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Abstract 
 
 

Soil erosion is an on-going environmental hazard; and its impacts become more 
evident. However, there are always difficulties in reducing the soil erosion because it is a 
dynamic process between the human and environmental systems. Its complexity can be 
found in the agricultural land in the upper part of Serayu Watershed. This area has been 
suffering from soil erosion during the last three decades; nevertheless an integrative ap-
proach for reducing the erosion problem is not available yet. Therefore, this study aims to 
develop and to implement a soil erosion risk management concept based on the human-
environment system in the upper part of Serayu Watershed, Wonosobo District, Central 
Java Province, Indonesia. The main aim is then divided into specific objectives, i.e. i) to 
identify and formulate the causing factors and driving forces of soil erosion risk in the 
study area based on the human-environment system approach, ii) to assess the soil ero-
sion rate on different land uses, crop types, and conservation strategies, iii) to model the 
soil erosion process of the observed areas in the second objective, and iv) to develop a 
systematic procedure for finding the best fit erosion control strategies.   

This study implements the concept of risk management cycle as the main frame-
work. This study however limits its scope to the risk analysis stage, risk assessment 
(monitoring and modelling stage), risk evaluation, and adaptation strategy. All of them are 
represented on each research objectives. In this sense, the geographical approach be-
comes the fundamental platform of the soil erosion risk management cycle. It means each 
analysis represents the spatial viewpoint for analysing the human-environment system of 
erosion risk.  

This study used two levels of spatial analysis scale. The first analysis scale was 
carried out on the basis of Kejajar Sub-district that represents i) the upper-area of Serayu 
Watershed, ii) the administrative area of Wonosobo District and iii) a part of Dieng com-
plex. This administrative scale was used to fulfil the first research aim. The second analy-
sis scale was field plot scales which were used to conduct the monitoring, modelling, ero-
sion risk evaluation, and its adaptation strategies.  

In order to identify and formulate the causing factors and driving forces of soil ero-
sion risk in the study area, two basic approaches were used in this study, i.e. panarchy 
and system thinking. The panarchy reveals three stages of erosion system in Kejajar Sub-
district, i.e. i) soil erosion risk on a low population and strong cultural factors as the main 
driving factors, ii) soil erosion system with increasing population number and market de-
mand as the main driving factors, iii) soil erosion system following by the on- and off- site 
effects which increase the government’s awareness. The evolving system on each stage 
was then analyzed by using the system thinking approach. The results confirm that soil 
erosion in Kejajar Sub-district has reached the final stage in which the on- and off-site im-
pacts become more evident.  

Five field plots areas were surveyed during one planting season (ca. 90 days). 
Those plots represent the area of forest, common agricultural crop, indigenous crop, field 
with minimum conservation, field with local wisdom conservation, and standardized con-
servation method by the government. The plots were set up following the Non-imposed 
Boundary Erosion Plot (NBEP). In this sense, the plot should represent a catchment di-
mension with a single outlet. In some plots, plastic layer was used to create ditches that 
can direct the runoff toward the storage tank. The results show that a field plot with potato 
crop and minimum conservation technique show the highest erosion rate (9.2 kg m-2). 
Lower soil erosion rates occur in agricultural field plots with local wisdom conservation 
(0.09 kg m-2) and carica plant (0.04 kg m-2) as the indigenous plant in Kejajar Sub-district. 
Agricultural type with potato crop remains causing a high erosion rate (3.30 kg m-2), since 
the implementation of the standardized conservation (vegetative and mechanical method) 
was just started when the measurement was conducted. 



 12

This study develops the SAGA-MMF erosion model to simulate the erosion proc-
ess of those five monitored plots. This model is based on the Modified MMF erosion 
model and implemented as a new module in FOSS SAGA-GIS software. The model can 
be used for a single event up to annual simulation. In this study, three additional parame-
ters, i.e. time span, channel network, and actual flow depth, are added to improve the 
model performance. According to the results of sensitivity analysis, the parameter of 
channel network is the most sensitive one and used as the basis in calibrating the model 
for each plot. For validating the model prediction, the Model Effectiveness Coefficient 
(MEC) was used in this study because it considers the uncertainties of erosion process. 
The validation results show that the MMF-SAGA model performs well on the forest area 
(100%), conservation with local wisdom plot (100%), and plot of carica as indigenous plant 
(100%). All of those plots are considered as no- and reduced tillage field plots. However, 
the MEC shows lower values for the erosion prediction on the potato fields (42% and 
85%) where the tillage practices is quite intensive.  

In order to find an effective and efficient erosion control strategy, this study inte-
grates the component of erosion hazard, tolerable soil loss, erosion cost, and conserva-
tion technique. The prediction results of the MMF-SAGA are used in this framework. This 
model enables to change interactively the distribution of the input parameters – e.g. soil 
cover, vegetation, and topography - based on the characteristic of the suggested erosion 
control strategy. Meanwhile, to evaluate the erosion risk, some T values are assessed 
based on the soil depth and substratum material (T1), soil depth and productivity (T2), and 
reservoir lifetime (T3). The results confirm that T2 value exceed the T3, while T1 is lower 
than T3. Therefore, using the T3 value, i.e. ∼1.5 mm year-1, is quite reasonable for the 
study area. This value is a representative value for maintaining the soil productivity and 
reservoir life time. To assess the erosion cost, this study combined the market replace-
ment cost of nutrient, travel cost, and productivity loss approaches. The data of social sur-
vey was used to define the approximate productivity loss of potato crop. It provides an es-
timate value of ∼2% loss per year. Finally the cost and benefit analysis of terrace riser with 
stone and terrace riser with grass on the potato field show an example on how to find an 
effective and efficient erosion control strategy. Based on the model simulation, both 
strategies are similarly effective to reduce the erosion risk below the T value. However, 
based on the Net Present Value (NPV) analysis with 10% of discounting rate, the conser-
vation of terrace risers with grass is more efficient and profitable. The results remain the 
same with 5 or 20 year time horizon.  
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Abstrak 
 

 
Erosi tanah adalah salah satu bentuk ancaman terhadap lingkungan yang terus 

berlangsung dan dampaknya terlihat semakin jelas. Akan tetapi, selalu saja terdapat ke-
sulitan-kesulitan dalam mengurangi tingkat erosi tanah karena prosesnya yang dinamis 
dan melibatkan hubungan sistem manusia dan lingkungan. Kerumitan permasalahan ini 
dapat ditemukan pada lahan pertanian di bagian atas Daerah Aliran Sungai (DAS) 
Serayu. Daerah ini mengalami erosi tanah selama tiga dekade terakhir, akan tetapi 
pendekatan integratif untuk mengurangi permasalahan erosi tanah ini belum tersedia. 
Maka dari itu, penelitian ini bermaksud untuk mengembangkan dan menerapkan konsep 
manajemen risiko erosi berdasarkan sistem hubungan manusia dengan lingkungan di 
hulu DAS Serayu, Kabupaten Wonosobo, Provinsi Jawa Tengah, Indonesia. Tujuan 
utama tersebut kemudian dibagi menjadi beberapa bagian yang lebih khusus diantaranya 
i) mengidentifikasi dan merumuskan faktor-faktor penyebab dan penggerak risiko erosi 
tanah di daerah penelitian berdasarkan pendekatan sistem hubungan manusia dan ling-
kungan, ii) mengukur tingkat erosi tanah pada berbagai penggunaan lahan, jenis tanaman 
dan strategi konservasi, iii) memodelkan proses terjadinya erosi tanah pada daerah pen-
gamatan sesuai dengan tujuan kedua, dan iv) mengembangkan pendekatan yang sis-
tematis untuk menemukan strategi yang paling tepat untuk mengendalikan laju erosi. 

Penelitian ini menerapkan konsep siklus manajemen risiko sebagai kerangka 
utama. Akan tetapi penelitian ini hanya membatasi cakupannya pada tahap analisis risiko, 
penilaian risiko (tahap pemantauan dan pemodelan), evaluasi risiko, dan strategi 
adaptasi. Dalam hal ini, pendekatan geografi menjadi kerangka utama siklus manajemen 
risiko erosi tanah. Artinya setiap analisis dilakukan berdasarkan sudut pandang 
keruangan. 

Penelitian ini menggunakan dua tingkatan skala analisis keruangan. Skala analisis 
yang pertama menggunakan wilayah Kecamatan Kejajar sebagai i) daerah hulu DAS 
Serayu, ii) bagian dari daerah administrasi Kabupaten Wonosobo, dan iii) bagian dari 
kompleks Dieng. Skala administrasi ini digunakan untuk melengkapi tujuan penelitian 
yang pertama. Skala analisis kedua adalah skala plot yang digunakan untuk melakukan 
pemantauan, pemodelan, evaluasi risiko erosi dan strategi adaptasinya. 

Untuk mengidentifikasi dan merumuskan faktor-faktor penyebab dan pemicu risiko 
erosi tanah di daerah penelitian, dua pendekatan utama digunakan dalam penelitian ini 
yaitu panarchy dan system thinking. Melalu panarchy, penelitian ini mengungkapkan tiga 
tahapan sistem erosi di Kecamatan Kejajar yaitu i) risiko erosi tanah dengan jumlah 
penduduk sedikit dan faktor budaya yang kuat sebagai faktor pemicu utama, ii) sistem 
erosi tanah dengan adanya peningkatan jumlah penduduk dan permintaan pasar sebagai 
faktor pemicu utama, dan iii) sistem erosi tanah yang disertai dengan dampak erosi yang 
meningkatkan kesadaran pemerintah. Sistem yang berkembang pada setiap tahap 
kemudian dianalisis dengan menggunakan system thinking. Hasil analisa secara deskriptif 
menunjukkan bahwa erosi tanah di Kecamatan Kejajar telah mencapai tahap terakhir 
dimana dampak erosi semakin nyata. 

Pengamatan terhadap lima plot erosi dilakukan selama satu kali musim tanam 
(kurang lebih 90 hari). Masing-masing plot tersebut merepresentasikan area hutan, jenis 
pertanian yang konvensional di daerah ini, tanaman asli Komplek Dieng, lahan dengan 
konservasi minimum, lahan dengan konservasi kearifan lokal, dan lahan dengan 
konservasi standar yang dikelola oleh pemerintah. Seluruh plot dibuat mengikuti metode 
Non-imposed Boundary Erosion Plot (NBEP). Setiap plot diatur sedemikian rupa agar se-
mua aliran permukaan mengalir dan terkumpul pada satu titik keluaran. Pada beberapa 
bagian, lapisan plastik digunakan untuk membantu mengarahkan aliran permukaan agar 
terkumpul pada tampungan air. Hasil pengamatan menunjukkan bahwa plot yang di-
tanami tanaman kentang menggunakan konservasi yang minimum memiliki nilai laju erosi 
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yang paling tinggi (9.2 kg m-2). Tingkat laju erosi yang lebih rendah ditunjukkan oleh plot 
yang menggunakan konservasi kearifan lokal (0.09 kg m-2) dan plot yang ditanami carica 
(0.04 kg m-2). Tanaman ketang dengan konservasi yang standard tetap menghasilkan laju 
erosion yang cukup tinggi (9.2 kg m-2), karena penerapan konservasi yang dilakukan pe-
merintah masih dalam tahap ujicoba.  

Penelitian ini mengembangkan model erosi yang dinamakan SAGA-MMF. Model 
ini digunakan untuk mensimulasikan proses erosi pada lima area plot yang diobservasi 
pada chapter 5. Model ini pada dasarnya mengaplikasikan model Modified MMF yang 
diimplementasikan sebagai sebuah modul di dalam program FOSS SAGA-GIS. Model ini 
dapat digunakan untuk memprediksi satu kejadian hujan hingga prediksi tahunan. Tiga in-
put parameter baru juga ditambahkan ke dalam formula model untuk meningkatkan ke-
mampuan model. Input parameter tersebut berupa time span, channel network, dan actual 
flow depth. Berdasarkan pada hasil analisa sensitivitas, parameter channel network me-
rupakan parameter yang paling sensitif dalam model ini. Sehingga, parameter tersebut di-
jadikan sebagai dasar dalam proses kalibrasi model. Uji validasi dilakukan dengan meng-
gunakan Model Effectiveness Coefficient (MEC) karena metode ini telah memperhitung-
kan kompleksitas pengukuran erosi di lapangan. Hasil uji validasi menunjukkan bahwa 
model MMF-SAGA memberikan hasil prediksi yang cukup baik pada plot area hutan 
(100%), konservasi dengan kearifan lokal (100%), dan plot carica sebagai tanaman asli 
(100%). Di dalam plot-plot aktivitas pengolahan lahan sangat minim atau bahkan tidak 
ada. Pada area plot dengan tanaman kentang yang dikelola dengan aktivitas pengolahan 
lahan tinggi menunjukkan nilai MEC relative lebih rendah (42% dan 85%).  

Bagian terakhir dari penelitian ini mengintegrasikan komponen bahaya erosi, erosi 
terbolehkan, ekonomi erosi, dan tehnik konservasi untuk menemukan strategi penangan-
gan erosi yang efektif dan efisien. Untuk tujuan ini, hasil prediksi model MMF-SAGA 
digunakan sebagai dasar untuk penentuan bahaya erosi. Aplikasi dari model ini memung-
kinkan untuk merubah parameter tutupan permukaan tanah, vegetasi dan topografi yang 
disesuaikan dengan tehnik konservasi yang diusulkan. Di dalam penelitian ini, nilai erosi 
terbolehkan (T) dihitung berdasarkan tiga criteria, yaitu: ketebalan tanah dan karakteristik 
bahan atau batuan induk (T1) kedalaman tanah dan produktifitas lahan (T2), dan umur 
efektif waduk (T3). Hasil perhitungan menunjukkan bahwa nilai T2 lebih besar dibanding-
kan dengan T3, sedangkan T1 lebih rendah dari nilai T3. Dengan demikian, penelitian ini 
merekomendasikan untuk menggunakan nilai erosi terbolehkan untuk daerah penelitian 
berdasarkan pada T3  yang nilainya sebesar ∼1.5 mm tahun-1. Nilai tersebut merupakan 
ambang batas untuk tetap mempertahankan produktifitas lahan dan umur waduk. Untuk 
mengestimasi besaran kerugian erosi, penelitian ini mengkombinasikan metode market 
replacement cost, travel cost, dan productivity loss. Data hasil survey sosial digunakan 
untuk mengestimasi nilai penurunan produktifitas lahan. Hasil perhitungan menunjukkan 
bahwa setidaknya di daerah penelitian telah mengalami penurunan produktifitas kentang 
sebanyak ∼2% tiap tahunnya. Hasil analisa prediksi erosi, erosi terbolehkan dan kerugian 
ekonomi erosi digunakan sebagai dasar untuk melakukan uji cost and benefit analysis 
(CBA). Dalam hal ini, dua tehnik konservasi diuji dalam analisa ini, yaitu dinding teras 
menggunakan batu dan dinding teras dengan rumput. Hasil analisa menunjukkan bahwa 
kedua tehnik konservasi cukup efektif untuk menguranig laju erosi hingga di bawah nilai 
erosi terbolehkan. Namun demikian, konservasi dinding teras menggunakan rumput jauh 
lebih menguntungkan untuk diaplikasikan berdasarkan perthitungan Net Present Value 
(NPV) dengan 10% nilai penyusutan (discounting rate). Analisa tetap menunjukkan hasil 
yang sama dalam jangka waktu 5 ataupun 20 tahun (time horizon).  
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Zusammenfassung 
 
 

Die Bodenerosion stellt eine dauerhafte Umweltgefährdung dar, deren Auswirkun-
gen immer augenscheinlicher werden. Allerdings ist die Minderung der Bodenerosion im-
mer mit Schwierigkeiten verbunden, da es sich um einen dynamischen Prozess zwischen 
den Mensch-Umwelt-Systemen handelt. Diese Schwierigkeiten lassen sich in den land-
wirtschaftlich genutzten Flächen des oberen Einzugsgebietes des Serayu-Flusses vorfin-
den. Dieses Gebiet war während der letzten drei Jahrzehnten durch Bodenerosion ge-
prägt. Dennoch gibt es bis dato keinen integrativen Ansatz um die Bodenerosion dort in 
den Griff zu bekommen. Vor diesem Hintergrund ist das Ziel dieser Studie ein Manage-
mentkonzept für die Bodenerosion zu entwickeln und zu implementieren, das auf dem 
Mensch-Umwelt-System im Serayu Einzugsgebiet, welches sich im Wonosobo Distrikt in 
der zentralen Provinz von Java in Indonsien befindet. Das eigentliche Ziel dieser Arbeit 
untergliedert sich weiter in spezielle Zielstellungen. Diese sind i) die Ursachen und die 
Einflusskräfte des Bodenerosionsrisiko zu identifizieren und zu formulieren welche auf 
dem Mensch-Umwelt-System Ansatz basieren, ii) die Bodenerosionsrate hinsichtlich ver-
schiedener Landnutzungstypen, Getreidearten und Schutzstrategien abzuschätzen, iii) die 
Bodenerosionsprozesse des vorher genannten Ziels in den untersuchten Gebieten zu 
modellieren und iv) eine systematische Prozedur zu entwickeln, um die am besten geeig-
nete Erosionsschutzstrategie herauszufinden. 

Diese Studie implementiert das Konzept des Risikokreislaufs als Hauptbestandteil. 
Jedoch beschränkt sich der Anwendungsbereich dieser Studie auf den Abschnitt der Risi-
koanalyse, der Risikoabschätzung (Monitoring- und Modellierungsstadium), der Risikobe-
urteilung und der Anpassungsstrategien. Dabei ist jeder Abschnitt in den einzelnen For-
schungszielen repräsentiert. So gesehen ist der geographische Ansatz die fundamentale 
Plattform des Managementkreislaufs für das Bodenerosionsrisiko. Das bedeutet wieder-
um, dass jede Analyse die räumliche Sichtweise für die Analyse des Mensch-Umwelt-
System des Erosionsrisikos wiederspiegelt. 

In der vorliegende Studie wurden zwei verschiede Maßskalen für die räumlichen 
Analysen verwendet. Die erste Analyseskala wurde auf die Ebene des Kejajar Teildistrik-
tes festgelegt, die i) den oberen Bereich des Serayu Einzugsgebietes, ii) sowie die admi-
nistrative Einheit des Wonosobo-Distriktes und iii) ein Teil des Dieng-Komplexes reprä-
sentiert. Diese administrative Skala wurde gewählt um das erste Forschungsziel zu erfül-
len. Die zweite Maßstabsebene befand sich auf der Parzellenebene, welche erforderlich 
war, um das Monitoring, die Modellierung, die Erosionsrisikobeurteilung und seine Anpas-
sungsstrategien durchführen zu können. 
Damit die Ursachen und Einflusskräfte des Bodenerosionsrisikos im Untersuchungsgebiet 
identifiziert und formuliert werden können, wurden zwei Grundannahmen in dieser Studie 
getroffen - die Panarchie und die Systemdenkweise. Die Panarchie zeigt drei Stadien des 
Erosionssystems im Kejajar Teildistrikt auf, i) das Bodenerosionsrisiko mit einer niedrigen 
Bevölkerung und starken kulturellen Faktoren als Haupteinflusskräfte, ii) das Bodenerosi-
onssystem mit eine wachsenden Bevölkerung und steigenden Marktnachfrage als Haupt-
einflusskräfte, iii) das Bodenerosionssystem gefolgt von den dort vorhandenen und exter-
nen Effekten die das Bewusstsein der Regierung erhöhen. In jedem Stadium wurde das 
dynamische System mithilfe der Systemdenkweise analysiert. Die Ergebnisse bestätigen, 
dass die Bodenerosion im Kejajar Teildistrikt das finale Stadium erreicht haben, in dem 
die dort vorhandenen und externe Effekten augenscheinlicher werden. 

Innerhalb einer Anbauperiode (ca. 90 Tage) wurde fünf Parzellen untersucht. Die-
se Grundstücke umfassen Waldflächen, gewöhnliche Getreidefelder, einheimische Ge-
treidearten, Felder mit minimalen Erhaltungsstrategien, Felder mit lokalen und bisher 
etablierten Erhaltungsstrategien sowie Felder mit den von Behörden standardisierte Erhal-
tungsmaßnahmen. Diese Felder wurden gemäß des noch nicht auferlegten Erosionsfel-
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des im Grenzbereich angeordnet. Somit repräsentieren die Felder die Dimension eines 
Eizugsgebietes mit einem einzigen Auslass. In ein paar Feldern wurden Plastikfolien ein-
gesetzt, um Gräben zu ziehen, die den Abfluss zur Speicheranlage weiterleiten. Die Re-
sultate zeigen, dass Felder mit Kartoffelpflanzen und minimalen Schutzmaßnahmen die 
höchste Erosionsrate aufweisen (9.2 kg m-2). Geringere Erosionsraten treten auf landwirt-
schaftlichen Flächen mit bisher etablierten Schutzstrategien (0.09 kg m-2) oder mit Carica-
Früchten (0.04 kg m-2) als einheimische Frucht im Kejajar Teildistrikt. Die Kartoffelpflanze 
in Kombination mit standardisierten Schutzmaßnahmen verursacht hohe Erosionsraten 
(3.30 kg m-2), da die Implementierung der standardisierten Schutzmaßnahmen (pflanzli-
che und mechanische Methoden) erst erfolgte nachdem die Messungen durchgeführt 
wurden. 

Innerhalb der vorliegenden Studie wurde zudem das SAGA-MMF Erosionsmodell 
entwickelt, welches den Erosionsprozess in den fünf Testfeldern simuliert. Dieses Modell 
basiert auf einer modifizierten Version des MMF Erosionsmodells und wurde als neues 
Modul in der FOSS SAGA-GIS Software implementiert. Weiters kann das Modell sowohl 
für die Simulation eines einzelnen Ereignisses als auch für die Simulation eines Jahres 
benutzt werden. In dieser Studie wurden drei zusätzliche Parameter, die Zeitspanne, das 
Kanalsystem, die tatsächliche Strömungstief hinzugefügt, um die Modellleistung zu erhö-
hen. Gemäß der Resultate, die in einer Sensititivitätsanalyse ermittelt wurden, ist das Ka-
nalsystem der sensitivste Parameter, welcher dann als Grundlage für die Kalibrierung des 
Modells für jede Parzelle verwendet wurde. Um die Modellschätzungen zu validieren, 
wurde der Modelleffektivitätskoeffizient (MEC) in dieser Studie herangezogen, da dieser 
die Unsicherheiten der Erosionsprozesse berücksichtigt. Die Validierungsergebnisse bes-
tätigen, dass das MMF-SAGA Modell gute Resultate auf Waldflächen (100%), auf Flächen 
mit etablierten Schutzmaßnahmen (100%) und auf Feldern mit der Carica-Frucht als ein-
heimische Pflanze (100%) liefert. All diese Parzellen werden als keine und reduzierte 
Ackerbauflächen betrachtet. Allerdings zeigen der MEC geringere Werte bei der Erosi-
onsvorhersage auf Kartoffelfeldern (42% und 85%), auf denen die Ackerbaumaßnahmen 
sehr intensiv sind, an.  

