requirement and availability; validity and reliability
of the method [16, 21, 26]. These mathematical models are continually being
improved and scientists from many countries have adopted them to meet the require-
ments of their local conditions [24, 31].

The USLE model is widely used to predict average annual rate of soil erosion based
on rainfall intensity, type of soil, slope steepness, crop and soil management practices
[7, 8, 16, 21, 24, 28, 31]. It is based on the product of rainfall-runoff erosivity (R), soil
erodibility (K), slope length and steepness (LS), surface cover and management (C)
and supporting conservation practices (P) [7, 21]. Nontananandh and Changnoi [10]
noted that USLE requires relatively simple data and it is compatible with a geographic
information system (GIS). Several studies point out that USLE remains the best
available model that has been tested in virtually all environments of the world in spite

48

Soil Erosion – Risk Modeling and Management



of having been criticised and accused of giving erroneous results [17, 19, 28, 31].
The main criticism of the USLE has emanated from people having applied the model
in environments in which it was not intended to be used [31]. This study aimed at
assessing spatial soil loss using USLE model and GIS in Lake Ol Bolossat Catchment.

2. Materials and methods

2.1 Study area

Lake Ol Bolossat catchment is located on latitude 00 090S and longitude 360 260E in
Nyandarua County, Central Province of Kenya. The lake with an area of 43.3 km2 lies
at an average altitude of 2340 m above sea level in a wedge shaped rift valley floor
sloping eastwards and northwards [32] and forms the headwaters of Ewaso Narok
River which is the major tributary of Ewaso Ng’iro North River (see Figure 1).

The region enjoys favourable climate for most periods of the year, with tempera-
tures ranging between 10° and 28°C. The climate is sub-humid and is strongly
influenced by local topography of the surrounding central highlands with mean

Figure 1.
Flow chart analysis of soil loss.
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annual rainfall of 980 mm and increases southwards and westwards. Rainfall is
bimodal, with long peaks between April and June and the shorter peaks between
October and November [32].

The areas is dominated by small holder mixed farmers who grow crops and rear
livestock on parcels of land ranging from 1 to 4 hectares. Nearly 60% of the families
own less than 2 ha of land. Since they have free access to pasture around the lake, most
of them own more livestock than their 2-ha plots can support. The human population
density in the lake basin and the lake’s watershed is approximately 202 per km2 [33].

2.2 Data sources

Different data sources were referred to analyse the soil loss in the study area. A
digital elevation model (DEM) with 90-meter resolution developed by NASA was
used to calculate the slope length and slope gradient of the study area. The land
cover classification map for 2014 was used for the analysis of crop management
factor (C-value) while a soil map made by Centre for Training and Integrated
Research in ASAL Development (CETRAD) was used in the analysis of soil erodibility
factor (K-value).

Analysis of soil erosivity factor (R-value) was derived from annual rainfall data for
different rainfall stations in the catchment which was obtained from CETRAD data-
base. Conservation practices factor (P-value) was derived from land use types aligned
to specified slope of the study area. The estimation of soil loss was then done by map
overlays, pixel by pixel which enabled accurate multiplication of USLE parameters.

2.3 Methodology

The universal soil loss equation (USLE), developed by [23], was employed to assess
the amount of soil loss in Lake Ol Bolossat Catchment. The USLE was applied in GIS
based on the flow chart shown in Figure 2.

Mathematically the equation is denoted as:

A tons=ha=yrð Þ ¼ RXKXLXSXCXP (1)

Where A is the mean annual soil loss, R is the rainfall erosivity factor, K is the soil
erodibility factor, L is the slope length factor, S is the slope steepness factor, C is the
crop management factor and P is the erosion control practice or land management
factor. The analysis of each process factors of USLE was derived procedurally as
illustrated in Figure 2.

2.3.1 Rainfall erosivity factor (R)

There are three equations which have been used to derive R-factor in different
parts of the world [30] namely;

R ¼ 9:28XP ‐ 8838 (2)

Mean annual erosivity (KE > 25) where P is mean annual precipitation.

R ¼ 0:276XPX130 (3)
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Mean annual EI30, where P is mean annual precipitation.

R ¼ 0:5XP in US unitð Þ and R ¼ 0:5XPX1:73 in Metric unitð Þ (4)

The study noted that the Eq. (2) is applicable in Peninsular Malaysia while the
Eq. (3) requires I30 factor which is difficult to calculate. Eq. (4) is applicable in humid
and sub-humid areas with mean annual rainfall of between 900 mm and 1700 mm
[30]. This equation Eq. (4) was applied in this study where it was integrated into Arc
GIS 10.3 software to derive R-factor. The rainfall data was obtained from CETRAD
database. Average annual rainfall for at least twenty years was computed for ten
weather stations in the catchment with respective rainfall erosivity factor using Arc
GIS 10.3 [e.g., Table 1 and Figure 3).

2.3.2 Soil erodibility factor (K)

Bizuwerk et al. [30] defines Soil Erodibility Factor (K) as mean annual rainfall soil
loss per unit of R for a standard condition of bare soil, recently tilled up-and-down
with slope with no conservation practices and on a slope of 50 and 22 m length.
Hellden [34] in [30] developed a USLE for humid and sub-humid highlands condition
by adapting different sources and proposed the K values of the soil based on their
colour. This soil classification was adopted for the study and modified according to
four soil types found in the area. Soil map was obtained from CETRAD database.

Figure 2.
Rainfall erosivity factor.
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However, the soil data were in their geomorphologic names but not their colour
and hence an attempt was made to match the soil names with their colour referring to
World Reference Bureau (WRB) classification. The k value was then computed using
Arc GIS 10.3 and results presented in raster format as shown in Figure 4.

Name of station Location Mean annual rainfall (P) Erosivity (R)

Longitude Latitude

Shamata Gate �0.19457 36.52173 1121.72 970.29

Ndaragwa Forest Station �0.06568 36.53005 921.82 797.37

Nyahururu Meteorological Station 0.02973 36.36449 1048.13 906.63

Ol bolossat Forest Station �0.05476 36.33653 972.18 840.94

Ol Joro-Orok KARI �0.01097 36.38219 765.5 662.16

South Marmanet Forest Station 0.04496 36.37365 970.75 839.70

Mirangine Chief’s Camp �0.17906 36.24434 1171 1012.915

Kangui Secondary School �0.05081 36.39671 897 775.905

Ol Kalou Railway station �0.27275 36.37752 694 600.31

Rumuruti MOW office 0.26748 36.54844 703.2 608.268

The rainfall stations were selected based on their proximity to the study area. Where there was no rainfall station existing
near the study area, another station was selected and then extrapolation of data was carefully done in order to have the
most representative rainfall data.

Table 1.
Computation of rainfall erosivity factor (R Factor) for the study area.

Figure 3.
Soil erodibility factor.

52

Soil Erosion – Risk Modeling and Management



2.3.3 Slope length and slope steepness factors (LS)

Wischmeier and Smith [23] noted that slope length and slope steepness can be
used in a single index to express the ratio of soil loss using the following equation.

LS ¼ X=22:1ð Þm 0:065þ 0:045Sþ 0:0065S2
� �

(5)

Where X = slope length (m) and S = slope gradient (%).
The values of X and S were derived from DEM. To calculate the X value, Flow

Accumulation was derived from the DEM after conducting FILL and Flow Direction
processes in Arc GIS 10.3

X ¼ Flow accumulation ∗ Cell valueð Þ

By substituting X value, LS equation was:

LS ¼ Flow accumulation ∗Cell value=22:1ð Þm 0:065þ 0:045 Sþ 0:0065 S2
� �

Moreover slope (%) was directly calculated from the DEM using the same soft-
ware. The value of m varies from 0.2–0.5 depending on the slope as shown in Table 2
[23]. The result of LS factor analysis is shown in the Figure 5.

Figure 4.
LS factor.
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2.3.4 Crop management factor (C)

The crop management factor which represents the ratio of soil loss under a given
crop to that of the base soil [30] is perhaps the most important USLE factor because it
represents conditions that could be managed most easily to reduce erosion [10]. The
land use map was developed and used for analysing the c-value. The coverage was
changed to grid where a corresponding c-value was assigned to each land cover class
using reclass method in ArcGIS 10.3 and results presented as shown in Figure 6.

2.3.5 Erosion management practice factor (P-value)

The support practice factor, P, is a soil loss ratio for a specific support practice to
the corresponding soil loss with up-and-down slope tillage [10]. The P-value ranges
from 0 to 1 depending on the soil management activities applied in the specific plot of

m-value Slope (%)

0.5 > 5

0.4 3–5

0.3 1–3

0.2 <1

The slope for the study area ranged from less than 1%–5% and therefore the m-value (slope length) ranged from 0.2 to 0.5
(dimensionless).
Source: Bizuwerk et al. [30].

Table 2.
m-value.

Figure 5.
Crop management factor.
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land. These management activities highly depend on the slope of the area [30].
Wischmeier and Smith [23] calculated the P-value by delineating the land into two
major land uses, agricultural land and other land. The agricultural land sub-divided
into six classes based on the slope percent to assign different P-value as shown in
Table 3. The study applied this same technique to assign the P-value of the catchment.
The results were computed and presented in raster format as shown in Figure 7.

Figure 6.
Erosion management factor.

Land use type Slope (%) P-factor

Agricultural land 0–5 0.1

5–10 0.12

10–20 0.14

20–30 0.19

30–50 0.25

50–100 0.33

Other land All 1.00

Source: Bizuwerk et al. [30].

Table 3.
P-value.
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3. Results

The results of this study show that the amount of soil loss in Lake Ol Bolossat
catchment ranges between zero (0) and 22, 525.5 tons per year from 57, 800 hectares
as shown in Figure 8. This implies that the mean annual soil loss is approximately
0.389 tons per hectare per year. However, averaging the soil loss would suggest that
the study area is experiencing low soil erosion which is much lower than tolerable
levels of 9 ton per hectare [35].

The study revealed that areas covered with dense vegetation i.e. along Ndudori
Tumaini escarpment and South Marmanet forest have little or no soil loss while areas
with sparse vegetation and Bareland have high soil loss. It is also noted from the study
that areas dominated by agricultural activities and areas around the Lake have expe-
rienced high soil loss. In addition, barelands and areas with sparse vegetation have
high soil erosion rate. Most parts of the study area did not have soil conservation
measures as indicated by low value of P factor in Figure 7 and this could be another
possible reason why these areas have high erosion rate.

4. Discussion

Rainfall erosivity factor (R) plays a vital role in soil loss. The catchment under
study has R-value of between 723.7 and 902.1 (Table 1 and Figure 3). High R-factor is
usually associated with soil loss due to high kinetic energy of rain drops that dislodges

Figure 7.
Estimated soil loss.
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and disintegrates soil particles that are easily carried away by surface runoff
[3, 36, 37]. However, other factors such as vegetation cover and erosion
management factors also determine the rate of soil erosion [22, 36]. According to the
study areas with high R-values and high vegetation cover such as western strip of
study area have little soil loss (less than 5 tons/year). In comparison, areas with
moderate R-value (about 723.7) and little or no vegetation cover experience high soil
loss indicating that C-factor plays a major role in controlling soil erosion. In the view
of this, it can be concluded that there is no soil erosion factor acts in isolation but all
USLE factors are interrelated.

Vegetation cover is an important determinant of soil erosion. Vegetation intercepts
the rain drops reducing their impact on soil particles. In addition, vegetation cover
slows down the surface runoff allowing for more for water to infiltrate and conse-
quently reducing the scouring ability of the runoff [29, 36, 37].

The type of soil in an area determines the soil erodibility value. The study area has
four dominant soil types i.e. nitisol, phaeozem, luvisol and solonchack which have
different erodibility values (Table 4). The results of the study show that nitisol is
erodible even though they have a high erodibility value (0.25) because these soils are
deep and supports dense vegetation. Solonchacks are highly erodible (K-value of 0.35)
and areas dominated by this type of soil have high erosion rate. Most of these areas are
around the Lake and have a soil loss of over ten tons per hectare per year which is
above tolerable values of 9 tons per hectare per year [35, 37]. Luvisols and phaeozems
are relatively erodible and areas dominated by these soils have high rate of soil
erosion. In addition to soil types, overgrazing also contributes to high soil erosion rate

Figure 8.
Study area.
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especially around the Lake. The same observation was made by [35] when they were
assessing erosion hazard in Upper Ewaso Ng’iro Basin of Kenya.

Slope length and slope angle (LS factors) also influence the rate of soil erosion.
Steep slope especially Satima escarpment experience high rate of soil erosion. These
sloppy areas have relatively high vegetation cover and erosion management practices
as shown in Figures 5 and 6 respectively, however the erosion rate is high possibly
due to high erosivity factor.

The results of this study are based on use of empirical model, USLE. It is therefore
recommended that other methods such as experimental plots be used so as to compare
the results. The results of prediction models can be improved by carrying out semi-
detailed or detailed soil surveys so as to enable a better way of computing erodibility
factor. In addition, field assessment of soil and water conservation measures would
help to accurately determine erosion management practices (P-factor). In addition,
further research is recommended on assessment of soil erosion hot spots so as to
formulate immediate soil conservation measures.

The study revealed that the spatial rate of soil loss in Lake Ol Bolossat catchment is
between zero (0) and 22,575.5 tons per year. The rate of soil loss in most of the parts of
the study area is alarming and requires mitigation measures for it is above the tolera-
ble levels of 9 tons per hectare. The study also revealed that rainfall intensity, soil
erodibility, slope length, slope angle, vegetation cover and erosion management are
factors that contribute to soil erosion in Lake Ol Bolossat catchment. The spatial
locations of high erosion rates are agricultural areas (croplands) and grazing areas
around the Lake which are dominated by barelands and sparse vegetation.
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Soil colour Reddish brown Brown Black Grey

Soil Type Nitisol Phaeozem Luvisol Solonchack

K factor 0.25 0.2 0.15 0.35

Modified from Bizuwerk et al. [30].

Table 4.
k-values.
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Chapter 4

Modeling of Soil Sensitivity to
Erosion Using the Analytic
Hierarchical Process: A Study of
Menoua Mountain Watershed,
West-Cameroon
Gabriel Nanfack and Moye Eric Kongso

Abstract

The Bamboutos Mountains experience a persistent deterioration of their natural
environment, which is evidenced by the ongoing loss of vegetation and growing
instability of the ecosystem. As such, several soil restoration projects have been put in
place to restore this mountain ecosystem and maintain its agricultural potential. This
article goes in-line with this premise by studying the sensitivity of soils to water
erosion in a watershed where agriculture is the main form of land use. The objective of
the study is to examine various aspects of the study area, including its topography,
lithology, hydrology, climate, and land use, in order to adopt a multi-criteria
approach that involves intersecting these factors related to soil vulnerability to
erosion using GIS. Results showed that the Menoua watershed is characterized by
very steep slope classes (60% of the area occupied by slopes greater than 50°),
with agricultural land alone covering approximately 49% of the watershed or
almost half of the available space. The map of soil sensitivity to erosion shows
that areas most sensitive to erosion (42%) generally coincide with the sloping land
cultivated on lateritic soils in the northern part of the basin. Very strong and strong
sensitivity to erosion represents 8.82%. The basin is therefore a geographical area at
risk of erosion. Adopting no-tillage farming technique and the agroforestry can reduce
sensitivity to erosion and ensure sustainable management of mountains.

Keywords: sensitivity to erosion, agriculture, AHP, GIS, Menoua watershed

1. Introduction

The Menoua watershed is a hydrosystem where agriculture is the main form of
land use [1]. The combined effect of ancestral farming practices, which often do not
take soil conservation into account (slash-and-burn method, absence of fallows, ridg-
ing along steep slope) [2], high rainfall (2000 mm/year), relief, soil type (ferralitic
soils), and the regression of the plant cover promotes water erosion. This leads to soil
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degradation and a drop in agricultural production potential. This phenomenon
creates imbalances and damage in the production basins: degradation of the
topsoil with loss of fertilizing elements upstream and excessive deposits of alluvium
downstream [3, 4].

As such, the need to achieve risk reduction by identifying potential sites with high
erosive sensitivity is the major objective of this study. It will be a question of
researching for this intra-mountain space, the natural and/or anthropogenic predis-
positions that characterize the sites prone to this phenomenon of soil erosion. It is
therefore important to identify these areas by taking into account the biophysical and
environmental realities, which predominate in the watershed in order to improve the
sustainability of production systems. Therefore, in order to map the sensitivity of soils
to erosion in the Menoua watershed, an approach based on modeling, which makes it
possible to intersect factors taken into account for the mapping of soil sensitivity to
erosion using GIS was chosen. This chapter mainly deals with the methodology for
mapping the sensitivity of soils to erosion. It is divided into four main parts. The first
part presents the geographical framework of the study area, the second briefly details
the methodology used while results and discussion are presented in the third and
fourth parts, respectively.

2. Materials and methods

2.1 The study area

With a superficial area of 68,200 hectares, the Menoua watershed is part of the
Western Highlands of Cameroon. It is located on the southern slope of the Bamboutos
Mountains between latitude 5° and 6° North of the equator and 9° and 10° of the
Greenwich Meridian. Its average altitude varies between 700 m downstream and
2270 m upstream (Figure 1). It has a compactness index of around 2.107 [5], which
reduces the response time of the basin to precipitation and promotes erosion. It
receives an average annual rainfall amount of 1900 mm [6], characterized by both
spatiotemporal irregularity and high intensity [7]. It has an irregular slope system that
exceeds 15° on nearly 70% of the basin [8] and a reduced vegetation cover that now
represents 28.35% of the catchment area [1].

Like in all of the Western Highlands, geological formations are mainly made up of
products of volcanic eruptions (rhyolitic, trachytic, basaltic flows, and ignimbritic
projections) of varying ages ranging from the tertiary to the current period [9]. These
rocks consist of minerals with a fairly high degree of alterability [10]. The drainage
density is high showing an impermeable lithology that favors surface runoff. The
hydrographic network is of order 5, and therefore very active during intense and
concentrated rains. However, it is a densely populated environment where agriculture
is the main economic activity [11, 12]. Anthropogenic interventions remain the major
process that directly influences the acceleration of water erosion processes on the
slopes.

2.2 Data and materials

The analysis of soil sensitivity of the Menoua watershed was carried out on the
basis of a set of data such as the Landsat 8 satellite image of 30 m spatial resolution h
ttps://www.earthexplorer.org; the Bafoussam 1c and 1d topographic maps of 1/50,000
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provided by the National Institute of Cartography; the soil map extracted from the
morpho-pedological map of West Cameroon at 1/100,000, and data collected using a
navigation GPS during fieldwork on the southern slopes of the Bamboutos Mountains
in December 2021. This data collection have enabled the establishment of a Spatial
Reference database. ArcGIS 10.3 and Envi 5.2 software were used for data processing.

2.3 Methods

The hierarchical multi-criteria analysis applied in a Geographic Information
System for the assessment of soil erosion hazard is increasingly used nowadays.
Literature is abundant and has revealed that anthropogenic factors contribute to soil
erosion [13–15]. The evaluation of soil sensitivity to erosion in the Menoua intra-
mountain watershed made use of the Hierarchical Analytical Process (PAH) devel-
oped by Saaty [16]. Multi-criteria spatial evaluation methods are generally made up of
six stages: the entry criteria, the hierarchical structuring of the criteria, the develop-
ment of binary combinations, the determination of the value and proper vector, the
study of consistency of judgment, and finally an aggregation structure, leading to a
final relevance map [17].

2.3.1 Elaboration of the erosion sensitivity

The entry criteria are factors considered included in the decision-making process
as having a major influence on soil erosion, and which can be characterized by their
respective attributes. This stage aims to characterize the drainage basin from the

Figure 1.
Presentation and localization of the study zone.
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topographical, lithological, land use, and climatic perspectives. In this study, the
sensitivity of soils to erosion is assessed by applying GIS techniques that take into
account the operations of extraction, reclassification, geo-referencing, vectorization,
and rasterization based on multi-criteria analysis. These factors are evaluated using
the spatial analysis capabilities of ArcMap 10.3. Each evaluation leads to a map
representing the entire basin, and its suitability for the factor considered.

2.3.1.1 Topography

The topographic factor that reveals the slope is one of the first criteria for condi-
tioning runoff. The slope greatly influences the importance of erosion by its gravita-
tional action and provides its erosive energy to water. Thus, the action of erosion
increases strongly with slope. Slope steepness acts directly on runoff velocity. When it
increases, the kinetic energy of runoff increases and accelerates the transportation of
solid objects downwards, increasing the impact of the ablation. According to Refs.
[18, 19], the transportation of particles increases exponentially with a percentage
inclination of the slope. Topography shows the inclination of relief and the length of
the slope. These criteria are very important and directly influence the phenomenon of
erosion because it conditions the speed of runoff. In the context of this study, we will
retain only the inclination of slope, through its preponderance in the topographic
parameter. To this effect, a topographic map of Bafoussam 1c at 1/50,000 provided by
the National Institute of Cartography made it possible to digitalize the contour lines.
ArcGIS 10.3 made it possible to establish in a precise manner, the interpolation of side
points resulting from the contour lines on the slopes map of the basin. These slopes
were ordered into five classes (Table 1).

2.3.1.2 Land use

The erosion process is closely linked to the mode of land use, which largely
contributes either to its aggravation or attenuation. Land use determines the degree of
soil protection. This factor is a measure of the relative effectiveness of soil and crop
management systems in preventing or reducing soil loss [20]. In terms of soil protec-
tion, vegetation is essential because foliage, tree trunks, and roots constitute obstacles
that slow down the speed of runoff through the phenomenon of “stem-flow.” It also
protects against the phenomenon of rain splashing, prolongs the permeability of soils,
and reduces the volume of runoff. The degradation of woodlands leads to a profound
disturbance in the hydrological regime of the basin and exposes soils, leading to

Pente (°) Surface (%) Influence on erosion

≤ 5 26.68 1

5–10 35.67 2

10–20 20.82 3

20–30 14.01 4

> 30 2.83 5

Table 1.
Slope classification.
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topographic instability conditions [7]. To characterize land use in this study, the
Landsat 8 OLI satellite image sensor acquired on December 18, 2021 in our study area
(WRS_PATH = 186 andWRS_ROW = 56) is the main data used. It was analyzed using
Envi 5.3 image processing software, taking field observations into account. The clas-
sification of the different land use units was carried out depending on whether or not
it promotes erosion (Table 2).

2.3.1.3 Soils

Soil data are a control variable for the erosion process. Its participation in the
erosion phenomenon depends on its permeability and the ability to detach and
transport its particles. Each soil type will react differently to the attack of rain and
shear of runoff, depending on its texture, structure, porosity, and level of organic
matter. The Menoua watershed is made up of a mosaic of soils linked to the
geological history of the region. They come from basalts, sandy soils, and alluviums.
To assess erodibility, we took into account not only the infiltration capacity which,
according to Ref. [21], allows us to know the soil runoff potential, but also texture and
organic matter content which, according to Ref. [22], have a considerable influence on
the sensitivity of soils to erosion. These factors condition the permeability and cohe-
sion of aggregates. According to these criteria, four major classes of soil are thus
defined for the Menoua basin. Ferralitic soils, which benefit from good internal
drainage form the first class and have a high infiltration capacity. In the second class,
we have soils rich in humus and poorly developed soils. They generally have lower
percolation and infiltration rates. The third class consists of moderately organic soils,
such as poorly drained fine sands, loamy soils, and thin permeable soils. Hydromor-
phic soils consist of poorly structured and poorly drained heavy clays, which are
found in the fourth class. According to these criteria, two major soil classes are defined
for the Menoua basin. The first class is made up of ferralitic soils with good internal
drainage and very high infiltration capacity. The second class includes hydromorphic
soils consisting of moderately organic, poorly drained, and permeable thin soils
(Table 3).