Damit eine effektive und effiziente Erosionskontrollstrategie erarbeitet werden 
kann, integriert diese Studie die Komponente der Erosionsgefährdung, den tolerierbaren 
Bodenverlust, Erosionskosten und Schutzmaßnahmen. Innerhalb dieses Netzwerkes wer-
den wiederum die Vorhersageergebnisse des MMF-SAGA Modells verwendet. Dieses 
Modell ermöglicht interaktiv eine Verteilung der Input-Parameter (z.B. Bodenbedeckung, 
Vegetation und Topographie) vorzunehmen, basierend auf der Charakteristik der vorge-
schlagenen Erosionskontrollstrategie. Um zwischenzeitlich das Erosionsrisiko zu beurtei-
len, wurden einige T Werte abgeschätzt, basierend auf der Bodentiefe und dem Sub-
stratmaterial (T1), der Bodentiefe und der Produktivität (T2) und der Verweildauer im Re-
servoir (T3). Die Ergebnisse bestätigen, dass T2 Werte die T3 Werte überschreiten, wohin-
gegen T1 niedriger als T3 ist. Daher ist es ratsam einen T3 Wert von ∼1.5 mm Jahr-1 für 
dieses Untersuchungsgebiet zu verwenden. Dieser Werte stellt einen repräsentativen 
Wert dar, um die Bodenproduktivität und die Reservoirverweildauer aufrecht zu erhalten. 
Damit die Erosionskosten abgeschätzt werden können, wurden in dieser Studie die 
Marktwiederherstellungskosten für Nährstoffe, Reisekosten und Produktivitätsverlustan-
nahmen kombiniert. Die Daten der sozialen Befragung wurden herangezogen, um den 
geschätzten Produktivitätsverlust der Kartoffel zu definieren. Dies ermöglicht einen ge-
schätzten Werte von ∼2% Verlust pro Jahr. Letztlich zeigt die Kosten-Nutzen-Analyse der 
Terrassenstufen mit Steinen  und Terrassenstufen mit Grass auf dem Kartoffelfeld ein 
Beispiel wie man eine effektive und effiziente Erosionskontrollstrategie herausfinden könn-
te. Basierend auf den Modellsimulationen sind beide Strategien gleichermaßen effektiv, 
um das Erosionsrisiko auf Werte unter T zu reduzieren. Jedoch ist auf Grundlage der Ka-
pitalwertanalyse (NPV) mit einer Abschlagsrate von 10% der Schutz von Terrassenstufen 
mit Grass effizienter und profitabler. Die Ergebnisse bleiben gleich innerhalb eines Zeitho-
rizontes von 5 oder 20 Jahren. 
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CHAPTER 1  

Introduction 
 
 
 

1.1 Background 
1.1.1 Dynamic system of soil erosion hazard 
Soil erosion is a dynamic process, which can pose as an environmental hazard (Bazzoffi, 

2009; Smith & Petley, 2009). Despite its occurrence as a physical process, the domination 

of human activities on land utilization is most likely one of the crucial factors behind the 

acceleration of soil erosion (Stocking & Murnaghan, 2000). There are many evidences on 

which those on- and off-sites effects of soil erosion can cause significant impacts to the 

environment, and exacerbate the land degradation problem or vice versa (Lal, 2001). It 

will in turn deplete the socio-economic condition either in the upper or lower part of water-

shed area if there is no immediate and serious actions being implemented against the soil 

erosion. 

 In fact, a large number of studies have globally been carried out to reveal the soil 

erosion problem. Those studies can be classified into some groups (Zachar, 1982), e.g. 

measurement and modelling of soil erosion, tolerable soil loss, environmental and socio-

economic impacts of erosion, and effectiveness of conservation strategies.  

A lot of finding in soil erosion studies have affirmed the importance of communica-

tion between the physical and social perspectives for managing the soil erosion problem 

(Pimentel, 1993; Morgan, 2005; Boardman & Poesen, 2006; Blanco & Lal, 2008). How-

ever, there is a lack of clarity on how to communicate both perspectives into a single 

effective method.  

 To communicate the physical and social perspectives in a soil erosion study, we 

require a good understanding of the nature of soil erosion, and a comprehensive ap-

proach. Basically, the process of soil erosion always deals with the human-environment 

connectivity within a specific spatial dimension ranging from a field area to regional scales 

(Renschler & Harbor, 2002). In response to such a necessity, knowledge of the geo-

graphical approach may perform as a corresponding preference since it always considers 

the spatial perspective in analyzing the physical and social issues (Strahler & Strahler, 

2006; Matthews & Herbert, 2008).  

 While reasonable scientific results of soil erosion issues can be derived by imple-

menting the geographical approach, a management strategy is required to provide sys-

tematic phases in reducing the soil erosion. In principle, a soil erosion management aims 
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to reduce the soil erosion intensity and its derivative impacts for maintaining sustainable 

soil resources (Collins & Owens, 2006). One of management strategies that can fulfil that 

aim is the risk management cycle. It constitutes of sequential procedures, i.e. risk as-

sessment, prevention, event management and regeneration (Kienholz et al., 2004). 

However, the readily available risk management cycle most likely focuses on the 

disastrous event (e.g. disaster risk management by ADRC∗ (2005) and Smith & Petley 

(2009) while soil erosion is regarded as an ongoing event at a low speed of onset (Gares 

et al., 1994). Therefore, it is of great interest to adapt and implement the concept of risk 

management cycle in order to reduce the soil erosion rate and its derivative impacts.  

 

1.1.2 Response towards soil erosion risk in Indonesia 
In Indonesia, the occurrence of high rainfall amounts throughout the year has two secon-

dary implications. On the one hand, it provides enough water to sustain the agricultural 

productivity. On the other hand, as the agricultural practices become more intensive, 

those practices can potentially exacerbate the soil erosion risk.  

 Another worsening fact is that most of intensive agricultural areas in Indonesia are 

situated around the mountainous environment on which such steep slopes are located. As 

a consequence, in a watershed context, the soil erosion is not only degrading the land 

quality in the upper area but also decreasing the environmental sustainability in the lower 

stream area.   

 Soil erosion therefore becomes a persistence problem in Indonesia, particularly on 

Java Island. As a result, Magrath and Arens (1989) estimated the economic loss in Java 

Island at least 557 million IDR or equal to IDR 2.8 billion IDR in the year of 2010. That 

amount is really significant compared to the Indonesian national budget for the environ-

mental conservation and management which was only IDR 7.72 billion, as reported by 

Departemen Keuangan RI (2010).  

 An example area showing the dynamic soil erosion problem on Java Island is the 

upper Serayu Watershed, namely Dieng Complex (2093 meters a.s.l.). The annual rainfall 

amount in this area can reach as high as 2400 - 4000 mm/year. In addition, the promising 

profits from the agricultural products in such a fertile volcanic environment have triggered 

the local people to deforest this area as an intensive dry farming land. The soil erosion oc-

currences and its impacts are really evident. The natural resources, particularly soil, have 

been excessively exploited beyond its limit and some area is already in a bad land. As a 

consequence, the consumption of fertilizer and any kind of pesticides are in a high inten-

sity which in turn can promote more environmental problems and unhealthy agricultural 
                                                 
∗ Asian Disaster Reduction Center 
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products. On the downstream area, sedimentation becomes a serious problem to the river 

navigation and reservoir. 

1.2 Objectives 
It is of critical importance to initiate a basic question; How do we manage the complexity of 

the soil erosion problem? Therefore, this study aims to develop and to implement a soil 

erosion risk management concept based on human-environment systems in the upper part 

of Serayu Watershed, Wonosobo District, Central Java Province, Indonesia. In order to 

break down the main research question, a number of research questions and specific ob-

jectives are then sequentially described in Table 1.1. 

 
Table 1.1. Specific objectives based on the research questions 

Research questions Specific objectives 

1. What are the causing factors and driving forces of 

soil erosion hazard in the study area? 

2. What can be the exposure of erosion hazard? 

3. How are the vulnerability and resilience of the 

human-environment system in terms of soil ero-

sion issue in the study area?  

1. To identify and formulate the causing factors and 

driving forces of the soil erosion risk in the study 

area based on the human-environment system 

approach; 

 

4. What is the most vulnerable agricultural type?  

5. How is the effectiveness of recent conservation 

techniques in controlling soil erosion rate?  

2. To assess the soil erosion rate on different land 

uses, crop types, and conservation 

6. How to model the erosion process on the study 

area? 

7. How is the model performance?  

3. To model the soil erosion rate of the observed 

areas in second objective; 

8. How to find an effective and efficient erosion con-

trol strategy?  

4. To develop a systematic procedure for finding 

the best fit erosion control strategies based on 

erosion rate, erosion cost, tolerable soil loss, and 

conservation technique. 

 

1.3 Thesis outline 
This study is structured into 8 chapters. The background and objectives of this study are 

addressed in Chapter 1. Chapter 2 is provided to describe the literatures relating with the 

research objectives. The general description of the study area is described in Chapter 3, 

including the research design. Chapter 4 is provided to investigate the component of ero-

sion risk in the study area. The erosion monitoring on five plots composing of different 

land use, crop types, and conservation is compiled in Chapter 5. The erosion from those 

five plots are then modelled with the MMF-SAGA in Chapter 6. In Chapter 7, a framework 

for finding soil erosion strategies is developed and tested with a case study from the ob-

served plots in chapter 5 and 6. The conclusion is then provided in Chapter 8.  
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CHAPTER 2  

State of the art 

 

2.1 Introduction 
Taking into consideration that the terms of erosion risk management is likely to be a com-

pound analysis, following review endeavours to focus on some specific subjects and ques-

tions, i.e.: 

• What are the essentials of conducting soil erosion research? 

• What are the types of soil erosion and their causing factors and driving 

forces? 

• How to measure and predict the soil erosion? 

• How to establish the value of tolerable soil loss as a standard in evaluating 

the erosion risk? 

• How to select a proper soil conservation technique in a soil erosion prone 

area? 

• How to value the cost and benefit of soil conservation strategies? 

• How to conduct a fruitful soil erosion risk management based on the hu-

man-environment system approach? 

 
2.2 Is soil erosion research really needed? 
One may be asking the plain question; What is the importance or beneficial result of a soil 

erosion research towards the human welfare and environment? Indeed, it is a crucial 

question that requires explanations from all soil erosion research. It can be explained im-

plicitly from a good understanding of soil erosion behaviour and its effects, worldwide re-

sponse, and finally the capacity of soil erosion research to minimize those effects.  

 

2.2.1 Geologic vs. accelerated soil erosion   
Soil erosion is a natural process which has been occurring since the geologic time (Troeh 

et al., 2004). During that period, erosion involved actively as a constructive process in soil 

formation process, and redistributed various soil nutrients (Lal, 1998b). As a natural proc-

ess, the terms of ‘geologic erosion’ is then popular to describe the erosion rate which is 

relatively close to the soil formation rate (Zachar, 1982; Troeh et al., 2004; Montgomery, 

2007). In recent periods, geologic erosion still occurs in some places where native plants 

still remain without any human-induced pedoturbation (Montgomery, 2007). Troeh et al. 
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(2004) estimated a global average rate of geologic erosion as high as 1 ton ha-1 year-1 

over such gentle slopes.   

 However, soil erosion tends to behave destructively ever since the beginning era 

of the agricultural system and the rising number of deforestation (Troeh et al., 2004). 

Those anthropogenic activities increase in the soil exposure, accelerate the geologic ero-

sion rate, and thereby exacerbate the number of degraded land areas (Lal, 2001). Soil 

erosion researchers regard this kind of soil erosion as the ‘accelerated erosion’, which has 

become a global concern due to its negative effects. The human-induced water and wind 

erosion adversely affect respectively 1,094 Mha and 548 Mha or 56% and 38% of the 

global degraded land (Oldeman et al., 1991). Table 2.1 shows those affected areas based 

on the causing factors of land degradation.  

 
Table 2.1: Global assessment of human-induced soil degradation (in million hectares) 

Type Light Moderate Strong Extreme Total 

Loss of Topsoil 
Terrain Deformation 
 
Water erosion 

301.2 
42.0 

 
343.2 

454.5 
72.2 

 
526.7 

161.2 
56.0 

 
217.2 

3.8 
2.8 

 
6.6 

920.3 
173.3 

 
1093.7 

Loss of Topsoil  
Terrain Defomation 
Overblowing 
 
Wind Erosion 

230.5 
38.1 

- 
 

268.6 

213.5 
30.0 
10.1 

 
253.6 

9.4 
14.4 
0.5 

 
24.3 

0.9 
- 

1.0 
 

1.9 

454.2 
82.5 
11.6 

 
548.3 

Lost of nutrients 
Salinization 
Pollution 
Acidification 
 
Chemical  

52.4 
34.8 
4.1 
1.7 

 
93.0 

63.1 
20.4 
17.1 
2.7 

 
103.3 

19.8 
20.3 
0.5 
1.3 

 
41.9 

- 
0.8 

- 
- 
 

0.8 

135.3 
76.3 
21.8 
5.7 

 
239.1 

Compaction 
Waterlogging 
Subsidence organic soils 
 
Physical 

34.8 
6.0 
3.4 

 
 

44.2 

22.1 
3.7 
1.0 

 
 

26.8 

11.3 
0.8 
0.2 

 
 

12.3 

- 
- 
- 
 
 

- 

68.2 
10.5 
4.6 

 
 

83.3 
TOTAL 749.0 910.5 295.7 9.3 1964.4 
Source: Oldeman et al. (1991) 

 

2.2.2 Soil erosion effects towards human welfare and environmental sustainability 
Lal (1998b) and Morgan (2005) generalized the soil erosion effects into two main groups 

based on the place of occurrence, i.e. on-site effects and off-site effects (Table 2.2) . Both 

of them may jeopardize the basic soil functions listed in Table 2.3. Decline in any soil func-

tions will adversely disturb the balance of the earth’s ecosystems.  
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Table 2.2: The on- and off-site effects caused by accelerated water and wind erosion 

On-site effects Off-site effects 
Direct Indirect Direct Indirect 

• Intensified runoff 
• Soil depth loss 
• Organic matter loss 
• Soil nutrient loss 
• Failure in seedling 

• Decline in fertile soil 
• Raising the production 

cost (more tillage prac-
tice and additional fertil-
izer) 

• Crop productivity loss 
• Threatening the human’s 

food security 
 

• Increase in water 
turbidity 

• Contaminating the 
water and air qual-
ity 

• Reduce in reservoir 
life time, lowering 
the river depth and 
blocking the canal 

• Inflicting the human 
and animal’s respi-
ration 

• Disturbing the water 
ecosystems 

• Water eutrophication 
• Intensifying the flood 

hazard 
 

Source: Lal (2001), Morgan (2005), Pimentel (2006) 
 
Table 2.3: Fundamental functions of soil 

Soil functions Sub-functions 

Basis for life and habitat for humans, ani-
mals, plants and soil micro-organism 

• Basis for human life (housing, infrastructure, recrea-
tion) 

• Basis for life and habitat for animals, plants and soil 
micro-organism (microbial diversity) 

• Location for agricultural production (food supply) 

Natural balance • Component of water cycle 
• Component of nutrient cycle 
• Sink of CO2 and CH4 
• C sequestration in soil and biota 

Filter/buffer/Transformation • Filter and buffer of heavy metals 
• Transformer of organic matter  

Archive • Natural history 
• Cultural history 

Source: Lehman et al., (2007); Blanco & Lal (2008) 
 
 

2.2.2.1 On-site effects 
Soil erosion process threats the soil quality and crop productivity in some ways (Pimentel 

et al., 1995; Lal, 1998a).  First, erosion breakdowns the soil structure and compacts the 

soil pores. Consequently, it can increase the runoff rate and diminishes the top soil on 

which the effective rooting depth and most of the fertile soil are situated (Lal, 2001). Sec-

ondly, the plant available water, organic carbon content, and nutrients associated with the 

top soil layer are also depleted during the erosion process (Pimentel, 2006). 

To illustrate those effects, Oldeman et al. (1991) reported that both water and wind 

erosion contributed to the worldwide loss of top soil as large as 1,642 Mha. As a conse-

quence, soil erosion has been reducing as severely as 33% of the world’s cropland pro-

ductivity (Brown & Young, 1990). In contrast, the human population growth remains in-

creasing as high as 79.47 million annually in the last 20 years (UN-Population Devision, 

2011). Therefore, erosion effects are also responsible for the problem of the world’s food 

security. 
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2.2.2.2 Off-site effects 
The off-site effects occur when the eroded material is transported and deposited in any 

downstream (for water erosion) or down path (wind erosion). Sediment and chemical agri-

culture are the main sources of the erosion’s off-site effects (Lal, 1998b). They can cause 

direct and indirect adverse effects to the environment (Table 2.3). In the most cases, the 

off-site effects are more evident than the on-site effects which are eventually masked by 

tillage practices or fertilizer adding (Morgan, 2005). Recently, the off-site erosion effects 

are regarded as the non-point source pollution which occurs as fine material (suspended 

sediment) or any chemical content absorbed in soil particle.  

 An excessive amount of suspended sediment can increase the water turbidity and 

disturb the aquatic ecosystem (Owens et al., 2005), particularly to the fish’s spawning 

area (Cowx et al., 1998). Importantly, it poses a serious problem to the siltation process 

and thereby reduces the capacity of rivers, canals or dams. Consequently, some indirect 

problems are subsequently arising, such as increase in flood risk, decline in water irriga-

tion, and loss of electricity supply (Morgan, 2005). In the case of wind erosion, the fine 

material from 2.5µm up to 10µm floating along the wind path can endanger the human 

and animal respiration (Blanco and Lal, 2008).  

 Along with the transported sediment, the chemical contents from the agricultural 

area caused by erosion will affect the water and air quality. As a dissolved load, those 

chemical substances consist of plant nutrients and pesticides (Lal, 1998b). Among the 

eroded nutrients, excessive amounts of phosphorus (P) and nitrogen (N) are mostly occur-

ring in the water bodies. Both of them can intensify the eutrophication process which 

causes algae blooming and oxygen deficit in a lake or dam area (Rekolainen et al., 2006).  

Soil erosion processes might also contribute to the global climate change (authors 

in Roose et al. (2006). Prior studies by Pimentel et al. (1995) and Lal (2003) considered 

that soil erosion from agricultural areas is a significant carbon source to the greenhouse 

effect. Lal (2003) estimated as much as 0.8 - 1.2 Pg C year-1 of the global carbon emission 

caused by agricultural soil erosion. Contrastingly, the recent study by van Oost et al. 

(2007) asserted that soil erosion in agricultural area consisting of cropland, rangeland and 

pasture, is not the source of CO2. To prove their argument, van Oost et al. modelled the 

global carbon mass balance based on the lateral and vertical fluxes of soil organic carbon 

(SOC) throughout 1400 soil profiles in 10 watersheds located in Europe and the United 

States. Their observation estimated the global carbon sink to as much as 1.2 Pg/year 

ranging from 0.06 to 0.27 Pg/year of which 67% is derived from the cropland.  

Despite being a debatable issue, soil erosion-induced carbon from agricultural area 

might be incurred if those lands are abandoned and left exposed which then reduce the 
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carbon sequestration due to the absence of plants on the soil surface (Lal et al., 2004). In 

addition, given that erosion decreases in the soil fertility; most farmers offset its impact by 

implementing more inorganic fertilizer and green manure that can exacerbate the green-

house gases (Schlesinger, 1999; Robertson et al., 2000). 

 

2.2.2.3 Cost of erosion effects 
The effects of soil erosion on agricultural areas and their adjacent environments have be-

come a hidden cost for the farmers and government (Boardman et al., 2003). Despite its 

hidden cost, a number of studies have attempted to estimate the monetary loss caused by 

soil erosion on a national scale analysis. Table 2.4 illustrates that the erosion effects have 

a tremendous cost by which the national budget can be affected, in particular, to the poor 

and developing countries.  

 
Table 2.4: Estimation of soil erosion cost over some countries 

Country Annual erosion cost(*) 
(in million) References 

United States 18,000 US$*a 

7,000 US$‡a 

520 US$#b 

Pimentel et al.(1993) 
Pimentel et al. (1995) 

Clark in Pimentel (1995) 
India 245 US$*a Chaudhary and Das in Pimentel et al. (1995) 
Java Island, Indonesia 315 US$§a Magrath and Arens (1983) 
Argentina 5,000 US$*a Buck (1993) 
New Mexico 465 US$¤b 

10 US$¤a 
Huszar and Piper in Troeh et al. (1991) 

China 200 Yuan#b Dazhong (1993) 
United Kingdom 304 £¥b Pretty et al. (2001) 
Australia  20 – 30 A$¥¤a 

260 A$¥¤b 
Morgan in Lal (1998b) 

(*)Estimation cost of aon-site effect and boff-site effect based on *nutrient loss, ‡water and soil loss, 
§on-farm productivity loss, #dredging the river’s sediment, ¥general impact of water erosion, and 
¤general impact of the wind erosion 

 

 Concerning the far reaching effects of soil erosion towards humans and adjacent 

environments, the problems of soil erosion require a comprehensive strategy for reducing 

its rate based on a proper soil erosion research. Such a soil erosion research has a sys-

tematic method to explain the basic question such as what factors can accelerate the soil 

erosion, where and how intense the soil erosion takes place, and finally how to manage 

that soil erosion problem. Moreover, soil erosion research is an objective and effective 

media to bridge the communication process between the stakeholders (Verstraeten et al., 

2003). It simply means that soil erosion research is of crucial importance and must be 

continuously carried out to support the human welfare and sustainable environment. 
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2.3 Identifying the nature of soil erosion  
Soil erosion is a dynamic process which encompasses (i) the detachment of soil aggre-

gate, (ii) transportation of detached material by erosive agents and then (iii) sedimentation 

which occurs after the transportation energy is not available anymore (Lal, 2001; Troeh et 

al., 2004; Morgan, 2005). The erosive agents are varying from physical energy (water, 

wind, and snow), gravity, chemical reaction, and human-soil pedoturbation (Lal, 2001) by 

which the types of soil erosion are defined either as water erosion, wind erosion, or tillage 

erosion. However, as this study focuses on the water erosion problem, this section only 

addresses the recent understanding about the dynamic process of water erosion from its 

types, mechanical processes, and causing factors. This section is of vital importance to 

provide a basic platform to further sections, i.e. erosion modelling and soil conservation.  

 

2.3.1 Types and mechanical processes of soil erosion  
Figure 2.1 is an attempt to illustrate the sequential types of erosion at a hillslope scale. 

The erosion often begins from the upslope part as splash erosion followed by overland 

flow erosion, rill erosion, gully erosion, and stream-bank erosion (Troeh et al., 2004; 

Blanco and Lal, 2007). This illustration however does not limit the fact that the splash ero-

sion can occur on any exposed soil on a hillslope site. In addition, the term of interrill ero-

sion is particularly used to characterize a mixed process of the splash and overland flow 

erosion between the rills area (Morgan, 2005). Each stage may represent the erosion se-

verity level in a certain area. For instance, the occurrence of ephemeral gullies or classical 

gullies can show that erosion has taken place quite intensively.  

 
 

 
Figure 2.1: Development of soil erosion on a hillslope site (adapted from Association of Illinois Soil and Water 
Conservation Districts - http://aiswcd.org/IUM/sections/section2.html) 
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 Before describing the erosion types in detail, concern should also be given to the 

fluctuating energy of erosive agents (between rainfall and overland flow), soil characteris-

tics, and topographical conditions because they determine the erosion process whether as 

detachment-limited or transport-limited (Lal, 2001; Morgan, 2005). First, erosion occurs as 

detachment-limited if all of the available dispersed soils are washed and transported 

downslope. This may happen either (i) in areas that have strong soil structures in which 

the soil resistance exceeds that of the erosive energy or (ii) in a steep slope area where 

the runoff reaches its maximum velocity limiting the sediment accumulation. Secondly, 

erosion can be transport-limited if the detached materials accumulate at the site of de-

tachment process. In this sense, the material is supplied more than that of the transport 

capacity.  

 

2.3.1.1 Splash Erosion 
The splash erosion occurs when the raindrops hit the exposed soil surface and thus form 

crater shapes with its kinetic energy (Hillel, 1998). As a consequence, water splashing 

processes (Figure 2.2) occur subsequently due to the released momentum of energy 

spurting out fine soil materials. Those fine materials are dispersed to some millimetres 

away depending on the rainfall characteristics (i.e. drop size and intensity) and the soil 

characteristics. The rain-splash energy contributes more on the detaching process (Mor-

gan, 2005) than that of transportation process.  
 

 
Figure 2.2: Sequential stages of a rain splash (source: Hillel (1998, p.441)) 



 27

 Further, the splash erosion can exhibit three subsequent impacts which alter the 

soil structure, i.e. (i) sealing the soil surface pores by the dispersed material, (ii) compact-

ing the surface bulk density, and (iii) crusting formation (Lal, 2001). The later two impacts 

are predominantly caused by the continuous striking energy of the raindrops. As a result, 

the soil surface condition is more impermeable on which the possibility of overland flow 

generation becomes higher. Considering the soil texture types, the loam and sandy loam 

soils are more prone to the crusting formation (Morgan, 2005).  

 

2.3.1.2 Overland Flow Erosion 
Beside the raindrop effects, overland flow also exacerbates erosion process along the flow 

courses. Davie (2008) pointed out two basic hydrologic concepts of the overland flow 

process, namely, the Hewlett and Hibberts saturated overland flow and the Hortonian 

overland flow. The Hortonian overland flow occurs if the rainfall intensity exceeds the infil-

tration rate. This type of overland flow may occur in arid or semi-arid zones and on 

sparsely vegetated surfaces (Kirkby & Bracken, 2009) in which the convective rainfall oc-

curs occasionally with very high intensity. Meanwhile, the saturated overland flow is con-

sidered as the most common type of overland flow in humid and mid-altitude zones. Hew-

lett and Hibbert’s concept considers that most of rainfall infiltrates the soil. Once the infil-

trated water is mixed with the interflow, the soil becomes saturated and the water table will 

rise as ponds on the soil surface. It will immediately become overland flow if the surface-

storage capacity is exceeded. For this instance, the surface-storage capacity depends on 

the surface roughness (Hillel, 1998). Due to the noises from the surface roughness, rocks, 

or vegetation, the overland flow occurs frequently as braided water courses instead of a 

sheet shape with uniform water depth (Morgan, 2005).  

One the hand one, the overland flow transports the dispersed material from the 

splash erosion, but on the other hand, it also detaches the exposed soil and then trans-

ports the detached material down slope. In principle, the detachment process by flow will 

occur if the shear force of flow overcomes the soil resistance (Morgan, 2005). For a de-

tailed purpose, Quansah (1985) cited in Morgan (2005) conducted a thorough experiment 

to provide the detachment rate of various soil textures (Df) based on the value of dis-

charge (Q) and slope gradient (s):  

  

 Df = Q1.12 s0.64 Eq. 2.1 
 

In the case of transport capacity (Tf), Quansah (1982) cited in Morgan (2005) gained a re-

lationship as per in Eq. 2.2: 
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 Tf = Q2.13 s2.27 Eq. 2.2 

 

2.3.1.3  Interrill Erosion   
As mentioned earlier, the combination of raindrop and overland flow can then result in in-

terrill erosion, which occurs as the most common soil erosion problem and may supply up 

to 70% of the total soil loss on a certain slope site (Blanco and Lal, 2007). Palmer (1964) 

revealed that the raindrop impact over a thin layer of overland flow can increase the 

splashing process rather than that of raindrop falling on dry soil. The raindrop will loose its 

splash impact after exceeding the critical flow depth at which the maximum soil loss by 

splashing occurs. The result showed that the critical depth for raindrop with diameter of 

5.9, 4.7, and 2.9 mm are 6, 4, and 2 mm, respectively. Although the work of Palmer 

pertained merely to the splash impact, it also implies that interrill can promote more de-

tached material and cause severe erosion impact.  

 

2.3.1.4 Rill Erosion 
As the overland flow wends downslope, the flow is accumulated and then concentrated 

into the rills system. Specifically, Merrit (1984) identified four stages in rill formation, i.e. 

overland flow, flowline development, rills without headcuts and rills with headcuts. The 

stages of overland flow and flowline are the most important stages in characterizing be-

tween the interrill and rill erosion which depend on the critical value of shear velocity. 

Poesson (1988) cited in Morgan (2005) defined that the critical value of shear velocity for 

rill formation (f*crit) has a linear relation with the soil shear strength ( sτ ) measured with tor-

vane:  

 

 (f*crit) = 0.89 + 0.56 sτ  Eq. 2.3 

 
The flow characteristic inside the rills is more turbulent than that of overland flow. Further, 

the rills’ wall and bed are more erodible because of the weakening soil structure by the ac-

tive scouring process. As a consequence, there is likely no particle selective process in 

these rills (Morgan, 2005). In addition, Hauge (1977) cited in Vandaele et al. (1996) de-

scribed that rills can develop as ephemeral gullies when it develops into series of linear 

erosion form with a cross sectional area larger than ca. 0.1 m². The rills or ephemeral gul-

lies occurrence is, however, easily obliterated by human-induced pedoturbation, for ex-

ample, tillage activities.  
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2.3.1.5 Gully Erosion 
Another evidence of severe soil erosion occurs as gully erosion. Compared with the 

ephemeral gully, classic gully erosion is a permanent shape that is difficult to obliterate 

with ordinary tillage activities. It is a narrow channel with ephemeral flow, incised by con-

centrated flow on a hillslope, and sufficiently deep that can not be crossed by farm equip-

ment (Hutchinson & Pritchard, 1976). Beside the slope surface’s instability caused by con-

tinuous effects of rill and overland flow, Kirkby and Bracken (2009) and Morgan (2005) de-

fined three causing processes of gully initiation, i.e. (i) active scouring process on the 

slope depression, (ii) surface subsidence promoted by tunnel or pipe erosion, and (iii) the 

linear scars on a landslide occurrence. The gully initiation from the slope depression is 

simply depicted in Figure 2.3, which emphasizes an intensive scouring process at the 

headcut area due to the concentrated flow from up-slope.   

 

 
Figure 2.3: Sequential stages of gully initiation on a hillslope (Leopold et al. (1964) cited in Morgan (2005)) 
 

 The contribution of gully erosion to the total soil loss is significantly dependent on 

the scale area (Poesen et al., 2003). Gully erosion shows more contribution to a larger 

area (e.g. catchment) than that of field plot. In other words, the gully erosion should be 
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measured as a separated function in addition to the rill and overland flow erosion rates, 

otherwise the total measured soil loss will be underestimated. 

 

2.3.2 Factors and driving forces of soil erosion 
After recognizing the types and mechanical process of soil erosion, the crucial factors and 

driving forces of soil erosion should also be described to obtain a proper basic knowledge 

for developing erosion modelling and determining the conservation types. As a natural 

process, the soil erosion rate is dependent on the interaction of four factors, i.e. rainfall 

erosivity, soil erodibility, terrain, and ground cover (Morgan, 2005; Troeh, 2004; Blanco 

and Lal, 2007). Beside those natural factors, there are also some driving factors that affect 

the soil erosion rate. They can arise from the culture, social, economic and political condi-

tions which influence particularly on the land use type and management (Lal, 2001). On 

the one hand, the accelerated erosion rate exacerbates the soil degradation, but on the 

other hand the continuous soil degradation problem may intensify the erosion rate. The 

interaction of physical factors and driving factors shows the dynamic process of soil ero-

sion (Figure 2.4). 

 

 
Figure 2.4: Factors and driving forces of soil erosion rate (Modified from Lal, 2001) 

 

2.3.2.1 Rainfall erosivity 
The rainfall erosivity can be defined as an inherent capacity (energy) to initiate soil erosion 

process (Blanco and Lal, 2008). Indeed, it is obvious that erosion processes will not take 

place if there is no causing energy. In the case of water erosion, the kinetic energy (E, MJ 

ha-1 mm-1) resulted from rainfall intensity (I, mm h-1) is the most affecting factor in detach-
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ing the soil surface. It depends strongly on the raindrop size (mD) in (mm) and the terminal 

velocity (vD) in (m s-1) formulated as: 

 

 E = ½ mD vD
2 (2.4) 

 

As defined by Hudson (1995) cited in Blanco and Lal (2008), the terminal velocity of a 

raindrop can reach up to 8 m/s.  

 
Table 2.5: Some equations of kinetic energy representing the rainfall erosivity (MJ ha-1 mm-1)  

Equation Source 
E = 0.0119 + 0.0873 log10I Universal Soil Loss Equation (Wischmeier & 

Smith, 1978) 
 

E = 0,29( 1 – 0.72e-I/20 ) Revised Universal Soil Loss Equation (Brown 
and Foster, 1987) 
 

E = 0.0895 + 0.0844log10I Marshal and Palmer (1948) 
 

E = 0.0981 + 0.1125log10I Zanchi and Torri (1980) for Italy (Mediterra-
nean area) 
 

E = 0.359( 1 – 0.56e-0.034I ) Coutinho and Tomas (1995) for Portugal 
 

E = 0.298 ( 1 – 4.29/I ) Hudson (1965) for Zimbabwe (Tropical area) 
 

E = 0.29( 1– 0.6e-0.04I ) Rosewell (1986) for New South Wales, Aus-
tralia 
 

E = 0.26( 1 – 0.7e-0.035I ) Rosewell (1986) for southern Quennsland, 
Australia 
 

E = 0.1132 + 0.0055I – 0.005 x 10-2 I-2 + 0.00126 x 10-4 I3 Carter et al. (1974) for south-central USA 
 

E = 0.384( 1 – 0.54e-0.029 I ) Cerro et al. (1998) for Barcelona, Spain 
 

E = 0.369( 1 – 0.69e-0.038I ) Jayawerdana and Rezaur (2000) for Hong 
Kong 
 

E = 0.268( 1 – 0.29e-0.049I ) McIsaac (1990) for Bogor, West Java, Indo-
nesia 

E = 0.283( 1 – 0.52e-0.042I ) Van Dijk et al. (2002), for a universal relation-
ship 

Source: Morgan (2005) 

 

 Authors in van Dijk (2002) pointed out an underlying problem occurring from Eq. 

2.4. It shows that the E value may grow indefinitely due to the linear correlation with mD 

and vD. In fact, the raindrop is affected by the air drag force which inhibits the raindrop size 

beyond its critical size. The raindrop will breakdown into smaller sizes right after it reaches 

the critical size which may vary from 6-8 mm. It implies that there is also a certain upper 

limit for the rainfall’s kinetic energy. The function of E is therefore more suitable in the form 

of exponential law function. In addition, either the power or logarithmic law function is also 
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not suitable to represent the E equation, since both of them have no upper limit value. Es-

pecially for the kinetic energy of USLE, it is strongly suggested to use a constant value 

0.283 MJ ha-1 mm-1 when the rainfall intensities exceed 76 mm h-1. Table 2.5 provides 

some E equations which represent various climate regimes worldwide.  

 Morgan (2005) pointed out that there are actually two rainfall types which can in-

troduce significant amounts of soil erosion. First is rainfall which has high intensity but only 

occurs in a short duration. This rainfall type tends to cause the Hortonian overland flow 

which may cause severe erosion in a short time. Secondly is the rainfall which has low in-

tensity but endures in such a long duration. As a consequence, the soil becomes satu-

rated and subject to erosion process. This suggests that intensity is however not a single 

determinant of rainfall erosivity. Indeed, the rainfall duration, amount and frequency also 

give significant contribution to the erosion process. To explain their effects on soil loss, the 

work of Pruski & Nearing (2002) showed that every 1% change of the number of annual 

rainfall day, daily rainfall amount and intensity, and combination of previous mentioned 

conditions could affect as high as 0.85%, 2.38%, 1.66% change in soil loss, respectively.  
 

2.3.2.2 Soil erodibility 
The soil erodibility factor is a quantitative measure that represents the soil sensitivity level 

against both energy of the raindrop and runoff (FAO, 1996). Its value strongly relates to 

soil characteristics that determine the soil-water interaction, i.e. soil structure, texture, wa-

ter retention, infiltration, soil organic matter (SOM) content, clay mineral, cation and anion 

exchange capacity (Sanchis et al., 2008). Recent studies (Le Bissonnais & Arrouays, 

1997; Bryan, 2000; Sanchis et al., 2008; Varela et al., 2010) asserted that the most sig-

nificant parameter in determining the soil erodibility is the aggregate stability with which 

the interaction between SOM content and soil texture correspond. Furthermore, Sanchis 

et al. (2008) affirmed that i) such cool climate areas (e.g. Df and Cf climate zone based on 

Köppen-Geiger classification) have higher soil erodibilities rather than that of warm climate 

areas (e.g. A, BW, BS and Csa) and ii) the seasonal mean of monthly erodibility varies 

considerably during a year.   

 There are many alternative techniques to represent the indices of soil erodibility.  

Among them, Song et al. (Song et al., 2005) pointed out at least four principal measure-

ment techniques based on (i) the physiochemical properties, (ii) scouring experiments, (iii) 

simulated rainfalls and (iv) plot studies. Song et al. confirmed that the erodibility indices 

measured from physiochemical properties cannot be used in predicting the soil erosion 

since it does not have any quantitative relation with the actual soil loss. One of the most 

popular erodibility indices is the K value promoted by Wischmeir et al. (1978b) who devel-
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oped such a nomograph as a function of percent silt and very fine sand, organic matter, 

soil structure and permeability. In addition, Foster et al. (1981) defined the SI unit for the K 

value as (Ton hm−2)[(MJ hm−2)(mm h−1)]−1.  

 

2.3.2.3 Topography  
The slope characteristics (shape, gradient, length and aspect) as part of topography fea-

tures are the key determinants of the controlling hydrological factors. They determines 

particularly the runoff velocity and depth (Davie, 2008) by which the runoff detachment 

and transport capacity of erosion process are defined along the hillslope. Earlier studies 

(e.g. Zingg, 1940; Borst & Woodburn, 1947; Musgrave, 1947)∗ formulated the effect of 

slope gradient (θ ) and length (L) on soil loss per unit area (SL) as an exponential law 

function. Morgan (2005) summarized their relationship in an equation as follows; 

 

  SL ∝ tanmθ Ln (5)    Eq. 2.5 

 
Table 2.6: Coefficient values of m and n defining the slope effect on soil loss  
m coefficient 
(exponent for slope steepness) Authors 

∼ 2.0 Hudson and Jackson (1965) 
Increase from 0.6 -1.7 as increase in 
particles diameter of 0.05 -1 mm 

Gabriels et al. (1975) 

1.6 on slopes of 0 – 2.5o 

0.7 on slope of 3 – 6.5o 

0.4 on slope > 6.5o 

6.5° (Horváth & Erodi, 1962). 

0.5 on convex slopes 
0.4 on straight slopes 
0.14 on concave slopes 

D’Souza and Morgan (1976) 

n coefficient 
(exponent for slope length)  

 

0.4 on slopes of 3o 
0.3 on slopes of 20 
0.2 on slopes of 1o 
0.1 on slopes < 1o 

Wischmeier and Smith (1978) 

0.6 on slopes > 3o (for overland flow) 
Slope length is between 10-20 m 

Morgan (2005) 

0 for soil creep and splash erosion 
0.3 – 0.7 for overland flow 
1.0 – 2.0 for rill erosion 

Kirkby (1971) 

Source: Morgan (2005) 

 

 The n and m coefficients however strongly depend on other soil erosion’s contrib-

uting factors. Concerning such a high discrepancy of coefficient values, Eq. 2.5 is consid-

ered poor and too general in describing the relationship between slope and soil loss. 

 

                                                 
∗ cited in Gabriels (1999) 
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2.3.2.4 Factor of ground cover and vegetation   
The ground cover and vegetation are regarded as the protection factor against the erosive 

energy either from rainfall and runoff. The higher density of ground cover and vegetation 

exist on soil surface, the less soil loss will occur. Focussing on the vegetation, the effec-

tiveness of its protection againsts erosive energy is strongly related to the canopy cover, 

vegetation height, stem diameter and density, and root characteristic (Blanco and Lal, 

2008). The latest factor is more related to the soil resistance. However, recent study by 

Nearing et al. (2005), attested that the existence of ground cover gives a more significant 

effect in reducing the soil loss rather than that of canopy cover.  

   
2.4 Measuring and modelling the soil erosion rate  
2.4.1 Measuring the soil erosion  
An earlier study by Hudson (1993) demonstrated the importance in selecting proper soil 

erosion measurement techniques based on the research objectives. Basically, the erosion 

rate can be measured either by a laboratory experimental or direct measurement. A labo-

ratory experiment may be more appropriate for a study on which its objective is to under-

stand the detailed process of erosion controlled by a specific factor. Some studies with 

laboratory-based analysis can provide a substantial explanation on, for example, the effect 

of topography and hydrology on erosion (Huang et al., 2002), soil resistance to concen-

trated flow erosion (Knapen et al., 2007), the influence of infiltration to raindrop impact 

(Walker et al., 2007), and the influence of storm movement on erosion (de Lima et al., 

2003). But, a direct measurement method in the field may become a better option for a 

study on which its objective is to evaluate the soil erosion rate on the natural environment. 

In addition, measured data from a direct measurement is commonly used for any model 

validation routine.  

 The ground survey measurement of soil erosion may be defined by some meth-

ods, e.g. erosion reconnaissance (Stocking & Murnaghan, 2000), plot erosion (Hudson, 

1993), sediment rating curve (Walling, 1977), and the application of radionuclide (Zapata, 

2003). In principle, the reconnaissance and radionuclide tracers work based on the point 

measurement, hence number of sampling points should be taken over the observed field 

area. Meanwhile, the plot erosion and sediment rating curve calculate the suspended 

sediment concentration on a single outlet. It implies that either reconnaissance or radionu-

clide tracers can be used to monitor the soil loss distribution, whereas plot erosion and the 

sediment rating curve merely measure the total sediment yield. The following explanation 

will be focused on the advantage and shortcoming of those mentioned methods for meas-

uring the soil loss on an agricultural area.   
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 Hudson (1993) pointed out that reconnaissance methods are measured based on 

the change of surface level and volumetric measurement. The measurement of change in 

surface level may employ the erosion pins, paint collars, and bottle tops (Hudson, 1993) or 

any natural soil loss indicators such as pedestal, armour layer, tree root exposure, tree 

mounds, solution notches (Stocking and Murnaghan, 2002). The volumetric measurement 

techniques can be done on the rills, ephemeral gullies, and sediment in drain (Stocking 

and Murnaghan, 2002). On the one hand, the reconnaissance method has an advantage 

for such a rapid assessment and preliminary overview of the soil loss rate, but on the 

other hand soil loss indicators can be easily disturbed by any tillage practices.  

 Recent studies have succeeded to employ the radionuclide for measuring the soil 

distribution. There are some radionuclide that can be used for this survey, e.g. 137Cs, 
210Pb, and 7Be (Zapatta et al. 2002). Due to its effectiveness in representing the spatial 

pattern of soil erosion, some studies - e.g. Quine (1999) and Walling et al. (2003) - used 

this method to validate the prediction result of erosion modelling. This method shows rea-

sonable results for application in a low to moderately disturbed soil areas (Golosov et al., 

1999; Nagle et al., 2000), but this method may be less effective in such areas where the 

tillage system has strongly changed the terrain, for example, bench terracing area with in-

tensive soil cultivation. The reason is that the vertical extent of radionuclides is usually 

found between ca. 0 – 30 cm below the soil surface (Quine et al., 1999; Saç et al., 2008; 

Tiessen et al., 2009), whereas the terraces may be constructed by moving out the original 

soil up to 30 – 150 cm depth (e.g. based on the study of Van Dijk (2002)). Beside that limi-

tation, the cost to run this method is still considered expensive (Zapatta et al, 2002).   

 The most common measurement method for any agricultural sites may be done 

with the erosion plot. Earlier, Wischmeier and Smith (1978) established a standard erosion 

plot with the length of 22.13 m on a 9% slope. Indeed, this conventional plot was only 

constructed for experimental design to establish the Universal Soil Loss Equation (USLE) 

model. Therefore, recent studies endeavour to analyze varying plot dimensions for meas-

uring the soil loss. For example, Chaplot and Bissonnais (2000) confirmed that the sedi-

ment concentration from a 10 m² plot was higher than from a 1 m² plot size. Their result 

showed that the soil erosion of a 1 m² plot size is transport limited due to a short slope 

length on which the flow velocity becomes low (Boix-Fayos et al., 2006). Additionally, Par-

sons et al. (2006) found out that the plot length for reaching a maximum sediment yield 

value is 7 m. 

  Beside the problem of determining plot size, conducting plot erosion measure-

ments in such terraced areas have also been a challenging task. For this reason, some 

researchers - e.g. Bruijnzeel et al. (1998); van Dijk (2002) - recommended to use the Non-



 36

imposed Boundary Erosion Plot (NBEP) instead of using the conventional plot. The princi-

pal concept of NBEP is to use the morphology of the terrace system as the boundary. A 

storage tank can be placed at the end of the gutter. This method implies that the plot di-

mension is not a concern as long as the water flow wends to a single outlet.  

  

2.4.2 Advance in soil erosion modelling 
Prior to detailed explanation about the erosion models, the specification of the model type 

is first of all described to give a general overview of the model characteristics. According 

to Wainwright and Mulligan (2004), at the first hierarchy level, a model can be categorized 

as hardware model or mathematical model (Table 2.7). A hardware model is an artificial 

replication of the real system into a miniature size, whereas the mathematical model is a 

simplification of the real system by using logical equations. According to the derivation 

method of the model’s equation, mathematical models are divided into empirical, concep-

tual and physically based model. Meanwhile, based on the level of process detail, mathe-

matical models may also be specified into black box, grey box and white box model. The 

black box is relatively close to empirical model, which only considers the input and output 

values. Meanwhile, the white box considers all of the physical processes which are trans-

forming the input data and controlling the output data. For this instance, a physically 

based model may perform as a grey box model when it also employs any empirical equa-

tion, or as a completely white box model.   

 
Table 2.7: Specification of model types  

Type Description 

1. Hardware model is a miniature replication of the natural system, e.g.: channel 
flumes and wind tunnels laboratory. 

2. Mathematical model 
a) Empirical model 

 
 
 
 

b) Conceptual model 
 
 

c) Physically based model 
 

 
provides a simple relationship between variables of the system 
without any explanation about the process inside. As a result, this 
model cannot be generalized in different place and characteristics.  
 
describes the flow work of system complemented with the vari-
able’s value from the empirical model.  
 
considers the established physical principles (e.g. the laws of con-
servation of mass and energy). It has a good explanatory depth 
about the system process, but sometime they do not agree with the 
observation data. It therefore requires a calibration routine prior to 
its application.  

Source: Wainwright and Mulligan (2004) 

  

Considering the vastly growing knowledge and technology of erosion modelling, it 

is not appropriate anymore to initiate an erosion modelling study with the question “which 
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soil erosion model is best?” That question will direct us to nowhere but conducting a mod-

els comparison study. Instead, when conducting a study on erosion modelling, it is more 

appropriate to start with a question like “which soil erosion model is efficient and effective 

for this study?” There are at least three principle criteria - adapted from Cunderlik (2003) - 

to select an efficient erosion model i.e.: 

1. The model has capabilities to answer the purposes of study 

2. Possibility to obtain all of input data 

3. Cost 

 

However, it does not necessarily mean that the comparison studies of erosion 

models are ineffective. In contrast, such studies are of great interest in providing informa-

tion about the general advantages and limitation of erosion models, for example the valu-

able studies by Jetten et al. (1999), Nearing et al. (2005), and Jetten & Favis-Mortlock    

(2006).  

This section therefore aims at giving a brief summary for a number of erosion 

models which may fulfil the third objective of this research, specifically to find a soil ero-

sion model which has criteria as follows: 

1. Physically based model with relatively simple input data; 

2. Considers the spatial and temporal aspects; 

3. Has a good sensitivity in representing any vegetation characteristic and con-

servation practices; and 

4. Minimum effort of calibration. 
  

 The advances of erosion modelling have been becoming apparent since the Uni-

versal Soil Loss Equation (Wischmeir and Smith, 1978) was introduced. While this model 

became really popular among the researchers, some researchers reported a list of defi-

ciencies in implementing the USLE (e.g. the work of Bruwel and Kramel, 1983). As a con-

sequence, during the last three decades, many attempts have been carried out to modify 

the USLE model or even to develop a completely new concept of erosion models. Those 

attempts result in at least 33 erosion models - as listed by Jetten & Farvis-Mortlock (2006). 

 The reason behind the popularity of USLE is because of its simple formula de-

scribed as: 

  

A = R K L S C P Eq. 2.6 

Where; 

 A = Soil loss (Ton ha-1) 
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 R = Rainfall erosivity (Mj mm ha-1 h-1) 

 K = Soil erodibility (Ton ha h ha -1 Mj mm-1) 

 LS  = Index factor of slope length and slope gradient 

 C = Index for crop type 

 P = Index for land management 

 

In this model, soil erodibility is considered to be a constant value over time. Hence, when 

the index of LS = C = P = 1, the USLE formula can be illustrated as: 

 

A = bR   Eq. 2.7 

 

Indeed, USLE is simply a linear equation between the soil loss and rainfall erosivity with b 

as the coefficient (Kinnell, 2005).  