2.3.1.4 Drainage density

Drainage density is an input parameter into the various soil water erosion models,
which represent tools to help implement future soil conservation plans. It is indicative
of the infiltration and permeability of the basin. A high drainage density reflects the

Land use Surface (%) Influence on erosion

Agricultural zone 47.12 4

Built up area 4.81 3

Herbaceous savannah 32.21 2

Shrubs 15.86 1

Table 2.
Landuse distribution.
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impermeable lithological nature that favors surface runoff. The hydrographic network
of the Menoua basin is of order 6; therefore, very active during the rainfall.

2.3.1.5 Climate

Climate is an important factor that directly or indirectly influences soil
erosion [23]. Rainfall in the humid tropics is the most important climatic variable that
affects soil erosion. The action of rainfall amplifies the driving forces necessary for the
uprooting of soil particles. Rainfall intensity and energy trigger soil erosion. The
precipitation map of the Menoua watershed was produced using rainfall data from
two meteorological stations (IRAD-Dschang, Djutitsa). These data have undergone
interpolation operations (spline interpolation).

The sensitivity factors resulting from these data were rasterized in dimension
10 m*10 m for a pixel in order to harmonize the spatial resolution. These rasterization
operations were carried out using the ESRI software range (ArcGIS© 10.3) at the
URCLIEN Research Unit at the Department of Geography of the University of
Dschang.

2.3.2 Hierarchical structuring of factors

Establishing the hierarchical structure consists of classifying the various factors
selected according to their degree of influence on soil erosion. To facilitate the task,
[16] set up a scale of numerical values (Table 4).

Soil type Class Surface (%) Influence on erosion

Humic ferralitic soil on basalt Ferralitic soil 6.53 5

Typical indurated ferralitic soil on basalt 1.93 4

Ferralitic soil is typically red on basalt 52.08 3

Typical ferralitic soil on gneiss 32.72 2

Moderately organic hydromorphic soil Hydromorphic soil 6.73 1

Table 3.
Soil classification according to their contribution to erosion.

Values Numerical scale for a comparative judgment of the indicators

1 Of equal importance

3 A little more important

5 Most important

7 Truly more important

9 Absolutely important

2,4,6 et 8 Values associated with intermediate judgments

Table 4.
Scale proposed by Ref. [16].
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2.3.3 Elaboration of binary combinations

After taking the advice of some researchers and experts on the study of water
erosion of soils, the binary combinations, which consist of comparing the factors of
erosion with each other within a matrix and assigning to each pair a comparison
coefficient were made (Table 5).

The values in red are those checked by the expert to materialize the existing links
between the factors to be compared. For example, considering the fourth line, the
“Slope” indicator is really more important than the “rainfall” factor in the evaluation
of the sensitivity of soils of the Menoua watershed to erosion. From this comparison
between the different factors, a reciprocal comparison matrix was produced (Table 7)
by applying the following relationship Eq. (1):

A ¼ aij½ �with
aii ¼ 1fori ¼ 1::Ket

aji ¼ 1
aij

reciprocalvalueð Þ

8<
: (1)

2.3.4 Determination of the value and the proper vector for each indicator

The weighting of the criteria makes it possible to reflect the relative importance
given to each criterion by the experts. Once the comparison matrix has been obtained,
the proper value of each combination and the proper vector corresponding to it are
determined. The proper value of each pair comparison is obtained by dividing the
numerical importance assigned to the pair by the sum of the numerical degrees of
importance of the column. The proper vector indicates the order of priority or the
hierarchy of the vulnerability indicators studied. It indicates the relative importance
of the indicators. It is estimated by first calculating the sum of the proper values
contained in each row of the matrix, then dividing this value by the number of
indicators contained in the matrix. The proper vector associated with each factor is the
weight assigned to each factor. Calculating the weight of each factor normalizes the
comparison matrix so that the sum of all the weights equals 1.

Factors Numerical scale for a comparative judgment of indicators Factors

Slope 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Land use

Slope 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Land use

Slope 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D density

Slope 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rainfall

Land use 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Soil Type

Land use 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D density

Land use 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rainfall

Soil type 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D density

Soil type 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rainfall

D density 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 rainfall

NB: D density = Drainage density.

Table 5.
Comparison of factors by the expert.
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2.3.5 Study of coherence of judgment

Computed priorities make sense only if the matrix of comparison by pairs is
coherent. The evaluation of the coherence of judgments can be made using a Coher-
ence Index (CI). This index measures the logical coherence of judgments of the people
consulted. It provides information on consistency in terms of the ordinal importance
of indicators to be compared. The estimation of this index is based on the calculation
of the proper values of the comparison matrix using the mathematical procedure
Eq. (2);

IC ¼ λmax � nð Þ= n� 1ð Þ (2)

such that λmax is the maximum proper value of the comparison matrix, obtained by
multiplying the total of each column of the comparison matrix by pairs with the
relative weight of the indicator of this column, and by adding the results obtained for
each column. n is the number of indicators compared in the matrix. The consistency
ratio (CR) is then calculated, such as Eq. (3);

CR ¼ IC
IA

(3)

where IA is the random index fixed according to the number of factors (4 in the
case of this study). The value of AI was given by Ref. [16], and it is a function of the
number of elements compared (Table 6).

If CR is less than or equal to 0.1 or 10%, then it is accepted that the weights
assigned to the indicators are acceptable and, therefore consistent. If this threshold is
exceeded, we are in a situation of inconsistency, then the matrix resulting from the
comparisons will have to be reevaluated.

2.3.6 Aggregation of weighted data

This final stage of the Hierarchical Multi-criteria Analysis (HPA) occurs once the
weighting of the landslide assessment factors has been carried out. At this point, it is
easy to combine them to obtain an assessment of the sensitivity of the watershed to
erosion. The most common and well-known technique of this approach is the weighted
linear combination, which integrates all the considered factors into one [24–26]. It
consists of multiplying each layer factor by its respective weighting coefficient, and
then adding these results to produce a sensitivity index. The mathematical transcription
of this combination is expressed as follows Eq. (4);

Vi ¼
X5
j¼1

ωj:aij (4)

Number of indicators 1 2 3 4 5 6 7 8 9 10 11

IA 0 0 .58 .90 1,12 1,24 1,32 1,41 1,45 1,49 1,51

Table 6.
Random consistency indices [16].
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whereVi is the summary index of susceptibility, ωj is the weight attributed to each
indicator, and aij is the weighting coefficient evaluating the relative importance of the
factors.

This methodology for modeling and mapping soil sensitivity to erosion, which
takes into account not only the functioning of the entire system but also the interre-
lationships between its various factors, is shown diagrammatically in Figure 2.

Figure 2.
Methodology for mapping soil sensitivity to erosion using the multi-criteria assessment.
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3. Results

3.1 Analytical maps

The production of five analytical maps (Figure 3) was necessary to obtain the
erosion sensitivity map.

Once the maps were produced, we used experts’ assessment to compare in a
reciprocal matrix, the different parameters of soil predisposition to erosion. The
weights expressed by the comparison matrix (Table 7) were validated by the consis-
tency of judgment in accordance with the equation … . and appended to the various
maps produced.

According to the judgments made at the level of the comparison matrix, it is noted
that the soil cover plays the most important role in the occurrence of erosion.

Figure 3.
Predisposition parameters of the cartographic model.

Factors Slope Land use Soil Type D.d Rainfall Weights (ω) Weights (ω)%

Land use 1 2 4 5 7 0.44 44

Slope 1/2 1 3 4 5 0.28 28

Soil type 1/4 1/3 1 3 4 0.15 15

D.d 1/5 ¼ 1/3 1 2 0.08 8

Rainfall 1/7 1/5 1/4 1/2 1 0.05 5

RC = 0,041

Table 7.
Comparison of weights relative to factors of sensitivity.
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According to experts consulted, the effectiveness of a downpour depends on the
degree of protection that the plant cover can provide to preserve the soil. This led
them to consider the role of the land use factor with a score of 44%. Secondly, the
slope factor contributes about 28% to the occurrence of erosion. Indeed, runoff acts
when the slope becomes steeper on soft soils.

However, on the steep slopes of Bamboutos Mountains, the technique of cultiva-
tion by plowing, which is the most widespread, helps to crumble the soil into fine
particles that are easily transported by runoff water along steep slopes. For these
experts, the structural stability that determines the soil’s susceptibility to erosion
depends on organic matter, aggregation, and texture. The result of the weighting
obtained displays a score of 15% for the soil type factor. In general, the sensitivity to
erosion in the Nkam watershed from the pedological point of view increases from
moderately organic hydromorphic soils to humic ferralitic soils on basalt and shows on
the whole that these soils are less resistant to erosion. The triggering factor precipita-
tion (5%), which is the sinequanone condition for water erosion precedes that of
drainage density (8%) that conditions diffuse erosion and generates the formation of
capping crusts by reducing soil infiltration capacity.

3.2 Mapping of soil sensitivity to erosion

Once the final matrix was produced, the weights (ω) expressed by the matrix were
associated with each thematic map in GIS using reclassification functions. Then, the
cartographic algebra operations were carried out by applying Eq. (4). The usual
formats for these calculations are rasters. As such, the resultant is a soil erosion
sensitivity map for the Menoua watershed (Figure 4).

Figure 4.
Potential sensitivity of the Menoua watershed to erosion.
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The analysis of Figure 2 and the statistical distribution of the zoning of soil
sensitivity to erosion in the Menoua watershed shows that levels of very strong
and strong erosion sensitivity represent 8.82% or 5592.26 hectares of the total
area. Field observations show that these classes of erosion are characterized by con-
stantly plowed bare ferralitic soils on steep slopes, highly perceptible in the northern
(toward the summit of the Bamboutos Mountains) and southern (on the Foréké
escarpment which separates the Bamileke plateau from the Mbo plain) parts of the
watershed. The moderate erosion sensitivity level covers 4781.31 hectares or 7.55% of
the basin and is explained by the coincidence of medium slope classes with areas with
a reduced vegetation cover, especially in the north, west, and southeastern parts of the
watershed. Finally, the class of low and very low erosion status of 52981.91 hectares
(i.e., 7% of the study area) occupies the center of the basin. Here, erosion is less
advanced due to a fairly large vegetation cover and limited influence of the slope
gradient.

3.3 Model validation

Any model must be validated so that the mapping of risks does not lead to risks for
the mapping system [27]. Since no previous survey of the study area has relied on
quantitative methods, this makes confirmation of results difficult. The model
presented (Figure 3) was validated thanks to a reconnaissance mission of the mapped
sites. Therefore, the validation of this model required field measurements and obser-
vations.

GPS surveys of certain bare slopes were carried out. It appears from this mission
that all the sites mapped do not fully reflect the reality on the ground. For each test
value, the two information plans (GPS surveys/model) were superimposed using GIS.
Some sites identified as prone to erosion represent a rate of 73.87% coincidence with
the model. Moreover, for about 26.13% of the results obtained, the model did not
agree and sometimes very largely with field measurements (Figure 5). Sites classified
as very sensitive are those on which we can either carry out reforestation schemes or
no-till farming techniques.

4. Discussion

The assessment of soil sensitivity to water erosion using a multi-criteria
approach calls on several criteria which, when put together, makes it possible to
establish a balance sheet and a diagnosis of the physical degradation of soils in a
given area. This study employed five criteria (slope, land use, lithology,
drainage density, and precipitation) whose weighting was ensured by the AHP
method. This method envisages a good understanding of the criteria involved in the
erosion process, based on the pair-wise comparison of criteria at the same hierarchical
level [28]. Land use was the most determining criterion in the process. Results
obtained from the weighting of the criteria corroborate those of Refs. [29–31], in
which plant cover protects the soil against ablation and reduces risk of erosion.
Vegetation, therefore, acts as a protective screen against aggressive climatic conditions
by intercepting the energy released by raindrops [32]. The topographic factor
through the rigidity of the slope accentuates the erosive force of sheets’ flowing water.
But its behavior with respect to infiltration depends on the type of soils [33].
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However, the model produced on the basis of these five criteria after validation gave
satisfaction at a rate of 73.87%. The non-satisfaction of the model (23.13%) stems from
the input data used in this study. They are mostly medium resolutions. One of the
parameters whose imprecision impacted the final result was land use. Indeed, the
satellite image used to establish the land cover map has a spatial resolution of 30 m x
30 m. This spatial resolution certainly did not allow more detailed observation of the
earth’s surface. The consequence of this imprecision on the result of this study is that
the soils which could have been identified as less sensitive to water erosion were not,
and vice versa. Forests with small dimensions may not have been taken into account in
the analyses. The topographic data used to produce the slope and drainage density
maps were generated with a scale of 1/50,000, which does not provide excellent
precision. These inaccuracies in the model’s input data can therefore influence the final
result obtained in this study.

Moreover, the AHP method used for the weighting of the criteria, although
relatively efficient, presents difficulties. One of the difficulties of this method
concerns the subjectivity in the choice of the scale of scores ranging from 1 to 9 with
their reciprocal correspondence [34]. The choice of the score corresponding to a
criterion is arbitrary and may influence the calculation of the weight of the criterion
considered. However, this method (AHP) is appropriate for this study because it
performs well when the number of actions is reduced [35]. Nevertheless, despite
these imprecisions on the input data, the quality of the model proves to be
satisfactory for simulating the sensitivity of soils to erosion, which is necessary for
any spatial planning study. It could be improved through the acquisition of high
spatial resolution data.

Figure 5.
Overlay of the different information planes (model & field data).
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5. Conclusion

Associating multi-criteria analysis with GIS offers possibilities for risk manage-
ment that integrates, in a systemic vision, a set of parameters relating to its compre-
hension. These techniques have been applied to the Menoua watershed for modeling
soil sensitivity to erosion. The final map obtained is intended to guide actors on the
sustainable management of potential erodible zones. It highlights five categories of
sites: very low, low, moderate, high, and very high sensitivity to erosion. There are
two sites whose sensitivity to soil erosion is high. The first to the north, is around the
summit of Mount Bamboutos, where a combination of ferralitic soils, agricultural
activities, and steep slopes are decisive factors of erosion. The second in the south, is
limited to the major tectonic zones of the area (foréké escarpment). It has a high
drainage density in areas whose outcropping lithology corresponds to ferralitic soil
formations on gneiss that stand out on the sloping ground. As for areas with low
erosive sensitivity, they are found in isolated points throughout the basin. The study
reveals that the level of very strong and strong erosion sensitivity accounts for 8.82%.
The basin is therefore a geographical area at risk of erosion. In order to optimize the
reliability of the map produced, a field mission made it possible to validate the sites
prone to erosion. Based on these findings, it is recommended that erosion sensitivity
should be taken into account when carrying out agricultural development projects.
Adopting no-tillage farming technique and the agroforestry can reduce sensitivity to
erosion and ensure sustainable management of mountains.
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Chapter 5

Soil Erosion Risk Analysis
of a Small Watershed
Charles Galdies, Amy Zammit and Adam Gauci

Abstract

Malta is being rapidly exposed to developmental activities occurring inland and
along its coastline, which in turn triggers erosion and flooding in the event of high-
intensity rainfall. Most of the rainwater-containing several contaminants from urban
and agricultural areas are lost as runoff into the coastal waters, which in turn have
adverse environmental and socioeconomic impacts. The extent of soil erosion and
runoff can be investigated starting from the watershed basin downhill till coastal
waters. This study links the runoff of soil along an ecologically sensitive watershed in
Malta with the use of multidisciplinary techniques. These included the estimation of
soil erosivity coupled with satellite remote sensing chlorophyll-a (CHLA) and total
suspended matter (TSM) in coastal waters adjacent to the mouth of the valley. This
represents a novel study for the Maltese islands because it provides a precise map of
soil erosion hotspots in the Ramla watershed as high as 30 ton ha�1 yr�1. Using three
case studies of past torrential rain episodes, the sedimentation process resulted in a
120% and 133% increase in CHLA and TSM levels, respectively, against background
levels. This information is vital for proper risk management of ecologically sensitive
watershed basins.

Keywords: Malta, RUSLE, chlorophyll-a, total suspended matter, COPERNICUS

1. Introduction

Finely textured sediments originating from upland areas get deposited further
down in lowland areas, forming one of the most fundamental earth processes.
Sedimentation processes stretch across other disciplines, including soil and plant
science, geomorphology, and coastal zone management. Ongoing research in the
field of sedimentology is, therefore, very relevant because changes in global sediment
transport are being used as a primary form of evidence for the Anthropocene.

Like sedimentation, soil erosion is a dynamic, multistage process involving soil
detachment, breakdown, transport, and subsequent deposition that is forced by wind
or rain, or through soil-intensive human activities such as farming [1]. Soil erosion can
lead to serious loss of topsoil and organic matter, which can lead to reduced vegetation
growth and to biodiversity in general [2]. The focus of this chapter is on the multidis-
ciplinary understanding between soil erosion, transport, and its impact within a
localized watershed situated in the Maltese islands, using a range of techniques that
are highly suited for risk management.
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The Maltese islands are located within the central Mediterranean region
(Figure 1). According to CMIP6 climate models, the projected future climate of the
islands is expected to experience a higher frequency of climatic extremes, including
prolonged drought conditions and heatwaves, as well as increased frequency of
torrential rain that can cause intermittent but significant flooding. The latter may,
thus, result in increased mass wasting and related soil erosion, which can negatively
affect erosion-vulnerable watersheds that are already significantly impacted by
unsustainable and intense anthropogenic influences, including agriculture and
associated sediment displacement. Clays and silts from upper parts of watersheds,
once suspended in the stream network, can be routed directly to the mouth of the
valley, resulting in significant sediment loads in coastal waters, and thus affecting
exposed and submerged coastal ecosystems.

Severe rainstorms can have significant short- to long-term impacts on coastal
water quality as a result of soil erosion and sedimentation processes both during and
after their occurrence, especially if they are well outside historically observed norms.
Extreme rainfall events can transport significant amounts of suspended sediment
containing a variety of pollutants (such as heavy metals and organic compounds)
through watersheds, ending up into coastal waters. Water runoff may also carry
sufficiently coarse sediments to block the penetration of light through the water
column, and thus be able to impact sensitive benthic flora and fauna. According to
Ref. [3], the upper tolerance of total suspended sediments for most aquatic species is
80–100 mg/L, but it can be much less for bottom-dwelling aquatic invertebrates.

For these reasons, it is very important to understand the degree of these processes
for eventual management of such risks within important watersheds. Such a study
requires an accurate identification of the connectivity between the degree of soil
erodibility and the corresponding impact to coastal waters resulting from sedimenta-
tion at the local scale. In this chapter, we look at an integrated assessment of sediment
dynamics typically triggered by a rainstorm occurring within an important watershed
in the Maltese islands, namely the identification of problems having a significantly high
degree of soil erodibility, and the estimation of both total suspended matter (TSM)

Figure 1.
The Maltese islands show the study area located in Gozo. (Source: OSM & Malta GeoPortal – Planning
Authority).
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and chlorophyll-a (CHLA). The morphometrics of the Ramla watershed was derived
from a very high-resolution DEM derived using LiDAR, and evaluated in detail. The
revised universal soil loss equation (RUSLE) model was used to assess the degree of soil
erodibility, while Earth observation technology was used to estimate the impact of
surface runoff on coastal water.

2. Case study: The Ramla watershed in Gozo

The Ramla watershed in Gozo is roughly a 6 km2 catchment area extending from
its watershed divide down to the Ramla beach (Figure 1). The socioeconomic and
environmental importance of this sensitive watershed is based on intensive farming
activities [4], the presence of perched aquifers along its slopes (MT015 & MT016.
[5]), unique biodiversity [6], and the presence of a NATURA 2000 site [4, 7].

According to Ref. [8], the Ramla watershed has formed through the fragmentation
and dislodgment of the upper coralline plateau along the edges of the headlands
overlooking, which is being sustained by the erosion of the underlying blue clay strata.
The detachment of rock mass of various sizes then continues to fragment and weather
into small pieces. Its geomorphology is characterized by somewhat steep relief, with
elevations ranging between 120 and 28 m above sea level and an average slope of
18.1%. Its climate features mild, humid winters and hot, dry summers an annual mean
air temperature of 18.6°C, and a mean precipitation of 574 mm [9]. The rainfall
regime is intermittent with baseflow from October to January.

The Ramla watershed has been much affected by human activities. Agriculture has
evidently shaped the watershed into a system of terraced fields that are delineated by
rubble walls to define and protect the land parcels (Figure 2b). However, the area still
continues to show natural depositional features including gullies and rills, as well as its
principal watercourse and associated tributaries. The slopes are affected directly by
rainfall resulting in surface runoff in the form of stream flow, which at higher slope
elevations of the Ramla catchment removes the weathered material of the clay and
makes the surface of the slope smoother. Splash erosion can happen when clay
particles are moved about by raindrops. This becomes significant over the barren
parts of slopes.

2.1 Methodology

2.1.1 Morphometric analysis

National 1 � 1 m DEM derived from LiDAR and 15 cm pixel resolution aerial
orthophotographs [10] were used for morphometric analysis in a GIS environment.
The terrain analysis approach of SAGA GIS V8.5.1 [11] was used to derive morphom-
etry characteristics of the watershed. A number of specific software tools were used:
channels [12], hydrology, and morphometry [12]. These tools extracted the presence
of watersheds and sub-watersheds in an automated manner in the form of GIS vector
layers. For a proper determination of flow direction and flow accumulation, sinks
were identified from the DEM and filled. After the drainage networks were extracted
and sub-watersheds were delineated, four sets of morphometric parameters were
calculated using the mathematical formulations as described in Table 1.

The stream order is the primary step in quantitative interpretations of a drainage
network, and the stream number is the number of streams in each order. These two
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No Parameters Equation References

1 Stream order Hierarchic order [13, 14]

2 Stream number Nu = N1 + N2 + N3 + … Nn = ΣNu [13]

3 Stream length Lu = L1 + L2 + L3 + … Ln = ΣLu [13, 14]

4 Mean stream length Lms = Lu/Nu [14]

5 Terrain ruggedness index TRI=Y[Σ(xij�x00)
2]1/2 [15]

Table 1.
Parameters derived from the morphometric analysis.

Figure 2.
(a) Topographic relief of the island of Gozo showing the area of interest (inset), (b) onsite agricultural land cover
of the watershed taken from south-eastern watershed divide, and (c) analytical Hillshading derived from LiDAR-
derived elevation data. (Source: Authors).
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parameters produce a geometric relationship that resulted in the calculation of the
stream length of the drainage that was based on the surface runoff characteristics of
the basin. The total length of individual stream segments of each order was, thus,
derived, while the extracted Mean stream length provides information of the drainage
size and its contributing basin surface. The terrain ruggedness index (TRI) was also
calculated by calculating the sum change in elevation between a grid cell and its eight
neighbor grid cells, where xij is the elevation of each neighbor cell to cell. The water-
shed basin characteristics, the channel network, and sink route were subsequently
derived from the DEM to produce a basin shapefile, along with other shapefiles [12].

2.1.2 Soil erosion

Soil erodibility within the Ramla watershed was estimated using the RUSLE [16].
The soil erodibility was estimated using the following equation:

A ¼ R ∗ K ∗ LS ∗ C ∗ P:

where A is the estimated soil loss in tons per hectare per year, R is the rainfall
erosivity factor, K factor is a measure of soil erodibility, LS is the slope length and
steepness factor, C is the cover and management factor, and P is the support practice
factor.

2.1.3 Estimation of CHLA and TSM

The derivation of the climatological profile of CHLA and TSM was based on the
analysis of 10 years’ worth of monthly 300 mMERIS L1B sensor data derived by
ENVISAT-1. The observation period ranged between May 17, 2002 until April 8, 2012,
and is equivalent to 3614 days for the area of interest (Figure 3). The algorithm used to
derive CHLA (in mg.m�3), and TSM (in g.m�3) was based on Case 2 water monitoring
[17] with a spatial resolution of 0.3 km/pixel data products. Average concentrations of
CHLAwere derived using the OC4 algorithm and TSM [18]. The monthly climatological
processing of the CHLA and TSM was conducted using MATLAB coding.

For this case study, near real-time, high-resolution COPERNICUS Sentinel-2A and
2B (L1C) imagery overpasses were used to derive CHLA and TSM quantitative maps
that coincided with the rainstorm events observed between the January 2 and 12, 2021.
Prior to processing, images were resampled using Band-2 due to its high spatial
resolution (10 m). Salinity and temperature parameters needed for algorithm
processing were set to reflect the values observed in Maltese coastal waters based on
their monthly averages.

3. Results

3.1 Ramla watershed characteristics

This watershed shows highly interesting features as highlighted by the geo-
morphometric processing results that exploited the unprecedented spatial resolution
provided by the national LiDAR data. Table 2 shows the morphometric features of all
the main hydrological sub-catchments that were derived using GIS-based terrain
raster processing (Figure 2c). These features include the minimum, maximum, and
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average elevation of each sub-catchment basin together with the Strahler stream
number and their lengths [13].

Detailed morphometric analysis shows that the largest sub-watershed basin is around
110 ha (SWB 3, Figure 2c). Themapping of the 4th and 5th stream order categories found
in the Ramla watershed area is shown in Figure 2b. According to Table 2, the longest
water channels belong to stream order 2 followed by stream order 1, with a total of 2760
and 1427, respectively. The drainage pattern is tightly linked to a landform, where rocks
are flat-lying and preferential zones of structural weakness are minimal.

This integrated analysis points to a sub-watershed structure that is the direct result
of an underlying lithology with a hydrology that is a direct function of the geomor-
phology and topography, including that which is artificially induced. Results show
that stream runoff in the Ramla valley catchment is mainly dominated by SWB 34, 31,
33, and 10. Therefore, these sub-watersheds are deemed to be important from a soil
erodibility management point of view.

3.2 Degree of soil erodibility from the Ramla watershed

Soil erodibility within the valley (Figure 4b) varies from a low (blue color shad-
ing) to a high rate of more than 30 ton ha�1 yr.�1 (yellow color shading). The RUSLE
estimation showed that the area around the in-Nuffara Hill is likely to be most
affected by high erosion rates. This is because its slopes consist of fallow fields which
lack proper maintenance of rubble walls together with the occurrence of motorcycle
off-roading practice, which together are contributing to higher soil erosion. The high
slopes along Xaghra (west) and Nadur (east) headlands, which consist of blue clay
and also silty soil, also show a high degree of soil erodibility (Figure 4b).

The RUSLE estimation of the Ramla watershed shows that its soil erosivity can be
generally considered as tolerable (<10 ton ha�1 yr.�1). The type of land-use land

Figure 3.
SENTINEL2-A image of the Ramla valley mouth, sandy beach, and adjacent coastal waters (Source:
COPERNICUS).
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cover present within the tolerable range is generally characterized by seasonal crops
and by a gentle slope gradient that tends to cause reduced runoff velocity. However, at
higher slope gradients, one can observe elevated risks of soil erosion (>30 ton
ha�1 yr.�1) associated with the onsite presence of abandoned and/or neglected field
terraces having poor vegetation cover. Site investigations also point to a significant
collapse of protective barriers within these areas (Figure 5).

The terrain ruggedness index (TRI), which is based on the sum change in elevation
between a grid cell and its neighboring grid cells of 1 m2 ground resolution, reveals the
distribution of the terrain heterogeneity. The resultant TRI map shows high rugged-
ness within certain parts of the valley system that are also prone to soil erosivity
(Figure 6b). The TRI map shows high values to the left of the valley mouth, which
incidentally is also associated with a significant degree of erodibility (Figure 4b, with
areas having a soil erodibility of around 10–15 ton ha�1 yr.�1) incorporating in it a
number of stream channels that head directly toward the coast and therefore, con-
tributing to sediment movement toward this direction. High index values are also

Figure 4.
DEM (a), and RUSLE, showing 3rd-, 4th-, and 5th-order channels derived by this study, leading to the mouth of
the valley and into the coastal waters (b).

Figure 5.
High risk of erosion located along the in-Nuffara Hill area (shown in red), which is primarily associated with
SWB 34 (Figure 3c).
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found within the southern parts of the Ramla valley associated with the high degree of
erosivity surrounding the in-Nuffara Hill (Figure 5).

3.3 Risk of sedimentation from the watershed into Ramla coastal waters
following soil erosion due to rainstorms

3.3.1 Rainstorm events during January 2021

The daily rainfall amount in mm was obtained from the nearest weather station
situated in Gozo (Table 3). Winds from the south reached an average speed 25 km/hr.

The computation and mapping of CHLA and TSM are shown in Figures 7–13.
Histograms for coastal water quality showed that for the first part and end part of the
event the CHLA is positively skewed (Figure 8), implying that concentrations
returned to pre-rainfall conditions. The combined histogram (Figure 9) expressed the
variation of concentrations before and after the rainstorm, which coincides with the
climatological extent obtained for January based on MERIS data (Figure 10).

The TSM concentration showed a slight increase toward higher levels on the
second date (Figure 11). However, the shift was less evident than for CHLA as

Figure 6.
Terrain ruggedness index map derived for the Ramla watershed (a). Note the high index value in the inset (b) to
the left of the valley mouth associated with significant degree of erodibility (Figure 4b, with areas having around
10–15 ton ha�1 yr.�1) and associated stream channels heading toward the coast.

90

Soil Erosion – Risk Modeling and Management



frequency values remained positively skewed throughout the analysis (Figure 12).
A slight increase in TSM can be seen for January 7th, implying that TSM concentra-
tions had increased, likely due to sediment runoff from Ramla valley system
(Figure 13).

Climatological analysis for the Ramla coastal waters shows that rainstorm events
are highly likely to increase the water levels of CHLA and TSM levels since these two
parameters were observed to peak during the wetter months. The near real-time
high-resolution imagery confirmed this observation (Table 4) in a way that CHLA
and TSM levels have increased after the rainfall event and decreased after a few days.
This also links to the impact of rainfall on the sedimentation process within the Ramla
watershed. According to Table 4, during the January rainstorm event, the sedimen-
tation and associated nutrients ending up in adjacent coastal waters found next to the
mouth of the watershed resulted in a 120% and 133% increase in CHLA and TSM
levels, respectively, against background levels.

Date of rainstorm event Rainfall (mm)

02/01/2021 8.5

03/01/2021 4.3

04/01/2021 3.2

07/01/2021 0.0

08/01/2021 0.3

12/01/2021 2.3

Table 3.
Rainfall (mm) during the rainstorm of January 2021.

Figure 7.
CHLA concentration (mg.m�3) during the period January 2–12, 2021 detected by SENTINEL2-A and B data.
The rectangular outline shown in red defines the area of analysis.

Figure 8.
Histograms for CHLA concentrations (mg.m�3) during the period January 2–12, 2021 detected by SENTINEL2-
A and B data.
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Figure 9.
Combined histogram of CHLA concentrations (mg.m�3) for January 02–12, 2021 detected by SENTINEL2-A
and B data.

Figure 10.
SENTINEL2-A & B derived CHLA concentration (mg.m�3) on January 07, 2021 (a); CHLA January
climatology derived from MERIS data [14] (b); merged CHLA levels for the period January 02–12, 2021 (c). The
rectangular outline shown in red defines the area of analysis.

Figure 11.
SENTINEL2-A& B derived TSM concentration (g.m�3) on 07/01/2021 (a); TSM January climatology (b); and
merged TSM levels for the period January 02–12, 2021 (c).
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4. Discussion

This study presents a practical and multidisciplinary approach that is essential for
risk management of watersheds because it helps identify the areas and factors that are
most vulnerable to erosion and coastal sedimentation. Similar problems remain
practically unexplored in Malta.

Figure 12.
Histograms showing TSM (g.m�3).

Figure 13.
Combined histogram of TSM (g.m�3).

Date Rainstorm event Climatological levels for January

TSM (g.m�3) CHLA (mg.g�3) TSM (g.m�3) CHLA (mg.g�3)

January 2, 2021 0.163 0.069 0.160 0.105

January 7, 2021 0.244 0.125 — —

January 12, 2021 0.212 0.052 — —

Table 4.
Comparative extent between the rainstorm events and the respective climatological levels for the Ramla coastal
waters next to the valley mouth.
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Soil erosion is a significant environmental issue for Malta and is having serious
consequences for the sustainability of local watersheds and the agriculture sector that
depends on them. Among other things, it leads to increased sedimentation along the
drainage pattern identified by this study, and ultimately to increased risks of flooding
and landslides within the watershed basin itself. In addition, unless properly managed,
changes in the watershed dynamics will negatively affect the sensitive ecosystem
dynamics observed at the Ramla valley mouth that are critical to its normal
functioning.

From a risk management plan of this highly sensitive ecological watershed, it is
being recommended that the impact of soil erosion hotspots identified by this study
(both within the watershed itself and resulting impact on coastal waters next to the
valley mouth), are to be further monitored, and if possible, analyzed, and mitigated.
Sustainable management of watersheds necessitates the use of appropriate hydrolog-
ical, ecological, and socioeconomic management tools that unfortunately tend to
operate, if at all, in mutual isolation. Such a thorough and holistic approach would
support the much-needed management of local watersheds, which is particularly
concerning and urgent in view of the need for Malta to adhere to a number of
important European directives, such as the Water Framework and the Marine
Strategy Framework Directive.

Future studies related to coastal water sedimentation can consider using other
Earth observations platforms, such as OLCI and LANDSAT 9, to analyze more
rainstorms of varying severities. Ideally, such studies would include improved
algorithms to detect CHLA and TSM in coastal waters associated with watersheds.
Such an integrated monitoring approach, involving both in situ and remote sensing
analysis must also be able to give value to the validation of the entire soil erosion and
sedimentation process at a highly localized scale.

It is hoped that the analysis and quantification of this phenomenon will contribute
to an understanding of the dynamics of an important watershed that so far has never
been studied from a soil erosion risk management point of view. The results could be
used in future multi- and inter-disciplinary studies to better understand the impact of
unsustainable land use practices both within watersheds and related littoral sediment
budgets and to manage and develop future risk management plans aimed at minimiz-
ing soil erosion under a changing climate over the Maltese islands where evapotrans-
piration, rainfall, and temperatures regimes will change significantly over the next
50 years [19].

The study has a number of methodological and logistical limitations that stem from
its multidisciplinary nature. In the case of the estimation of the degree of soil erosion,
scientific literature on this topic is filled with the application of RUSLE for relatively
large areas and therefore, the present estimates should be interpreted with care. The
biggest challenge, however, concerns the in situ validation of the degree of soil erosion
mapping estimations as identified by the 3D GIS visualization. Unfortunately, no data
on actual soil losses exist at the local scale against which the present estimates can be
compared.

The sedimentation processes identified in the coastal waters just outside the valley
mouth can be affected by inaccuracies due to differences in resolutions used between
the near-real-time Sentinel-2 datasets (having a ground resolution of 10 m) against the
MERIS imagery (with a ground resolution of 300 m) used to derive climatological
baselines. The use of Sentinel data at the finest resolution constituted the best
freely-available data available that can be used for our soil erosion and sedimentation
study at the Ramla valley mouth.
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The processing of Earth observation data also had its own limitations. Firstly,
restricted satellite visiting times have led to limited availability of data over the Ramla
watershed, especially when studying limited, high-intensity, low-duration rainfall
events. A further limitation on the methodology was posed by the presence of clouds
in the satellite scenes, which tend to contaminate the sensor information acquired
over any area of interest. Naturally, clouds are present during rainfall and so optical
remote sensing of coastal waters can be quite challenging during, and exactly
following rainstorms.

5. Conclusion

Studying soil erosion is essential for appropriate risk management of small water-
sheds because it helps us to identify the areas and factors that are most prone to
erosion. This study describes the identification of precise locations of soil erosion
hotspots that fall within the high soil erosion category (30 ton ha�1 yr.�1) within the
small Ramla watershed. The impact of such an intolerable degree of soil erosion in this
area is being demonstrated by following the resultant deterioration of coastal water
quality at the mouth of the watershed during high rainfall episodes. Based on a case
study, the impact of sedimentation resulted in a 120% and 133% increase in CHLA and
TSM levels respectively against background levels. The observed CHLA levels during
and after rainstorms indicate eutrophic water type resulting from this sedimentation.
This study provides for the first time an understanding of the causes and effects of
localized soil erosion processes on the basis of which authorities should take the
necessary steps to prevent its negative impacts on this watershed and interconnected
coastal dynamics. In this regard, a number of recommended risk management strate-
gies are being recommended for national authorities. These include the need to sup-
port effective soil conservation practices, strengthening of erosion control measures,
and regular monitoring of coastal water quality for quality assurance purposes. Now-
adays, novel remote sensing technologies, such as UAV-borne LiDAR and multispec-
tral imaging of this watershed, are able to identify and quantify extremely high-
resolution dynamics that can assist further risk management processes by providing a
more accurate erodibility estimates and coastal water quality characterization at
centimeter scale pixel resolution.
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Chapter 6

Erosion Control at Downstream of
Reservoir Using In-stream Weirs
Yaoxin Zhang, Yafei Jia, Keh-Chia Yeh and Chung-Ta Liao

Abstract

As low-head hydraulic structures, instream weirs are built across rivers to control
the upstream water surface elevation and the downstream flow conditions. This
chapter presents a study of erosion control using instream weirs at downstream of a
reservoir; JiJi Weir was built across the longest river in Taiwan, Chuoshui Creek, a
mountainous river with steep slopes. Due to the easy-to-be-eroded fine lithology
layers of mud, shiver, and sandstones on channel bed, the downstream of JiJi Weir
had suffered from severe channel incision and head-cut development problems,
which greatly threatens the integrity of the dam. To protect the JiJi Weir and its
downstream channel from serious channel erosions, the Water Resources Agency
(WRA) of Taiwan proposed erosion control plans that multiple instream weir struc-
tures were to be installed along the downstream channel of JiJi Weir. A three-
dimensional (3D) numerical model, CCHE3D model with capabilities of simulating
bedrock erosions, was used to evaluate those erosion control plans and thus explore
for the optimal design.

Keywords: instream-weir, bedrock erosion, channel incision, erosion control,
three-dimensional model

1. Introduction

JiJi Weir was built across Chuoshui River, the longest river (178.6 km) in Taiwan,
originating from the central mountains and flowing into the East China Sea, covering
a watershed about 4323 km2. A shallow reservoir was formed due to the construction
of the weir. The precipitation and geology dominate the flow and sedimentation
processes in the channel and the reservoir. Particularly, during typhoon seasons,
floods with high discharges will carry a large amount of sediments flowing through
the river channel. Shortly after the weir construction, a pebble-boulder-sized sedi-
mentation layer covering the channel bed was mobilized by the initial clear water
releases, and the soft rocks beneath this sedimentation layer were exposed. Within the
6.5 km region downstream of the dam, the channel bed now is featured with erodible
lithology layers of mud, shiver, and sandstones, resulted from severe channel incisions
and a head-cut development. According to the comparisons of historical longitudinal
profiles in Figure 1, the vertical incision of the channel thalweg from 2002 to 2014 is
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about 10 m (please refer to Figure 2 for the locations of those measured cross sections
from CS-106 to CS-116). Looking downstream, Figure 3 shows the incised channel
near the JiJi Weir. The white dash line indicates the flat channel bed before the
incision. The head-cut was still actively developing and migrating, which has threat-
ened the integrity of the dam (Figure 4).

To prevent this channel from further erosion and protect the JiJi Weir Dam, the
Water Resources Agency (WRA) of Taiwan has proposed several erosion control
plans [1, 2]. Several weir structures and channel widening were proposed to promote
sediment deposition and lower the water surface level for flood protection. This study
is to provide alternative plans optimal for erosional control and flood protection by
using a 3D numerical model, CCHE3D [3], with capabilities in simulating bedrock
erosions with lateral erosions.

Figure 1.
Historical longitudinal profiles along thalweg (S is bed slope; CS denotes “cross section”).

Figure 2.
Study domain with survey cross sections.
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The bed rock erosion is closely related to channel lithology, tectonics, and geo-
morphology properties, contributed significantly by complicated weathering,
plucking, abrasion (due to both bed load and suspended load), cavitation, and disso-
lution processes [4], which is distinguished from river sediment transport and mor-
phologic processes on alluvial beds. Extensive research studies have been carried out

Figure 3.
Bedrock channel (photo by Zhang, Y., 2015.11.2; look toward downstream).

Figure 4.
Head-cut development at downstream of JiJi Weir (satellite image, 2014.11.23).
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for attempting to describe these complex physical mechanisms of bedrock erosions
mathematically. For examples, Annandale [5] proposed a conceptual framework to
correlate the flow energy to the earth mass erodibility by introducing the erodibility
index, which characterizes the capability of earth materials for resisting erosions.
Whipple and Tucker [6] considered the stream power to dominate the bedrock ero-
sions. Whipple et al. [4] developed the conceptual models for plucking, abrasion, and
cavitation in terms of the relationship between the bed shear stress and erosion rate by
studying the field erosion processes. Sklar and Dietrich [7] identified the sediment
supply as an important factor for bedrock erosions due to abrasion. Sklar and Dietrich
[8] proposed a mechanistic bedrock erosion model by saltating bed load based on their
work in 2001. Turowski et al. [9] extended and improved the Sklar’s approach with
more detailed covering effect. Stock et al. [10] measured rock erosion rate in several
field sites including river in the United States and Taiwan. Lamp et al. [11] extended
Sklar and Dietrich [8]’s work further by considering the impacts from not only the bed
load but also the suspended load.

From the previous studies, the fluvial impacting factors for the bedrock erosions
were identified as follows: bedrock erodibility (strength), stream power, shear
stress, sediment supply, and grain size. Accordingly, two types of models [12],
namely the hydraulic scour model (stream power-based [5, 13]) and the abrasion
scour model [8] have been used in the applications with numerical simulations.
Jia et al. [14] incorporated the abrasion-based bedrock erosion model into
CCHE2D model [15] to study the channel incisions at downstream of JiJi Weir. Lai
et al. [12] proposed a hybrid bedrock erosion model by combining the abrasion-
based model and the stream-power based model. Liao et al. [16] implemented a
stream-power-based soft bedrock erosion model into a 2D mobile-bed model EFA
(Explicit Finite Analytical) to study the channel morphological process in an
uplifted reach of Ta-An River by an earthquake in Taiwan. In addition to a 2D
bedrock erosion model, Jia and Zhang [1, 2, 17] first developed a 3D bedrock erosion
model by extending Liao et al. [16]’s method to CCHE3D [3] to study the channel
incision problems in Taiwan.

This chapter is to present the development and applications of the CCHE3D bed-
rock erosion module to study the channel incisions and erosion control problems in
the downstream channel of the JiJi Weir. The numerical model was calibrated and
validated using field data. Based on the evaluations of the multiple alternatives, an
optimal control plan, involving multiple weir constructions with the side channel
excavations as well, was proposed to control the head-cut development soft rock and
the channel incision.

2. Numerical model

CCHE3D model [3] is a Finite Element Method (FEM) model based on a partially
staggered 3D sigma layered mesh system, which consists of multiple layered struc-
tured meshes. It was developed for 3D numerical simulation and analysis for free
surface turbulent flows in rivers, lakes, reservoirs, and estuaries and associated pro-
cesses, such as sediment transport [18], morphological changes [17], heat transfer
[19], pollutant transport and water quality evaluation [20], etc. Since it can provide
more accurate and detailed local flow fields around in-stream structures [18] than 2D
depth averaged models, CCHE3D model was selected to evaluate the erosion control
plans with multiple weir structures installed in the study channel.
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2.1 3D RANS model

The full 3D Reynolds-averaged Navier-Stoker (RANS) equations are solved in
CCHE3D model, which are simply listed in the form of index notations for Cartesian
coordinates as follows:

∂ui
∂xi

¼ 0 (1)

∂ui
∂t

þ uj
∂ui
∂xj

¼ � 1
ρ

∂p
∂xj

þ ∂

∂xj
ν
∂ui
∂xj

� u0iu
0
j

� �
þ f i (2)

where ui = Reynolds-averaged velocities defined at xi (i, j = 1, 2, 3); t = time ; ρ is
water density; p is pressure; ν is kinematic viscosity; �u0iu

0
j = Reynolds stress; and, fi

represents the body force.
For surface flows, the free surface kinematic equation is applied:

∂η

∂t
þ uη

∂η

∂x
þ vη

∂η

∂y
� wη ¼ 0 (3)

where η is water surface elevation; and (uη,vη,wη) denotes velocity at water surface.
In CCHE3D model, a partially staggered stencil and a velocity correction algorithm

are used for solving the momentum and continuity equation. Several turbulence
closure schemes including the zero equation models (parabolic, mixing length, and
wind-induced) and the k� εmodels are provided. More details of CCHE3Dmodel can
be found in Ref. [3].

2.2 3D sediment transport model

Sediment transport is one of the most complex and least understood phenomena in
nature. In 3D, sediment particles’movements are highly affected by vertical motion of
fluid flows in addition to horizontal movements. This is particularly true in the
vicinity of hydraulic structures where the flow impacts on the solid walls of the
structures (bridge pier and abutment, for instance). If the structures are very large
(dam), the fluid flows in an open channel are forced to change their speed and
direction near structures in order to pass through them, the sediment transport
capacity due to this impact is adjusted significantly causing localized scouring and
deposition over the sediment bed. In CCHE3D model, in addition to general sediment
transport capabilities, special sediment transport features, such as local scouring
around structures and channel head-cut migration have been developed as well.

In CCHE3D model, the 3D convection-diffusion equation for the suspended sedi-
ment is solved as follows:

∂C
∂t

þ u
∂C
∂x

þ v
∂C
∂y

þ w� ωsð Þ ∂C
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� ∂
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� ∂
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∂C
∂y

� �
� ∂

∂z
νt
σs

∂C
∂z

� �
¼ ST (4)

where C is the suspended sediment concentration; u, v, and w are velocity compo-
nents (m/s); ωs is the sediment settling velocity; νt is the eddy viscosity (m2/s); ST is
the source term. and σs is the Schmidt number to convert the turbulence eddy viscos-
ity to eddy diffusivity for suspended sediment.
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At the free surface, the vertical sediment flux is zero, so the gravity effects
ωsCbalance the diffusion effects εs ∂C∂z, and the following condition is applied:

ωsCþ εs
∂C
∂z

¼ 0 (5)

At the bottom, the following condition is applied:

ωsCþ εs
∂C
∂z

¼ Db � Eb (6)

where ωs is settling velocity (m/s); εs ¼ νt=σc is diffusion coefficient for sediment;
Db and Eb (kg/m

2/s) are deposition rate and erosion (re-suspension) rate at bottom,
respectively.

Following the non-equilibrium transport approach (qbk 6¼ qb ∗ k) proposed by Wu
[21], the bedload transport rate is governed by

∂ δcbkð Þ
∂t

þ ∂qbkx
∂x

þ ∂qbkx
∂y

¼ � 1
Lb

qbk � qb ∗ k

� �
(7)

where qbk is the bedload transport rate for the kth size class, qbkx and qbky are the
component in x and y directions, δ is the bedload layer thickness, cbk is the bedload
concentration and Lb is the bedload adaptation length; qb ∗ k is the bedload sediment
transport capacity for equilibrium transport conditions, which can be estimated using
empirical transport formulas.

2.3 Bedrock erosion model

According to previous studies, the bedrock erodibility (strength), stream power,
shear stress, sediment supply, and grain size were identified as important impacting
factors on bedrock erosion rate, which lead to two popular bedrock erosion mecha-
nisms, plucking and abrasion, widely used in the numerical models [1, 12, 14, 16]. The
first one is corresponding to the so-called stream power-based method that the bed-
rock erosion rate is considered as a function of the stream power, and the varying
shear stress causes the hydraulic scouring on soft bedrock [4–6, 13], and the other one
is the abrasion-based method, which emphasizes on the important role of the sedi-
ment supply (both bedload and suspended load) by considering the eroding and
shielding effects of sediment on bedrock [7, 8, 11].