 The simple linear formula of USLE has some implications to its reliability. First is 

the fact that that linear formula was developed in USA and thus it may not be suitable for 

any regions that have different characteristics of land-use and hydrological conditions (Jet-

ten & Farvis-Mortlock, 2006). Secondly, the USLE does not consider runoff as a parame-

ter within its calculation (Kinnel, 2005). This lack of consideration causes a systematic er-

ror within the model result, since erosion occurs as a surface hydrology-induced process.  

 Apart from the formula limitation, Wischmeir (1976) in Risse et al (1993) addressed 

the basic considerations in implementing the USLE, as follows: 

1. Selecting inappropriate factor values, in particular C and P, is the greatest potential 

error to the model estimation; 

2. The model results does not represent the total deposition at the downslope (sedi-

ment yield), instead it merely estimates the soil loss along the slope; 

3. The equation was designed to estimate the annual average of soil loss and not for 

a single event; 

4. The model only gives the most reliable results to the area which has a medium-

textured soil, a slope gradient between 3 to 18%, and less than 122 m of slope 

length.  

 

Regarding to its inherent limitations, Jetten & Favis Mortlock (2006) emphasized 

that there are problems and poor reliabilities in implementing the USLE and its revised 

version - RUSLE (Renard et al., 1997) in European regions. The same problem may also 

arise when applying other erosion models which depend on the USLE formula, such as 
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EPIC (Williams et al., 1984)∗, ANSWERS (Beasley et al. 1980)*, SWRRB (Williams et al., 

1985)*, SWAT (Arnold et al., 1995)*, and AGNPS (Young et al., 1989)*.  

 Some European researchers, i.e. Van Oost et al. (2000) and Van Rompaey et al. 

(2001), nonetheless adapt the RUSLE model into a two-dimensional landscape model 

called as WATEM-SEDEM. Besides estimating the water erosion, this model also consid-

ers the erosion rate induced by tillage practices. In addition, the transport capacity function 

and routing flow over the grid cells give an advance to this model compared to RUSLE. 

The routing procedure will consider the deposition phase when the transport capacity is 

less than the available sediment. Calibration of this model is carried out by finding the op-

timum coefficient of transport capacity within the study area. Although this model is able to 

result in average annual sediment yield from a catchment area, some corresponding prob-

lems still persist. First, selecting the C and P value is likely not straightforward due to the 

variation of the crop rotation and tillage practices during a year (Jetten et al., 1999). Thus, 

calibration should also be carried out first to these parameters. Secondly, since this model 

strongly depends on the watershed’s sediment yield value for calibrating the coefficient of 

transport capacity, it may not give satisfactory results to the area where the observed 

sediment yield is not available.  

 Independent from the USLE model, there are a number of erosion models which 

were developed as physically based models. Among them are WEPP (Nearing et al., 

1989), EUROSEM (Morgan et al., 1998), and LISEM ((De Roo et al., 1996a; De Roo et 

al., 1996b). In these models, the soil erosion processes - detachment, transportation, and 

deposition – are explicitly formulated and coupled within a GIS environment by which the 

spatial distribution of erosion is represented. More importantly, they include detailed char-

acteristics of the vegetation as a controlling factor in erosion processes such as vegetation 

density, canopy cover, plant height, and stem diameter instead of using C factor employed 

in USLE. It implies that these models give more possibilities to be implemented in different 

land use.  

 The WEPP model was developed by the United States Department of Agriculture 

as an attempt to apply a new generation of erosion modelling. This model is recently 

available in two versions: first is the hillslope version (Flanagan & Nearing, 1995) and 

second the GeoWEPP for the catchment version (Renschler, 2003). In the case of Ge-

oWEPP, the catchment is first of all divided by hand into several hillslopes following the 

main channel. To estimate and predict the erosion and runoff, the WEPP integrates some 

sub-models in its application, i.e. climate generator, water balance, plant growth, residue 

                                                 
∗ Jetten & Favis Mortlock in Jetten & Farvis-Motlo 
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decomposition, and irrigation. This model can be used for a single events or continuous 

simulations at a plot scale up to small catchment scale. 

 A number of studies have been carried out to evaluate the performance and cali-

bration of WEPP. The work of Laflen et al. (2004) showed a good agreement between the 

estimation result of WEPP and the measured data of 1,594 plots over ca. 40 years of ob-

servation period in USA. In addition, Renschler & Harbor (2002, p. 200) claimed that “The 

WEPP model’s process-based nature enables its transfer to ungauged watersheds with-

out any further calibration, unlike many other existing models”. It is however not fully true 

because the spatial variability of the WEPP’s input parameters, for example saturated hy-

draulic conductivity (Ksat), varies from one area to another. Calibration is of great impor-

tance for physically based models (Jetten et al., 1999), otherwise the WEPP model will not 

give optimum performances and tends to show big discrepancies with the measured data. 

In fact, Zhang (2004) calibrated the input parameter of effective hydraulic conductivity, wa-

ter stress factor, harvest index, and energy-biomass ratio before applying this model.  

 The sub-models integrated in WEPP, on the one hand, can give a better under-

standing about the complex process of erosion. But, on the other hand, it requires numer-

ous input data and most of the time cannot be obtained in any place (Morgan and Duzant, 

2008). Thus, it is in the contrary manner with the need of “Cheap, reliable and technically 

simple methods of erosion assessment…” (Boardman, 2006, p. 74).    

 Meanwhile, as a thoughtful idea from a number of European scientists, EUROSEM 

is one of process-based erosion models which has been continuously developed and has 

been evaluated by its performance inside the European countries as well as in other re-

gions. This model simulates single rainfall events on various spatial scales, ranging from 

plots to small catchments (Morgan, et al., 1998). The outputs of the model are total runoff, 

total soil loss, storm hydrograph and storm sediment graph. The calibration routine is car-

ried out by finding the optimum value of some sensitive parameters (trial and error) to re-

sult in the closest fitting line with the observed sediment graph or total soil loss (Veihe et 

al., 2001; Mati et al., 2006). The sensitive parameters of the EUROSEM model are:  

1. Effective net capillary drive (G) 

2. Maximum volumetric moisture content of the soil (THMAX) 

3. Detachability of the soil (EROD) 

4. Saturated hydraulic conductivity  

5. Manning’s roughness coefficient for interril area (IRMANN) 

6. Cohesion of the soil (COH) 

7. Infiltration recession factor (RECS) 

8. Maximum interception storage (DINTR) 



 41

9. Initial volumetric moisture content (THI) 

10. Percentage basal area of vegetation (PBASE) 

The study of Veihe et al., (2001) in Central America showed that while EUROSEM 

could not satisfactorily predict single erosion event due to the soil crusting, it tends to give 

acceptable results for annual predictions. Likewise, the evaluation of EUROSEM in Kenya 

by Mati et al., (2006) confirmed that the model performs satisfactorily on a bare soil but 

still needs more improvement on its sensitivity on the vegetation cover. Recent study by 

Smets et al. (2011) therefore made some modifications to the model algorithm, in particu-

lar inserting the effects of roots on soil cohesion and incorporating the Darcy-Weisbach 

equation for representing the flow velocity.  

 In the meantime, De Roo et al. (De Roo et al., 1996a; De Roo et al., 1996b) devel-

oped the LISEM model as one of the first process-based erosion models that already 

works under a GIS raster format. Unlike EUROSEM that needs manual separation of the 

contributing hillslopes in a catchment analysis, this model can automatically route the run-

off and sediment over the grid cells and sum up them on a single outlet. The LISEM inte-

grates important components of erosion process, i.e. rainfall, interception, surface storage 

in micro-depressions, infiltration and vertical movement of water in the soil, overland flow, 

channel flow, detachment by rainfall and throughfall, detachment by overland flow and 

transport capacity of the flow. Through this model, the infiltration rate can be estimated ei-

ther by the Horton or Green-Ampt methods. Model calibration is carried out by visual 

comparison of the hydrograph to get an optimum value of saturated hydraulic conductivity 

(Ksat) and Manning’s n.   

 A number of studies have been carried out to evaluate the LISEM model perform-

ance. De Roo &Jetten (1999) used 10 rainfall events in South-Limburg (the Netherlands). 

They found that the hydrographs and sediment loads simulated by LISEM are significantly 

different with the measured data. A recent study by Hessel et al. (2006) in East Africa 

showed that the LISEM generally over predicts the soil loss in catchment scale and gen-

erally under predicts the erosion in the plots. The major cause in these inaccuracies is 

likely caused by the inability to provide a reliable distribution of the Ksat value, which varies 

over space and time (Hessel, 2002).  

 It can therefore be summarized that even such detailed process-based models 

have inherent difficulties to provide a reliable erosion prediction result. First, they require 

numerous input data which may not be derived in every place. Secondly, model calibration 

is always needed in every model. It implies that a model which has too many sensitive pa-

rameters will confound the calibration process. Likewise, a model that strongly depends 

on a dynamic parameter such as Ksat,, will also inhibit the model performance. Hence, it is 
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of great concern to find an alternative erosion model which on the one hand addresses the 

principal of process-based models but on the other hand keeps its simplicity in the calibra-

tion routine and input data requirements. These requirements seems to appear as an 

idealistic condition, but Morgan et al. (Morgan et al., 1984) have actually made an attempt 

to realize them by using their model called Morgan-Morgan-Finney (MMF).  

After gaining numbers of acceptable prediction results from the two earlier versions 

– i.e. MMF (Morgan et al., 1984) and Revised Morgan-Morgan-Finney (Morgan, 2001) – 

the latest version of Modified MMF (Morgan and Duzant, 2008) has hitherto been devel-

oped. The MMF and RMMF models are relatively popular among the erosion models be-

cause both model versions accommodate the need of process-based models with rela-

tively simple input data (Morgan, 2001). Such a principle is also addressed in the Modified 

MMF with some additional improvements in defining the erosion process. The major im-

provements are given to i) separated calculation of detachment, transport capacity and 

deposition based on particle size, and ii) routing function on runoff and erosion process. 

Both improvements enable to monitor the spatial dynamics of the erosion process within 

the observed area, whether it is a transport-limited or detachment-limited. Moreover, it is 

likely that coupling this model with such a raster GIS environment analysis becomes more 

possible, than performed by earlier researchers with the MMF (de Jong et al., 1999) and 

RMMF versions (López-Vicente & Navas, 2010). 

 

2.5 Conserving soil for a sustainable environment 
The concept of soil conservation can be described as any prevention strategies or tech-

nologies implementation for reducing the erosion to a maximum acceptable rate or soil 

loss tolerance (Morgan, 2005). This description addresses two important components that 

require more detailed explanations. First is the method to determine the level of soil loss 

tolerance. Obtaining such a level should become a priority because it has a strategic value 

as a guideline in selecting the conservation practices. Second is about the strategy to se-

lect an effective and efficient conservation technique. A good understanding on soil ero-

sion process and its impact is a basic requirement for the effectiveness aspect, while the 

efficiency aspect is particularly based on the economics of erosion described in section 

2.6.  

 
2.5.1 The role of tolerable soil loss 
(Li et al., 2009) mentioned three criteria in determining the tolerable soil loss, as follows: 

1. T1, soil loss tolerance based on the soil formation rate, 

2. T2, soil loss at which the soil productivity still gives it optimum function, 
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3. T3, soil loss which does not diminish the basic function of soil and water environ-

ment (on- and off-site areas). 

According to those criteria, Li et al. emphasized the T3 criterion as the key determinant to 

other criterion. That argument is in accordance with Bazzofi (2009, p. 174) who pointed 

out that “The concept of tolerable erosion based on soil productivity is reductive and off-

site effects of soil erosion should be also taken into account to reach a comprehensive 

environmental approach.”  Li et al. also mentioned that the first crucial step to obtain T3 is 

by identifying any erosion effects inside the environment. 

 

2.5.2 Effectiveness of soil conservation measures 
After the basic description about the process and controlling factors of erosion in section 

2.3, the principles of soil conservation can be conducted by reducing the detachment in-

tensity and transport capacity. The detailed principles are mentioned by Morgan (2005), 

as follows: 

1. Reducing the raindrop impact by covering the exposed soil  

2. Reducing the runoff rate by increasing the infiltration rate 

3. Strengthening the soil’s aggregate stability 

4. Reducing the runoff velocity by increasing the surface roughness   

Those principles are then implemented into vegetative methods or mechanical methods 

(El-Swaify et al., 1982). However, it is a very common view that the vegetative and me-

chanical methods are combined to optimize the conservation measure. In this section, 

those methods are only limited to the description of soil conservations in cultivated lands 

(Figure 2.5).  

 

 
Figure 2.5: Types of soil conservation methods in cultivated land (Source: El-Swaify et al., (1982, p.122-123)) 

 

2.6 Economics of soil erosion  
Converting the erosion effects in terms of economic aspects might be more practical to 

stimulate the farmers or other decision makers to be more aware towards soil erosion 
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problems (Enters, 1998). Indeed, it is a logical approach because farmers tend to decide 

their agricultural activities based on economical reasons (Barbier, 1996). Therefore, in this 

section, concern is mostly given to describe valuation methods from earlier studies, which 

is i) suitable for valuing erosion and conservation on the farming household scale and ii) 

attractive and relatively simplify to the farmer’s point of view.  

 An environmental economist, Heal (2000), nonetheless declared that “economics 

cannot estimate the importance of natural environments to society,…”. Indeed, the eco-

nomics approach always relates to the market price, whereas in many cases there is no 

real market price for valuing the environmental services, especially in the case of soil ero-

sion. As a consequence, it is likely a common situation that attempts for valuing the soil 

erosion impacts have inherent limitations. 

 Barbier (1996) suggested the underlying economics concept of soil conservation 

as follows: 

1. Providing an optimal value of soil conservation does not necessarily mean to 

establish a soil conservation practice which can eliminate the soil loss into cer-

tain levels,  

2. The optimal value of soil conservation is gained when the marginal benefits of 

additional conservation corresponds to the conservation’s construction costs. 

 The concepts of Barbier (1996) however only imply a pure economical approach 

and contradicts to the purpose of soil conservation by which the tolerable soil loss toler-

ance should be achieved. 

 As earlier mentioned in part 2.2.2., the soil erosion exhibits some negative on-site 

(affecting the soil properties and plant productivity) and off-site impacts (declining the wa-

ter quality). Based on those impacts, some researchers (Clark, 1996; Enters, 1998) re-

viewed the most common valuation methods in soil erosion and conservation which can 

be generalized as follows: 

1. Hedonic pricing, 

2. Replacement cost, and  

3. Change of productivity 

 

2.6.1 Hedonic pricing 
Maddison (2000) described that hedonic price (P) is estimated based on the function of 

land characteristics (q), either as structural characteristic (changeable characteristic) or 

non-produced characteristics (e.g. soil depth, soil fertility, site position, and climate). It can 

be described as:  
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 ),...,,( 21 nqqqfP =  Eq. 2.8 

 

The basic assumption in this method is that the market is in an equilibrium condition 

(Freeman, 1979). It means that the land quantity supply is equal to the land quantity de-

mand. Thus, it brings a consequence to give equal marginal prices between the seller and 

buyer (Miranowski and Hammes, 1984).  

 In respect to the hedonic pricing’s assumption, it is likely that this method may 

oversimplify and give wrong estimations to the land’s implicit price. But it may become an 

attractive and efficient approach to encourage the farmers in valuing the soil erosion im-

pact. This is in accordance with Hale (2000) who claimed that hedonic pricing is one of 

convincing methods in valuing the environmental services.  

 There are some examples of application of hedonic price assessment. In the case 

of agricultural land, the conservation measure can be identified as the structural character-

istics with which the land price is estimated (Gardner & Barrows, 1985; King & Sinden, 

1988). Instead of using the conservation measure as a valuation base, an earlier study by 

Miranowski & Hammes (1984) implemented the hedonic pricing to value the land price in 

Iowa based on the regression model considering the soil depth, erosion susceptibility (as 

a function of rainfall erosivity, soil erodibilty and slope characteristics), and the soil acidity.  

   

2.6.2 Replacement cost 
The valuation concept of replacement cost has two implications in its estimation (Clark, 

1996). First is to define the lost material (e.g. soil nutrients, soil depth, and water loss) 

caused by erosion process and then replace that lost amount with the substitute material 

from the market or other sources. Secondly is to calculate the total monetary expense re-

sulting from the substitute material’s price, transportation, and labour cost during the re-

placement process. Most of the time, inorganic fertilisers such as urea fertilizer are com-

monly used as the substitute of nutrient loss.  

 Authors in Clark (1996) applied this method with different replacement variables. 

For instance, Kim and Dixon (1984)∗ estimated the erosion cost based on the total cost of 

retaking the soil loss from downslope, fertiliser application and additional water irrigation. 

Likewise, Stocking (1988)∗ used the soil nitrogen (N) and phosphorous (P) loss to analyze 

the erosion cost in Zimbabwe.  

 Enters (1998) pointed out that the replacement cost method may provide mislead-

ing results, because it assumes that the soil fertility can be restored into the normal state 
                                                 
∗ cited in Clark (1996) 
∗ cited in Clark (1996) 
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merely by replacing an optimum fertiliser quantity. In fact, soil fertility is a dynamic function 

of soil nutrient, organic matter, structure, and land management. Indeed, the application of 

fertilizer (e.g. N and P) may reduce the crop yield loss to some extent, but the net return of 

the land tends to decline over time (Williams & Tanaka, 1996) since the production cost 

increases at the same time (Lal, 1998b). Additionally, with regard to the farmer’s point of 

view, Clark (1996) argued that the farmers have a low willingness to replace all of nutrient 

loss by fertilizing application. It is most likely that the fertilizing quantity depends on the 

economic condition of the farmers and the response of planted crops. However, the re-

placement cost is an affordable and less time consuming method for assessing the soil 

erosion cost (Gunatilake & Vieth, 2000).  

 

2.6.3 Change of productivity 
Lal (1998b) described thoroughly five principal methods for assessing the correlation of 

erosion and crop productivity, i.e. greenhouse and laboratory studies, in-situ field experi-

ments, modelling, statistical approaches and knowledge surveys. Among those methods, 

the modelling approach is more favourable as its feasibility to simulate future crop produc-

tivity with different erosion rates and land management.  

For example, Pimentel et al. (1995) implemented a modelling method to estimate a 

reduction value of corn productivity by considering the inter-dependent effect between the 

loss of water and nutrient, organic matter, availability of soil biota, water holding capacity, 

and soil depth. A productivity loss as much as 8% in a short term (1 year) and 20% in a 

longer period (20 years) were estimated when the soil erosion rate reached 17 ton ha-1 

year-1. The results confirms that the loss of water and nutrients can significantly reduce the 

productivity either in a short or long period, whereas the remaining causing factors only 

give significant effects within a long period.  

There are, however, some critical issues in modelling the erosion-productivity.  

First, there are other factors associated with crop productivity, such as the seed quality, 

rainfall and other climatic parameters, and soil management over the land farm area (Lal, 

2001) which confound the erosion-productivity analysis. Secondly, it requires such long 

observation time periods to provide a reliable data base in the analysis. For example, Wil-

liams and Tanaka (1995) used an 8 year data set to acquire the quadratic relationship be-

tween the soil loss and crop productivity. Hence, this model may not be a good solution for 

such areas with limited information on the annual crop productivity.  
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2.7 Cost and benefit analysis of soil conservation 
The valuation result from one or combination of those three earlier mentioned methods 

can show the actual erosion cost of a land before implementing conservation measures 

(x). It is then used as a basic value to conduct the cost and benefit analysis (CBA) of soil 

conservation. De Graaf (1996) mentioned that, in principle, the CBA is carried out by two 

main steps. The first step is calculating the possible construction cost of a certain conser-

vation practice (y) and erosion cost resulted from implementing the proposed conservation 

measure (z). If z value is lower than that of x, it is considered as conservation benefit. The 

second step is to evaluate the conservation cost (y) and the conservation benefit (x – y). 

In this sense, the proposed conservation technique can be carried out if the benefit is 

higher than the conservation cost.  

 More detailed about how to conduct the CBA, Angelsen & Sumalia (1995 ) and de 

Graaff (1996) described the main sequence of CBA, as follows: 

 

1. Determining the evaluation criteria, 

2. Identifying and valuing of the cost and benefit effects, 

3. Determining the time horizon, 

4. Defining the discount rate of present value, 

5. Sensitivity analysis. 

  

 Among those phases, determining the evaluation criteria and discount rate are the 

most critical points in CBA (de Graaf, 1996). There are three common criteria in evaluating 

the CBA, namely the benefit-cost ratio (BCR), the internal rate of return (IRR), and the net 

present value (NPV). The latest is the most frequently used in valuing the erosion and 

conservation practice. Meanwhile, the discount rate is a percentage value to adjust the fu-

ture cost and benefit. It can be estimated from two principles, i.e. time preference (social 

or aggregated personal preference) and social opportunity cost (de Graaf, 1996).  

Additionally, the CBA evaluation can be used as a base to define the incentives in 

implementing the soil conservation. This is in accordance with Heal (2000, p. 29) who also 

stated that “the role of economics is to help design institutions that will provide incentives 

for the conservation of important natural systems and will meditate human impacts on the 

biosphere so that these are sustainable”.  
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2.8 How to conduct a fruitful soil erosion risk management? 
2.8.1 Scientific backgrounds 
2.8.1.1 General approaches towards soil erosion research 
Soil erosion research has been a critical issue and a developing field ever since the late 

19th century. Zachar (1982) stated that the hazard of soil erosion was firstly declared by 

Dokuchev (1877)∗, who is acknowledged as the founder of pedology. At the same time, 

most of geomorphologist, geographers, and geologists still considered the soil erosion as 

a natural exogenous force in the formation of earth’s surface rather than as a hazard 

(Zachar, 1982). After gaining a better understanding of the severe impacts of soil erosion 

(e.g. the Dust Bowl in 1934), the United States scientists increased their soil erosion and 

conservation research (Renschler & Harbor, 2002). Their attempts reached its ‘golden 

years’ at the early stage of World War 2, which mainly focused on the impact of excessive 

erosion towards crop productivity (Meyer & Moldenhauer, 1985).   

 Recently, soil erosion study is approached by a wide range of scientific perspec-

tives. For example, Lesser (1986) cited in Prasuhn (1992) suggested to implement the 

geo-ecological perspective in conducting soil erosion research. Likewise, Boardman 

(1996) cited in Renschler & Harbor (2002) described that geomorphology perspective is 

capable in understanding the erosion causing factors and processes, predicting the ero-

sion magnitude, and developing alternative measures to control the soil erosion. Other 

scientists from geography, pedology, agronomy, hydrology, and socio-economic back-

grounds can also add their remarkable contributions to ameliorate the soil erosion studies 

(Zachar, 1982; Renschler & Harbor, 2002).  

 Despite the various scientific perspectives, the most important part of soil erosion 

research is the determination of the main objectives. Zachar (1982) pointed out, at least, 

five common objectives in the soil erosion research, i.e (i) intensity of erosion, (ii) impact 

of soil erosion, (iii), distribution of soil erosion phenomena and conservation method, (iv) 

susceptibility of soil to erosion and (v) and effectiveness the soil erosion control. All of 

those objectives lead to the final goal of soil erosion research which is to control the soil 

erosion effect either on–site or off-site area.  

 

2.8.1.2 Soil erosion research in geographical science 
Considering the tremendous fundamental findings from different scientific backgrounds, 

scientists have then affirmed the systemic problem of soil erosion involving human activi-

ties and the environmental system (Collins & Owens, 2006). In addition, soil erosion al-

ways deals with the spatial issue (Renschler & Harbor, 2002), for example the connectivity 
                                                 
∗ cited in Zachar (1982) 
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of the upper stream and down stream areas in terms of erosion impact. It therefore re-

quires a comprehensive approach that can provide a reliable platform and communicate 

the physical and socio-economic perspective (Gares et al., 1994) in the scope of spatial 

analysis. For this instance, geographical approach can be a reliable platform to fulfil that 

necessity.  