Whipple et al. [4] observed in the field that for well-joined rocks with
fractures and bedding planes, the plucking is the dominant erosion process, while
the abrasion process dominates for rocks with smooth and polished surfaces but
with ripples, flutes, and potholes prominently developed. All the aforementioned
bedrock erosion models oversimplified and conceptualized the complicated bed-
rock erosion processes in nature. For any particular mountainous river, these
natural processes cannot be separated and modeled accurately using one method.
Practically, however, a certain dominant process has to be selected to represent all
erosion mechanisms for the modeling purpose. For the downstream channel of JiJi
Weir, since the measured bedrock erodibility is available, it is assumed that the
plucking is dominating in this reach, and the stream power method [16] is selected
for current study.
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In the stream power method, the bedrock erosion rate E is only related to the rock
erodibility index [5] and the flow stream power, which is proportional to bed shear
stress, as described in Eqs. (8, 9):

E ¼ KsU
P
Pcm

� 1
� �c

¼ KsU
τU
Pcm

� 1
� �c

(8)

Pcm ¼ aKb
h (9)

where Ks is non-dimensional coefficient; U is depth-averaged velocity of flow
(m/s); P is stream power of flow (kW/m2), P = τU, τ is shear stress (N/m2); Pcm is
critical stream power (kW/m2); Kh is the bedrock erodibility index defined as the
capability of earth materials for resisting erosion, which is correlated empirically to
the stream power and obtained based on field and laboratory studies; and, a, b,
and c are site-specific calibrated parameters.

The above stream power method is further improved to take into account lateral
erosion by considering the local lateral bed slope. Thus, a factor Sb representing high
slope zones is introduced as follows:

Sb ¼ max
Sl

k � SR , 1:0
� �r

(10)

where Sl is the local lateral bed slope computed in an element, SR is a reference
slope of the simulation area; it is currently represented by the average slope of all wet
elements in a domain. The power r is empirical and needs to be calibrated. In the tests,
it is found that r = 1.5�5.0. It can be seen that this factor is effective only when the
local lateral bed slope is larger than the reference slope. k = 1�6 is the coefficient to
adjust the reference slope, which filters out small slope area from erosion. With this
factor, Eq. (8) is modified to:

Ebb ¼ KsU
P
Pcm

� 1
� �c

Sb (11)

where Ebb is the erosion rate applicable to both softrock bed and bank erosion.
With r = 0, Eq. (11) will convert back to Eq. (8).

2.4 Coupling of bedrock erosion model and sediment transport model

When the sediment transport is simulated, the boundary condition between the
moving sediment particles and the bedrock has to be treated. Sediment particles can
deposit over the rock surface and form a deposition layer. A concept of a sediment
mixing layer over the softrock surface is adopted. If the thickness of the sediment
layer is large, no rock erosion is calculated. If no sediment deposition exists on the bed,
the proposed stream power method is used for the rock bed erosion. If the thickness of
the sediment layer is within a criterion (mixing layer thickness), the stream-power-
induced erosion would be applied at a reduced rate, proportional to the thickness of
the mixing layer. The net change rate of the mixing layer is the combined rates of rock
erosion and sediment deposition.

There is insufficient knowledge on the interactive and coupling mechanism
between the bedrock erosion and the sediment transport. This simple coupling
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basically considers the shielding effects of the sediments on bedrock, similar to that of
the abrasion model, which is concetually reasonable and has been proved and vali-
dated in previous studies [7, 8, 11]. However, the actual interactions between the
bedrock erosion process and the sediment transport process are much more compli-
cated in nature.

3. Application to downstream of JiJi Weir

In this study, CCHE3D bedrock erosion model was used to simulate the
aforementioned channel incision process. The validated model was then used to
evaluate erosion control plans. The study domain is a 6.5 km reach from the JiJi Weir
to the downstream Minchu Bridge, where there are measured cross sections available:
CS-106 to CS-116, and JiJi-30 to JiJi-22 (Figure 2).

3.1 Model setup

Based on the DEM data of 2013 and 2014, several structured meshes covering the
study domain from JiJi Weir to Minchu Bridge were generated, which embed the
combinations of the planned weir structures and lateral channel excavations.

As shown in Figure 5, zones representing erodible bedrocks, alluvium, structures
(non-erodible), have been identified and embedded in simulation domain based on
the satellite image of 2014. The erodible bedrock zone resulted from the channel
incisions and head-cut development, where both the bedrock erosion and sediment
transport simulations are to be conducted. The alluvial zone is covered with pebbles

Figure 5.
Erodible bedrock zone.
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and gravels, and no bedrock erosion simulation will be applied. The non-erodible zone
represents the weir structures and other bank/bed protection measures (i.e., concrete
blocks) and is assumed non-erodible during the simulations. Therefore, the distribu-
tion of non-erodible zones changes with the simulated erosion control plans.

Figure 6 shows the measured bedrock erodibility index distribution in 2014. The
whole domain was divided into 11 zones with different erodibility index, kh, varying
from 310 (high rock strength) to 29 (low rock strength) [2]. The aforementioned
channel bed properties (Figures 5 and 6) are applied to all cases. Adjustments are
made accordingly for the installations of weir structures in different erosion control
plans.

3.2 Model calibration and validation

The site-specific parameters (a, b, and c) in Equation (8) and the lateral slope
parameters r and k in Equation (11) need to be calibrated before applications. In this

Figure 6.
Bedrock erodibility index.

Figure 7.
Flood hydrograph of Typhoons Morakot (8/2009) and Matmo (7/2014).
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study, two cases without any control structures, P0-1 with Typhoon Marmo and P0-2
with Typhoon Morakot, are used to calibrate these parameters and validate the bed-
rock erosion model, respectively.

Figure 8.
Comparisons of cross-sectional profiles for P0-1 with Typhoon Matmo.
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In the calibration step, the parameters are adjusted to obtain the best fit of the
simulations to the data; while in the validation step, no parameters are changed.
Figure 7 shows the hydrographs of these two typhoons, which are considered as the

Figure 9.
Comparisons of cross-sectional profiles for P0-2 with Typhoon Morakot.
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major hydrological events causing significant bed morphological changes in this
channel. Due to its high peak discharge (Q = 12,600 m3/s), Typhoon Morakot was
selected for all other erosion control plans.

Through the numerical calibration tests, the parameter set for the stream power
method was found to be: a = 0.005, b = 0.75, and c = 0.2. For the lateral erosion effects,
the slope exponential parameter r = 1 and the slope scale factor k = 6 were used.
Figures 8 and 9 compare the profiles at the selected cross sections for P0-1 with
Typhoon Matmo and P0-2 with Typhoon Morakot, respectively. In general, good
agreements between the measurements and the simulations were observed for both
cases at those cross sections, especially for channel incisions. As for the lateral erosion
observed at sections JiJi-28, 27, and 26, although more discrepancies exist, the
improved stream power method with considering the slope effects (Equation 7) has
proved its capability of capturing these lateral erosion phenomena in the complicated
bedrock erosion processes.

3.3 Erosion control plans

Since 2007, WRA has proposed a few erosion control plans attempting to stop the
downstream channel of JiJi Weir from incisions and head-cut development. These
erosion control plans included multiple in-stream weir structures, lateral channel
excavations, and other engineering measures, such as concrete blocks for bank pro-
tections, gabions, etc. With the calibrated and validated parameters, CCHE3D bed-
rock erosion model was used to evaluate all the erosion control plans with different
combinations of control structures [2]. According to the numerical simulations, one
plan with three weirs at JiJi-22, 25, and 26 and side excavations from JiJi-27 to CS-112
was confirmed as the most effective in the erosion reduction among all proposed
erosion control plans. Based on the numerical simulations of these erosion control
plans, optimal design was explored.

In the historical channel profiles along thalweg of the downstream channel from
1998 to 2014 as shown in Figure 1, the bed slope is 0.0412 near the head-cut reach,
0.0057 in the incision reach, and 0.0028 in the transition reach. The head-cut reach
and the incision reach are of bare rock channel, actively eroded; the transition reach is
sometimes partially covered with sediments, showing alluvial river morphologic and
sediment transport features, and thus considered to be more stable. In this study, it is
assumed that the channel will be stabilized if the bed slope can be reduced to 0.0028
approximately by installing erosion control weirs in the channel.

Since the 10 m deep head-cut has reached closer to the JiJi Dam, seriously threat-
ening the safety of the dam structure (Figure 3), the protection of the upstream head-
cut zone (from JiJi-30 to JiJi-22) is considered as the first priority. The high weir
structure at JiJi-25 is capable of significantly reducing the bed rock erosion in the reach
from JiJi-26 to JiJi-22. As for the reach from JiJi-30 to JiJi-26, a weir structure is
planned at CS-115, and the small reservoir behind this weir structure is designed to
slow down the flow and thus reduce the erosion.

For downstream of the head-cut zone, the deep incised main channel (from
CS-109 to JiJi-26) is relatively narrow, the water surface elevation in this reach will
increase during floods to endanger the embankment of the left bank. Channel lateral
excavations are proposed in such a way that the thalweg is kept and the widening
lateral excavation (150 m) is on the right floodplain of the channel from JiJi-27 to
CS-108.5. Hydrologic data indicates that the flow discharge in the channel is less than
Q = 1000 m3/s for most time of the year, and the flows in this range are confined in
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the main channel. The water depth for this discharge is about 4 m. If no in-stream
weir structures are built, the proposed lateral excavations will still allow the water to
flow in the deep channel for the most of time of a year, but the water will divert to the
widened areas in the flood seasons. The widened channel will reduce the main flow
velocity and water surface elevation, which is beneficial to bank protection during
floods in addition to promote sediment deposition.

To enhance the erosion reduction effects, two additional low-headed weirs are
suggested to be installed at CS-111 and CS-113 in this reach to further control the flow
and erosion. To prevent the development of a second head-cut between CS-108 and
CS-109 (see Figure 1), another low-headed weir structure is proposed as well to be
installed at CS-108.5.

The heights of the four weirs at CS-108.5, CS-111, CS-113, and CS-115 are
determined in such a way that the small pools formed behind the weirs can approxi-
mately protect half of the reach between weirs (slope equal to zero). As illustrated in
Figure 10, the bed slope of the reach between Weir-A and B is S0, the pool behind
Weir-A can affect an area about half of the reach (L/2). Sediments would fill up the
pool behind Weir-A because the surface slope is significantly reduced. Before the
deposition filled the channel segment, the bed slope behind Weir-B is larger than
Sd (= S0/2), and it reaches to Sd after the segment is filled up, which is the highest
slope possible in the design channel. The new established bed slope would be about
half of the initial slope S0. The protected channel would be stable and filled with
sediment. According to this idea, the top elevations of the five weirs are determined as
indicated in Table 1.

Figure 11 shows the initial setup for the optimal design. The excavation is denoted
in the white polygon area, while six weir strucrures installed at JiJi-25 (CS-116), JiJi-
26, CS-115, CS-113, CS-111, and CS-108.5) as non-erodible zones. For the optimal
design case simulations, the calibrated parameter sets and the bedrock erodibity index

Figure 10.
Sketch of determination of weir height.

Weirs CS-108.5 CS-111 CS-113 CS-115 JiJi-26 JiJi-25

Elevation (m) 155.5 163 170 177 181 188

Table 1.
Top elevations of weir structures.
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remain the same. The bed property zone is adjusted if the excavation cuts into the
alluvium and exposes the soft rock underneath.

In current sediment transport simulations, both the suspended load and the
bedload transport are considered with three representative size diameters: 0.0081,
0.03086, and 0.3006 m. Sediment boundary condition is obtained from the measured
concentration in a detention pool nearby JiJi Weir during typhoon season, initial
conditions and other boundary conditions are the same as the cases of stream power
erosion simulations. This simply coupled sediment transport and stream-power-based
erosion model was calibrated using the P0-1 conditions and then applied to sedimen-
tation simulations in the optimal design study. The calibrated model could capture the
main trend of the channel incision particularly in the reach from the JiJi Dam to CS111
under the P0-1 condition.

The simulation results of the optimal design were compared with those of the cases
without any structures. Figures 12 and 13 show the longitudinal profile of bed
changes. In the first 1.2 km reach, where two high weirs at JiJi-25 and JiJi-26 are

Figure 11.
Model setup for optimal design.

Figure 12.
Simulated erosion patterns for the case without structures.
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located, much more depositions were observed in the optimal plan, while the erosions
are dominant for the case without structures. Further downstream, in general, the
erosions are dominant for both cases, except for small regions upstream of the weir
structures, where the water surface is increased, and the velocity is slower . The bed
change pattern around all the weir structures is similar: there are depositions at
upstream but erosions at downstream, which is expected. Figure 14 shows the bed
profile along the thalweg. As can be seen, in the optimal plan, the erosion along the
thalweg has been reduced significantly, and the upstream reach with the first two
weirs demonstrated obvious deposistion pattern. The two weir structures at JiJi-25 and
JiJi-26 do serve the purpose of reducing channel incision and stopping the head-cut
development effectively (Figure 15).

Despite the simple coupling method, the coupled bedrock erosion and sediment
transport model demonstrated the promoting effects of the proposed optimal design
on sediment depositions to protect the channel bed from further eroding.

Figure 13
Simulated erosion patterns for the case with the optimal design.

Figure 14
Profile of bed changes.
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3.4 Implementation of erosion control plan

The erosion control plan combined with other engineering measures (concrete
blocks, gabions, and filling-ups) has been partially or completely implemented.
Figure 16 compares the aerial images of JiJi Weir in 2014 and 2021. In this 1.2 km

Figure 15
Profile of bed elevation along the thalweg.

Figure 16
Aerial images of JiJi Weir.
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reach of JiJi Weir downstream, a comb weir structure, two drop structures, and some
concrete blocks were installed. The head-cut development from 2014 to 2021 seems
not very significant, which demonstrated the effectiveness of the erosion control plan.

4. Conclusions

In this study, a simply coupled 3D bedrock erosion and sediment transport model,
CCHE3D bedrock model, was developed and applied to the downstream channel of the
JiJi Weir, Chushui River, where the serious channel incision and head-cut migration
endanger the JiJi Dam. In this simple coupling model, a concept of a sediment mixing
layer over the bedrock surface is adopted. The thickness of the sediment layer determines
the bed change mechanism as follows: thick sediment layer leads to non-rock erosion
calculation, while non-sediment layer indicates the dominant role of the bedrock erosion.
Within the mixing layer thickness, the stream-power-induced erosion would be applied
at a reduced rate, proportional to the thickness of the mixing layer. The net change rate
of the mixing layer is the combined rates of rock erosion and sediment deposition.

The hydrologic data of Typhoon Matmo in 2014 and Typhoon Morakot in 2009
were used to calibrate and validate the site-specific parameters for the stream power
method–based bedrock erosion model. This model was also applied to simulate the
bed changes with designed channel erosion control structures installed. The objective
of the study is to identify an optimal design to alleviate channel incision and stop the
head-cut development.

Based on the evaluations of multiple erosion control plans proposed by WRA and
the channel evolution analysis, an optimal erosion control plan was identified. Six weir
structures at section JiJi-25, JiJi-26, CS-115, CS-113, CS-111, and CS-108.5 and the 150
m-wide lateral excavations from JiJi-27 to CS-108.5 along the right floodplain to widen
the channel were proposed. The lateral excavation would keep flows in the thalweg,
but divert the water onto the excavated area during floods. According to the longitu-
dinal profiles along the thalweg (Figure 1), the CS-115, CS-113, CS-111, and CS-108.5
were selected as the locations for installing weir structures to control the channel bed
slopes. The elevations of those weir structures were determined in such a way that the
target weir protects a half of a segment between two neighboring weirs so that the bed
slope of the pool between weirs could be reduced by half (Figure 10).

Using the proposed coupled bedrock erosion and sediment transport model, the
optimal design and the case without any structures were evaluated and compared.
According to the simulated results, the optimal design reduced the channel incision
significantly, and the head-cut development was stopped by the two weir structures
installed at JiJi-25 and JiJi-26. Sediment depositions were observed not only in the deep
channel but also the excavated area. In general, the whole study reach from JiJi Weir
to Minchu Bridge still demonstrated erosion pattern except for the first 1.2 km reach
at upstream. Without any control structures, the channel would be further deepened,
and the development of the head-cut would continue.
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Appendices and nomenclature

C suspended sediment concentration
Db deposition rate (m2s�1)
Eb erosion rate (m2s�1)
Ebb erosion rate for both bedrock and bank erosion (m2s�1)
Kh bedrock erodibility index
Lb bedload adaptation length (m)
qb bedload transport rate (m2s�1)
Sb bed slope factor
u x velocity (ms�1)
v y velocity (ms�1)
w z velocity (ms�1)
U depth-averaged velocity of flow (ms�1)
P stream power of flow (kW m�2)
η water surface (m)
ν kinematic viscosity (m2s�1)
δ bedload layer thickness (m)
τ shear stress (Pa)
ωs sediment settling velocity (ms�1)
σs Schmidt number
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Chapter 7

A Study of Morphological Changes 
in the Coastal Areas and Offshore 
Islands of Sudarban Coastline 
Using Remote Sensing
Partha Sarathi Mahato

Abstract

The Sundarbans, located along the coastal areas of India and Bangladesh, is the 
largest remaining single block of mangrove forest in the world, covering approxi-
mately 1 million hectares (10,000 km2) of the Ganges-Brahmaputra delta. This 
unique ecosystem is under threat from major disturbances such as sea level rise and 
alterations in water flows from the Himalayan headwaters. There have been very few 
studies on the current status and dynamics of the Sundarban’s coastline. To address 
this knowledge gap, we conducted a study utilizing Landsat images spanning from 
1975 to 2022. Our findings reveal that the rates and directions of erosion and accretion 
varied across the different periods. During the 1994–2005 interval, erosion reached 
its peak with a land loss rate of ~17 km2 per year. However, this rate substantially 
declined in subsequent periods to ~8 km2. Accretion, on the other hand, showed a rate 
of ~7 km2 per year between 1975 and 1988 but declined to approximately ~6 km2 per 
year between 1988 and 1994. While the accretion rate has declined in recent years, the 
erosion rate has remained relatively high.

Keywords: Sundarbans, Bengal delta, coastline, dynamics, satellite imagery, erosion, 
accretion

1. Introduction

The Sundarban area of the South Asian Region is located between 21o N to 26o30’N 
and 88 o E to 92o 30′E in the Bay of Bengal. It consists of a cluster of low-lying islands 
covering an area of ~10,000 km2 that were formed during the last 11,000 years. It is 
the second-largest river delta built by the Ganga-Bramhaputra river system driven by 
southwest monsoon rains. The rivers carry large amounts of sediment loads, ~10 9 t/
year, from the Himalayas and upper parts of the Bengal delta. The mangrove forest of 
the Sundarbans is shared between India (38%) and Bangladesh (62%). The Royal Bengal 
Tiger, Ganga River Dolphin, and certain endangered species, such the River Terrapin, may 
all be found in the Subarnarekha Mangrove woods, which are rich in biodiversity. In both 
nations, the vital ecosystem is protected and listed as a UNESCO World Heritage Site.
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The mangrove ecosystem holds immense ecological and economic importance. It is 
home to numerous organisms that possess substantial ecological and economic values. 
These ecosystems play a crucial role in supporting both terrestrial and aquatic food 
chains, thereby sustaining a diverse range of plant and animal species. One of the notable 
contributions of mangrove ecosystems is their ability to serve as natural barriers, protect-
ing shoreline and island areas from various natural hazards such as cyclones, hurricanes, 
and tsunamis. By absorbing and dissipating the force of waves, they effectively mitigate 
coastal erosion. Moreover, mangroves act as biological filters, helping to maintain water 
quality by trapping sediment and nutrients, thus purifying polluted coastal waters.

Furthermore, mangroves play a vital role in maintaining the carbon balance in 
coastal areas. They sequester and store large amounts of carbon dioxide, contributing 
to climate change mitigation efforts. Additionally, these ecosystems hold significance 
for tourism and recreation purposes, attracting visitors who appreciate their unique 
beauty and ecological value [1]. Overall, the preservation and conservation of man-
grove ecosystems have far-reaching ecological, economic, and societal benefits.

Mangroves demonstrate remarkable ecological stability in terms of persistence and 
resilience. However, they are highly sensitive to changes in hydrology. Therefore, it is 
essential to prioritize the protection and restoration of mangrove ecosystems. Since 
gaining independence, a significant number of homeless individuals have migrated 
and settled in the reclaimed Indian Sundarban region. Despite various efforts to 
safeguard mangrove resources, they face substantial anthropogenic pressure result-
ing from unsustainable exploitation for multiple purposes, such as wood harvesting, 
fodder collection, fuel extraction, and charcoal production [2]. Additionally, the 
conversion of forested areas into aquaculture and agricultural lands, as well as the 
construction of jetties and harbors to meet the demands of the growing population, 
further exacerbate the challenges faced by mangroves [2–4].

On an average, 5–6 cyclones annually hit the Sundarban area. Of these cyclones, 
two are of severe category. Among these, Amphan in 2020 had the highest impact 
with an estimated loss of 128 lives and > USD 13 million in damages. The diversity 
and extent of the Sudarban are constantly declining due to anthropogenic and natural 
causes. Regular monitoring of extent and quality is necessary for this area to control 
or even regain the loss if given constant effort for a longer period of time. Land 
dynamics of delta coastline are controlled by three major factors.

1. Tectonic subsidence and compaction

2. Relative sea level change and wave action

3. River sediment supply

Studies suggest the subsidence rate of the Bengal delta area is in the range of 
15–50 mm annually. The exploration of oil and gas from delta, trapping of sediments due 
construction of reservoirs upstream, and other anthropogenic activities are considered 
the main cause of the subsidence of Bengal Delta. Also, the estimated rise of sea level of 
Bay of Bengal is at >10 mm/year which is among the world’s highest (Based on global sea 
level data and modeling, Eriscson et al. [5] are noticeable this coastline.

The objective of this study is to observe the change of shoreline in Bay of 
Bengal through time and its impact on the extent of mangrove forest cover area. 
The rate of shoreline erosion or accretion and movement of coastline are calcu-
lated using the series of Landsat images available from 1975 to 2022. Conducting 
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field surveys in the swampy mangrove forest can be extremely challenging due 
to their inaccessibility (Nandy et al. [6]). In such circumstances, remote sensing 
techniques have emerged as increasingly valuable tools for mapping and monitor-
ing mangroves in a timely manner [7]. While remote sensing data cannot replace 
field surveys, it offers several advantages. These include synoptic coverage, the 
availability of free or low-cost satellite data, and repetitive coverage [8, 9].

Remote sensing allows for the collection of data over large areas, providing a broad 
overview of mangrove ecosystems that would be difficult to achieve solely through 
field surveys. Additionally, satellite data can be obtained at regular intervals, enabling 
the monitoring of changes and trends in mangrove extent and condition over time. 
The availability of free or affordable satellite data further enhances the accessibility 
and affordability of remote sensing technology for mangrove monitoring purposes. 
While remote sensing data is a valuable tool, it is important to note that it should be 
complemented with field surveys to validate and ground truth the remote sensing 
results. By integrating remote sensing with field-based data collection, a comprehen-
sive and accurate understanding of mangrove ecosystems can be achieved.

Allison [10] mentioned the Bengal delta is in a net erosional state at a rate of 
~1.9 km2 per year and the coastline retreat of ~3–4 km in some areas of the west-
ern edge since 1792 (~21 m year−1). Some studies mention the accretion rate as 
~7 km2 year−1 along the river mouth regions [11].