  

 
Figure 2.6: Principal perspectives of geographical science, after Strahler & Strahler (2006, p.7) 

 
 

By definition, geography is “the science studying the phenomena which make up 

the Earth’s physical environment together with people and human economic activities, 

their spatial distribution, relationships, and changes over time” (Kotlyakov & Kunakhovic, 

2007, p. 289). Geography encapsulates such a unique perspective comprising the view-

point, synthesis, and its representation (Strahler & Strahler, 2006). Figure 2.6 illustrates 

the inherent approaches of geography into a cube shape. The spatial viewpoint is the first 

platform with which geographers construct every analysis. It focuses on a certain location 

or region (place viewpoint) and the interdependency between the places (space viewpoint) 

based on a specific scale viewpoint. As a science which has wide courses, geography 

formulates a new method based on the combination of different fields (synthesis). That 

synthesis has a particular proportion either in physical, human or the nexus between hu-

man-physical subfields. To support its analysis, geography uses some tools (representa-
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tion), i.e. cognitive, GIS, mathematic and statistical models, description and visual display 

(Strahler & Strahler, 2006).  

 
 

 

 

 

 
Figure 2.7: Position of soil erosion research in the geographical science. The dashed line means that the soil 
erosion research requires other science to support its analysis. This illustration was adapted from the concept 
of the soil geography by Tusch (2007, p. 48). 
 

The position of soil erosion research in geography can be firstly understood by re-

calling the human-environment system of soil erosion process (Figure 2.4). According to 

Figure 2.7, the environmental system of erosion is the focus of physical geography, 

whereas the human system is the main topic for human geography. In that sense, it can 
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therefore be an advantage to implement the human-physical geography as the basic per-

spective in understanding the soil erosion problem, because the position of soil erosion 

research is right on the intersection site between the physical and human geography. 

However, it does not necessarily mean that conducting soil erosion study either only in 

terms of physical or human geography is meaningless. They can be a remarkable result 

for further analyses. 

 

2.8.2 Fundamental concept and examples of soil erosion risk management 
2.8.2.1 Soil erosion as a risk 

Thywissen (2006) summarized the concepts of risk from various remarkable references 

and then formulated them as: 

 

),,( R
VEHfRisk =  Eq. 2.9 

 
Where; 

(H) Hazard :  every potential event which can cause negative effects; 

(E) Exposure : number of people, resources or any element that can be affected by 

hazards; 

(V) Vulnerability : sensitivity or susceptibility of the exposed systems against the haz-

ard; 

(R) Resilience : capability with which the exposed system can cope and recover after 

a particular event. 

In this sense, the risk concept is a way to understand the probability of loss in which the 

human system is affected. It implies that the risk remains in a low or zero level on a steep 

slope of forest area with no human activities inside, event though the landslide occur-

rences, for example, are significantly high.   

 Meanwhile, it has been understood by many that the realization of hazard is 

viewed as disaster. Smith & Petley (2008(2009, p. 14)p. 14) described the disaster as “an 

event, concentrated in time and space that causes sufficient human deaths and material 

damage to disrupt the essential functions of a community and to threaten the ability of the 

community to cope without external assistance”.  

 Transferring the concept of risk for soil erosion assessment is therefore of great 

concern in order to formulate its complex problem into basic components of risk. For that 

purpose, the soil should be respected upmost as an element of environmental services on 

which the human system is dependent – as mentioned in section 2.2.2 – and not merely 

as “a natural body”.  
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The soil erosion risk concept has been introduced, for example, by Morgan (2005) 

who categorized it into potential and actual risk. Eq. 2.9 is used to explain the difference 

between those two concepts. A soil erosion rate can performs as the potential risk when it 

considers the rainfall as a hazard; soil becomes the exposure component, and the slope 

and vegetation cover somewhat represent the function of vulnerability and resilience. In 

the next stage, the potential erosion risk is then regarded as the erosion hazard when as-

sessing the actual risk with certain exposure component. In terms of actual risk, the expo-

sure component is determined from any erosion impacts that can affect the human wel-

fare, such as nutrient loss, productivity loss, sedimentation, eutrophication and soon. 

Thus, one may consider the erosion rate value resulted from any measurement survey or 

modelling process either as erosion hazard or erosion risk, depending on the analysis 

purpose. 

 The assessment of soil erosion risk can be carried out in quantitative or qualitative 

methods. Bazzoffi (2009) formulated an environmental risk of soil erosion (ERSE) based 

on the qualitative assessment index of probability of erosion intensity, vulnerability, and 

exposed value. Emphasis is given to the vulnerability and exposed value which consider 

the characteristics and impacts of either on-site or off-site of the observed area. Mean-

while, Verstraeten et al., (2002) assessed quantitatively the soil erosion risk by means of a 

calibrated model and used some scenarios to evaluate the impact to the soil loss rate and 

sediment pollution. According to these examples, it is obvious that assessing the soil ero-

sion risk is an attempt to address the intensity and/or impacts of soil erosion.  

 
2.8.2.2 Soil erosion risk management 
Another benefit of implementing the risk concept is on its provision of the systematic man-

agement cycle. That cycle performs as an activities guideline for achieving a tolerable risk 

(Smith & Petley, 2008). Although there are various improvements of the risk management 

cycle – e.g. Kienholz et al. (2004), ADRC (2005), and Smith & Petley (2008), they have 

principal similarities on its stages consisting of risk assessment, mitigation, preparedness, 

response, rehabilitation, and reconstruction. However, it is very likely that the available 

management cycles of environmental hazards only focus on the disaster phenomenon.  

In the case of soil erosion risk, completely adopting the management cycle from Fig-

ure 2.8 seems to be misused, because soil erosion is not considered as a disaster. In-

deed, soil erosion is more considered as a chronic event, which on the one hand occurs 

as an ongoing physical process, but on the other hand, it is also influenced by human ac-

tions (Smith & Petley, 2008). Therefore, a modification is a prerequisite.   
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Figure 2.8: Common procedure of risk management cycle provided by Kienholz et al., 2004  

  

 An attempt to illustrate the soil erosion risk management on which two cycles can 

occur is illustrated in Figure 2.9. The main cycle of soil erosion risk management regards 

the soil erosion as an ongoing event. This cycle consists of risk analysis, risk evaluation, 

mitigation and adaptation. In this cycle, preparedness stage is replaced with the adapta-

tion stage, because preparedness is more related to responsive actions towards disaster 

event.  

The cycle is initiated by conducting a conceptual analysis of soil erosion problem 

based on the human-environment systems of the study area. That analysis performs as 

an importance phase to i) understand the causes and effects of soil erosion in the ob-

served area and ii) to define the purpose and scale of the monitoring phase.  

To response that necessity, Udayakumara, et al., (2010) surveyed the people’s 

perception of the soil erosion causing factors and impacts in Samanalawewa watershed, 

Sri Lanka. In the case of erosion causing factors, 60% of the respondents perceived that 

the mismanagements of the crop and soil are the direct causes of soil erosion, while the 
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population pressure, poverty, and labour availability are the indirect causes. According to 

their study, most of respondents also realized that soil erosion gives negative impacts to 

the land productivity and environmental services. The result showed by Udayakumara et 

al., is in line with the work of Amsalu and de Graaff (2006) who asserted that 72% of their 

respondents – farmers in Beressa watershed in the central highlands of Ethiopia – also 

recognize soil erosion as a problem and thus conservation is needed. According to Am-

salu and de Graaff, the farmers will only adopt the conservation technologies which can 

maintain the land productivity in a short-term benefit rather than long-term purpose. Learn-

ing from both studies, they imply that understanding the farmer’s perception is a prerequi-

site before conducting the risk assessment and mitigation phase of soil erosion risk man-

agement which is described below.  

 

 
Figure 2.9: Fundamental concept of soil erosion risk management cycle 
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While the monitoring phase results in field measurement data, a modelling routine 

can also be performed to reduce the workload of the monitoring process and to estimate 

the spatial distribution of severity of soil erosion. In other words, field measurements and 

modelling is of importance for the soil erosion risk assessment. Further, according to the 

soil loss tolerance level, soil erosion risk is then evaluated whether it is in a tolerable or in-

tolerable level. If the risk is higher than tolerable soil loss, mitigation and adaptation 

phases should be carried out.  

Mitigation and adaptation phase relate more to the long term purpose (e.g. me-

chanical conservation, construction to protect the reservoirs against sediment, and sedi-

ment dredging). Meanwhile, the adaptation phase focuses on the alternative activities in 

reducing the soil erosion risk during the rainy season (e.g. crop and tillage management). 

Finally, it is likely that this management cycle can be regarded as a “risk management half 

cycle” - as mentioned by Kienholz et al., (2004) - of which the improvements of the risk 

assessment and prevention activities are the main concern. 

The second cycle is illustrated with a dotted line in Figure 2.9, as a consequence 

of soil erosion followed by catastrophic events. These catastrophic events may occur if the 

soil is fully saturated with the water and then flows downward rapidly as debris flows or 

mudflows (Hugget, 2007). It is obvious that they are not directly influenced by the erosion 

intensity and thus the soil erosion risk assessment can not be applied to them. But the im-

plementations of any conservation methods in the phases of mitigation and preparedness 

have significant correlation with those catastrophic events. Thereby, the phases of re-

sponse, rehabilitation and reconstruction may also be considered in the soil erosion risk 

management. 
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CHAPTER 3  

Study area and research design 
 
3.1 General description of the study area 
This study was carried out on two different analysis scales comprising an administrative 

area and field plots areas. The field plots are located inside the administrative area, 

namely Kejajar Sub-district. Thus, in this section general description about the physical 

and social characteristics of the study area is only focused on the Kejajar District, while 

detailed characteristics of field plots will be given in Chapter 5.    

 

 

 
Figure 3.1: Map of study area in Kejajar Sub-district, Wonosobo District, Central Java Province, Indonesia 
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 Figure 3.1 depicts the position of Kejajar Sub-district situated in the upper-western 

area of Serayu Watershed. This area extends between -7o10´ to -7o17´S and 109o50´ to 

110o00´ E. Two main rivers - Serayu and Tulis - cross this Sub-district and end up to the 

Sudirman Reservoir located in the middle of Serayu Watershed. The area of Kejajar Sub-

district is only 7,620.45 Ha or about 2% of the Serayu Watershed area, but it is located on 

a vital position as a recharge area. Any inappropriate practices of land managements in 

this area may lead to a significant effect to the lower watershed area. 

 The Kejajar Sub-district is administratively under Wonosobo District, Central Java 

Province, Indonesia. It has 16 municipalities within its administrative area. The Kejajar 

Sub-district has a strategic function for the Wonosobo District, since this area is a conjunc-

tion point between 4 neighbouring districts regions, i.e. Banjarnegara District on the 

Northern and Western side, Kendal and Batang District on the Northern side and Te-

manggung District on the Eastern side. This Sub-district is crossed by a province class 

road making easy the transportation connectivity to other regions, particularly for trans-

porting the agricultural products. 

   

3.1.1 Geomorphology  
Figure 3.2 shows the geomorpological units of Kejajar Sub-district built mainly by volcanic 

activities. Those units can be distinguished into two general lithology sources, i.e Dieng 

Mountain complex (2,093 meters a.s.l) and Sindoro Volcano (3,136 meters a.s.l). Accord-

ing to the geomorpological unit map of Serayu Watershed designed by van Zuidam et al. 

(1977), these geomorpological units are located in the group of North Serayu Mountains 

formed at the early stage of Holocene period. Before its formation, volcanic activities of 

uprising magma also appeared in this area during the period of Pleistocene (0.87 ± 0.1 

million years BP) represented as Jembangan Formation Van Eijsinga (1975) cited in 

Speelman (1979). Compared to the underlying material of Jembangan Formation, the 

predominant material of Dieng Mountain Complex and Sindoro Volcano are less consoli-

dated causing deep and steep erosional landform during its development (Speelman, 

1979).       

 The Dieng Mountain Complex is characterized by a number of volcanic cones and 

lava flows. It covers ca. 75% of the Kejajar Sub-district extending from Mount Bisma on 

the Western side, Mount Butak on the Eastern side and Mount Prau on the Northern side. 

On the middle side there is another group of volcanic cones, i.e. Mount Sroja, Sembun-

gan, Pakuwaja, Prambanan and Kendil. Until now, Mount Sroja and Pakuwaja remain as 

active strato volcanoes. The cone depressions appear distinctly as a specific landform on 

top of those volcanic cones (Figure 3.3e). The lava fields also occur from the centre of 
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group of volcanic cones. One of them - the lava field from Mount Kendil – had split the 

lake of Pengilon and Warna during its development (Van Zuidam et al., 1977). The mate-

rials of this complex consist of andesitic lava flow to quartz-andesitic lava flows, pyroclas-

tic breccias, flow breccias, lapili and tuff deposits (Speelman, 1979).  

 

  
Figure 3.2: Geomorpological units of Kejajar Sub-district generated by volcanic activities during the early stage 
of Holocene period 
 

 The geomorphological unit of Sindoro Volcano is situated on the South Eastern 

part of Kejajar Sub-district (Figure 3.2). In this area, two specific units are differentiated 

into volcanic cone and foot slope of Sindoro based on the morphological changes. Distin-

guished with the Dieng Mountains Complex, the material of Sindoro Volcano predomi-

nantly consists of interlayered andesitic lava flows and lahars (Speelman, 1979).  

 Structural landforms are also found in Kejajar Sub-district. On the Eastern flank of 

Mount Butak, a fault line crossing from North East-South West direction formed a distinct 

escarpment. In addition, fault lines control the morphology of both Tulis and Serayu Rivers  
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(van Zuidam et al. 1977). These faults may become a significant hazard in Kejajar Sub-

district in addition to the existing volcanic hazard. For example, in 1924, the fault systems 

of Serayu River caused two severe earthquakes damaging houses and large agricultural 

areas in Wonosobo District (van Zuidam, 1977).  

 

 
Figure 3.3: Volcanic landforms in the Dieng complex. (a) Geomorphological unit of Sindoro Volcano and 
Mount Butak on the Eastern to South-Eastern part of Kejajar Sub-district, (b) lava flows area of Mount Pram-
banan and Mount Pakuwaja, (c) complex of Mount Sembungan, Mount Pakuwaja and Mount Prambanan, (d) 
cone depression of Mount Pakuwaja representing as a typical cone depression of Dieng Mountains Complex, 
(e) severely dissected landform of Mount Prau on the Northern part of Kejajar Sub-district, (f) a steep and 
deep erosional landform at the foot slope of Mount Prambanan. 
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(a) (b) 
Figure 3.4: Predominant lithology of Dieng Mountain Complex consisting of (a) quartz-andesitic lava flow and 
(b) tuff deposits layers  
 

 The configuration of volcanic landforms in Kejajar Sub-district has constructed a 

rough morphological feature dominated by moderately steep to very steep areas. Figure 

3.5 depicts the slope classes of Kejajar based on the FAO system comprising 7 classes 

from flat to very steep. The flat to nearly level area can only be found in some small areas 

close to the Serayu River and on the Western part of lava field area. A detailed proportion 

of each slope classes is shown in Table 3.1.  

 
Figure 3.5: Slope map of Kejajar Sub-district generated from contour map of 12.5 meters vertical resolution  
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Table 3.1: Percentage of slope classes in Kejajar Sub-district based on FAO system which is generally used 
for soil description and soil mapping purpose.  

Slope classes (%)* Slope categories Area (Ha) Percentage 

0 ≤ 1 (1) Flat to nearly level 137 2 
1 ≤ 5 (2) Very gently sloping to gently sloping 134 2 

5 ≤10 (3) Sloping 243 3 

10 ≤ 15 (4) Strongly sloping 378 5 

15 ≤ 30 (5) Moderately steep 1225 16 

30 ≤ 60 (6) Steep 2154 28 

> 60 (7) Very steep 3348 44 
*For simplification purpose, the flat and nearly level classes are combined into single class, as well the very 

gently sloping to gently sloping classes. 

 
3.1.2 Soil 
Intensive weathering processes over porous volcanic material, specifically tuff and pyro-

clastic deposits have resulted in Andosols over the Kejajar Sub-district (Yuwono et al., 

2010). This soil type is naturally fertile and has a high productivity. Its texture can vary be-

tween sandy loam at the Dieng Mountains Complex and loamy sand at the foot slope of 

Sindoro Volcano. Very weak aggregation grade is evident in this nearly structureless soil. 

At the foot slope area, the soil thickness can be more than 90 cm (Figure 3.6a). But a 

mere thin layer of O horizon (2-3 cm of depth) can occur at the volcanic cone, which has 

very steep slopes (Figure 3.7a).  

Figure 3.6a depicts the andosols profile under an undisturbed forest area in Kejajar 

Sub-district. The andic properties of this soil are characterized by black mineral soil, in 

which the Munsell value and chroma are 3 or less at moist condition, and such a low bulk 

density (0.53 kg dm-³). Those andic properties are identified in the genetic horizon of Ah 

representing the A horizon with high accumulation of organic matter. A detailed level of 

this soil can be considered as Hydric Andosols wherein the water retention can reach up 

to 130%. The B horizon is not found in this porous soil. Instead, a thick A horizon followed 

by AC horizon are commonly observed. The AC horizon is preferably pronounced as the 

transition layer between the A horizon and parent material (C).   

 The andosols soil in this area has mostly been altered into anthrosols soil because 

of the intensive agricultural practices represented by terraces and other tillage activities 

(Figure 3.7b). This soil, in fact, only consists of a loose C horizon in which unweathered 

material such as gravels or any small rocks can be found. It is however more suitable to 

name its genetic surface layer as ApC horizon (Figure 3.6b) representing the cultivated 

layer (Ap) on a parent material (C). Yet, some anthrosols in this area also has a very close 

contact to the bed rock (Figure 3.6c).  
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Figure 3.6: (a) Soil profile of andosols soil at the slope of Mount Sembungan under forest area (b) anthrosols 
soil at the footslope of Mount Pakuwaja under fellow condition of cultivated area and (c) anthrosols at the foot-
slope of Sindoro Volcano with lahar flow material overlying lava flow layer.  
 

 
Figure 3.7: (a) Thin layer of O horizon at the volcano cone with very steep slope, and (b) anthrosols used for 
intensive agricultural practice since the last three decades 
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3.1.3 Climate 
The climate characteristic of Kejajar Sub-district can be identified from rainfall data derived 

from rain gauge stations within this area. There are actually three manual rainfall stations, 

as depicted in Figure 3.1 that have been operated since the 1980’s. The most complete 

rainfall data of the study area is derived from Kejajar station (K) provided by Indonesian 

Bureau of Meteorological Climatology and Geophysics (BMKG). This station has an 18 

year observation period from 1980 to 1991, 1993 to 1997 and 2002. More recent rainfall 

data are not available due to the damaged rain gauge. The adjacent stations, namely 

Tambi (T) and Sikatok (S), operated by the Plantation Tambi Co. - a tea company in Keja-

jar District - were then analyzed in order to complete the rainfall data of Kejajar station. 

For that purpose, correlation analysis of inter-stations was firstly carried out between 

those stations. The Tambi station has an observation period of 11 year from 1988 to 1993 

and 2003 to 2007, while the Sikatok station only has 8 years (1988 to 1991, 1993 and 

2003 to 2005).  

 Based on the correlation analysis in Figure 3.8, it is obvious that between Kejajar 

(1437 meters a.s.l), Tambi (1400 meters a.s.l) and Sikatok (1387 meters a.s.l) stations do 

not have any correlations in terms of daily rainfall depth. These discrepancies might be 

caused by the strong orographic effect in such a mountainous area. In addition, various 

slope exposure and direction can also vary the rainfall distribution within an area affected 

by orographic rainfall (Bacchi and Kottegoda, 1995). Figure 3.1 shows that those three 

stations are in the different slope exposure and direction. Tambi station is situated on the 

North-Western part of Sindoro Volcano, Sikatok station is on the Southern slope of Mount 

Sroja, while Kejajar station is located on the inter-valley between Mount Pakuwaja and 

Mount Butak. Due to such low correlations, the climate of Kejajar Sub-district rainfall is 

then described only based on the readily available data of Kejajar station.              

 According to the updated Köppen-Geischner’s climate classification (Peel et al., 

2007), this area is considered as a tropical monsoon climate (Am). In this type of climate, 

the driest month has rainfall amounts less than 60 mm, but more than or equal to 

)25(100 ionprecipitatannualmean− . Thereby, it asserts that number of rainfalls can still oc-

cur even in the dry season. The strong influence of West Monsoon in this mountainous 

area causes high rainfall amount within one year ranging from 2,473 to 4,002 mm based 

on Kejajar rainfall station (Figure 3.9).  
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(a) 

 

 
(b) 

 

 
(c) 

Figure 3.8: Analysis of inter-stations correlation between (a) Kejajar and Tambi and (b) Kejajar and Sikatok 
and (c) Tambi and Sikatok based on daily rainfall data over 4 years observation period (from 1988-1991 and 
1993) 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 3.9: Rainfall data of Kejajar station representing (a) the annual rainfall with 3195 mm year-1 of mean 
value, (b) monthly rainfall and (c) number of rainfall days based on 18 years observation data.  



 66

 Figure 3.9b illustrates the rainfall condition of the Kejajar Sub-district. That figure 

shows that the rainy season occurs from November to April. During the transitional 

months i.e. October and May, some rainfalls may still occur over 10 days on average 

(Figure 3.9c). Considering the rainfall amount and the number of rainfall days, it is obvious 

that the peak of the rainy season occurs in January. In 1983, the total rainfall in January 

reached up to 1032 mm within 25 rainfall days. Meanwhile, the dry season of this area oc-

curs considerably from June until September. Some anomalies could be found during 

1986 and 1989 in which the total rainfall in July reached up to 167 and 249 mm, respec-

tively. 

   

3.1.4 Socio-economic condition 
The population number of Kejajar Sub-district according to the 2009 census is 42,739 (Bu-

reau of Central Statistic of Wonosobo District, 2009). In that year, there are 12,361 

households with 3 or 4 family members. That value is fewer than in the year of 1986 

reaching an average of 5 members in each family. The sex ratio is relatively balanced in 

every municipality with an average value of 1.05 in 2009. During the last 12 years, its 

population growth rate reaches 1.05% (Figure 3.10) which is higher than that of 

Wonosobo District’s population growth (0.76%).  

 

 
Figure 3.10: Population of Kejajar Sub-district with 1.05% annual average growths  
 

 The population dynamics of kejajar Sub-district can be illustrated by its pyramid 

population during the last three decades represented by the year of 1986, 1998 and 2009 

(Figure 3.11). Although the pyramid remains as an expansive type during the last three 

decades, there is a significant change in its total ratio dependency (r). In 1986, the r value 

reaches 89% to which the child dependency (0 – 14 years old) contributes as high as 

83%. That period corresponded to the baby boom era in Indonesia (1980 – 1990). The r 
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value significantly decreased from 71% in 1998 to 49% in 2009. Such a change may be-

come one of the indicators that recently more people in this area have realized the impor-

tance of controlling birth.  

 

 
Figure 3.11: Population pyramid of Kejajar Sub-district during three decades represented by the year of 1986, 
1998 and 2009  
 

 The growing number of population in Kejajar Sub-district area has definitely altered 

its population density over the last twenty years. According to the Indonesian Agrarian 

Acts Number 56 year of 1960, the population density is classified into i) not dense (0-50 

people/km²), ii) less dense (51-250 people/km²), iii) moderately dense (251-400 peo-

ple/km²), and iv) dense (more than 401 people/km²). Figure 3.12 depicts the population 

density of Kejajar Sub-district in 1986, 1998 and 2009. Campursari, Sikunang, Sembun-

gan, and Kreo municipalities were moderately dense populated in 1986, but recently they 

have become dense populated areas. Likewise, recently the Sigedang municipality has 

become a moderately densely populated area, while in the last decade it was still a less 

densely populated area. Among the municipalities in Kejajar Sub-district, Tieng Municipal-

ity is the densest populated area with 1900 people/km² in 2009.  

 Farming activities are the most common livelihood in Kejajar Sub-district in which 

nearly 50% of the population are farmers (Figure 3.13). Accordingly, the number of farm 

labours is proportionally significant up to 7,085 people or 31% of the total livelihood in this 

Sub-district. The number of farmers in 2009 (10,865 farmers), however, is significantly de-

creased from year of 1998 reaching up to 16,114 farmers.   
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Figure 3.12: Population density of Kejajar Sub-district in 1986, 1998 and 2009 using the municipalitys as map-
ping unit.  
 

 
Figure 3.13: Percentages of livelihoods in Kejajar Sub-district in 2009 (Source: Wonosobo District’s Central 
Bureau of Statistic, 2009) 
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3.1.5 Land use  
Figure 3.14 depicts the land use condition of Kejajar Sub-district. Although this landuse 

map was surveyed in 1998 and established in 2000, it is likely that the land use may not 

have significantly changed after 10 years. That is possible because the peak period of de-

forestation took place during 1998 to 1999. Meanwhile, the land use change from agricul-

tural area into settlement area may also not be really significant as the limited suitable 

area for building construction. Moreover, as most of the people’s livelihoods are farmers, 

they prefer to keep their lands as agricultural lands instead of converting them into houses 

or other buildings.  

  

 
Figure 3.14: Landuse of Kejajar Sub-district based on the Rupa Bumi Indoneia generated in 1999 
  

 The dry land agriculture is the largest land use covering area of 4,712 Ha or 61% 

of Kejajar Sub-district’s area. In general, its agricultural commodities vary from corns (Zea 

mays), potatoes (Solanum tuberosum), Chinese cabbages (Brassica rapa), spring onions 

(Allium cepa), tobacco (Nicotiana tabacum), cabbage (Brassica oleracea), coffee (Coffea 

arabica), and rhubarb (Rheum officinale). According to the Bureau of Central Statistic of 

Wonosobo District (2009), potatoes and cabbages are still the most cultivated vegetables 

with areas reaching up to 2,591 and 2,041 Ha, respectively.  Figure 3.15 shows the agri-

cultural area in Kejajar Sub-district.  
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 The forest area of this Sub-district has a large area of 2,654 Ha situated mainly on 

volcanic slope to volcanic cone. This forest is mainly categorized as community based 

forest (hutan rakyat). Those forest areas are under authority of the state-run forestry com-

pany (PT. Perhutani) since 1961. The borderline between forest and agricultural lands are 

sometimes indistinct on some places causing conflict between PT. Perhutani and local 

farmers. Several years after the deforestation period in 1999, PT. Perhutani and local 

people made attempts to reforest some areas with Albasia (Albasia alcate) and 

Suren(Toona sureni). 

 

 
Figure 3.15: Intensive agricultural area surrounding the settlement area as a common feature in Kejajar Sub-
district 

 

3.2 Research design 
This study is an attempt to apply the fundamental concept of soil erosion risk management 

given in Figure 3.16. The main purposes in applying such a management cycle are to re-

duce the soil erosion rate as close as to the tolerable soil loss value and to prevent from 

the occurrence of a second cycle in which soil erosion is followed by catastrophic events. 

Thus, this study only considers the risk management cycle of soil erosion as an ongoing 

event. More detailed, the study is designed into four sequenced topics, as follows:   

1. Identifying and formulating the soil erosion problem in the study area 

2. Monitoring of soil erosion rate 

3. Soil erosion modelling  

4. Developing a scenario of conservation techniques for soil erosion risk reduction  

Figure 3.16 depicts those topics representing each step within the soil erosion manage-

ment cycle. 
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 The topic of identifying and formulating the soil erosion problem represents the 

conceptual analysis phase of the soil erosion risk management cycle. This topic was car-

ried out on the scale of the administrative area (Kejajar Sub-district). This section empha-

sises on conceptualizing the human-environment system of soil erosion. Based on that 

conceptualized system, descriptive analyses considering some critical variables were then 

discussed thoroughly.   

  

 
Figure 3.16: Main topics of recent study representing part of the soil erosion risk management cycle, risk 
analysis (1), risk assessment by monitoring (2) and modelling (3), and risk evaluation (4).  
 
 After discussing the soil erosion problem in Kejajar Sub-district, a monitoring 

phase was then conducted over field plot area. The plots were selected according to the 

variation of plant cover and conservation measures. This section is of critical importance 

for maintaining the following phase (the 3rd and 4th topic).  

 As monitoring soil erosion is both time and labour consuming, a soil erosion model 

can perform as a helpful measure in assessing the soil erosion rate. In this study, a physi-

cally based soil erosion model was applied as a substitute model of USLE. For that pur-
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pose, the Modified Morgan-Morgan-Finney model was coupled with FOSS SAGA-GIS. 

Relatively simple calibration was underlined in this applied model.  

 The work of conservation the scenario is considered as the first stage of mitigation 

phase. The main expected outcome of this section is to find the most beneficial land man-

agement on the field plot area. This section applied the system dynamic between soil ero-

sion rate, tolerable soil loss, erosion cost and cost-benefit of land management.  
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CHAPTER 4  

Understanding the soil erosion problem in Kejajar Sub-district 
based on the human-environment system approach 

 
 

 

4.1 Introduction  
As mentioned earlier in section 2.2.1., soil erosion has been occurring ever since the be-

ginning of the era of agricultural practices. In the case of Kejajar Sub-district, soil erosion 

is as old as the implementation of the agricultural system by the Hindu civilization in the 9th 

century (Speelman, 1979). Yet, the agricultural practices have been intensified rapidly due 

to the increasing number of population in this area. Therefore, it becomes one of the rea-

sons why population pressure can exacerbate the soil erosion risk in Java (Repetto, 

1986). Figure 4.1 shows an example of the expanding area of cultivated land on the slop-

ing to steep land in Kejajar Sub-district, which thereby can potentially increase the soil 

erosion rate.  

(a) (b) 
Figure 4.1: a) Agricultural practices using terrace-systems on the steep slope was already implemented during 
the colonialism era in 1910, b) the increasing population number inferred from a denser settlement has ex-
panded the cultivated land to the steeper land. (Source: http://kitlv.pictura-dp.nl and www.diengplateau.com).  
 

 Figure 4.2 illustrates some national mass media reporting the severe problem of 

soil erosion in Dieng complex, especially in Kejajar Sub-district area. Those news have in-

dicated that soil erosion becomes a serious environmental problem not only to the local 

authority but also as a national level issue. More importantly, such news provides actual 

information about the impacts of soil erosion, which has influenced continuously both envi-

ronmental sustainability and society. However, it is likely that solving such a soil erosion 

problem in this area cannot be carried out within a short period. The soil erosion problem 

in Dieng has been occurring as national issue since the last decade, yet the land degrada-
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tion and severe sedimentation have not decreased and are still of great concern for the 

mass media.  

 

 
Figure 4.2: Some Indonesian online newspapers reporting the continuous on- and off-site effects of soil ero-
sion problem in Dieng complex 
 

 Considering such a continuously acute problem, there must be complex variables 

that confound the soil erosion process in Kejajar Sub-district. It is hence not adequately 

explained as a mere linear cause-effect relationship between the increasing population 

number and the on-going erosion. In this sense, a comprehensive understanding on such 

a complex system is necessary as the starting phase of soil erosion risk management 

(Figure 3.16). This section is therefore carried out to achieve the first aim of this study, i.e. 

to identify and formulate the causing and driving factors behind the problem of soil erosion 

as well as its effects in Kejajar Sub-district based on a human-environment system ap-

proach. 

  

4.2 Methods 
In this section, an analysis was carried out on the basis of Kejajar Sub-district that repre-

sents i) the upper-area of Serayu Watershed, ii) the administrative area of Wonosobo Dis-

trict (Figure 3.1) and iii) a part of Dieng complex (Figure 4.3). Analysing the Kejajar Sub-

district in the scope of Serayu Watershed can provide a better understanding in describing 

the human-environment connectivity from the upper to the lower part of the watershed, 

especially the on- and off-site effects of soil erosion. Further, as the Kejajar Sub-district is 

administratively under the Wonosobo District, it has implications that every policy, pro-

gram, and budget dealing with managing the environmental problems in this area is 
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mostly derived from the Wonosobo District. It is hence of great interest to use the adminis-

trative boundary in this section. Finally, the Kejajar Sub-district is also considered a cul-

tural boundary of Dieng society (the Governor of Central Java Province Regulation No. 5 

Year. 2009 about the environmental management in Dieng complex) because the entire 

areas of this sub-district are inside the Dieng complex in which the tradition, belief and 

moral values of the people are specifically identified.  

 

 
Figure 4.3: Position of Kejajar Sub-district inside the Dieng complex (red coloured). In total, the Dieng complex 
area covers 101 municipalities of 18 sub-districts under administrative area of 6 districts of Central Java Prov-
ince.  
 
 
 In order to understand the complexity of soil erosion systems, this study imple-

mented two basic concepts, i.e. panarchy (Holling, 2001; Gunderson & Holling, 2002) and 

system thinking (Forrester, 1961)∗. The concept of panarchy performs as a platform for 

describing the evolving nature of soil erosion system. Because panarchy only provides a 

general insight, the concept of system thinking was used to address detailed connectivity 

of the human-environment components of soil erosion in Kejajar Sub-district. Both con-

                                                 
∗ cited in Richardson (1999/2011) 
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cepts were formulated based on the knowledge from earlier descriptions in section 2.2, 

2.3, and 3.1.  

Further, descriptive analyses were carried out for some variables included in the 

analysis results of system thinking. These analyses are of importance to identify any vari-

able that can relate to recent condition of erosion hazard, exposure, vulnerability and resil-

ience. The results of these descriptive analyses will show an overview of the qualitative 

erosion risk.  

 In order to support the analyses, various data were used in this study. They con-

sisted of daily rainfall data, soil data, contour maps, land use maps, and statistical data of 

population and education level. The contour and land-use maps were available in the 

scale of 1:25,000 derived from Indonesian topographic map (Rupa Bumi Indonesia) year 

of 2000. The soil data were derived from earlier studies and reports. Meanwhile, data on 

number of population and education levels are provided by the BPS Wonosobo.  

 During the fieldwork campaign, a social survey was carried out to derive some in-

formation about the land productivity, crop calendar, tillage system and farmer’s perspec-

tive towards soil erosion. For that purpose, the in-depth interview method was firstly car-

ried out and then followed by questionnaire techniques. Focusing on the in-depth inter-

views, the interviewees must have at least 20 years of experience in agricultural practices. 

Meanwhile, the questioners-based surveys were subsequently done for verifying the re-

sults of in-depth interviews. The surveys were sampled randomly by regarding the Kejajar 

Sub-district as part of Dieng complex that has a specific culture within the society.  

 
4.3 Results and discussion 
4.3.1 A conceptual human-environment system of soil erosion process 

4.3.1.1 Panarchy system of soil erosion  
Figure 4.4 illustrates the evolving system of soil erosion process in Kejajar Sub-district as 

the integration human and environmental system. This system was initiated with the vol-

canic activities in 10,000 BP that resulted in various volcanic products as mentioned in 

section 3.1.1. Since then, the andosol soil has been slowly generated under the tropical 

monsoon climate. According to the panarchy concept, the volcanic product represents the 

exploitation stage (r), while the soil formation can be considered as the conservation or 

accumulation stage (K). The resilience of the environmental system was high during the 

incremental transformation from the exploitation to the accumulation stage. At the final 

stage of K, the fertile andosols soil was available as an attracting and valuable resource to 

the human system, particularly for the agricultural practices. As a result, at this point the 
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environmental system was already in a fragile condition at which the system can start to 

collapse. 

 
Figure 4.4: Representation of the panarchy of erosion system in Kejajar Sub-district. The stars symbolize the 
agricultural period of the first civilization in 9th century to the colonialism era (1), the golden period of agricul-
ture in 1990 to 2000 (2), and the agriculture period from 2001 to recent (3).  
 
 The collapsing process (K to Ω) of the environmental system by agricultural prac-

tices can be specified into three sub-stages. The first sub-stage is the agricultural prac-

tices by the first civilization era in 9th century until colonialism era. During that era, soil 

erosion was likely low, occurring only on a small number of agriculture areas. This might 

happen since there were still few inhabitants and the agricultural practices were carried 

out only for fulfilling the family’s food demand. The second sub-stage is the golden period 

of agriculture in Kejajar Sub-district during 1990-2000 (SCBFWM, 2011). As the agricul-

ture production reached its optimum result supported with high market demands, farmers 

tended to intensify the agriculture practices regardless of the land suitability. That condi-

tion in fact intensified the soil erosion impacts. The society however ignored such impacts 

since the agricultural production could significantly increase their income. The last sub-

stage of the collapsing system by agriculture in this area is characterized by the high soil 

erosion rate with intensified impacts either on- or off-site agricultural areas.  

 The renewal phase (α) occurs as a response to the collapsed system. At this point, 

the local authority and part of the society become more aware about the impacts of soil 

erosion. Consequently, the system regains a higher level of resilience. This phase is indi-

cated with the establishment of TKPD (Tim Kerja Pemulihan Dieng) in 2007 as a govern-
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mental working group focusing on the environmental recovery programs for Dieng com-

plex. Although the transformation process from the phase of Ω to α is considered as a 

rapid change, but it has a high number of uncertainties (low connectedness). In other 

words, this transformation is a complex phase that endeavours to meet the human interest 

(high income from agricultural productivity) with a sustainable environmental system.  

 

4.3.1.2 System dynamic of soil erosion  
This section emphasizes on analysing the erosion system of three sub-stages in the col-

lapsing phase (Figure 4.4). By implementing the system thinking approach, the causal-

effect relationships between the physical and social factors of soil erosion (Figure 2.4) are 

visualized into graphics. In this approach, an arrow is used to show the relation between 

two interdependent variables. Additionally, the + (positive) and – (negative) signs are at-

tached nearby the arrow to indicate whether it is a positive or negative causal link. A posi-

tive causal link from variable A to variable B means that greater change in A will be fol-

lowed by a higher value in variable B. A negative causal link is shown when a change in 

variable A will change the variable B in the opposite direction.  

The first sub-stage is regarded as the period wherein the local people depend on 

the land resources for agricultural practices in order to provide food as a basic need (Fig-

ure 4.5). The cultural factors such as tradition and local wisdom in exploiting the nature, 

particularly for agriculture, are still strongly preserved in this phase. This phase is consid-

ered as a negative looping system in which fulfilling the food demand becomes the main 

purpose. This phase might happen when the number of population is low and land is still 

amply available. As the agricultural yield is sufficient to fulfil the food demand, agricultural 

intensification is then reduced or even stopped for a certain period (fallow condition). Con-

sequently, the causing factors of erosion such as soil erodibility and slope are not signifi-

cantly changed as well as crop vegetation and rotation. Thereby, the erosion rate is con-

sidered low on which the soil fertility remains in a good condition.  

The growing population and market demand characterizes the second sub-stage 

(Figure 4.6). Both parameters cause additional feedback loops to the system. Raising 

population numbers not only increases the food demand, but also economical interest and 

space demand. The economic interest is the resultant effect of market price and demand, 

and income from agricultural yield (positive causal link). Eventually, the market demand 

also determines the crop type and crop rotation that do not consider the rainfall intensity 

during the year. In the case of space demand, it can trigger deforestation activities obtain-

ing more arable land in which intensification of agricultural practices are also done.  
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Figure 4.5: Initial stage of human-environment system of erosion indicated with low population and strong cul-
tural factors as the main driving factors of soil erosion rate. 
   

 
Figure 4.6: Human-environment system of soil erosion with increasing population number and market demand 
as the main driving factors in altering soil erosion rate 

 
Figure 4.7: Human-environment system of soil erosion following by on- and off- site effects which increase the 
government’s awareness 
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 Variables of level of education and preservation of tradition and local wisdom show 

negative causal link with the land resources dependency and deforestation (Figure 4.6). 

When the society gains a better education level, the agricultural land resources depend-

ency and deforestation actions are not as high as the society with a lower education level. 

If the society can preserve tradition and local wisdom in their agricultural practices, the 

land resources may remain at the optimum level and reduce the soil erosion rate. In brief, 

the second phase of the human-environment system of erosion arises as a response to 

economic benefit derived from the agricultural sector. In this phase, any negative effects 

caused by the agricultural practices are simply offset by the tillage practices and additional 

fertilizers. In other words, the erosion rate is still in an “acceptable” rate based on the so-

ciety perspective. The environmental impacts are not considered as an important part in 

this phase. As a consequence, this phase depicts the soil erosion as a neglected process 

even though it occurs continuously in every year.  

 The human-environment system of soil erosion reaches to its final phase when the 

continuous soil erosion process causes significant on- and off- site effects (Figure. 4.7). 

The most affecting on-site effect is the decreased land productivity of the farming land, 

whereas the sedimentation is considered as a serious off-site problem for the water bod-

ies such as river, lake and reservoir. Additionally, the on-site effect has showed land deg-

radation symptoms that reduce cultivated land. The degraded land is in turn increasing the 

soil erodibility which then can accelerate the soil erosion rate.  

 Those soil erosion effects have increased the government’s awareness for the soil 

erosion problem. That awareness is actualized by establishing policies or programs of 

land conservation in the farming area. However, established policy and programs will only 

be properly enforced if there is a stable political situation, because an unstable political 

condition may trigger other environmental problems such as deforestation. In fact, at the 

same time, the government also sets up programs of agricultural intensification which may 

be contradictory with the conservation program. This final phase of human-environment 

system mostly corresponds to the soil erosion problem in Kejajar Sub-district since the 

year of 2001 until recent year.  

 

4.3.2 Descriptive identification of soil erosion’s factors and effects in Kejajar Sub-
district 

4.3.2.1 Farmers perspective on land productivity and soil erosion  

As noticed in section 2.2.2., soil erosion can potentially deplete the land productivity. Its 

evaluation however requires such a long period of observation. Moreover, it may become 

a rather complex task when other factors such as climate anomaly, seed quality, fertilizer 
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intensity and pests confound the productivity.  Hence, gaining information directly from the 

farmers may perform as an effective method in order to get an approximate value of land 

productivity caused by soil erosion over the past years.  

 In accordance to that purpose, six experienced farmers were interviewed to gain 

information not only about the land productivity but also on the general difference between 

the past and recent agricultural conditions in Kejajar Sub-district as well as the soil erosion 

impact on the environment. Three of those respondents are the chief of farmer group in 

Kejajar Sub-district. The following analyses synthesize the farmers’ perspective mentioned 

in Table 4.1.  
 
Table 4.1: results of in-depth interview in Kejajar Sub-district 
Interviewee Opinion 

Farmer 1  “Potato and cabbage are commonly found as favourite crops around Kejajar Sub-district. Po-
tato crop was introduced since 1973, while cabbage was introduced in the last 15 years ago. In 
general, recent potato yield does not give economic benefit anymore to the farmers. In many 
cases, if farmers invest totally IDR 50 million for the production cost of potato plantation, they 
will have IDR 20 million of debt after the harvesting time. Yet, they keep on cultivating the po-
tato continuously because i) they have a low educational background, ii) there are limited ar-
able areas, and iii) planting potato is simply an agricultural trend in this area. A number of 
farmers, who have realized the impacts of intensive potato plantation, attempt to cultivate the 
indigenous vegetation such as Carica. In Indonesia, this Carica only grows well in the Dieng 
complex from Wadas Putih, Parikesit, Jojogan, Patakbanteng, Kalilembu, Dieng Wetan, 
Siterus, Sikunang, Dieng Kulon and Sembungan.”   
 

Farmer 2  “Intensive potato cultivation in Dieng complex has exhibited some negative effects such as 
mud flow over the Dieng complex and the increasing sedimentation rate in Sudirman Reser-
voir. In the farmer’s point of view, potato yield can not give optimum results anymore. During 
1980’s, 1 ton of potato seeds could yield in 20 ton of potatoes. In contrast, at this time 1 tone of 
potato seeds only produce not more than 8 ton of yield although the farmers have imple-
mented intensive pesticide and fertilizer. Dieng complex has become really ‘sick’ in the last 10 
years. This condition is worsening because there is no agricultural commodity that is economi-
cally equal to the potato.” 
 

Farmer 3  “The agricultural system in Dieng was previously dominated by tobacco and garlic. Afterwards, 
in 1976-1977 there were farmers from West Java, who initiated to plant potato in Pakisan and 
Patakbanteng municipalities. Knowing that their attempt showed a promising yield, a number 
of people in Kejajar also cultivated that crop in their own field or by deforesting to make new 
agricultural land. The potato yield reached its golden age during 1985 to the late 1990’s, when 
the plant disease variety and erosion rate was not as high as recent conditions. During that 
period, 1 ton of seed could yield in 30 ton of potatoes, even though farmers only used local 
seed variants. Recently, farmers have exploited intensively their land by cultivating them three 
times in a year without fallow condition. The risk of potato cultivation is more evident on the 
steep land with such loose soil. It can adversely cause soil erosion, even mud flow hazard. 
However, farmers prefer to cultivate on sloping land because it has better drainage capacity. 
Since 1990’s until now, a number of visible damages can be observed distinctly such as land-
slides in the sloping land and soil loss, whereas the invisible impact is obviously depleting the 
soil productivity. Farmers have actually suffered economic losses due to high production cost. 
The worsening factor is that if the market price is lower than that of the potato’s production 
cost, i.e. IDR 3.000,-/kg. However, the potato’s price could also be high reaching up to more 
than IDR 5.000,-/kg. Potato may give optimum yield if it is planted once in a year at the end 
rainfall season from April to July. ”  

Continued 
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Interviewee Opinion 
Farmer 4  “The potato’s heyday in Dieng complex happened in 1980’s until 1996. But now the potato 

yield is considerably low. At the beginning of the plantation period, 100 kg of seeds could result 
in 1 ton of potatoes, but now only yield in 400-600 kg. Additionally, the use of fertilizers and 
pesticides was relatively low and their prices were still affordable for the farmers. Recently, 
even though the selling price is quite good reaching up to IDR 3.500, but production costs 
have also increased since the price of fertilizers and pesticides are significantly high. In that 
sense, the farmers in general have suffered economic losses. However, farmers still continue 
to plant potatoes due to limited number of choices. Moreover, the weather constraints, such as 
continuous rainfall events and strong wind, could cause considerable losses for the farmers.” 

Farmer 5  “Dieng farmers only cultivated tobacco before the introduction of the potato plant by the farm-
ers from West Java. At that time, farmers only planted tobacco once in a year and that was 
sufficient to meet the needs of the coming year. The earliest potato planting was in Patakban-
teng area. It gained the golden age from 1980’s to 1998. During that time, many farmers could 
go on hajj (as an indicator of wealth), approximately 40 hajj in Tieng. Initially, the agriculture 
rotation during a year was potato, cabbage and then fallow within one year. The use of urea 
fertilizer was only 300 kg Ha-1, but now the farmers use more than 1 ton Ha-1. Formerly, the 
farmers only used 300 kg of local seeds and resulted in 6 tons of potatoes. But recently, 1 ton 
of seeds only yielded in 5 tons potatoes. This depletion is caused by the intensive crop rotation 
during a year, i.e. potato, cabbage, potatoes without any fallow condition. Currently, plant 
pests and disease are also of great concern to the farmers.” 
 

Farmer 6  “Tobacco was initially planted as the main agricultural crop in Dieng complex. In the year of 
1974-1975, the potato crop was then introduced by farmers from Bandung (West Java). At that 
time, soil condition was at its optimum fertility. Potato yield therefore showed a good result and 
then the economical condition of Dieng society had become better. The potato yield reached 
its heyday during 1985-1998. After the Indonesian crisis in 1998, the potato price significantly 
declined. Due to that reason, the government established a credit program (Kredit Usaha Tani 
/ KUT) and gave access for farmers to cultivate the forest as arable land. Recently, the land 
tenants-farmers consider the soil conservation during the cultivation period to a lesser degree. 
Land tenant-farmers prefer to cultivate sloping land with an understanding that it has better 
drainage capacity, on which the potato can grow well, rather than that of the plain land. Along 
with the intensive agricultural system, the potato yield has recently been decreased in its pro-
ductivity. At the beginning of the potato cultivation period, 1.5 ton of seeds could result in 20 
tons of potatoes although the cultivation system was simple without intensive pesticide and 
fertilizer implementation. Currently, from 1.5 ton of seeds can only yield in 10 ton of potatoes 
with considerably high production costs.”  
 