2. Study area

The coastline along Sundarban area, unlike adjacent areas, is not restricted by 
embankments, making it a preferred study area to observe the impact of sea level 
rise and coastal erosion on the shoreline. Anthropogenic activities, such as fishing, 
hunting, and resource harvesting, occurs inside the inland river channel and their 
subsidiaries and inland forest area. Excessive humidity prevails throughout the year. 
The monsoon occurs in the months of June to September with 2500 to 3000 mm of 
rain fall annually. In the summer temperature ranges between 25 to 35°C, while winter 
has a temperature range of 12 to 24°C.

Tidal levels in the area exhibit seasonal variations, ranging from 4 to 6.5 meters. 
Additionally, the pH of the water fluctuates between 7.2 to 7.9 [12]. These environ-
mental factors, including humidity, rainfall, temperature, tidal levels, and water pH, 
collectively contribute to the unique and dynamic ecosystem of the mangrove forest. 
Therefore, the study is focused on the coastline that is affected.

3. Material and method

The present study uses a collection 2 level 1 images from LANDSAT series of satel-
lites available from USGS Earth Explorer website from 1975 to 2022. To get cloud-free 
clear images of the study area, images are quired in the month of December each 
year where possible, or in adjacent months. For the years 1975 and 1980, images 
were selected from the Landsat Multi-Spectral Scanner (MSS), and the rest images 
were from Landsat Thematic Mapper (TM, 4 and 5) and Enhanced TM (ETM+) 
(Figure 1). Two adjacent Landsat images of path 148 rows 45 and 147 rows 45 for 
Landsat MSS; path 138 rows 45 and 137 rows 45 for TM and ETM+ are needed for the 
Sundarbans coastline of Bangladesh and India (Table 1).
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Figure 1. 
Location of the study area: Sundarban coastline along bay of Bengal.

Year Month Satellite Path Cloud cover Resolution (M)

1975 December Landsat MSS 1 148/45147/45 0 60

1988 December Landsat MSS 4 148/45147/45 0 30

1994 December Landsat MSS 4 148/45147/45 0 30

2005 December Landsat 7 ETM+ 148/45147/45 <7% 30

2015 December Landsat 8 OLI 148/45147/45 0 30

2022 December Landsat 8 OLI 148/45147/45 0 30

Table 1. 
Landsat images used in the study.
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Images downloaded from USGS Earth Explorer are first georeferenced with a 
final georeferenced image having <±0.5 pixel root mean squared error (RMSE). 
As the adjacent images fall in two different countries with different UTM Zones of 
46 N and 45 N The images are reprojected to Lambert Azimuthal Equal area projec-
tion to preserve the area of individual polygon and a true sense of direction from 
the center. This projection is also preferred for statistical analysis of land change. 
To maintain the spectral integrity of the image nearest neighbor resampling was 
used. All images from Landsat MSS1 are resampled to 30 m resolution. Resampling 
the 60 m MSS pixels to 30 m does not impact the spatial resolution of the images, 
whereas resampling the 30 m TM pixels to 60 m MSS pixels would degrade spatial 
resolution of the images.

To enable accurate classification and change detection from multi-temporal 
satellite imagery, it is crucial to perform radiometric calibration. This process involves 
correcting for gain and bias variations in the satellite data. In the case of Landsat 
data, the scattering effect is particularly prominent [13]. Additionally, for vegetation 
cover identification, atmospheric correction is necessary to mitigate the impact of 
scattering.

In our study, we conducted atmospheric correction on the Landsat visible and 
near-infrared (VNIR) bands. This correction involved radiometric calibration, 
which transformed the digital number (DN) values of the bands into the top of the 
atmosphere radiance (LTOA) using a sensor calibration function (Eq. 1) proposed 
by Chander et al. [14]. Subsequently, we converted the radiance of the VNIR bands 
into accurate surface reflectance using an image-based atmospheric correction model 
developed by Chavez [15]. This model was chosen for its simplicity and because radio-
sounding data was not readily available (Eq. 2).
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Where ρ represents the surface reflectance. d denotes the Earth-sun distance, which 
is measured in Astronomical Units (AU). ESUNλ refers to the band-pass solar irradiance 
at the top of the atmosphere (TOA) for a specific wavelength (λ); Z represents the solar 
zenith angle, measured in degrees; TZ represents the atmospheric transmission between 
the ground and the TOA. For band 4, the value of TZ is assumed as 0.85, while for band 
5, it is taken as 0.95 (Figure 2) [15]. Lp represents the radiance that results from the 
interaction of aerosols and atmospheric particles. Its estimation is based on the studies 
conducted by Song et al. [13], Chavez [15], and Sobrino et al. [16].

FCC (false-color composite) images are commonly used in remote sensing 
and satellite imaging to enhance the interpretation of land cover and vegetation. 
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These images are created by combining different bands of electromagnetic radia-
tion, typically in the green, red, and near-infrared regions of the spectrum. The 
interpretation of FCC images relies on the fact that different materials reflect and 
absorb different wavelengths of light. In the case of distinguishing between land 
and water, the choice of bands is important. By using the green, red, and near-
infrared bands, it becomes possible to differentiate between various land cover 
types. In an FCC image, vegetated areas appear in shades of red. This is because 

Figure 2. 
Overall methodology of the study.
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healthy vegetation strongly reflects near-infrared light while absorbing more of the 
red light. As a result, when the near-infrared band is assigned to the red channel 
in the composite image, it gives vegetation a distinct red color. Bare soils, on the 
other hand, appear in tones of brown. Since bare soils have little vegetation cover, 
they reflect both green and red light, giving them a brownish appearance in the 
composite image. Mudflats or sandy beaches generally appear as shades of white in 
an FCC image. These areas have a high reflectance in both the green and red bands, 
resulting in a bright appearance. Water bodies, such as lakes or oceans, appear blue 
or black in the FCC image. This is because water absorbs near-infrared light, and 
in the absence of strong vegetation reflectance, it reflects more of the blue and 
green light. Therefore, water bodies tend to appear darker compared to other land 
cover types. In addition to FCC images, the normalized difference vegetation index 
(NDVI) can be calculated using the red and near-infrared bands. The NDVI is a 
quantitative measure of vegetation health and density. It is computed by taking 
the difference between the near-infrared and red reflectance values and dividing it 
by their sum. The resulting NDVI values can help confirm the land-water bound-
ary. Water bodies typically have a negative NDVI value, indicating the absence of 
vegetation, while dry land usually has a positive NDVI value, reflecting the pres-
ence of vegetation.

Overall, FCC images and the NDVI provide valuable information for land cover 
classification, vegetation monitoring, and understanding the distribution of different 
land and water features in remote sensing applications.

4. Error estimation

The two main independent sources of uncertainty mentioned in your state-
ment are the uncertainty caused by the georeferencing process and the uncertainty 
caused by the digitizing process. These two independent sources of uncertainty, 
namely georeferencing and digitizing, contribute to the overall uncertainty in the 
spatial data analysis and should be considered when interpreting or using the data. 
The georeferencing process involves aligning spatial data to a known coordinate 
system or reference imagery. The error associated with this process is assumed to 
be normally distributed with a mean of 0 and a standard deviation equal to the 
Root Mean Square Error (RMSE) resulting from the georeferencing procedure. In 
this case, the RMSE is ±0.5 pixels. The assumption of normal distribution implies 
that the errors are symmetrically distributed around the mean, and the RMSE pro-
vides an estimate of the typical magnitude of the georeferencing errors. Digitizing 
refers to the process of converting analogue or physical data into digital form. In 
this context, it involves delineating the boundary of an area on a map or image. 
The error associated with this process is assumed to be uniformly distributed, 
ranging between 0 square meters and 900 square meters. This assumption implies 
that the digitizing errors have an equal likelihood of occurring within this range. A 
mixed pixel occurs when a pixel represents a mixture of different land cover types, 
in this case, soil and water along the coastline. This can be a result of the spatial 
resolution of the data, where a single pixel covers an area that includes both land 
and water. The presence of mixed pixels along the coastline can introduce addi-
tional uncertainty in the analysis, as the classification or interpretation of such 
pixels becomes more challenging (Figure 3).
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5. Results and discussion

Accretion and erosion were not the same throughout the different segments of 
time considered for the study. For example, erosion was dominating in the 1975–1988 
interval with a land loss of ~12 km2/year, while erosion declined in the following 
periods to a rate of ~8 km2 per year. If we look at results as a whole erosion wins over 
accretion and the coast registers a net land loss of ~280 km2 in this study period. 
Accretions in the 1994–2005 and 2005–2015 periods were ~ 10 km2 and ~ 5 km2 per 
year respectively. In this segment, a total gain of ~210 km2 of land can be observed.

According to the present study, the erosion and accretion rates in the 
Subarnarekha Delta have been highly dynamic over the past 47 years. It is observed 
that the delta has experienced both erosion and accretion at different times during 
this period. The total land change estimated over the last 47 years in the Subarnarekha 
Delta is a loss of 250 km2 of land. This suggests that the delta experienced a net loss of 
land during this time period. The study also indicates that accretion has been domi-
nant in the east direction, while erosion has been more pronounced in the south-to-
west direction. This spatial variation in erosion and accretion patterns suggests that 

Figure 3. 
Changes in coastline from 1975 to 2022.
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different parts of the delta have been subjected to varying degrees of land loss or gain. 
These findings highlight the dynamic nature of the Subarnarekha Delta, with ongoing 
processes of erosion and accretion shaping its coastline over the years. Understanding 
the spatial patterns and rates of erosion and accretion is crucial for managing and 
mitigating the impacts of coastal changes in the delta region.

A notable pattern observed in the land dynamics of the Sundarbans coastline is 
the declining rate of accretion in successive periods. This trend could be attributed to 
the overall sediment deprivation of the delta caused by human activities such as dam 
construction and other anthropogenic disturbances upstream (Table 2) [17].

Erosion is observed in all directions except for the landward directions (N, NE, 
NW), suggesting the potential influence of sea level rise (SLR) impacts in the Bay 
of Bengal. The variation in erosion rates in different azimuthal directions may be 
attributed to a combination of surface wave and tidal actions. Surface waves primarily 
originate from the southwest direction in the Bay of Bengal, while tidal actions pre-
dominantly occur from the south [18]. Additionally, the East India Coastal Current 
(EICC) flows northward during the rainy seasons (March–September) and reverses 
its direction during the dry seasons (October–January). As a result, the combined 
forces of waves and tides are stronger in the south azimuthal direction compared to 
other directions.

These factors contribute to the complex interplay of erosion and accretion along 
the Sundarbans coastline, with variations in sediment dynamics influenced by SLR, 
wave action, tidal forces, and seasonal currents (Figures 4 and 5).

Since there is no dike or other construction to safeguard the shoreline, the 
coastline retreat in the Sundarban area was expected due to sea level rise. By stor-
ing sediments upland and reducing their availability at the shore, sediments from 
dam construction have also had a substantial impact. While tidal action occurs from 
the south, surface waves in Sundarbans coastline region are primarily from the 
southwest. The East India Coastal Current (EICC) flows southward during the dry 
seasons of October to January and northward during the rainy seasons of March to 
September. The southern region is more affected by the combined impact of waves 
and tides than other regions. During the final 47 years of the research period, the 
Subarnarekha coast lost 270 km2 in total, or 5.7 km2 per year. This number is higher 
than what preceding researchers had predicted. There has been a loss of land, but not 
equally. Despite the fact that some new islands have appeared along the coast, the 
overall picture shows a loss of land mass there.

Period Accretion 
(Km2 

year−1)

Total 
accretion 

(km2)

Erosion 
(km2 year−1)

Total 
erosion 
(km2)

Difference 
(km2)

1975–1988 7.3 92.7 ± 0.8 12.9 167.8 ± 0.8 −75.1

1988–1994 6.58 32.9 ± 0.5 10.94 54.7 ± 0.3 −21.8

1994–2005 10.22 112.5 ± 0.4 17.27 190.2 ± 0.3 −77.7

2005–2015 6.1 61.5 ± 1.3 11.5 115.5 ± 1.6 −54

2015–2022 4.18 29.3 ± 0.5 8.51 59.6 ± 0.9 −30.3

Table 2. 
Accretion and erosion rates in the Sundarbans coastline estimated.
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6. Conclusions

Our research emphasizes the intricate nature of the spatiotemporal dynamics 
observed along the retreating Sundarbans coastline in the Bengal delta. To delineate 
the coastline, we utilized cloud-free Landsat images and developed algorithms that 
consistently derived distances and areas of land dynamics for the entire coastline at 
regular intervals. While coastal retreat is a natural global phenomenon associated 
with sea-level rise (SLR), our study delved into the specific impacts of SLR, as well as 
reduced discharge and sediment flow from the contributing river, on the coastline.

Figure 4. 
Erosion and accretion over the past 47 years in suburban coastal area.

Figure 5. 
Accretion and erosion of the coastline between 1975 and 2022.
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The formation of the Bengal delta was primarily driven by the discharge of the 
Ganges-Brahmaputra (GB) river, resulting in accretion dominating the region for 
thousands of years. However, while some previous sampling studies suggested ongo-
ing accretion in the Bengal delta [11], recent modeling studies indicate that sediment 
compaction has caused the delta to sink [17]. Our study presents the first evidence 
that the entire non-diked portion of the Sundarbans coastline in the Bengal delta is 
currently experiencing a net erosional state.

By analyzing a time series of satellite images, we were able to characterize the spa-
tial and temporal aspects of the retreat. This approach reduced uncertainties inherent 
in modeling and sampling studies of continuous spatial processes such as coastal 
dynamics. The spatiotemporal analysis conducted in our study may facilitate future 
research in understanding the local and global factors contributing to the reported 
spatial variations in erosion and accretion.

We anticipate that the findings of our study will have practical implications for 
the management planning of the Sundarbans—the world’s largest remaining patch of 
mangrove forests.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

Drivers and New Opportunities for 
Woody Vegetation Use in Erosion 
Management in Pastoral Hill 
Country in New Zealand
Ian McIvor, Thomas Mackay-Smith and Raphael Spiekermann

Abstract

Increases in the magnitude and frequency of rainfall events in New Zealand due to 
climate change, coupled with existing concerns about sediment and nutrient con-
tamination of waterways, are changing policy and practice around erosion manage-
ment and land use. We describe the challenges around slope erosion reduction, cover 
current legislation and management practices, illustrate how modeling can inform 
erosion management and describe new opportunities, whereby native species can 
become a new active management tool for erosion control. Passive erosion manage-
ment depending on natural revegetation by slow growing woody species is used on 
land retired from grazing but is much less effective than active erosion manage-
ment in reducing shallow slope erosion. Active erosion management using exotic 
fast-growing poplar and willow trees strategically placed on hillslopes is effective in 
reducing erosion, but these trees can be hard to establish on drier upper slopes. An 
endemic woody tree, Kanuka, grows on drier slopes and is being tested as an erosion 
control tool. Kanuka seedlings have been successfully established on pastoral slopes, 
including drier slopes. A spatial decision support tool developed to identify pastoral 
hillslopes at high risk of erosion has improved decision-making when positioning 
appropriate trees on these slopes.

Keywords: erosion management, landslide susceptibility, poplar, native vegetation, 
kānuka

1. Introduction

Following arrival by European settlers in the 1800s, extensive deforestation for 
pastoral farming resulted in a geomorphic landscape response consisting of high 
erosion and sedimentation rates [1–5]. Increased erosion rates have led to a variety of 
adverse consequences, including i) reduced land productivity, ecosystem services, 
and food security through loss of productive soil; ii) increased damage to infrastruc-
ture; iii) adverse impacts on water quality and aquatic ecosystems from increased 
sediment delivery to streams; and iv) negative impacts for cultural values related to 
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soil and aquatic environments [6–13]. Erosion processes in New Zealand remain very 
active [14], due to a predisposed natural environment with steep slopes, weak sedi-
mentary rocks, and a climate featuring high annual rainfall and relatively frequent 
high magnitude rainfall events [15–17]. Climate change is predicted to result in large 
increases in sediment loads, primarily due to increasing storm magnitude-frequency 
of mass movement erosion in soft-rock hill country [18].

Mass movement processes are geographically the most widespread type of 
erosion in New Zealand [15]. The most common types of mass movement in New 
Zealand are shallow, rapid slides and flows involving soil and regolith [1, 19]. 
Such landslides are generally triggered either by high-intensity-rainfall events or 
by small rainfall events on top of saturated soil moisture conditions [18]. Shallow 
landslides make up the largest source of sediment from pastoral hill country in 
New Zealand [20]. In these steep and highly dissected pastoral landscapes, bioen-
gineering—either through widely spaced trees, blanket afforestation, or through 
natural reversion to indigenous forest—has been the most common method 
to increase slope stability and reduce soil erosion [21–23]. Tree roots are more 
effective than pasture roots in binding soil and preventing shallow landslides in 
pastoral landscapes [21].

Sheep and beef production depends on hill country for the supply of breeding 
stock as well as prime animals for meat processing. Wool has been a significant 
commodity product of hill country farms in the past and may well regain importance 
in future. Converting native forest to farmland was seen as a necessary activity to 
provide livelihoods for new immigrants and generate national wealth from the supply 
of essential export products, wool, and meat. The conversion happened quickly 
without an awareness of the inherent instability of the slopes and their vulnerability 
to landslides when the soil becomes saturated.

Hill country landscapes in scope for this chapter include those low altitude lands 
(<1000 m a.s.l.) that feature rolling and steep slopes (>15°), are not regularly cul-
tivated on a large scale, are dominated by diverse pasture systems (but may include 
various woody vegetation components), and are managed for mixed livestock opera-
tions (mainly sheep, cattle, and deer) [24]. The area covered by this loose definition 
is about 5.2 million ha [25] or approximately 20% of New Zealand. Most of these 
landscapes have been developed into productive pastures from indigenous broadleaf-
podocarp forest over the last century, but in many cases, the prevailing vegetation has 
seen cycles of reversion to scrub, or establishment of plantation forestry as the eco-
nomic and social drivers have shifted over decadal scales [23]. While active measures 
to reduce soil erosion in pastoral hill country have been undertaken at central and 
local government level, the land remains in private ownership, and as such, erosion 
management is dependent on individual landowners carrying out erosion control 
measures to stabilize their pastoral slopes.

The key contaminants for hill land waterways are sediment, P, N, and fecal 
microorganisms. Sediment loss from large-scale erosion events, in terms of both the 
immediate and ongoing quantities of soil loss, is the biggest environmental manage-
ment issue for hill country [23]. Phosphorus is included ahead of N as most surface 
waters in New Zealand are more P-limited than N-limited [26], and total P losses in 
hill environments are strongly linked to sediment [27]. In general, relative to water-
ways in forested catchments waterways draining pastoral-dominant catchments 
have greater water yields, peak flows, nutrient concentrations, suspended sediment 
concentrations, and fecal coliform concentrations [28].
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2. Drivers for erosion management in pastoral hill country

2.1 Water quality

In common with the rest of the world, New Zealand rates water quality of its 
natural waterways with high priority. Both P and N are considered contaminants of 
natural waterways, and enrichment does generate eutrophication conditions particu-
larly during periods of low flow. Likewise, sediment sourced from land is detrimental 
to aquatic life, reducing clarity and contributing P.

2.2 Soil loss

Soil fertility is largely held within the topsoil. Recovery of soil fertility once topsoil 
is removed from pastoral slopes in shallow landslides is a very slow process [29] and 
has serious consequences for soil health, pasture growth, carbon storage, and rural 
livelihoods.

2.3 Asset protection

Shallow landslides can be very damaging to pasture, farm tracks, drainage chan-
nels, fences, and possibly buildings. Stock losses may also occur, though the financial 
costs are much higher for infrastructure. Public assets such as roadways, bridges, and 
communication infrastructure are also threatened by severe slope erosion. Our warm-
ing climate has increased the risk of tropical weather systems reaching New Zealand. 
Cyclone Gabrielle devastated parts of northern and eastern North Island in February 
2023, transferring large volumes of silt and water from hills to valley floors, destroy-
ing homes and livelihoods, and severely disrupting infrastructure. It was preceded by 
a tropical rainstorm just two weeks prior and saturated soils from an unusually wet 
spring and summer.

2.4 Carbon credits

New Zealand operates an Emission Trading Scheme (ETS), whereby land-
owners can gain tradeable carbon credits by planting trees in their landscape to 
sequester carbon. The requirements (30% canopy cover, tree species height at 
maturity >5 m, treed area at least 1 hectare, mean width at least 30 m across) 
(https://www.mpi.govt.nz/forestry/forestry-in-the-emissions-trading-scheme/) 
provide sufficient tree densities to both gain credits and be effective in preventing 
shallow landslides.

2.5 Societal sensibility

There is a strong social stigma associated with any action or inaction that 
damages the natural environment. Rural landowners are held responsible for 
environmental damage from soil erosion and waterway contamination, and this is a 
significant driver for erosion management. Many community groups supported by 
government bodies are planting public areas such as streambanks with native woody 
vegetation, and rural landowners are being challenged to demonstrate the same 
environmental awareness.
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3. Current approaches to erosion management in pastoral hill country

3.1 Government legislation requirements for erosion management

The Water and Soil Conservation act of 1941 mandated statutory bodies to manage 
erosion control and flood management. However, under this Act, landowner response 
to erosion control was largely voluntary.

The Resource Management Act 1991 (RMA) is now the main piece of legislation 
that sets out how New Zealand should manage its environment. The RMA is based 
on the idea of the sustainable management of resources and encourages communities 
and individuals to actively engage in environmental protection.

More recently, the 2020 National Policy Statement for Freshwater Management 
(NPS-FM) has required regional authorities to manage freshwater in a way that 
considers the effects of land use, including the effects on receiving estuarine environ-
ments (New Zealand Government, 2020). Moreover, Freshwater Farm Plans (FFP) 
have been established as a legal instrument under the RMA to identify environmental 
actions on farms in consideration of objectives for the catchment. The Act specifies 
that an FFP must “identify any adverse effects of activities carried out on the farm on 
freshwater and freshwater ecosystems” and “specify requirements that (i) are appropriate 
for the purpose of avoiding, remedying, or mitigating the adverse effects of those activities 
on freshwater and freshwater ecosystems; and (ii) are clear and measurable” (Section 
217F, RMA). Therefore, understanding the impact of erosion and sediment control is 
important to achieve the desired environmental outcomes and—more specifically—
sediment standards.”

The Resource Management Act 1991 and National Policy Statement for Freshwater 
Management 2020 both require and assist landowners to carry out erosion control and 
freshwater quality measures on their properties using farm plans and on farm advice 
and through the provision of woody vegetation planting materials (poplar and willow 
poles, native plant seedlings) and financial assistance for plant protection.

3.2 Passive erosion management

Financial incentives (e.g., fencing) may be provided to retire steep land with 
low productivity and high erosion vulnerability [30] from active grazing and allow 
natural regeneration of woody native vegetation. Native forested catchments have 
been shown to generate lower soil erosion loads to rivers compared to pasture 
catchments [31–33]. Quinn and Stroud [33] reported suspended sediment loads of 
988 kg ha−1 yr.−1 in a pasture catchment and 320 kg ha−1 yr.−1 in a native forest catch-
ment. Furthermore, when compared suspended sediment in a pastoral catchment 
(180 ha) and native forested catchment (10 ha) on similar topographies and soil types 
~8 km apart, Bargh [31, 32] measured loads of 1400 kg ha−1 yr.−1 in the pastoral catch-
ment and 120 kg ha−1 yr.−1 in the forested catchment.

Native vegetation regeneration is likely to be a slow, incremental process 
and of itself leaves the slope no less vulnerable to erosion until any establish-
ing woody vegetation with appropriate root systems can stabilize the slope. In a 
study on Oashore Station (farm property), Banks Peninsula, 3.3% of the retired 
area showed observable increase in natural revegetation between 2003 and 
2016 despite the property being managed to support natural regeneration [34]. 
Significant factors influencing natural regeneration were the distance to existing 
woody vegetation (p < 0.01), woody vegetation within 25 m (p = 0.008), and 
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years without cattle (p < 0.01) with other nonsignificant factors being topograph-
ical wetness, years without sheep, solar radiation, slope, elevation, and aspect 
[34]. These findings are consistent with studies on natural woody regeneration in 
tropical regions of Brazil where tree cover was found to increase by 0.3–0.4% per 
year (e.g., [35]).

Passive regeneration, while being slow and incremental, goes some way to satisfy-
ing societal aspiration to reduce soil erosion, increase ecosystem biodiversity, improve 
water quality, and restore parts of the rural landscape to primeval native forest with 
its incumbent birdlife. For instance, it is estimated that landslides reduced by 65% in 
hill country with 10-year-old regenerating scrub (mānuka (Leptospermum scoparium 
and kānuka (Kunzea spp.)) compared to open pasture, and there was an estimated 
90% reduction in landslides for 20–year-old scrub [36]. However, to achieve this 
protection, scrub density was 20,000 tree ha−1 at age 10 years and estimated at 10,000 
tree ha−1 at age 20 years [36], reducing grazing pasture considerably. In the meantime, 
the pastoral slope may be invaded by woody exotic species such as barberry (Berberis 
spp.) or gorse (Ulex europaeus), which colonize much more readily but which may 
improve conditions for establishment of native species. Because of small size and slow 
growth of the woody vegetation, passive natural regeneration is unlikely to generate 
income from carbon credits under the ETS.

Research is needed across all climatic zones on rates of passive regeneration, and 
ways to blend passive and active approaches in erosion management.

3.3 Active erosion management

The objective of active erosion management is to target potential sediment 
source areas with tree planting to increase slope stability and thereby prevent 
landslide initiation and deposition of debris into adjacent streams. Active erosion 
management operates at a policy level (e.g., local authorities offering financial 
assistance to counter erosion, particularly slope erosion, and promoting/producing 
environmental farm plans as a tool to guide landowners in identifying areas where 
management activities can effectively reduce erosion) and at an operational level 
(e.g., providing advice, providing woody plant materials, placing and planting 
woody plant material, assessing success of planting projects, forming catchment 
groups of landowners).

3.3.1 How modeling landslide susceptibility informs active erosion management

The policy and operational level represent different scales at which erosion 
mitigation is planned and implemented. At both levels, the aim is to design and 
implement cost-effective, targeted erosion control measures to conserve soil and 
meet water quality targets. Spatial modeling can help make the connection between 
catchment erosion sources, sediment loads in rivers, and sediment-related water 
quality. In particular, statistical landslide susceptibility models based on empiri-
cal observations of previous landslides (landslide inventories) can help deter-
mine where landsliding can be expected in future heavy rainfall events [37, 38]. 
Statistical models assume that locations with similar physical characteristics to 
where past failures have occurred are also likely to fail in future. This assumption is 
tested through validation of models by training in one area and testing in another 
or by splitting the landslide inventory into train and test sets. By coupling landslide 
susceptibility models (probability of future landslide occurrence) and sediment 
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connectivity models (probability of sediment-delivery to adjacent streams), 
potential source areas of landslide-derived sediment can be identified and targeted 
[39]. The importance of targeted approaches to erosion control was demonstrated 
by Spiekermann et al. [39] who found a 10-fold increase in cost-effectiveness of 
targeted mitigation of landslide-derived sediment compared to a non-targeted 
(random) approach.

Scale considerations are important at different levels of erosion management 
(policy and operational). Models that use national data inputs are of greater utility 
at catchment to regional scales in determining where the problem areas are within a 
particular catchment (Figure 1) [37]. Increased spatial refinement of models (e.g., 
including data on individual trees) can support planning at farm to slope scale by 
identifying specific locations on a farm that are prone to landslide erosion and/or 
potential sources of sediment [38].

Following careful erosion mitigation planning, the key activity is planting of 
woody vegetation within the pastured area, usually on slopes where erosion events 
are expected to occur in future. Other operational activities exist to support the key 
activity. Choice of planting material is determined by its compatibility with future use 
of the land, whether continued pastoral farming or retirement.

Figure 1. 
Scale considerations: Different data products available at different scales can serve different purposes to 
support decision-making for erosion and sediment mitigation. Shown above are shaded relief maps of digital 
elevation models (DEMs) at different scales: From left to right: 15-m (based on topographic contour lines), 
LiDAR-based 5-m and 1-m ground-sampling-distance (GSD). Below are landslide susceptibility models using 
topographic variables derived from the differently scaled DEMs (15 m, 5 m, 1 m) shown above. The 15 m and 
5 m DEM-based models using the land cover database of New Zealand (LCDB) are based on Smith et al. [37], 
the 1 m model using individual trees based on Spiekermann et al. [38]. Other issues determined by the scale of 
data used for modeling include its impact on the accuracy/performance of models, as well as requirements of 
computing power.
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3.3.1.1 Spatial decision support for targeted erosion mitigation

3.3.2 Spaced planting of poplar and willow

Poplars and willows have been the species of choice within pastoral systems since the 
early days of active erosion management. They are planted as 3 m vegetative stem poles 
in winter when soil moisture is high, and at distances of 8–15 m apart, with the closer 
spacings applied particularly in gullies with high erosion risk. Each pole is planted in 
such a way as to capture surface runoff, avoid stock paths, and promote root develop-
ment (https://www.horizons.govt.nz/HRC/media/Media/Land/Growing-poplars-
info-sheet-2014.pdf). The pole is protected from any browsing activity by sheep but 
vulnerable to browsing by larger animals. For this reason, it is recommended that cattle 
be excluded from planted areas for two years. Survival rates for poles are >90% in good 
years, and annual height growth from poles can be 2–3 m (Figures 2 and 3). The prac-
tice has limitations in that higher positions on the slope are more difficult for poplars to 
establish because of shallow soil depth, low soil moisture, greater exposure to wind, or 
little topsoil resulting from a previous erosion event.

Mature poplars and willows planted at low densities (<70 tree ha−1) reduced 
landslide occurrence in pastoral hill country by 95% [21] compared with pasture-only 
protection.

3.3.3 Change of land use to commercial forestry

Whole farm conversion from traditional pastoral farming in hill country to either 
production forestry or carbon forestry has accelerated in New Zealand since 2011 
(https://www.rnz.co.nz/news/country/473898/overseas-firms-buy-more-sheep-
beef-farms-for-forestry-conversion), prompting a change in regulations for foreign 
investors. The primary forestry species that is planted is radiata pine (Pinus radiata). 

Figure 2. 
Mean height (m) in the first five years of poplar clones growing on a pastoral hill slope.
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Carbon forests are expected to be profitable within the carbon market, without the 
market uncertainties associated with pastoral farming and without the risks of slope 
erosion associated with harvesting. Since this trend is recent, there is much debate 
about the future consequences of establishing permanent forests of fast-growing 
pine trees on valuable pastoral land. Furthermore, there are concerns with the down-
stream effects of ‘slash’ (the woody material left behind after the trees are harvested) 
after storm events, which is deposited in rivers and beaches (https://environment.
govt.nz/what-government-is-doing/areas-of-work/land/ministerial-inquiry-into-
land-use). Close planted forests have been shown to be more effective than space-
planted poplars or willows in reducing slope erosion, moderating runoff, and 
improving water quality [15]. An alternative approach promoted by New Zealand 
Farm Forestry Association is to plant slopes vulnerable to erosion with close-planted 
timber tree species while retaining gentler slopes and less erosion-prone land for 
pastoral farming.

3.3.4 Planting native vegetation

Another option that is used less frequently than commercial forestry is plant-
ing high density (> 1000 tree ha−1) stands of native vegetation. Instead of natural 
regeneration, mānuka is intentionally planted, providing an alternative opportu-
nity for income from either honey or essential oil production [40]. Climax forest 
species can also be planted, but this is expensive, costing ~NZD$10,000 per ha 
compared to ~NZD$1650 per ha for establishing radiata pine [41]. A cheaper alter-
native to both these options is letting the land regenerate passively, as discussed in 
Section 3.2.

Figure 3. 
Mixed clone poplars at age five years and planted as 3 m poles.
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4. A novel approach of space planting with native woody vegetation

Native vegetation already grows on many parts of grazed hill country [42], 
having established naturally via seeds, and provides a valuable slope stabilization 
role (Figure 4). Native trees are typically not planted in space-planted systems in 
hill country. One likely reason for native trees not being regularly planted in space-
planted systems is the difficulty of planting and protecting native seedlings in the 
presence of livestock. Despite this, there has been a growing interest in using natives 
in hill country silvopastoral systems [43, 44], although there still remains a paucity 
of methodology on establishing native trees in space-planted systems in hill country. 
Considering this, an establishment trial was undertaken to learn whether it is possible 
to protect and grow kānuka seedlings in the presence of livestock, with kānuka being 
one of the most common natives already growing in hill country [42]. This research is 
ongoing, but this chapter presents preliminary results from this trial.

Figure 4. 
Mature kãnuka trees growing in hill country (top left), spaced kãnuka seedlings on erosion-prone N slope at Gladstone 
(top right), a kãnuka seedling enclosed in its protector (bottom left), and a kãnuka seedling a t0 (bottom right).
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4.1 Case study establishing space-planted kanuka on pastoral land

In July 2021, 30 kānuka seedlings (Kunzea ericoides) were planted on two aspects 
(North and South) on three hill country pastoral farms with contrasting rainfall 
(Table 1). Seedlings were grown in root trainer pots and at planting were on average 
52 cm tall (minimum: 29 cm; maximum: 69 cm). The seedlings were protected using 
a plastic mesh tube and supported by two steel Y-posts and a steel rebar (Figure 4). 
Weather stations were installed on both aspects at each farm to measure rainfall. The 
weather station rain sensors at the Gladstone sites malfunctioned on both aspects, so 
rainfall data for this farm was used from a local weather station. Livestock (sheep, 
cattle) were continuously grazing at all sites. There have been three measurements so 
far on the trees (Table 1), although the third measurement (t3) was not undertaken 
at Ahuriri because a recent storm event (Cyclone Gabrielle) had made the site inac-
cessible. Any seedling deaths between the planting date and measurement 1 (t1) were 
likely related to root desiccation following planting.

Rainfall at the Ahuriri north and south slopes was 1447 and 1417 mm in 2022, 
respectively, and it was 1807 and 1828 mm at Taumarunui north and south, respec-
tively. The rainfall at the Gladstone site was 1230 mm in 2022. The mean heights 
at t1, t2, and t3 for all the seedlings over all the sites were 62.7, 93.3, and 153.1 cm, 
respectively (Figure 5). This represented an average growth of 9.9, 40.8, and 100 cm 
at t1, t2, and t3, respectively. Seedling survival was varied. At t3, 70% of the seedlings 
survived at Gladstone north, 90% survived at Gladstone south, 96.4% survived at 
Taumarunui north, and 93.3% at Taumarunui south. At t2, 83.3% of the seedlings 
survived at Ahuriri north and 72.0% survived at Ahuriri south. There were 0% shock 
deaths at Taumarunui, 8.3% at Gladstone, and 21.8% at Ahuriri. Livestock damaged 
the protectors of 0% of the seedlings at Gladstone, 8.3% at Ahuriri, and 4.8% at 
Taumarunui.

It is likely that the higher rainfall at Taumarunui resulted in the higher growth rate 
of kānuka at this farm at t3 compared to Gladstone. Kānuka growth was higher on 

Site Location Elevation 
(masl)

Average 
rainfall 

(mm, 
2002–
2022)

Planting 
date

Measure1 
(t1)

Measure 
2 (t2)

Measure 3 
(t3)

Gladstone 
north

175.74° E, 
41.05° S

300 898 27/07/21 04/01/22 11/10/22 21/02/23

Gladstone 
south

175.74° E, 
41.05° S

300 898 27/07/21 04/01/22 11/10/22 21/02/23

Ahuriri north 176.791° E, 
39.479° S

48 817 22/07/21 18/12/21 13/09/22 n/a

Ahuriri south 176.779° 
E, 39.475° 

S

116 817 22/07/21 18/12/21 13/09/22 n/a

Taumarunui 
north

175.281° E, 
38.904

333 1773 13/07/21 21/12/21 04/07/22 21/03/23

Taumarunui 
south

175.281 E, 
38.897 S

328 1773) 13/07/21 21/12/21 04/07/22 21/03/23

Table 1. 
Site information, planting and measurement dates for the kãnuka establishment trial.
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the drier and warmer North facing slopes, though the two drought-prone sites had 
exceptional wet summers in both 2021–2022 and 2022–2023. Further analysis after the 
trial has finished will compare rainfall data with morphometric data (e.g., slope) to 
provide a better understanding as to the drivers of seedling survival and growth. The 
average growth rates for the poplar clones in Figure 1 after year 2 were between 2.0 
and 6.2 m. The kānuka seedlings grew on average 1.5 m at t3, although will likely grow 
slightly more until the end of year 2 (July 2022). This gives evidence that the kānuka 
would stabilize slopes more slowly than poplar. However, kānuka may take a similar 
time to reach maturity height because kānuka is a smaller tree (10–20 m) than poplar 
(25–35 m) when fully grown. Rate of root extension of young kānuka or root biomass 
and distribution of mature kanuka in space planted systems, features important for 
erosion control, are yet to be researched.

5. Pros and cons of different space-planted approaches

There are important reasons why poplar and willow have been adopted as space-
planted trees for erosion control in New Zealand. They are highly effective at reducing 
landslides, generally grow 2–3 m per year, and they can be planted as 3 m unrooted 
poles in the presence of livestock. The plastic protection sleeves are easy to apply, 
are durable, and split apart as the tree grows. However, few of the discarded sleeves 
are recycled, so they are being reviewed as a pollutant and not sustainable. The trees 
provide a highly palatable drought fodder source, and shed leaves are consumed by 
stock. Tree shading reduces pasture production considerably as the trees age [45], but 
this effect was less significant on poorly grassed slopes, and pasture production per 
hectare reduced by only 7–12%. (https://www.poplarandwillow.org.nz/documents/
influence-of-shading-by-poplar-trees-on-pasture-production-rb02.pdf). Removing 
lower branches to create a timber tree or pollarding for fodder production are man-
agement techniques employed to reduce shading and promote pasture production 
under the trees.

The preliminary results of the kānuka trial show that it is possible to establish 
native seedlings in hill country; however, survival rates were mixed, and the best 

Figure 5. 
Kānuka heights after measurements t2 and t3 for each aspect (north and south) and the three farms (Ahuriri, 
Gladstone, Taumarunui).
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current protection method is time-consuming to use. Forming a better understanding 
as to why survival rates were low on some of the aspects and improving on the current 
protection method will be essential for the uptake of native silvopastoral systems with 
kānuka in New Zealand. Also, it is important to extend research to other native spe-
cies in space-planted systems to assess the viability of native space-planted systems 
more generally. These considerations are very relevant to the indigenous Maori 
wanting to develop their pastoral land use to include spaced plantings of native woody 
species used for traditional medicines. Research initiatives that strengthen Maori 
culture and livelihoods are encouraged by the New Zealand government.

In terms of other co-benefits of trees, a recent study has reported pasture produc-
tion to be over 100% greater under isolated and mature kanuka trees compared to 
open pasture at two hill country sites [44]. Although these results are preliminary and 
require further validation on other sites, they indicate there could be advantages when 
using kānuka in space-planted systems in New Zealand when compared to poplar and 
willow, with research finding that poplars greater than 15 years old negatively impact 
pasture production between 12 and 65% [45]. It is likely there will always be a place 
for faster growing space-planted trees such as poplar and willow, especially in areas 
that are highly susceptible to erosion. However, when they can be established more 
easily, other native species could provide other benefits to areas that are less suscep-
tible to erosion and that do not require immediate erosion protection. Mature kānuka 
can be found growing higher up drier north-facing slopes, locations generally too dry 
for poplars and willows to establish with the current methods. It may be that kānuka 
seedlings will establish in these locations. Further research will test this hypothesis.

Spatial decision support tools for targeted erosion mitigation are of particular 
benefit to regional land managers advising landowners on species choice and location 
of plantings and providing landowners with a reasoned cost/benefit assessment when 
planting tree in high risk, low survival positions on the slope.

6. Support for landowners to reduce erosion

6.1 Institutional support

New Zealand Government One Billion Trees Fund, due to end in 2028, targeted at 
tree planting projects to help meet international climate change commitments, among 
its broader aims, funds trees planted for erosion control on pastoral land. Extensive 
areas of native woody species are being planted for active erosion management by this 
fund. The Hill Country Erosion Fund allocated from Central Government and admin-
istered by Regional Authorities supports both passive and active erosion management 
by co-funding planting and retirement initiatives by landowners.

6.2 Technology support

Researchers provide high-quality baseline data (understanding of erosion pro-
cesses, tree-soil interactions, state of water resources) and develop new approaches to 
overcome economic and environmental conflicts. Extension support through pub-
lications and on-site advice are offered at the local level to encourage active erosion 
management. Regional Authorities provide planting materials and protectors to best 
practice specifications, and success is the highest when this extends to on-site place-
ment, planting, and subsequent tree management as happens in some regions.
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6.3 Demographic support

Landowners traditionally think in terms of their own properties without consider-
ing landscapes or catchments. The formation and funding of Community Catchment 
Groups is proving effective in reducing this barrier as landowner collectives who 
identify with a geographical area, usually a local catchment, use the group funds to 
cooperate to plan activities, monitor water quality, and plant woody vegetation to 
reduce erosion and sediment transfer. “Many of us sheep and beef farmers hadn’t 
really connected with our dairy neighbours because there was no reason to. We now 
know each other, and it feels like we have a rejuvenated community. The Catchment 
Group has helped us form relationships I know will last forever.” Geordie Eade, 
Pourakino Catchment Conservation Trust.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 9

Prediction of Internal Soil Erosion
in Hydraulic Works
Benaissa Kissi, Chafik Guemimi, Miguel Angel Parron Vera,
Maria Dolores Rubio Cintas and Rachid Elkhayma

Abstract

Hydraulic structures built on land, such as dams, are numerous and essential as
their purpose is to protect people and property (dikes and levees), generate
electricity, or create water reserves (dams). Soil erosion, known as hydraulic foxing, is
a complex phenomenon which, in its ultimate stage, produces insidious leakage of
fluids beneath hydraulic infrastructures known as pipes, and is the main cause of their
failure. The HET pipe erosion test is commonly used to quantify the rate of pipe
erosion. In this work, the hole erosion test is modeled using ANSYS Fluent software.
The aim is to predict the soil erosion rate during the hole erosion test in order to
predict the phenomenon of hydraulic foxing within hydraulic structures. The
renormalization group theory-based k� ε turbulence model equations are used. This
modeling makes it possible to describe the effect of the clay concentration in flowing
water on erosion. Contrary to the usual one-dimensional models, the modeling pro-
posed in this study shows that erosion is not uniform along the entire length of the
hole. In particular, clay concentration was found to significantly increase the
erosion rate.

Keywords: erosion, piping, hole erosion test, computational fluid dynamics,
numerical modeling, embankment dam, risk analysis

1. Introduction

Internal erosion is one of the main causes of instability of earthen hydraulic
structures (dike, levee, dam, etc.). The disorders observed on recent structures
underline the need for a better understanding and quantification of the phenomena
that govern internal erosion. The entrainment and transport of grains by the internal
flows affect the granulometric distribution and modify the porosity, as well as the
mechanical and hydraulic characteristics.

Dike failures are much more numerous than those of dams due, on the one hand,
to the variability of hydraulic solicitations and, on the other hand, to the length and
heterogeneity and sometimes the age of dykes and levees, which make monitoring and
maintenance difficult.

Numerous dam failures have occurred worldwide, some of them reported by
Foster et al. [1]. The main cause of these failures has been identified as being linked to
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a channeling phenomenon that occurred in the foundation soil or in the dam struc-
ture. To ensure the viability of hydraulic infrastructures, it is essential to take into
account the vulnerability of the soil to infiltration [2, 3]. Normally, in the case of
unconsolidated soils, which are generally made up of slightly cohesive sand particles,
we find that water flow velocity plays a very important role in the erosion phenome-
non that can occur. Interpreting and understanding the underlying mechanisms and
quantifying the effects of relevant variables on this erosion phenomenon is of great
practical importance. Soil erosion due to liquid flow can be modeled using a variety of
approaches. These include continuum-based models and discrete models, which use
certain parameters that are calibrated using laboratory tests or field observations to
predict when internal soil erosion begins to occur and the expected erosion rate.
Several models for predicting soil erosion rates at the solid/fluid interface have been
developed in the literature [3, 4]. One of the most important tests used to predict
erosion is the tube erosion test (HET). A model for interpreting the HET with a
constant pressure drop has been developed by Bonelli and Brivois [4]. This model
provides a characteristic erosion time that depends on the initial hydraulic gradient
and the soil erosion rate.

One of the aims of this work is to describe the turbulent two-phase fluid flow that
causes erosion inside the porous soil sample, taking into account the influence of the
variable clay concentration in the flow fluid. A computational fluid dynamics (CFD)
approach will be used to study the shear stress developing at the water/soil interface,
which represents the main mechanical action at the origin of surface erosion.

2. Internal erosion processes

It has been found that the soil fractions considered most susceptible to erosion are
coarse silts and relatively uniform fine sands.

Cohesive soils, such as clays, are more resistant to erosion as long as chemical
bonds are not destroyed [5]. It also seems that certain central materials of glacial
origin are particularly sensitive to internal erosion.

According to [6], four conditions must be met for internal erosion and channeling
to occur. These conditions are as follows:

There must be a seepage path and a water source.
There must be erodible material within the flow path, and this material must be

transported by an infiltration flow.
There must be an unprotected outlet from which the eroded material can escape.
For a channel to form, the transported material, or the material directly above it,

must be capable of forming and supporting the channel’s “roof.”
In an earth and rockfill dam with a central core, there are mainly three processes

[6] that can initiate channelization: backward erosion, concentrated leakage, and
suffusion. Backward erosion is initiated at the point where the seepage exits, and
erosion progresses progressively backward to form a channel. Concentrated seepage
begins with a crack or soft zone emanating from the water source to an exit point
(downstream). Erosion continues progressively along the walls of the erosion hole,
intensifying the concentrated leak. Suffusion is the process by which fine soil particles
are carried away or eroded by the voids formed by coarser particles. This phenomenon
can be avoided if the soil has a well-spaced granulometric distribution and sufficiently
small voids. Soils are said to be internally unstable if suffusion occurs, and internally
stable if the particles are not eroded by the infiltration flow.
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Piping can occur in the backfill through the foundation and from the backfill
into the foundation. Conceptual piping failure development models for these
three cases are shown in Figure 1. In addition, a failure path diagram for piping
failure through backfill is shown in Figure 1. Similar failure diagrams for failure by
piping through the foundation and backfill in the foundation can be found in [7]
or [8].

3. CFD modeling approach of erosion in the HET

The turbulence of the water flowing inside the HET sample hole is modeled using
Fluent software. Fluent is a general-purpose CFD code that has been applied to
various problems in the fields of fluid mechanics and heat transfer. The code has been
validated in numerous studies. Fluent is, especially, appropriate for the complex
physics involved in heat and mass transfer and considers mixtures by modeling each
fluid phase independently or as a homogenized medium [9].

Flow taking place inside the hole is turbulent. To perform realistic simulation of
turbulence, the exact instantaneous Navier-Stokes governing equations are
habitually time-averaged or ensemble-averaged. The obtained averaged equations
contain further unknown variables, and turbulence models are introduced in order
to determine them in terms of known quantities. Various turbulence models have
been proposed in the literature; however, there is no single turbulence model,
which could be applied for all classes of problems [10]. The choice of a pertinent
model for a given problem will depend on the actual physics of the flow, the degree of
accuracy required, and the computational cost tolerated. Fieldview Reference Man-
ual [9] gives a detailed discussion on how to perform at best the appropriate choice of
a turbulence model. Among the various models, the standard k� ε model, which
was proposed first by Launder and Spalding [11], has become the most popular one
when dealing with practical engineering flow calculations. This model relies on phe-
nomenological considerations and integrates empiricism to perform closure of turbu-
lence equations.