 

 Long before the popularity of potato crop, tobacco was the most cultivated plant in 

Kejajar Sub-district (Farmer 3, 5 and 6). Farmer 5 mentioned that farmers only planted the 

tobacco once a year and could use that yield to fulfil their economic need for the next 

coming year. Since tobacco is a kind of vegetation that requires small amount of rainfall 

and a cool climate, most of the farmers only planted this plantation during the end of rain-

fall season until beginning of dry season period. In that sense, tobacco cultivation might 

not cause erosion rates as intensive as potato cultivation.  

 The interviewees also mentioned deliberately the track record of potato plantation 

in Kejajar Sub-district and adjacent areas. Farmers 1, 3, 5, and 6 confirmed that during the 

year of 1973 to 1976 the potato crop was initially introduced by farmers from Bandung, 

West Java Province. In that time, the soil condition was considerably fertile, which pro-

duced such promising potato yields. Since then, local farmers followed to cultivate potato 

crop. Initially, most of farmers only planted potato once a year with considerably low pro-
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duction cost (Farmer 3 and 5). Among the respondents, there was an agreement that the 

farmers reached optimum income resulted from potato yield during 1985 until the reforma-

tion era in Indonesia (around 1998). Potato productivity could reach as high as 20 to 30 

ton of potatoes from 1 ton of seeds.  

 A reverse condition occurred after late of 1998. All of the interviewed farmers as-

serted that farmers have been experiencing a number of difficulties in gaining the benefit 

from potato cultivation due to several reasons. First, soil fertility is already depleted since 

the farmers cultivate continuously the agricultural land even during dry season. In many 

cases, the farmers could plant potato crop three times a year without fallow condition 

(Farmer 3 and 5). As a consequence, the soil productivity is drastically decreased up to 

60% compared with the production in the golden age of potato plantation (1985-1998). 

Secondly, production cost has significantly increased such as the fertilizer, pesticide, and 

labour cost. Moreover, recent farming technique requires a different number of fertilizer 

and pesticide types to maintain agricultural production. Although the selling price may be 

higher than the standard price (IDR 3.000,-/kg), farmers can potentially suffer economic 

loss due to such high production costs.  

 Despite such an unprofitable situation, farmers keep cultivating potato as the main 

agricultural crop with some underlying reasons (Farmer 1, 2, and 4). First, the education 

level in this area is relatively low. Second, farming techniques tend to become a way of 

live in this area. Third, the arable land is limited and fragmented due to the increasing 

number of inhabitants. In that sense, agricultural intensification is a way to increase the 

productivity and agricultural income. Fourth, the farmers have no other option except to 

plant potato or tobacco as common agricultural commodity for their livelihood. It seems 

that they do not want to change their ‘tradition’ in planting potato before other farmers 

have shown a good result from other agricultural commodities. The last reason is that in 

the farmers’ point of view there are no other agricultural commodities that are economi-

cally equal to potato crops. For example, the potato’s selling price can reach up to more 

than IDR 5.000,-/kg in a certain period due to the high market demand.  

 Some of farmers also mentioned that such an intensive agricultural system, par-

ticularly potato plantation, in Kejajar Sub-district has triggered other environmental prob-

lems to surrounding areas (Farmers 1, 2, 3, 6). Those effects are another indication of the 

increasing rate of soil erosion such as, loss of soil fertility, flooding, landslides and rapid 

sedimentation rate in the Sudirman reservoir. It implies that the farmers actually under-

stand the impacts of intensive agricultural practices to the environmental system.  

 Concerning such an acute problem, important information was also given explicitly 

by the farmers about the alternative solutions to reduce soil erosion problems. Farmer 1 
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and 2 recommended cultivating the Carica (Carica papaya) instead of potato. Beside its 

low production cost and high market demand, this fruit only grows well in Dieng complex. 

More importantly, Carica does not require any intensive fertilizer and pesticide. Addition-

ally, Farmer 2 also has an overview about the benefit of tourism compared to agricultural 

practices for the Dieng society.  

  Information obtained from in-depth interviews was then verified by conducting a 

questionnaire survey with 73 farmers in Kejajar Sub-district. Verification questions were 

not only referring to  soil productivity but also to the economic benefit, capital source for 

agricultural, causing factor of agricultural failure, erosion impact and implementation of 

conservation. This section, however, only focuses on the perspective of soil productivity. 

The remaining data are analysed further in the next sections.  

Regarding soil productivity, a qualitative classification was used in the question-

naire survey, i.e. increasing, constant, or declining. That data is categorized as nominal 

data. Thus, the median value was simply used as analysis base in this section. According 

to the median value, it was confirmed that the soil productivity was constant. In other 

words, there was no difference between the recent and past agricultural yield. This result 

was slightly different compared to the in-depth interview results that confirmed the decline 

in soil productivity. The reason is that because the interviewees were not only potato 

farmers. Other plantations, such as tobacco, chilli, and spring onion, produce relatively 

constant yield in the study area. However, if the surveyed samples were grouped with re-

spect to initial cultivation year, the soil productivity has declined for the farm land culti-

vated before 1990. Meanwhile, the farm land cultivated after 1990 still produced constant 

agricultural yield.  

 

4.3.2.2 Economical interest 
Figure 4.6 highlights the factor of economic interest as one driving force of agricultural in-

tensification by which the soil erosion rate is mainly accelerated. This fairly becomes 

common reason among farmers to intensify potato plantation in Kejajar Sub-district, as 

figured out by the experienced farmers in Table 4.1. Farmer 6 mentioned that, at the be-

ginning stage, the potato plantation could provide better income to the farmers. In this 

sense, Farmer 5 described that when the potato reached its optimum yield and price, 

there were in average 40 people from Tieng that could go on hajj. This represents an 

wealth indicator in this area. Since then many farmers continue such agricultural activity 

more intensively to gain more economic benefit. In addition, there is special set of circum-

stances when the potato’s price could reach up to more than IDR 5.000,-/kg that can 

stimulate the farmers to do ‘speculatively’ agricultural practices.  
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 To confirm the farmers’ perspective on the economical interest factor, a simple 

question about the economical benefit of potato plantation was included in the question-

naire survey. Three alternative answers were provided, i.e. profitable, break-even, and not 

profitable. In order to obtain the central tendency of such ordinal data type, the median 

value was employed. According to 73 samples, farmers tend to experience break-even 

conditions from the agricultural yield. Although the result is different compared to the in-

depth interview, most of farmers have realized that planting potato in Dieng is not a profit-

able agriculture practice.  

In line with the perspective of economical benefit, information about the capital 

source for agriculture was also identified in the questionnaire survey. For this instance, the 

basic consideration is that farmers are in a higher vulnerability when they should get loans 

to provide a capital source. In this sense, information on capital sources is of great con-

cern as an indicator of farmers’ vulnerability. When the farmers could obtain the capital 

source from the agricultural yield, it indicates that potato plantation is still promising.  

  The questionnaire provided five options to identify the capital source for agriculture 

in Kejajar Sub-district, i.e. net agricultural income, saving, loan from the relatives, bank 

loan and blank option for other capital source beside the earlier mentioned. For further 

analysis both loan types were categorized into single class. Saving in more general terms 

can be derived from various sources. In the case of blank option, some interviewee men-

tioned their capital sources were from the side job (trading and labouring). It implies that a 

number of farmers should follow other side jobs to cultivate their new crop planting. The 

mode value was then calculated to represent the central tendency of such nominal data. 

The result showed that there were more farmers who use loans as capital source. 

Logically, farmers who highly depend on loans are likely to be more intensive in cultivating 

their land. They must get better result for repaying the loan and its interest. Contrastingly, 

there are many obstacles along the planting period from which the farmers could suffer 

considerable loss. In other words, most of the potato farmers are in a vulnerable condition. 

This is actually a common situation in Kejajar Sub-district and adjacent areas. According 

to this analysis, economical interest is no longer the main reason for farmers to keep 

planting the potato in their land.  

 

4.3.2.3 Rainfall variability and crop calendar 
Identifying rainfall variability overtime is a prerequisite to provide basic information of soil 

erosion occurrence in the study area. The daily rainfall depth data, which were observed 

with a manual rain gauge, are the only available rainfall data in Kejajar Sub-district and 

thus they should be used with care. Therefore, the rainfall depth should not only be shown 
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as range of minimum and maximum or average values, e.g. daily or monthly average val-

ues. Instead, calculating the cumulative distribution function (CDF) of daily rainfall data 

and the number of rainfall days are likely more effective in identifying the rainfall temporal 

variability, since it can obtain the empirical probability value for those parameters.  

 

 
(a) 

 
(b) 

Figure 4.8: Monthly cumulative distribution function of (a) daily rainfall depth and (b) number of rain days of 
Kejajar station based on 18 years observation period from 1980-1991, 1993-1997 and 2002 
 
 Intense rainfall within short duration may occur frequently during the year due to 

the orographic and convective rainfall characteristics in this region. A rainfall with 25 mm 
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hour-1 intensity, causing a significant soil erosion rate in tropical area (Hudson, 1998 cited 

in Morgan, 2005), is likely a common rate in this area. A single rainfall with 25 mm/hour 

intensity happening 1 until 2 hours may result in, at least, 20 mm of rainfall depth. 

Thereby, rainfall depth of 20 mm day-1 of rainfall depth was used as a base to analyze the 

monthly intensity.  

 The CDF of rainfall depth representing the rainfall intensity is shown in Figure 4.8a. 

January and February were considered the most intense months since their empirical 

probability of rainfall with more than 20 mm/day in January and February is as high as 

37%. It means that there are, at least, 11 days in January or 10 days in February may 

have rainfall depth more than 20 mm/day. Obviously, in the month of June, July, August 

and September, the empirical probability of rainfall more than 20 mm/day were only 1 to 

8% since all of them are considered as dry season.  

 Additionally, the CDF of the number of rain days was also analyzed. Assuming that 

50% of days within a month are rainfall days, this analysis used 15 days as a base to 

categorize the monthly intensity. The results showed that January, February, March and 

December have similar pattern. Their empirical probability of having rainfall events more 

than 15 days are above 90%.  

In the course of soil erosion, the results of both CDF analyses can be useful infor-

mation for i) determining the crop calendar and ii) evaluating the actual crop calendar 

conducted by the farmers. In this study, the CDF analysis is only purposed to evaluate the 

crop calendar by the farmers of Kejajar Sub-district. The basic concept is that months with 

high rainfall amount and intensity should not be used for such an intensive agricultural 

practice, otherwise more erosion will occur.  

 

 
Figure 4.9: Severe erosion feature on a potato field harvested in February  

 

According to the survey result of 73 farmers in Kejajar Sub-district, 65% and 70% 

of them do farming activities during January and February, respectively. It implies that the 
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erosion can significantly be accelerated during this period. Figure 4.9 shows severe ero-

sion on a potato field which was harvested in February.  

 

4.3.2.4 Soil erodibility vs. tillage intensity 
The soil erodibility level depends strongly on the aggregate stability, as noted in section 

2.3.2.2. Based on the soil sampling in Dieng Mountain Complex and Sindoro Volcano 

slope (section 3.2), soil texture in this area varies from sandy loam to loamy sandy. This 

kind of soil in fact has low aggregate stability that causes such erodible soil. Such a poten-

tially high erodibility can amplify the soil erosion hazard if intensive soil tillage is con-

ducted.  

 

 
Figure 4.10: Tillage practices for potato planting in Kejajar Sub-district  
 

 Potato crop, as the most agricultural commodity in Kejajar Sub-district, requires in-

tensive tillage practice during its planting time. Throughout the in-depth interview, Farmer 

3 and 6 described the planting procedure of potato crop in detail. The manure and basic 

fertilizer, such as TSP and NPK, are initially distributed and mixed over the soil surface by 

using traditional hoe (Figure 4.10a). At the same time, the seeds are planted along the 
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slope direction (Figure 4.10b). At this state, soil surface is completely in bare condition, 

which actually increases the soil erosion hazard. After 15 until 20 days, the soil is tilled 

and raised into ridges with furrows in between. This is made to hold up the newly growing 

potato crop and to maintain the soil drainage. The weeding is also done during this period. 

The same procedure will be carried out after another 20 days.  

In that sense, tillage practice over agricultural land, particularly for potato crop, has 

loosened the soil aggregate. Such loose soil can be easily detached and transported 

along the hill-slope. Hence, it is more evident that the soil erosion hazard over Kejajar 

Sub-district is potentially high due to the consequence of low aggregate stability and con-

tinuous tillage practice.  

   

4.3.2.5 Slope vs. cultivated land area 
As mentioned in section 3.1.5, agricultural land in Kejajar Sub-district cover 61% of the to-

tal administrative area. From that area, 91% are situated on strongly sloping up to very 

steep slope (Table 4.2). In fact, intensive agricultural practices over sloping areas can 

bear consequences to the high potential of erosion hazard. In addition, when farmers tilt 

the soil in the same direction as the slope, it will not only increase the water erosion haz-

ard but also initiate so-called tillage erosion, as illustrated in Figure 4.11a.  
 
Table 4.2: Distribution of slope percentage over the agricultural area in Kejajr Sub-district 

Slope classes (%) Slope categories Area (Ha) Percentage (%) 

0 ≤ 1 (1) Flat to nearly level 112 2 
1 ≤ 5 (2) Very gently sloping to gently sloping 110 2 

5 ≤10 (3) Sloping 197 4 

10 ≤ 15 (4) Strongly sloping 311 7 

15 ≤ 30 (5) Moderately steep 1055 22 

30 ≤ 60 (6) Steep 1578 33 

> 60 (7) Very steep 1348 29 

 

Farmers do not consider steep slope as an obstacle. They prefer to cultivate steep 

land compared to a flat area. According to their understanding, potato crop only reaches 

its optimum yield in steep land, which has good drainage capacities (Farmer 3).  

To adapt such extreme slope, farmers implemented a bench terrace system 

(4.11b). To construct a bench terrace system over a large agricultural area in Kejajar Sub-

district, alarge amount of soil was disposed of by which the sedimentation problem in the 

down-stream area was initiated. Additionally, the bench terrace system is not always suit-

able for such sloping land. It can initiate other hazards, such as land slide (Figure 4.11c).  
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Figure 4.11: Example of soil tillage by a farmer on a steep agricultural land (a), common feature of bench ter-
race system in agricultural land of Kejajar Sub-district (b), and a bench terrace’s failure on an agricultural land 
with more than 45o of slope (c).  
 

4.3.2.6 Level of education 
According to Farmer 1 (Table 4.1), the relatively low level of education is one factor that 

limits the livelihood options in Kejajar Sub-district. Although agriculture did reached its op-

timum yield (20-30 years ago), it was evident that most of the farmers only invested their 

income into agriculture practices or the like instead of investing their money to improve the 

education of their children. Consequently, most of the local people only rely on the farming 

practice (Figure 3.13). It is in accordance with education level data derived in Table 4.3. 

Among 34,006 people who are older than 10 years old in Kejajar Sub-district, only 6% and 

1% have graduated from high school and higher education, respectively. Most of the local 

people only graduated from the elementary school. In this sense, the community resilience 

of this area is relatively low since they are too dependent on natural resources for their 

livelihoods.  

 
Table 4.3: Education level in Kejajar Sub-district 

Education level Number of people (>10 years old) Percentage 
(%) 

Elementary school 18,483 54 
Junior high school 3,481 10 
High school 2,055 6 
Higher education 347 1 
Not/not yet graduated from elementary school 8,191 24 
Illiterate 1,449 4 
Total 34,006 100 

Source : BPS, Wonosobo (2009) 

 

 Low education level among the farmers in Kejajar Sub-district is potentially corre-

lated with farming technique. It is likely that the farmers only cultivate their land based on 

their experience with less consideration to the environmental sustainability. This is actually 

another factor than can exacerbate erosion risk in Kejajar Sub-district. 
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4.3.2.7 Political stability vs. deforestation 
Political stability at national and local level somehow played as one of important factor in 

increasing soil erosion risk. During reformation period in 1998, there was a serious defor-

estation problem in Wonosobo District, particularly in Kejajar Sub-district. In order to gain 

general chronology of deforestation problem in Wonosobo district, the interview results 

with the chief secretary of regional governance of Wonosobo District is mentioned as fol-

lows;  

 

“It was initiated right after the fall of Soeharto regime. Consequently, it caused a 
lack of control from the central government. Moreover, most of the people felt the 
euphoria of democracy. At the same time, the law enforcement was too weak be-
cause of authority absentia in the special autonomy region. Since then, deforesta-
tion and looting in both Northern and Southern Region of Perhutani were consid-
erably intensive. The momentum happened during 1998 to1999. When thelocal 
authority attempted to restore the condition, it was quite difficult to do since among 
the looters there were real poor people who tried to survive and ‘elite’ groups who 
took considerably large volumes of wood.” (Fahmi Hidayat, 2011, personal com-
munication) 

 

 It is obvious that deforestation reduces the canopy and thereby increases soil ero-

sion hazard. Moreover, part of the deforested area was then cultivated as agricultural 

area. Figure 3.3d depicts the cultivated area right at the cone depression of Mount Paku-

waja. As an indicator, bench terraces on the crater wall are still visible. This area was also 

deforested during the chaotic period in 1998-1999. Deforestation is however inversely re-

lated to the education level and preservation of tradition and local wisdom, as illustrated in 

Figure 4.6.   

 
4.3.2.8 Preservation of local wisdom and tradition in land management and con-

servation practice  
As mentioned by the experienced farmers in Table 4.1, recent agricultural practices in Ke-

jajar Sub-district always attempt to produce maximum yield by planting the crop three 

times   a year with an extra amount of fertilizer and different kind of pesticide or other vi-

tamin. In contrast, the yield tends to decline due to the reduced soil fertility. This condition 

may not happen if the farmers consider and preserve the tradition. For example, the po-

tato crop was introduced approximately 30 years ago and at the early stage it was only 

planted once a year. Thus, the agricultural practice could produce optimum yield. 

 In some places in Kejajar Sub-district, the farmers actually still preserve tradition in 

conserving their field against the soil erosion hazard. They use stones to protect the ter-

race risers (Figure 4.12). Those stones can be easily found around the Dieng Mountain 
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Complex (Figure 3.2). This implementation is regarded as a local wisdom in term of soil 

conservation.  

 

 
Figure 4.12: Indigenous soil conservation technique using stones to cover the terrace risers. (Photo: Setiawan, 
2009) 
 

4.3.2.9 The sedimentation problem 

 
As the position of Kejajar Sub-district is located on the upper stream of Serayu Watershed 

system, most of the eroded soil from the agricultural land in Kejajar Sub-district will be 

transported and deposited into Sudirman Reservoir. This is regarded as one of the off-site 

effects of soil erosion. According to the hydrometric data from 1956-1981, the 80% capac-

ity of the Sudirman Reservoir will be filled by sediment within 38.5 years after its impound-

ing time in October 1988 (Soewarno & Syariman, 2008). However, Soewarno and Syari-

man (2008) estimated that by the year 2014 - 13 years earlier than the predicted life time 

– Sudirman Reservoir will already reach 80% of its capacity due to the accelerated sedi-

mentation rate. This estimation is in line with Indonesia Power (2009) who confirmed that 

based on their sediment measurement, the sediment already occupied 61.62% of the res-

ervoir’s capacity. Figure 4.13 depicts the annual observation of the sedimentation rate in 

Sudirman Reservoir.  
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Figure 4.13: Monitoring of the sedimentation rate in Soedirman Reservoir (Indonesia Power, 2009) 
 

Other off-site effects may occur due to the accelerated soil erosion in Kejajar Sub-

district. Figure 4.13a illustrates the sedimentation along the river in the lower stream of 

Serayu Watershed. Eventually, it could cause flooding around the river area. Meanwhile, 

the Cebong Lake in Sembungan Municipality also experienced sedimentation problems 

caused by the intensive agricultural practice from its surrounding area. To restore the 

lake’s capacity, the local government spent one millions rupiah for dredging the sediment 

from the lake in 2009 (Figure 4.13b). In addition, the eutrophication problem (Figure 4.13c) 

has become a serious problem in the Sudirman Reservoir because it can disturb the gen-

erator system and also accelerate the sedimentation rate.  
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Figure 4.14: off-site effects of soil erosion can occur as (a) river sedimentation, (b) sedimentation in Cebong 
Lake (Sembungan Municipality), and (c) eutrophication indicated by the excessive growth of enceng gondok 
(Eichhornia crassipes). Photos a and b by Setiawan, 2010 and c by Aris Adrianto, 2011. 
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CHAPTER 5  

Monitoring of soil erosion rates for different land uses, crop types 
and conservation measures in Kejajar Sub-district  

 
 

5.1 Introduction  
In this study, two main questions should be initially addressed before measuring the soil 

erosion rate. The first question is in which analysis scale the monitoring should be carried 

out? Secondly, what kind of monitoring technique can be appropriately applied in the 

study area? Indeed, the answers strongly depend on the research objective, as mentioned 

before in section 1.2 and 3.2, which is to assess the soil erosion rate over different land 

uses, crop types and conservation technique in Kejajar Sub-district. 

Erosion measurement in a catchment scale may not be appropriate to meet the ob-

jective. It is because such a measurement will only give a total sediment accumulation at 

the catchment’s outlet. Therefore, erosion rate under specific criteria cannot be informed 

in this scale.  

In order to measure such detailed information, a field plot measurement can be the 

most appropriate analysis scale. Moreover, a field scale is the most appropriate unit for 

implementing the conservation technique. It is in accordance with Morgan (2005, p. 247) 

who stated that: 

“At the most basic level, the effective watershed is a farmer’s field, and with the in-
creasing emphasis on agronomic methods of erosion control this seems the most 
appropriate unit at which to operate. “ 
 

Indeed, the farmer is the decision maker whether or not the conservation method will be 

implemented over their field area (Barbier, 1990).  

Focusing on the technique of soil erosion measurement at the field scale analysis, 

there are at least three common alternatives, as mentioned earlier in section 2.3.1, which 

are erosion reconnaissance, application of radionuclide and runoff-sediment plot observa-

tion. The reconnaissance method is sometimes disturbed by the tillage practice. Whereas 

using the radionuclide technique requires extra budget in order to analyse the result. 

Moreover, the study area has been intensively cultivated over three decades. In addition 

the terrace system constructed with 1-2 meters high has declined the commonly used ra-

dionuclide (137Cs, 210Pb, and 7Be) on the soil surface. As the last option, it is likely that the 

runoff-sediment plot is the more efficient and effective technique to measure the soil ero-

sion rate in this study.  
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As mentioned in section 3.1.5, there are two main land use types in Kejajar Sub-

district, i.e. dry land farming and forest. Therefore, monitoring the soil erosion over those 

two land uses will represent a first result to meet the main objective, which is to monitor 

the soil erosion rate over different land use types in the study area.  

The next objective is to monitor the soil erosion rate over different agricultural crop 

and conservation method. Potato and cabbage crop are the main targets to be observed 

since both are the most cultivated crop in Kejajar Sub-district (section 3.1.5). In addition, 

the indigenous plant in Kejajar Sub-district should also be monitored. In terms of conser-

vation, it is of great interest to compare the erosion rate between a land with no conserva-

tion, soil conservation by local wisdom practice, and standardized conservation technique. 

Fortunately during this study, there was a conservation program run by the local authority. 

Thus this monitoring study focussed on a number of field areas that meet these criteria: 

i.e. forest, common agricultural crop, indigenous crop, field with no conservation, field with 

local wisdom conservation, and standardized conservation method by the government.  

 

5.2 Material and Method 
Erosion monitoring was carried out on five natural rainfall runoff plots within the Kejajar 

Sub-district area. Those plots were then named according to the municipality name in 

which the plot was located, i.e. Buntu, Surengede, Tieng, Parikesit and Sembungan. The 

plot’s dimensions were relatively different to one another because this study attempted to 

preserve the natural condition of the readily available land use and conservation practices. 

However, finding the ideal plots, which correspond to the objective, was in fact a challeng-

ing task because it requires a good personal approach to the farmers. The positions of the 

monitored plots are depicted in Figure 5.1.  

In order to observe the dynamic of soil erosion rate especially on the agricultural 

crop, it should consider the crop growth from the seedling up to harvesting time. Thus, the 

study endeavours to monitor the erosion process during one agricultural season (more or 

less 90 days). The monitoring campaign took place in rainfall season between January un-

til April 2010.  