Improvements of the standard k� ε model, such as the RNG k� ε model, have
been made by [12]. This model was derived by using a rigorous statistical technique
called renormalization group theory (RNG) [13].

Figure 1.
Conceptual model for development of failure by piping from the embankment into the foundation [7].
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4. RNG based k-ε erosion model equations for the HET

The RNG k� ε model differs from the standard model by the special form of the
transport equations, which contain the additional term Rε. These equations write
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where u and v are average radial and axial flow velocities, r and z are axial and
radial coordinates, t is time, ε the rate of dissipation of turbulent kinetic energy, k is
the turbulent kinetic energy, ρ is the fluid density, μt the total kinematics viscosity, α
is the inverse effective Prandtl number for both k and ε, and C1ε, C2ε, Cμ, η0 and β are
constants.

To calculate the tangential shear stress distribution on the cylinder inner wall,
boundary conditions must be introduced. When the shear stress is calculated using
ANSYS Fluent software, the classical linear erosion law is used to estimate the erosion
rate. This law states the estimated erosion rate, defined as the mass departure of
particles due to erosion per unit time and per unit area, is expressed by the following
formula: _εer ¼ cer τ � τcrð Þ where cer and τcr are constant depending on the considering
soil material. The rate _εer can be related to time variation of local radius by _εer ¼
ρddR=dt where ρd represents the dry density of the soil and R the inner radius of the
hole. The law of erosion states that the rate of erosion εer is proportional to the shear
stress, exceeding the critical shear τcr for which erosion begins [14].

5. Interpretation and analysis of results

The fluid is assumed to be axisymmetric, extending over a length of 0.117 m in the
axial direction z and 0.03 mm in the radial direction r. The model is designed so that
inlet pressure is on the left and outlet pressure is on the right (Figure 2).

Figures 3–6 shows shear stress that develops at the soil sample interface with
flowing flow for pressure P = 3726 (Pa).

Figure 7 shows that for two clay concentrations, the calculated erosion rate value is
10�6 kg/s. This erosion rate value is obtained by integrating the erosion law over the
entire length of the sample hole and multiplying the result by the initial hole circum-
ference. The erosion constants used are: cer ¼ 5:6� 10�4s=m and τcr ¼ 7, 1Pa.
These correspond to a specific soil sample containing 50% kaolinit clay and 50% sand
that was tested as reported in Pham [12].
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Figure 8 gives the y + value for the applied pressure pinlet = 3726 Pa and the four
concentrations as function of the axial coordinate.

Figure 9 gives, for the three applied hydraulic gradients and the four concentra-
tions, curves of the axial velocity at the axis of symmetry as function of the axial
coordinate.

Figure 2.
Geometry of the HET tube.

Figure 3.
X-Wall shear stress in pascal.

Figure 4.
X-wall shear stress mapping in the solid/fluid interface.
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Figure 10 shows the erosion rate as a function of clay concentration for the three
pressure gradients. (10�6 kg/s).

The results obtained, as shown in Figure 10, indicate that the erosion rate increases
with clay concentration and with axial coordinate. This contrasts with the one-
dimensional EHF model, for which the erosion rate does not depend on the axial
coordinate.

Figure 5.
Wall-shear stress obtained for P = 3726 Pa as function of clay concentration.

Figure 6.
Shear stress at the interface for the case of pinlet ¼ 3726 Pa as a function of clay concentration.

Figure 7.
Erosion rate as function of the clay concentration.
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Figure 8.
Contours of wall Yplus on wall.

Figure 9.
Contours of velocity magnitude on x = 0.

Figure 10.
Erosion rate as a function of clay concentration for the three pressure gradients (10�6kg=s).
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6. Artificial intelligence (AI) in civil engineering

The application of artificial intelligence (AI) to civil engineering refers to the use of
computer systems to simplify and automate the design and construction processes of
civil engineering hydraulic structures.

In its broadest sense, artificial intelligence (AI) represents the scientific discipline
concerned with the study, design, and implementation of technologies capable of
imitating the cognitive abilities of a human being.

Voice assistants, home automation systems, search engines, satellite navigators,
etc. are common examples of intelligent systems, capable of understanding the inter-
ests and demands of users and providing responses tailored to their needs.

AI has long been used successfully in many fields: from manufacturing to medical
diagnostics, from e-commerce to video games, and more. Today, more than ever, we
are witnessing the development and deployment of intelligent systems in the field of
civil engineering.

Thanks to these systems, which are able to learn from their mistakes and carry out
activities similar to those of humans, it is now possible to solve many of the problems
associated with the construction of buildings and infrastructures.

Before analyzing the various applications of AI in civil engineering, let us find out
what learning techniques this technology is based on.

Unlike conventional simulation software, machines equipped with artificial intel-
ligence have the ability to:

• perceive the world around them and collect useful data and information.

• understand perceived reality, by logically linking collected information.

• perform autonomous operations (computerized or mechanical), deciding to act
without any command from a human being.

• learn from the results of its actions, continuously improving, and learning from
its mistakes.

Machine learning is one of the fundamental characteristics of intelligent systems
used in civil engineering. This capability can be developed using the following tech-
niques:

• Evolutionary computation: This is a learning technique based on the concepts of
evolutionary biology. This technique is implemented on computer systems to
solve complex problems characterized by too many variables to be handled by
traditional algorithms. Evolutionary computation is widely used in civil
engineering to solve optimization problems and automate the production of civil
engineering projects.

• Artificial neural networks: Mathematical models composed of artificial neurons
that reproduce the behavior of the human brain. Neural networks enable
computer programs to recognize patterns and solve common problems. In
engineering, they are used to improve decision-making processes, make
predictions, perform data analysis, monitor structures, control the movement of
robots, etc.
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• Fuzzy systems: The term “fuzzy” refers to the ability of these systems to process
imprecise or vague data, using a mode of reasoning close to that of humans (who
do not always adopt rigorous and well-defined logic). Fuzzy logic helps computer
systems used in civil engineering to deal with incorrect inputs and outputs and to
model construction deadlines, costs, and risks. Fuzzy systems are also used to
assess the quality of infrastructure projects.

• Expert systems: These are technological applications capable of solving problems
in a very specific field, and which can reach, or even exceed, the human
performance of an expert operating in that specific sector. Expert systems are
mainly used in the construction and geotechnical sectors to analyze the energy
consumption of buildings or to carry out geological surveys.

7. Conclusion

In this work, a two-dimensional modeling of the tube erosion test was carried out
to predict the erosion phenomenon within hydraulic structures. Unlike, the first
models produced by several authors, which are essentially one-dimensional and the
two-dimensional modeling of this phenomenon showed that the tangential shear
stress along the interface wall between the water and the body of the structure is not
uniform. By applying a linear erosion law, we were able to predict nonuniform erosion
along the entire length of the interface.

The study of the effect of clay concentration showed that it has a very significant
effect on the evolution of wall shear stress, and therefore, in turn, affects the surface
erosion that develops at the soil sample fluid interface, particularly at the end of the
hole outlet where it is at its maximum. The results obtained have enabled us to
understand qualitatively why the eroded profile of the hole wall, as observed during
the HET experiment, is not uniform.
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Chapter 10

Using Rainfall Simulators to Design
and Assess the Post-Mining
Erosional Stability
Ashraf M. Khalifa and Hwat Bing So

Abstract

The mining industry is crucial for global economic growth but faces environmental
challenges, especially in designing stable rehabilitated landforms. To tackle these
issues, rainfall simulators have been recognized for their value in providing data for
erosion modeling and analysis, aiding the development of effective land cover systems
for long-term stability. This chapter provides an overview of the theory, specifica-
tions, and design principles of rainfall simulators. It explores the detailed design and
construction of a well-known model, along with its calibration process ensuring accu-
rate rainfall production and distribution. The chapter also discusses raindrop size
distribution and associated kinetic energy calculations. Calibration results demon-
strate satisfactory outcomes with Christiansen's uniformity coefficient exceeding 85%
and a median raindrop size of 2.15 mm. The device successfully generates desired
kinetic energy for simulated rainstorms, crucial for studying soil erosion. Examples
highlight the application of rainfall simulators in evaluating erosion stability in
Queensland mines. Efforts to construct a soil erosion database for 34 open-cut mines
in Queensland using a similar portable rainfall simulator are highlighted. This data-
base contributes to developing user-friendly MINErosion models, providing estimates
of soil erosion/deposition at different scales to support the Australian mining sector.

Keywords: soil erosion, rainfall simulation, simulator, erosion modeling, mining,
rehabilitation, erosional stability, landform design, land cover, MINErosion, WEPP

1. Introduction

The mining industry plays a crucial role in global economic development, but it
often faces environmental challenges, particularly related to rehabilitated landform
design and its erosional stability. Constant efforts must be made to develop and build
an appropriate landform and cover system that effectively serves its intended pur-
poses, such as supporting vegetation growth and preventing the infiltration of water
and oxygen into reactive mine waste. The success of the soil cover system depends on
the external surface of the landform remaining intact. If the surface erodes, the cover
system’s functions are compromised, and it is likely to fail. To evaluate the long-term
erosion stability of a constructed landform, erosion rate thresholds must be
established to ensure the landform is acceptably resistant to erosion, or “stable.”
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While the defensible erosion rate thresholds should come close to the term “toler-
able or acceptable erosion” rate which was first proposed by Browning et al. [1], and a
more thorough review of tolerable values was carried out by the Soil Science Society of
America in 1979; there is still no broad agreement on what we could consider as a
tolerable or “acceptable” rate of erosion on a rehabilitated landform.

In general, US soil conservationists have consistently based tolerable soil loss
values largely on the natural soil forming rate and on consideration of the mainte-
nance of soil productivity, although accepting that other factors may be important in
some situations. The US soil conservation agencies have typically used tolerable ero-
sion values of < 11.2 t/ha/y for deep fertile soils, and < 4.5 t/ha/y for shallow
agricultural soils. However, the fact that these values have been quantified under the
American agricultural soil conditions must be kept in mind; that makes it doubtful to
blindly accept these values to judge or establish defensible erosion rate thresholds
under the Australian mining conditions. Therefore, the Queensland Department of
Mines and Energy previously used a range of 12–40 t/ha/year as a target erosion rate
for rehabilitated mine sites [2, 3], which was also impacted by the fact that it should
be manageable to levels that do not compromise post-mining land use.

It is also worth mentioning that there are a few Australian studies that have
attempted to quantify erosion rates. Lu et al. [4] utilized spatial modeling methods
(remotely sensed data) to predict the sheetwash (interrill) and rill erosion all over the
Australian continent. They estimated that the average erosion rate is 4.1 ton/ha/year
over the Australian continent; however, they stated that “Soil erosion is naturally
highly variable. This needs to be recognized when comparing current rates of erosion
from one place to another and when the erosion control policies are set. It should be
expressed in relation to spatially variability, rather than referring to absolute rates
alone or using a single benchmark applied across diverse landscapes.”

Since it seems difficult to agree on a specific value for erosion rate threshold, the
determination of this threshold value must be done for each mining site indepen-
dently, to make it conceivable to achieve the required erosion stability; and that which
decision makers and governmental regulators work on this matter will accept. The
concept that the soil erosion rate threshold for specific mining site should be equal or
close to the erosion rate values of the surrounding areas in similar climatic and
environmental conditions deserves support and should be applied; the value of this
threshold should be also manageable to levels that do not compromise post-mining
land use agreed upon with the local community and by the PRC plan.

Rainfall simulators are distinguished research tools that enable us to measure
erosion rates for any mine site and its surrounding area in the laboratory or in the field
with high accuracy and efficiency; the erodibility values of soil and materials that will
be used as land cover can also be measured accurately. Therefore, the rainfall simula-
tors can provide us with some important data necessary for analysis and erosion
modeling processes to help us design the best land cover system that could achieve
long-term erosional stability.

2. Rainfall simulator: assessing soil erodibility for rehabilitation sites

Rainfall simulators are commonly used as research tools to study soil erosion
[5–12], as well as, soil infiltration [13, 14], water runoff and sediment transport
[15–17], geotechnical studies especially slope stability and landslides [18–23], and
many other related research areas. Rainfall simulators can produce unique data that
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are vital for calibration and validation purposes of empirical, conceptual, or process-
based rainfall-runoff-sediment transport mathematical models [24].

The credit for designing and building the first rainfall simulator goes to Nichols
and Sexton [25] who used their first rainfall simulator (spray-bar rainfall simulator) to
study soil erosion and measure the infiltration rate. By the mid-1950s of the last
century, the use of rain simulators expanded steadily in experiments related to soil
erosion, and the rapid technological development contributed to the introduction of
many improvements to its first designs to avoid many issues that affect the perfor-
mance, results, credibility, and the feasibility of these machines [26].

The main purpose of a rainfall simulator (RFS) is to generate and create an artifi-
cial rainstorm with precise specifications in terms of the duration and intensity of the
rainfall, as well as in some way the size distribution of the droplets, and its kinetic
energy. The ability to control the physical characteristics of the generated rainstorm
makes it possible to keep the climatic factor (rain erosivity) constant while studying
other factors that may affect the process of erosion such as soil erodibility, slope
factor, or vegetation cover. It can be argued that any success of the RFS design
depends entirely on how closely it is simulating natural precipitation conditions
with respect to spatial uniformity, raindrop size, raindrop terminal velocity, and
kinetic energy.

Although rainfall simulators are frequently utilized in soil erosion experiments,
their ability to replicate natural rainfall conditions with precision has been a topic of
concern. Many studies have been carried out to evaluate the reliability of results
obtained from rainfall simulators and their usefulness in modeling soil erosion pro-
cesses [27–31]. Among the important initiatives in this domain was the PLPEWC
“Post-mining Landscape Parameters for Erosion and Water Quality Control” project,
which was financially supported by ACARP (the Australian Coal Association Research
Project) between 1992 and 1998.

The project performed a range of experiments, including laboratory rainfall simu-
lation, field plots, and catchments (Figure 1).

The experimental approaches adopted were designed to measure the basic erosion
parameters at the different scales. A large amount of data has been collected on 34
spoil and soil materials from 16 mines in Central Queensland, as well as 9 years of field
plot and field catchment data [7, 32]. The data collected from those different experi-
mental approaches/scales studies proved that although the need for field plots and
catchment flumes studies still exists, the results obtained from laboratory rainfall
simulators showed reliability so that their results can be used in modeling soil erosion

Figure 1.
Range of experimental approaches adopted to determine soil/spoil erodibility in a previous ACARP (the
Australian coal association research project).

161

Using Rainfall Simulators to Design and Assess the Post-Mining Erosional Stability
DOI: http://dx.doi.org/10.5772/intechopen.112240



with a high degree of accuracy. Moreover, laboratory experiments using rainfall
simulators are more manageable than field experiments, because the data on runoff
and soil loss can be obtained without waiting for natural rain to happen.

Therefore, rill and interrill erodibilities and slope adjustment factors were mea-
sured for these 34 soil/overburden materials on a portable rainfall simulator tilting
flume (3 m long � 0.8 m wide, slope adjustable from 0 to 50%) at the University of
Queensland Erosion Processes Laboratory. Each material was subjected to 100 mm.
h�1 rainstorm for 30 min (equivalent to a 1-in-20-year event in Central Queensland)
at 20% slope, followed by slopes of 5, 10, 15, and 30% for 15 min each. At these
simulated rainfall intensities, a steady state was quickly formed. The data from these
measurements and the derived parameters were used to develop the MINErosion V3.x
model [33], which successfully estimates field scale erosion rates on simple linear
hillslopes with various combinations of slope gradients and lengths. MINErosion 3 can
also be used effectively to simulate multiple field plot experiments on a computer,
based on a few measurements made on a tilting flume-rainfall simulator facility in the
laboratory. MINErosion 3.4 cannot be used to predict sediment yield from a water-
shed with complex topography in terms of slope steepness and flow pathways. How-
ever, it is necessary and desirable to be able to estimate off-site sediment discharges
from these rehabilitated post-mining landscapes. For this purpose, MINErosion 4 was
developed, which combines the MINErosion 3.4 model and a geographic information
system (GIS) package (ESRI ArcGIS 10.3 or the freeware QGIS 3.16), to estimate
erosion rates and sediment movement and delivery from these constructed post-
mining landscapes. Both MINErosion 3 and 4 demonstrated the opportunities and the
value of using the rainfall simulators at the mining sites to model and assess the
erosional stability, which should be proven achievable under the given circumstances
as it is one of the main considerations of the landform design report within the
progressive rehabilitation and closure (PRC) Plan.

Subsequently, the effectiveness of using rainfall simulation as a method for
obtaining erodibility information for other soil erosion models such as Areal
Nonpoint Source Watershed Environmental Response Simulation (ANSWERS),
Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS),
and Water Erosion Prediction Project (WEPP) was recognized. Loch, Silburn [34],
Silburn and Connolly [35], and Silburn and Loch [36] achieved accurate predictions
of erosion under field conditions by utilizing parameters derived from rainfall
simulation using these models. Nevertheless, Silburn and Loch [36] emphasized the
significance of ensuring that the erosion processes happening on rainfall simulator
plots were identical to those occurring in field areas in order to obtain reliable
predictions.

3. Rainfall simulator: specifications and design

Although there are hundreds of different designs of rain simulators [6, 7, 15, 17,
22, 24, 37–53], each striving to get closer and closer to simulating the distribution of
natural rain with varying degrees of success, rain simulators can be divided into two
main groups [54] based on the way raindrops are generated:

• Non-pressurized rainfall simulators.

• Pressurized rainfall simulators (nozzle type).
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The earliest versions of the rainfall simulators belong to the non-pressurized cate-
gory, where drop-forming mechanisms completely rely on passing the water through
a perforated pipe, hanging yarns, or an array of syringe needles which form the
droplets, then the droplets are left free to fall under the impact of gravity from a
height of not less than 9.1 m to ensure the droplets reach the required terminal
velocity, which should be almost equal to the one of the natural rainfall droplets. This
type of rainfall simulator has always suffered, due to the long distance between the
raindrop generator and the flume surface, from the effect of wind on the falling
droplets which make it a necessity to install a huge wind shield (Figure 2). The huge
structure (the frame and wind shield) makes it impossible to use this type of rainfall
simulator in field experiments (lack of portability). Later, the second type of rainfall
simulator appeared, which depended on nozzles and pressurized water flow system,
and it achieved a widespread popularity—at the expense of the first type—due to it
being more portable and usable in field experiments as it is smaller in size (no more
than 2–3 m high, Figure 3) and less expensive to build and run. Nevertheless, due to
the pressurized nature of the simulator which produced a high-intensity spray, rainfall
intensity is usually controlled by applying the water intermittently.

In this section, we will describe the features, structure, and calibration processes of a
modified version of Queensland Department of Primary Industries (QDPI) rainfall
simulator (as depicted in Figure 3), The device has undergone testing by numerous
researchers [7, 55]. Queensland Department of Primary Industries (QDPI) rainfall sim-
ulator has been constructed multiple times in various locations throughout Queensland
and beyond, with minor variations between each iteration. As a result, it can be repli-
cated with ease by others. The authors of this chapter constructed the Griffith Univer-
sity version of themodel, known as the Port-RFS, which will be presented and discussed
here. This rainfall simulator is characterized by the following specifications:

• High portability, which means it should be lightweight and easy to assemble, as it
should be easy to transport from one site to another.

• Efficiency in water usage (as the available supplies of acceptable quality water
were sometimes very limited in some locations).

Figure 2.
The Griffith University tilting flume simulated rainfall (GUTSR). The left picture shows the rainfall generator
above the flume. The right picture shows a side view of the sloping flume and the wind shield.
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• Reliable and ease of fixing and repairing on site; and

• Suitability for operation by a fieldwork team of three or four people.

As a pressurized rainfall simulator (nozzle type), the Port-RFS consists of a struc-
tural frame, the rain drop generator system, the water supply unit (tank), and the
flume/soil container. The structural frame was constructed from aluminum tubing of
38 mm outside diameter (O.D.) and a 3 mm wall thickness. The bottom sections of
some of the upright tubes are bent to form detachable legs to make it possible for the
frame to be mounted on a hydraulic-tipper trailer when used inside a closed place/
laboratory, so that it can use the slope mechanism of the trailer; as well as make it
possible to be pegged to the ground, if the Port-RFS is used in the field (Figure 3). In
order for the RFS to be transportable, the frame consists of a number of separate parts
(12 pieces of metal tubes) that are connected together by nylon joiners that fit inside
the end of aluminum tubes. The joiners are machined from solid nylon material and
are about 180 mm in length. Locking pins ensure that the vital parts are securely
interconnected.

The nozzle boom is made up of a 4 m long aluminum tubing with an outer
diameter of 38 mm and a wall thickness of 1.6 mm. It can be shortened to 3 m to allow
for mounting on a hydraulic-tipper trailer of the same length. The boom rotates in two
plastic bushes (graphite-impregnated) that also prevent lateral movement of the
boom. Four male threaded (1/2” BSPT (British Standard Pipe Taper)) unions are
welded onto the boom 1 m apart. Check valves are threaded onto the bushes to
prevent nozzle flow or dripping when the unit is not in use, and nozzles are fitted to
the check valves. The water supply inlet is via a 1¼” BSPT tee fitting attached to the
boom, opposite to the row of nozzles. A tapping from this fitting provides a connec-
tion for a pressure gauge, so that the operating pressure of the unit can be monitored.
The rain drop generator system of Port-RFS consists of three to four VeeJet 80,100
nozzles (depending on the length of the boom) that are installed on the boom, 1 m
apart, to cover (overlapped) the flume area (3 m � 1 m) underneath. A McLennan
Unipolar Permanent Magnet Stepper Motor 1.8°, 3.8 Nm, 120 V dc, 4.3 A, eight wires
with a programmable digital controller to drive and control the oscillating action of
the nozzles’ boom. The water supply unit consists of Matrix 10-5 VFD: The Ward
10-5304 stainless steel horizontal multistage pump coupled to a 2.2 kW single-phase
motor drawing 13 Amp full load current, with 40 mm female BSP inlet and 32 mm

Figure 3.
The Griffith University portable rainfall simulator (port-RFS) installation and operation in the field.
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female BSP outlet. Controlled via the SteadyPress variable speed drive unit capable of
a maximum flow rate of 200 L/min; the pump was used to feed the system with water
from a 200-liter water tank. A solenoid valve and pressure gauge are attached to the
water tank unit to help control the water flow rate.

The decision to use VeeJet 80,100 nozzles was made based on previous personal
experience of the authors as well as the previous research of Bubenzer [56], Boulange,
Malhat [15], and Loch, Robotham [7]. In pressurized rainfall simulators (nozzle type),
it is important that the water flow rate provide enough pressure to allow the rain
drops to have the capability to reach the required terminal velocity [46], which
ensures that the kinetic energies of the generated storm satisfactorily resemble those
of an intense natural rainstorm as well as the drop size distribution of erosive storm
patterns. The operational sequence of this RFS relies on a continuous flow of water
through the nozzles. Excess water that falls outside the soil is recycled via catch trays
manufactured from galvanized aluminum plates that are arranged to collect excess
water from either side of the individual oscillating nozzle (Figure 4).

During operation, the nozzles oscillate through “108°. Of this trek, the middle
≈ 68° applies raindrops onto the flume area below, and 20° is used at either end of the
travel for overlapping, then the excess water gathered at the catch trays will go back to
the water tank. Changing the frequency of nozzle oscillation using the stepper motor
controller board, we can control and adjust the rainfall intensity coming by changing
the waiting time and the consecutive sweeps (Figure 4). The stepper motor’s control
system is composed of a DVP-14SS211T2 Programmable Logic Controller circuit
board, EM806 Stepper Driver, a 4-button digital switch, and transistor switching
circuits. The microcontroller runs in single chip mode using only internal random-
access memory (RAM) and electrically erasable, programmable read-only memory
(EEPROM) for data and program storage. The 4-button digital switch set the waiting
time between consecutive sweeps of the spray manifold in 0.1-s increments. The
transistor switching circuit is required to provide the correct voltage and current
levels to the stepper motor driver module.

4. Rainfall simulators: Performance and calibration

The characteristics of simulated rainfall are reliant on the type of nozzle employed,
the water pressure exerted, and the arrangement and movement pattern of the

Figure 4.
Excess water collecting trays.
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nozzles through the rotating bar (nozzle boom) [24]. Therefore, the performance of
any rainfall simulator must be evaluated for the ability to produce different rainfall
intensities (rainfall intensity calibration), the spatial uniformity of the simulated
rainfall over the flume area, the rain Drop Size Distribution (DSD), the terminal
velocity, and kinetic energy of simulated rainfall events.

4.1 Rainfall intensity calibration

To be effective in soil erosion experiments, a reliable rainfall simulator should have
the capability to generate simulated rainfall events with a broad range of rainfall
intensities. Typically, the rainfall intensity utilized in soil erosion experiments falls
between 50 and 120 mm/hour, although it may be increased to 150 mm/hour for
specific experiments or reduced to 30 mm/hour for less severe erosion studies [33].
The majority of present-day portable rainfall simulators, such as the QDPI rainfall
simulator, manage the intensity of produced rainfall by manipulating two factors.
First, the water flow/pressure from the primary water pump is regulated using a
solenoid valve and pressure gauge. Second, the movement pattern of the nozzles is
altered by employing a stepper motor controller and driver to modify the sweep
and waiting time pattern. To verify the success of the apparatus (the rainfall
simulator) in producing rainfall events with the desired intensities for the
experiment or intended application, it must be calibrated using one of the following
methods:

• Calibration using a flowmeter: This method involves measuring the flow rate of
water through the nozzle that produces the raindrops. The flow rate can be
measured using a flowmeter, and the rainfall intensity can be calculated by
dividing the flow rate by the area of the nozzle.

• Calibration using a tipping bucket rain gauge: This method involves collecting the
water that falls from the rainfall simulator using a tipping bucket rain gauge. The
rainfall intensity can be calculated by dividing the volume of water collected by
the time it took to collect it.

• Calibration using a high-speed camera: This method involves recording the
artificial raindrops using a high-speed camera and analyzing the footage to
determine the size and velocity of the raindrops. The rainfall intensity can be
calculated using the size and velocity of the raindrops and the nozzle area.

• Calibration using a rain gauge array: This method involves setting up a rain gauge
array around the rainfall simulator to measure the rainfall intensity at different
distances from the simulator. The rainfall intensity can be calculated by analyzing
the data collected by the rain gauge array.

It is important to note that the calibration method used will depend on the specific
rainfall simulator being used and the accuracy required for the experiment or appli-
cation. The rainfall intensities generated by the “Port-RFS” were evaluated and
adjusted by taking into account the average volume of water collected in the flume
area using the pan method. Additionally, the water discharge from each Port-RFS
nozzle was measured by enclosing polyvinyl chloride (PVC) tubes around each
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nozzle individually and collecting the outflow for a duration of 5 min. To convert
the collected data into flow rate in millimeters per hour, the recorded value was
multiplied by 12.

Figure 5 shows the calibration of the Port-RFS where rainfall intensity can be
controlled at rates from 60 to 150 mm/h using combinations of waiting and sweep
periods. It is evident that the Port-RFS has the capability to produce simulated rainfall
storms ranging from a minimum intensity of 60 mm/h to a maximum intensity of
150 mm/h. The control of rainfall intensity in the simulated rainstorm was found to be
straightforward and efficient using the digital control panel.

4.2 Spatial uniformity over the flume area

Obtaining a uniform distribution of rainfall across each section of the flume is
crucial. Failure to achieve this can result in areas that receive more rainfall being more
prone to erosion, compromising the accuracy of calculations based on the entire flume
area. To ensure uniform rainfall distribution, the grid method is usually used to assess
the spatial uniformity of simulated rainfall. It involves superimposing a grid with
equidistant points onto the flume area and measuring the amount of rainfall that falls
on each point using a rain gauge/graduated beaker. The gathered data for each point
are then utilized to compute Christiansen’s uniformity coefficient (CUC), as shown in
Eq. (1) [57].

CUC ¼ 100 1�
P jDi �Dmjð Þ

n ∗Dm

� �� �
(1)

where CUC is the coefficient of uniformity (%); Di is the depth of water in the
graduated beakers (cm); Dm is the mean depth of water in rain gages/graduated
beakers (cm); and n is the number of rain gages/graduated beakers. When the rainfall

Figure 5.
The Griffith University portable rainfall simulator (port-RFS) calibration curve for the rainfall intensities,
relation between rainfall intensity, sweep and waiting times.
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pattern is more uniform, the CUC value approaches 100%. According to Sousa,
Mendes [58], several researchers consider that any CU values above 80.0% are
acceptable for the uniformity of the rainfall distribution. However, some other studies
have accepted a CUC value of 70% for large plot areas, as demonstrated by Luk,
Abrahams [59]. The uniformity coefficients of the Port-RFS at various rainstorm
intensities are presented in Table 1. All the coefficients exhibit high values, ranging
from 86.55% to 91.8%. These values indicate a high level of uniformity across the
measured experimental area. Figure 6 illustrates the distribution of rain intensities
generated by the Port-RFS system for an average rain intensity of 100 mm/h across a
flume area measuring 3 m � 1 m. The figure demonstrates that the incident intensities
vary between 90 and 110 mm/h, with an average uniformity coefficient of 89.8%.

4.3 The drop size distribution (DSD) and kinetic energy (KE)

The ability of any rainfall simulator to generate raindrops that approximate the
volumetric size distribution of the droplets that occur during rainstorms in nature is
highly influential in our judgment of the efficiency and quality of the rainfall simula-
tor design, as the distribution of grain size over the different classes of drop sizes
(volume in mm3) affects the total kinetic energy generated from the simulated rain-
storm, whereas the kinetic energy of a single drop is a function of a grain’s mass,
which is related to its size (volume) as well as its terminal velocity when it hits the
ground [49, 60]. In general, the sizes of raindrops in nature range from 0.5 mm in
diameter to the large drops associated with heavy rainfall and reaching up to 6 mm in
diameter, with median droplet diameter varying depending upon the storm intensity
but usually ranging from 2 mm to 3 mm [9, 46].

Rainfall intensity (mm/h) 130 120 110 100 90 80 70 60

Uniformity coefficient (%) 89.3 91.8 89.6 90.1 89.6 89.8 89.4 86.55

Table 1.
The calculated uniformity coefficient % for portable rainfall simulator (port-RFS) under different rainfall
intensities.

Figure 6.
The spatial distribution of the simulated rainfall over the flume/plot area for the Griffith University portable
rainfall simulator (port-RFS) (100 mm/h rainfall intensity).
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There are numerous methods and instruments for measuring raindrops, which can
be divided into two main groups: manual and automated techniques. These
approaches are used to determine the raindrop size distributions and the average size
of raindrops for simulated rainfall events.

Manual rain drop measurement techniques include the stain method that involves
using dyed absorbent paper to measure the stains left by raindrops [61], the flour
pellet method that uses finely sieved flour to create dough pellets from raindrops
[62, 63], and the oil immersion method that measures raindrops in a vessel containing
oil [64]. While these methods are simple and inexpensive, they are time consuming,
the accuracy of the results obtained from it depends on the skills and experience of the
researcher, and do not provide immediate data readings.

On the other hand, there are various automated techniques available for measuring
raindrops, including but not limited to: the displacement disdrometers [65], the pho-
tographic method [66, 67], acoustic disdrometers [68], the radar technique [69, 70],
and the optical spectra pluviometers [71].

While the disdrometer method has been particularly successful over the past
decade due to its ability to generate a large number of measurements [72, 73] and its
efficiency in measuring the impact of raindrop splash on soil detachment [74] and
erosion caused by changes in soil cover [75], the old flour method [62] is a widely
accepted, standardized test method [46, 49, 63]. Using the flour method, the mean
diameter of the raindrops that came out of each examined rain event was measured
and could be calculated using Eq. (2).

Dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
π

� �
WmR

3

s
(2)

Where Dr is the mean raindrops’ diameter (mm) and W is the mean weight of the
raindrops (mg) and mR is the ratio of the mass of the raindrop to the mass of the
pellet, which is obtained using the flour-calibration line [76].

Using Eq. (3), the kinetic energy of individual raindrops could be determined after
the median size distribution (D50) of the rainfall simulator was easily estimated from
the previous step:

KE ¼½ mv2 (3)

where KE is the kinetic energy (Joule); m is the mass (kg) of the raindrop (calcu-
lated from the relation between the volume, density, and mass); and v is the terminal
velocity (m/s) at which the drop hits the soil surface where the values for examined
rainfall intensities by examined rainfall simulator could be obtained from the Ameri-
can Society for Testing and Materials (ASTM) [77] chart that correlates the fall
velocity, fall height, and raindrop diameter.

The threshold kinetic energies needed to initiate soil detachment (erosion) by
raindrop impact were listed and discussed by Salles, Poesen [78]; they stated that the
threshold kinetic energy required to initiate the detachment of soil particles by rain-
drop impact declines with increasing median grain-sized diameters, starting from
0.001 mm until D50 reaches values near 0.1–0.2 mm. Once D50 becomes larger, the
variation in the threshold kinetic energy changes and increases with median grain
diameter of the soil.

By utilizing the flour method, the drop size distribution of the Port-RFS was
examined, resulting in a median size distribution of 2.15 mm; Figure 7 presents the
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drop size distribution pattern observed with the Port-RFS. In Figure 8, the relation-
ship between the generated rainfall intensities and the corresponding kinetic energy
(KE) per second per flume area is depicted. The measured KE values for rainfall
intensities of 80, 90, and 100 mm/h were found to be 1.96, 2.2, and 2.45 Joule/Sec.
flume area, respectively. Based on these calibration data, the kinetic energy and drop
sizes generated by the Port-RFS were deemed satisfactory for initiating soil erosion in
the range of 0.001 mm < D50 < 2.5 mm, which is considered suitable for most soil
samples.

Figure 7.
Raindrop size distribution for the Griffith University portable rainfall simulator (port-RFS) under different
simulated rainfall intensities.

Figure 8.
The relation between rainfall intensity and the kinetic energy (KE) of the simulated rainfall events.
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5. Rainfall simulator: the experimental design and data analysis

The experimental design of soil erosion experiments using a rainfall simulator is
crucial in obtaining reliable results. The rainfall simulator is designed to simulate
natural rainfall events and generate runoff, which can be collected and analyzed for
sediment concentration, steady-state runoff rate, and other parameters. The duration
and intensity of the rainfall events can be controlled, which allows researchers to
investigate the effects of different factors, such as soil type, slope gradient and length,
vegetation cover, and land use, on soil erosion.

The experimental design of soil erosion experiments using rainfall simulators
should include a detailed description of the soil characteristics, such as texture,
organic matter content, and aggregate stability. The location and orientation of the
experimental plots, as well as the size and shape of the rainfall simulator nozzle,
should also be specified. The experiments should be repeated several times to
ensure the reproducibility of the results. The collected runoff should be analyzed
for sediment concentration, particle size distribution, and other relevant parame-
ters. Statistical analysis of the data should be performed to determine the signifi-
cance of the observed differences and to identify the most important factors
affecting soil erosion.

Data analysis of soil erosion experiments using rainfall simulators can be challeng-
ing due to the complexity of the processes involved. The measured variables are often
interdependent, and the relationships between them can be nonlinear. Various statis-
tical methods, such as regression analysis, analysis of variance (ANOVA), and princi-
pal component analysis (PCA), can be used to analyze the data. The results should be
presented in a clear and concise manner, with appropriate graphs and tables. The
conclusions should be based on sound statistical analysis and should be supported by
experimental data. The implications of the results for soil management and conserva-
tion should also be discussed.

As a practical example of what can be done with soil erosion experiments using
rain simulators, Kibet, Saporito [79] presented a protocol along with a video showing
how to conduct the experiment; MINErosion 3.4 software [33] also contains a
descriptive file that explains the steps for conducting the rainfall simulator experi-
ment and how to calculate rill and interrill soil erodibilities using it.

6. Using the rainfall simulators’ results for landform design and assessing
the erosional stability of mining rehabilitation sites

Open-cut mining involves a larger disturbance of surface area compared to under-
ground mining. In Australia, explosives are used to blast the deep solid overburden
above the mineral or coal seam, which is then mechanically removed using trucks and
shovels or draglines. Draglines are the most commonly used methods in Central
Queensland open-cut coal mines, which operate at high speeds and result in land-
scapes consisting of long parallel spoil-piles that are highly saline, dispersive, and
erodible. These spoil-piles can be over 50–60 m high and have slopes at an angle of
repose of around 75% or 37°. It is legally required for mining organizations to rehabil-
itate the land by law, and therefore, disturbed open-cut post-mining landscapes must
be rehabilitated to an approved post-mining land use. The principal rehabilitation
process is shown in Figure 9.
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The most expensive part of rehabilitating a mining site is creating a suitable
landscape for vegetation growth by reshaping and preparing overburden dumps,
which requires costly earthworks. The new landscape must be able to withstand
geotechnical failure and surface erosion caused by rainfall and runoff. Steep
slopes can lead to severe erosion, causing rehabilitation failures, gully erosion,
acid mine drainage (AMD), and salt discharges. Mine sites must evaluate the
potential annual erosion rates from rehabilitated areas and report them to

Figure 9.
Pictorial representation of the process of rehabilitation of post-mining landscapes on open-cut coal mines is Central
Queensland, Australia.

172

Soil Erosion – Risk Modeling and Management



regulators, such as the Department of Environment and Science in Queensland,
which monitor and enforce rehabilitation compliance. To minimize costs and pre-
vent rehabilitation failures, it is essential to predict the soil erosion rates for the
suggested landscape design before its construction. Since the soil and overburden
materials used to build the engineered landform have varying degrees of
erodibility, accurately measuring their erodibility values is necessary to predict
potential erosion rates.

The mining rehabilitation industry has traditionally used predictive equations that
rely on soil properties like texture to estimate erodibility values for soil/overburden
materials used in constructing engineered landforms. While this approach was easy to
use, its unreliability in predicting soil erosion rates led regulators to require actual
measurements of soil erodibility values using rainfall simulators in either a field or a
laboratory setting. Once these erodibility values have been measured, they are used in
combination with more sophisticated erosion/deposition models such as WEPP,
MINErosion, and SIBERIA to predict and assess the erosional stability of the proposed
landform design.

As an example of using rainfall simulators to estimate and measure soil erodibility
values, Sheridan, So [32] conducted a study in which they measured the rill and
interrill erodibilities and slope adjustment factors of 34 soil/overburden materials
using a portable rainfall simulator tilting flume (measuring 3 m long � 0.8 m wide
and with a slope adjustable from 0 to 50%) at the University of Queensland
Erosion Processes Laboratory. The materials were exposed to a 100 mm/h rainstorm
for 30 min (equivalent to a 1-in-20-year event in Central Queensland) at a 20%
slope, followed by slopes of 5, 10, 15, and 30 for 15 min each. At these simulated
rainfall intensities, a steady state was quickly reached. Data from rainfall simulation at
10% slope were used to determine interrill erodibility, and data from the overland
flow experiments at 20% slope were used to calculate rill erodibility coefficients.
Sheridan, So [32] found that soils were generally more erodible than overburdens,
as many of the overburdens either contained considerable amounts of rock or had
a strong sealing ability. The strongly aggregated high clay soils tended to be the
most erodible, followed by the lighter textured sandy loams and loamy sands. Soils
or overburdens with 20–30% silt tended to form strong, raindrop impact seals
under rainfall and consequently had very low erodibilities. Khalifa [80] expanded the
dataset obtained from this research by including information from 93 additional
samples (46 soil samples and 47 spoil samples) gathered from six coal mines in
Central Queensland. This was done to capture the diversity of spatially
distributed samples across each of the selected mining sites. The data collected by
Khalifa [80] were used to feed MINErosion 3 & 4 erosion/deposition models for
post-mining rehabilitation [81], resulting in the creation of an embedded database
file containing the rill and erodibility values for 34 open-cut mine sites in Central
Queensland. Additionally, the model is capable of analyzing rainfall simulation
data to calculate erodibilities and predict erosion rates on an annual or event-based
basis.

Currently, an increasing number of environmental consulting companies operat-
ing in the mining sector have constructed and utilized rainfall simulators in a number
of environmental rehabilitation projects. Their primary purposes include assessing the
erodibility factors of materials intended for constructing the designated land cover
and estimating final landform erosion stability. These rainfall simulators have been
utilized in several Australian mines, such as the North Parkes Mine in New South
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Wales, the Ranger Uranium Mine in the Northern Territory, the Carmichael Coal
Mine and Mt. Rawdon gold mine in Queensland, and the Yallourn Coal mine in
Victoria.

Furthermore, the utilization of rainfall simulators extends to the assessment of
erosion control techniques. By providing a controlled environment, rainfall simulators
allow for the testing and evaluation of various measures, such as terracing, vegetation
cover, and mulching, to determine their efficacy in reducing soil erosion and improv-
ing landform stability [33, 82]. These experiments are valuable in assisting mining
operators in selecting the most appropriate and cost-effective erosion control practices
tailored to their specific site conditions.

Additionally, rainfall simulators are instrumental in evaluating and monitoring the
success of rehabilitation efforts for a specific mine site. After mining operations cease,
the restoration of ecosystems and the mitigation of long-term environmental impacts
are of utmost importance. Rainfall simulators could be used to facilitate the assess-
ment of rehabilitation effectiveness by comparing the erosional stability of reclaimed
landforms with undisturbed reference areas. This evaluation provides invaluable
feedback on rehabilitation techniques and offers guidance for future restoration
practices.

7. Conclusion

The use of rainfall simulators in assessing the erosional stability of mine site
landforms has emerged as a valuable tool for the mining industry. These simulators
enable mining operators, researchers, and regulators to measure the material erod-
ibilities, predict erosion rates, estimate the erosional stability, evaluate erosion control
measures, and assess the success of land rehabilitation efforts. By providing valuable
information on potential erosion hotspots and effective erosion control practices,
rainfall simulators contribute to the adoption of responsible mining practices, miti-
gating environmental impacts, and advancing sustainable land management in the
mining sector. When combined with field monitoring and validation, rainfall simula-
tors assume a crucial role in supporting the long-term environmental sustainability of
mining operations.
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A. Appendix

The calculation of Christiansen’s uniformity coefficient (CUC) for three different
rainfall events simulated by our portable rainfall simulator.
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Calculation of Kinetic energy for different rainfall events simulated by portable
Rainfall simulator.

30 mm/hr. Designed
event

60 mm/hr. Designed
event

90 mm/hr. Designed
event

100 mm/hr. Designed
event

Pan
no.

Measured
rainfall
intensity
(mm/hr)

Di |Di-
Dm|

Measured
rainfall
intensity
(mm/hr)

Di |Di-
Dm|

Measured
rainfall
intensity
(mm/hr)

Di |Di-
Dm|

Measured
rainfall
intensity
(mm/hr)

Di |Di-
Dm|

1 28 13.83 1.61 56 28.00 2.29 84 42.17 3.88 91 45.55 6.34

2 37 18.56 3.12 62 31.04 0.75 86 43.18 2.87 88 43.86 8.03

3 34 17.21 1.77 57 28.34 1.95 81 40.49 5.57 88 43.86 8.03

4 38 19.23 3.79 62 31.04 0.75 92 45.88 0.17 101 50.61 1.28

5 31 15.59 0.15 65 32.35 2.06 98 48.82 2.77 106 52.94 1.05

6 35 17.54 2.10 61 30.36 0.07 86 43.18 2.87 101 50.61 1.28

7 31 15.29 0.15 61 30.59 0.29 92 45.88 0.17 112 55.88 3.99

8 38 18.82 3.38 66 32.94 2.65 98 48.82 2.77 118 58.82 6.93

9 29 14.71 0.73 61 30.29 0.00 96 48.24 2.18 118 58.82 6.93

10 27 13.53 1.91 62 31.18 0.88 95 47.65 1.59 118 58.82 6.93

11 29 14.41 1.03 67 33.53 3.24 93 46.47 0.41 118 58.82 6.93

12 21 10.59 4.85 58 28.82 1.47 94 47.06 1.00 106 52.94 1.05

13 22 11.23 4.21 64 31.91 1.62 99 49.65 3.59 106 53.19 1.30

14 35 17.71 2.27 61 30.70 0.41 101 50.61 4.55 103 51.28 0.61

15 35 17.54 2.10 59 29.35 0.94 88 43.86 2.20 88 43.86 8.03

16 26 13.16 2.28 55 27.33 2.97 88 43.86 2.20 101 50.61 1.28

17 28 14.12 1.32 60 30.00 0.29 100 50.00 3.94 106 52.94 1.05

18 30 14.84 0.60 55 27.50 2.80 86 43.18 2.87 101 50.61 1.28

Dm 15.44 Dm 30.29 Dm 46.06 Dm 51.89

n 18 n 18 n 18 n 18

Sum
|Di-
Dm|

37.37 Sum|Di-
Dm|

25.42 Sum
|Di-
Dm|

45.61 Sum
|Di-
Dm|

72.35

CU 86.55 CU 95.34 CU 94.50 CU 92.25

Dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
π

� �
WmR

3
q

(Eq. 1) V ¼ 4
3 π

Dr
2

� �3 (Eq. 4)

Rainfall
Intensity

Number
of

pellets

weights
of dry
pellets
(g)

Average
weight of

dry
pallets
(mg)

mR Dr

(mm)
Volume
mm3

Density of
water

1 mg/mm3

mass of an
individual
raindrop

mg

terminal
velocity
(from the

curve below)
m/s

Kinetic
Energy,
KE (μJ)

100 350 2.98 8.520 1.1 3.3588 19.84127 1 19.84127 5.5 300.1

90 387 2.53 6.537 1.1 3.0168 14.37598 1 14.37598 5.5 217.4

60 435 2.29 5.257 1.1 2.7736 11.17245 1 11.17245 5.5 169.0
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Using the flour method to measure the drop size distribution of the Port-RFS.

Dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
π

� �
WmR

3
q

(Eq. 1) V ¼ 4
3 π

Dr
2

� �3 (Eq. 4)

Rainfall
Intensity

Number
of

pellets

weights
of dry
pellets
(g)

Average
weight of

dry
pallets
(mg)

mR Dr

(mm)
Volume
mm3

Density of
water

1 mg/mm3

mass of an
individual
raindrop

mg

terminal
velocity
(from the

curve below)
m/s

Kinetic
Energy,
KE (μJ)

45 521 1.98 3.797 1.1 2.4670 7.86145 1 7.86145 5.5 118.9

30 567 1.79 3.155 1.1 2.3196 6.534952 1 6.534952 5.5 98.8
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Measuring the water flow rate for different rainfall events simulated by portable RFS.

Time interval Rainfall intensity Water pressure (kPa) Flow rate L/min

2 30 382 0.1

5 40 384 0.3

7 50 386 0.6

10 60 388 0.8

15 70 391 1

20 80 393 1.2

25 90 394 1.5

30 100 395 1.6
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Database of Soil/Spoil Properties (Measured by Khalifa [80]) and Rill/Interrill
Erodibilities Assessed with a Portable Rainfall Simulator at 16 Mine Sites in Central
Queensland [32, 33, 80].
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