In principle, this study required two main instrumental sets to monitor the soil ero-

sion rate in every field plot. The first instrument was a set of weather stations and the sec-

ond one was the storage tank. Both types of equipment were installed prior to the monitor-

ing campaign. This study intentionally used relatively low budgets and simple equipment 

in order to show to the local authority and farmers that measuring the erosion is simple 

and affordable.  
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Figure 5.1: Position of the natural rainfall runoff plots and the automatic weather stations in Kejajar Sub-district 

 

One automatic weather station and one automatic rainfall station were installed 

nearby the plots location. Both stations were used together to reduce the rainfall variation 

due to the orographic and convective effect, as discussed in section 3.1.3. An Alecto WS-

4000 (Figure 5.2c) was installed to monitor the rainfall in Tieng, Surengede, Parikesit and 

Sembungan. Another automatic rainfall station was equipped for Buntu plot, since this plot 

was located relatively apart from other plots. Both stations were adjusted to record the 

rainfall event in every 10 minutes.  

The storage tanks were simply created from oil drum with 56.5 cm of diameter 

(Figure 5.2a). They have approximately 200 liter of capacity for the big drum and 75 liters 

for the smaller one. To increase the storage capacity, some spill flow dividers were made 

at the top of drum surface. Each drum was levelled properly to make sure that the spill-

flows were in the same height (Figure 5.2b). Afterwards, the drums were set into sequen-

tial position. The second drum should be placed lower than the first drum, thus the water 

and suspension could flow downward to the last drum that has no divider on it. The total 

volume in each drum was the volume inside the drum multiplied with the divider number 

from the upper drum.  
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Figure 5.2: The storage tank preparation and weather station in the study area 

 

Another crucial issue in monitoring the erosion rate over the observed plots is how 

to make sure that all of the runoff can flow to the outlet. For this purpose, this study fol-

lowed the work of Bruijnzeel et al. (1998) and van Dijk (2002) using the Non-imposed 

Boundary Erosion Plot (NBEP), as mentioned in section 2.4.1. In this sense, the plot 

should represent a catchment dimension. In some plots, a plastic layer was used to create 

ditches that can direct the runoff toward the storage tank. More detailed descriptions about 

the plots are described as follows 

The first plot was Surengede plot. This plot represents the common agricultural 

type in Kejajar District. The farmer planted potato crop at this site. The potato had been 
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planted for two weeks when the erosion monitoring campaign was initiated. This agricul-

tural field has area of 1,132 m². The slope is 72% categorized into very steep (>60%). Due 

to such a steep slope, it was likely that this field potentially had high erosion hazard. 

Though this field implemented the bench terrace system, but the terrace beds face the 

same direction with the slope. Since then, it was decided not to monitor the whole field 

area, but only part of the field instead. The plot was then limited to 50 m² of the terrace 

bed that nearly shaped a rectangle. Such a small plot was made with regards to the ca-

pacity of the storage tank. More importantly, the dimension of such a small plot size was 

to avoid mass movement caused by a blocked channel from the plot construction. To 

channel the overland flow and sediment suspension into the storage tank, this plot used 

aluminium plates along the lower part of the plot. Three storage drums were installed se-

quentially at the outlet of the plot.  

 

 
Figure 5.3: Surengede plot representing common agricultural practice in the study area (Photos: Setiawan, 
2010) 
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The next plot was Buntu plot that was selected as an appropriate example of con-

servation technique proposed by the government. Similar with the crop of Surengede plot, 

Buntu plot was planted with potato crop. The implemented conservation was a combina-

tion between a mechanic and a vegetative conservation technique. For the vegetation 

technique, grass was planted right at the lower part of ridges. A number of trees were also 

planted in this field, in order to change the agricultural crop into tree plantation. The slope 

is moderately steep 16.5% with South-western ward direction. The hedges and furrows 

were constructed with East-West direction. Every ridge has a length of about 2.5 meters in 

average. Between the ridges and furrows site, some ditches were made toward the slope 

direction. Three drums were set as storage tanks at the South-western of the outlet point.  

 

 
Figure 5.4: The Buntu plot as the governmental project with mechanical and vegetative conservation meas-
ures 

 

To represent the indigenous agricultural crop, this study observed the Carica pa-

paya field in Parikesit municipality. This plan has been cultivated since the last two years. 

While the Carica was just planted, the farmer cultivated chilli crop. During the observation 

period, the chili crops were still growing but it produced less yields since the carica canopy 
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was covering them. The field plot has area of 1,793 m² with Southward slope aspect. The 

farmer implemented a bench terrace using stone on its risers. Two drums were placed in 

this plot (Figure 5.5). The farmer does not do any intensive soil tillage in this field. The 

carica is harvested more or less every ten days. 

 

 
Figure 5.5: Parikesit plot with carica plantation 

 

The Tieng plot represents the local wisdom of agricultural plantation. The farmer 

implemented a bench terrace using stone on its riser. The field slope is 70.5% with South-

eastern slope direction. However, the terrace beds are nearly flat. The farmer of this agri-

cultural field always considers the crop calendar. Therefore, the farmer does not cultivate 

potato crop during the peak of the rainfall season. At the upper field, the farmer cultivated 

tomato covered with plastic mulch. The red bean was planted in the middle part and cab-

bage at the lower part (Figure 5.6). During the plantation period, the farmer reduced the till 

practices. Since then the grass grew over the terrace riser and around the crops. The 

drums were positioned on the North-eastern site as the plot’s outlet.  
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Figure 5.6: Tieng plot represents the local wisdom in conserving the land 

 

The last plot was Sembungan plot representing the forest area. Instead of making 

arectanglular plot, in this study it was preferred to maintain the natural shape of the slope. 

In that sense, a small catchment size (220.5 m²) was constructed by using a plastic mulch 

to channel the sediment from the plot. This plot has 89% of slope steepness facing to 

North-western direction. The vegetation is Sureni and Bintami covered by grass on the soil 

surface.  
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Figure 5.7: Sembungan plot located in the forest area 

 

To support the analysis result, a soil survey was also conducted during the obser-

vation period. Soil sampling was carried out in each plot to identify the general character-

istic of the soil, i.e. moisture content, soil texture, permeability, carbon percentage, organic 

material, pH, N, P, K, porosity, bulk density, and specific density.  

 

5.3 Result and Discussion 
5.3.1 Rainfall data 
Figure 5.8 shows the rainfall data of ARR and Alecto weather station. The ARR was em-

ployed from 14th January until 9th April 2010, while the Alecto WS recorded the rainfall 

from 10th February until 14th April 2010. The highest rainfall daily event (109.8 mm) was 

observed by the Alecto WS on 1st April. On the same day, Buntu only had 9 mm of rainfall 

recorded by the ARR. This explains the high variation of rainfall distribution in the study 

area, as previously mentioned in section 3.1.3.   
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Figure 5.8: Rainfall data of ARR and Alecto weather station 
 

In the case of rainfall duration, there is a slightly different value in Alecto WS and 

ARR. There was no rainfall event observed lasting for  more than 2.5 hours in Buntu area, 

whereas in Tieng it was quite common to find rainfall events that lasted longer than 2.5 

hours. For instance, a good comparison rainfall day is on 26th February. In Tieng there 

was 31.8 mm rainfall during 190 minutes, while in Buntu 48.50 mm were recorded during 

a shorter duration of only 90 minutes. According to that example, the average rainfall in-

tensity in Buntu reached up to 32.3 mm hour -1 with 93 mm hour -1 at the peak intensity. 

Meanwhile, in Tieng the average rainfall intensity was 13.3 mm hour -1 with 18.3 mm hour -

1 as the peak intensity.  

   

5.3.2 Soil characteristic 
According to the laboratory analysis (Table 5.1), all of the plots have sandy loam soil ex-

cept for the Buntu plot, which is loamy sandy. Either loamy sand or sandy loam has low 

clay content, thus the soil aggregate level is also low. The sand percentage in the Buntu 

plot is relatively higher (81.57%) compared to others since it is situated right in the lahar 

flow area of Sindoro Volcano, which is dominated by sand material (section 3.1.1).  

All of those soils show high specific gravity (more than 2 g/cm³) characterizing the 

volcanic soil type. However, soil in Sembungan plot has the lowest specific gravity (1.52 

g/cm³). It implies that a part of the top soil layer of Sembungan plot is filled with light sub-

stance such as decomposed organic material from the forest vegetation and microorgan-

ism.  

 



 105

 

 
Table 5.1: Physical characteristic of soil in the plot areas 

Plot Soil texture 
Soil moisture 

(%) 

Specific gravity 

( ton m-3 ) 

Bulk density 

(ton m-3) 

Buntu Loamy sand 44.9 2.33 1.1.8 

Surengede Sandy loam 43.0 2.15 1.03 

Tieng Sandy loam 57.7 2.08 1.00 

Parikesit Sandy loam 70.05 2.04 1.05 

Sembungan Sandy loam 130.2 1.52 0.53 

 

5.3.3 Observation of sediment and runoff volume 
The first constructed plot was the Buntu plot on which the standardized conservation by 

using governmental incentive was applied. In total there were seven sediment observa-

tions in this plot. The first observation was conducted after one month potato seedling 

(14th January). As a consequence, the drums could not store all of the water and sediment 

during that period (30 days). However, most of the suspension was trapped inside the 

drums. Thus, in this period only the sediment can be used as observation result, while the 

runoff volume was then neglected since part of it was already spilled out from the drum.  

Immediately after the potato seedling, the soil surface was left uncovered (Figure 

5.4c). The potato started to grow up to 10 cm after 2 weeks. Meanwhile the grass and 

trees, for conservation purpose, were also newly planted. Hence, during the first observa-

tion month this plot could be considered as bare land. In total, the Buntu plot exhibited 

2,398.57 kg of sediment during the observation period from 14th January until 6th April 

2010 (83 days). The total rainfall was 1,350 mm with 67 rain days. As the bare condition 

within the first month, the soil loss was quite significant up to 1,237.4 kg (Table 5.2). In 

addition to the bare soil surface, the tillage practice for strengthening the ridges has also 

weakened the soil aggregate. The farmers tilled the plot on 27th until 28th February when 

the potatoes already grew approximately 15 cm high and between 9th until 10th March to 

add more soil on the hedges.  

There were some anomalies during the observation period. The sediment content 

in the 4th and 5th period was relatively low, despite the high runoff volume (more than 

2,000 litres). In other words, both sediment values were inversely correlated with the run-

off volume in those observation periods. In contrast, the remaining observation value al-

ways showed a positive correlation between the sediment and the runoff volume (Table 

5.2). In this sense, there must be a changing condition on the soil surface layer. The most 

probably reason is due to the crusting and sealing process on the soil surface (Morgan, 

2005).  
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Table 5.2: Observation results of sediment and runoff in Buntu Plot 

No 

Starting 
- 

Sampling 
date 

Drum 
code 

Effective 
Volume 

(l) 

Sediment 
Suspension 

(g/l) 

Sediment 
load 
(kg) 

Total 
Sediment  

(kg) 

Runoff 
Volume  

(l) 

1 14-Jan A 58.9 1001.6 59.0   
 14-Feb B 365.9 998.2 365.2   
  C 1724.1 471.7 813.2 1237.4 *** 
        

2 14-Feb A 58.9 991.1 58.4   
 21-Feb B 365.9 125.8 46.0   
  C 1032.4 10.7 11.0 115.4 1407.6 
        

3 21-Feb A 58.9 20.8 1.2   
 24-Feb B 365.9 7.7 2.8 4.0 423.0 
        

4 24-Feb A 58.9 69.4 4.1   
 1-Mar B 365.9 22.9 8.4   
  C 1734.1 14.2 24.6 37.1 2133.0 
        

5 1-Mar A 58.9 37.4 2.2   
 7-Mar B 365.9 15.3 5.6   
  C 1724.1 3.0 5.2 13.0 2143.3 
        

6 7-Mar A 58.9 1189.8 70.1   
 16-Mar B 365.9 864.3 316.2   
  C 1724.1 27.1 46.7 433.0 1963.0 
        

7 16-Mar A 58.9 742.7 43.7   
 22-Mar B 365.9 315.5 115.4   
  C 1403.3 12.4 17.4 176.6 1752.3 
        

8 22-Mar A 58.9 1192.4 70.2   
 6-Apr B 365.9 743.7 272.1   
  C 1734.1 22.9 39.7 382.0 1994.9 

 
 Considering all of the erosion’s causing and triggering factors, i.e slope, soil, rain-

fall and human influence, Surengede plot exhibits the highest soil erosion hazard among 

other plots. The farmer tilled the field plot in order to strengthen ridges on 25th February. In 

total, there were 66 days observation period with 8 times samplings. Accidentally, the 

drum installation was broken due to a slide process on 6th March (Figure 5.9). There were 

three rainfall events during that day. One of the events reached up to 57.3 mm lasting in 

more than 4 hours with 44 mm hour-1 of peak rainfall intensity. Table 5.3 shows the sedi-

ment and runoff volume of Surengede plot.  
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Figure 5.9: Storage failure on Surengede plot due to the heavy rainfall and excessive sediment rate 

 

Table 5.3: Sediment and runoff volume of Surengede plot  

No 

Starting 
- 

sampling 
date 

Drum 
code 

 

Effective 
Volume 
(liters) 

Sediment 
Suspension 

(g/liters) 

sediment 
load 
(g) 

total 
sediment 

(kg) 

Runoff 
Volume 
(liters) 

1 8-Feb A 58.9 171.9 10.12   
 18-Feb B 548.8 5.3 2.91 13.0 601.6 
        
2 18-Feb A 58.9 87.9 5.19   
 20-Feb B 548.8 2.4 1.32   
  C 35.1 0.4 0.01 6.5 639.7 
        
3 20-Feb A 58.9 448.4 26.41   
 23-Feb B 548.8 25.0 13.72   
  C 87.7 1.8 0.16 40.3 693.0 
        
4 23-Feb A 58.9 851.4 50.14   
 1-Mar B 548.8 616.1 338.11   
  C 105.2 1.3 0.14 388.4 532.3 
        
 7-Mar Collapsed      
        
5 8-Mar A 58.9 186.5 10.98   
 16-Mar B 548.8 7.1 3.87 14.9 600.8 
        
        
6 16-Mar A 58.9 25.3 1.49   
 27-Mar B 522.5 1.0 0.52 2.0 580.4 
        
7 27-Mar A 58.9 91.3 5.39   
 6-Apr B 654.0 4.5 2.94 5.4 710.4 
        
8 6-Apr A 58.9 1.2 0.07   
 16-Apr B 150.4 0.3 0.05 0.1 209.2 
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Total sediment in Surengede plot reached as high as 470.6 kg. Meanwhile, the av-

erage runoff volume was 12.1% from the rainfall. The 1st, 2nd and 5th samplings showed a 

proportional correlation between the runoff and total sediment compared to others sam-

pling. More than 20% of rainfall became runoff in the 3rd and 4th sampling, which were 

higher compared to others. Runoff will increase as most of the soil layer is saturated. In 

that sense, the soil condition was relatively more saturated during both sampling periods. 

The more saturated the soil is, the weaker the soil aggregate can be. Such a weak soil 

aggregate condition will be more susceptible to erosion. In fact, the accumulated sediment 

in the 3rd and 4th sampling were relatively high although the rainfall was lower and the run-

off volume was nearly the same with most of the sampling periods. The sediment in the 3rd 

observation was as high as 40.3 kg or equal to 0.8 kg m-². Meanwhile, the sediment in the 

4th sampling was 388.4 kg or equal to 7.8 kg m-². This extreme value was caused by the 

tillage practice on 25th February.  

 The last three observation samplings showed different responses to the total ac-

cumulated sediment. The sediment in the 7th observation showed much less sediment by 

factor of 5, even though the runoff volume was nearly the same with the 1st and 2nd obser-

vation. Likewise, the 8th observation sampling supposed to had higher sediment due to the 

heavy rainfalls event on 30th March and 1st April, i.e. 60.9 and 109.8, respectively. But in 

fact the total sediment during this observation sampling was only 5.4 kg. It implies that the 

transport capacity is high but there is less material to be transported. In other words, dur-

ing this observation represents a material limited process. This can be caused by the 

crusting formation on this sandy loam soil.  

The next observed plot is Tieng plot representing the agricultural field with imple-

mentation of local wisdom in its conservation. There were six observation samplings for 

this plot (Table 5.4). More importantly, the conditions before and after the harvesting time 

must be analysed separately due to the changing of ground cover and vegetation cover.  

Tieng plot produced 7.2 kg of sediment during the observation time or equal to 0.1 

kg/m2. Such a low soil loss rate is more because of low runoff volume over the plot. In 

fact, 94.6% of the total sediment was produced in the 5th observation in which the harvest-

ing period was initiated. The farmer cleared all grass on the field plot exposing the soil sur-

face from the rainfall. In average, there was only 0.3% of the rainfall became runoff.  

Such low runoff and soil loss in this plot indicates the effectiveness of the imple-

mented conservation. The bench terrace reduces the slope length. Moreover the terrace 

bed is plain. The embedded stone on the terrace riser significantly reduces the erosion 

right on the terrace riser, on which higher erosion rate can take place when it is left as 

bare soil (Van Dijk, 2002). The grass growing on the terrace riser also dispersed the runoff 
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from the upper terrace bed. This is also another reason why the runoff volume in this plot 

was relatively low. 
 
Table 5.4: Observed runoff and sediment of Tieng plot 

No Starting 
date 

Drum 
code 

Effective 
volume 

(l) 

Sediment 
suspension 

(g/l) 

Sediment 
load 
(kg) 

Total 
Sediment 

(kg) 

Runoff 
Volume 

(l) 
1 8-Feb A 58.9 5.0 0.29   
 18-Feb B 22.6 0.6 0.01 0,28 81.3 
        
2 18-Feb A 58.9 4.1 0.24   
 20-Feb B 548.8 1.8 0.90   
  C 290.7 0.8 0.22 1.34 897.7 
3        
 20-Feb A 58.9 12.6 0.74   
 1-Mar B 548.8 1.3 0.71   
  C 220.5 0.8 0.18 1.49 827.4 
        
4 1-Mar A 58.9 29.6 1.74   
 16-Mar B 548.8 1.5 0.82   
  C 200.5 0.3 .06 2.4 806.9 
        
5 16-Mar A 58.9 685.2 40.35   
 6-Apr B 548.8 108.1 59.32   
  C 1744.1 44.4 77.44 161.79 2266.7 
        
6 6-Apr A 58.9 42.3 2.49   
 10-Apr B 548.8 2.9 1.59 3,73 605.7 

 

  The Parikesit plot also produced low soil loss, even lower than in Tieng plot. In to-

tal, the accumulated sediment was 62.28 kg or equal to 0.04 kg/m². Meanwhile, the aver-

age runoff was 0.69% of the rainfall. Even though the runoff is higher compared to Tieng 

plot, the detachment and transportation process did not show a significant value. It simply 

means that there was only a small amount of soil to be transported by the runoff (material 

limited process). That can be caused by an undisturbed soil aggregate (no-tillage prac-

tice). Moreover, this plot has a high density of ground and crop cover that can reduce the 

rainfall erosivity. This result is in accordance with the study of Nearing et al. (2005) who 

concluded that an erosion process is likely more sensitive to rainfall and vegetation cover 

rather than the runoff.  
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Table 5.5: Observed runoff and sediment of Parikesit plot  

No Starting 
date 

Sampling 
date 

Drum 
code 

Effective 
Volume 

(l) 

Sediment 
Suspension 

(g/l) 

sediment 
load 
(kg/l) 

total 
sediment 

(kg) 

Runoff 
Volume 

(l) 
1 8-Feb 18-Feb A 182.9 22.0 4.02   

   B 461.1 3.6 1.66 5.7 641.2 
         

2 18-Feb 20-Feb A 182.9 5.8 1.06   
   B 1724.1 2.8 4.83 5.9 1901.1 
         

3 20-Feb 1-Mar A 182.9 3.5 0.64   
   B 1643.9 1.5 2.47 3.1 1823.7 
         

4 1-Mar 6-Mar A 182.9 23.0 4.21   
   B 1082.6 2.7 2.92 7.1 1258.4 
         

5 6-Mar 14-Mar A 182.9 39.1 7.15   
   B 1744.1 4.6 8.02 15.2 1911.9 
         

6 14-Mar 24-Mar A 182.9 48.8 8.93   
   B 1082.6 1.6 1.73 10.7 1254.8 
         

7 24-Mar 5-Apr A 182.9 56.0 10.24   
   B 1663.9 2.0 3.33 13.6 1833.3 
         

8 5-Apr 15-Apr A 182.9 3.2 0.59   
   B 441.0 1.1 0.49 1.1 622.9 

 
 
 
Table 5.6: Observed runoff and sediment of Sembungan plot 

No Starting 
date 

Sampling 
date 

Drum 
code 

Effective 
volume 

Sediment 
suspension 

sediment 
load 

total 
sediment 

Runoff 
volume 

1 17-Feb 20-Feb A 58.9 0.6 0.04   
   B 488.7 0.2 0.09 0.1 547.5 
         

2 20-Feb 23-Feb A 58.9 0.1 0.01   
   B 37.6 0.0 0.00 0.0 96.5 
         

3 23-Feb 1-Mar A 58.9 0.2 0.02   
   B 135.3 0.3 0.04 0.1 194.2 
         

4 1-Mar 6-Mar A 58.9 0.2 0.01   
   B 639.0 0.1 0.06 0.1 697.8 
         

5 6-Mar 14-Mar A 58.9 3.3 0.19   
   B 631.5 0.5 0.32 0.5 690.0 
         

6 14-Mar 27-Mar A 58.9 3.4 0.20   
   B 432.3 0.4 0.17 0.4 490.9 
         

7 27-Mar 5-Apr A 58.9 4.1 0.24   
   B 624.0 0.5 0.31 0.6 682.5 
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The last plot that needs to be described is the Sembungan plot representing the 

forest area response against the soil erosion hazard. During the observation period, there 

were seven runoff and sediment samplings. As mentioned in table 5.5, the soil loss in this 

area is the lowest among others. The accumulated sediment was only 3.23 kg or equal to 

0.01 kg/m2. In this plot, the runoff volume is however not 100% resulted from inside the 

plot, but also from the artificial ditches with plastic layer. The rainfall water that directly 

goes to that plastic ditch will flow immediately to the drums.  

 
5.3.4 Extrapolating the erosion rate into annual estimate 
As noticed earlier, the erosion rates monitored in these surveys were mainly purposed for 

approximately one planting season. However, the information of annual erosion rates is 

sometimes imperative for conducting the erosion control strategy. Thus, a simple calcula-

tion was used to extrapolate the monitored value into an annual estimate. For this pur-

pose, weighting factors based on the proportion of observation days with the days of in-

tensive rainfall periods (section 4.2.3) were simply adjusted to the measured erosion 

rates. In total, there were 181 days that potentially pose high rainfall intensities occurring 

in January, February, March, April, November, and December.  

Table 5.7 shows the weighting factors for each plot. The shorter observation days 

of the soil erosion rate, the higher weighting factors used for the estimation. For example, 

Sembungan plot has a higher weighting factor (3.2) rather than that of Buntu (2.2). 

Though it is a simple approach, its estimates are still in accordance with the erosion rate 

estimated by Indonesian Power (2010), mentioning an average value of 6.1 mm in the 

year of 2008-2009.  

 
Table 5.7: Extrapolation of erosion rate into annual value 

Soil loss 
Plot Observation 

days 
Weighting 

factor kg/m² ton ha-1 year-1 mm mm year-1 Sacks of soil ha-1 year-1 

Buntu 83 2.2 3.3 72.2 2.8 6.1 3608 
Surengede 61 3.0 9.2 273.7 26.6 79.0 6843 
Tieng 62 2.9 0.1 2.8 0.1 0.3 70 
Parikesit 67 2.7 0.0 0.9 0.0 0.1 24 
Sembungan 57 3.2 0.0 0.2 0.0 0.0 6 

  
  

In addition to the unit of kg ha year, the unit of mm year-1 and sacks ha-1 year-1 are 

addressed as well. The unit of mm year-1 was calculated by considering the soil bulk den-

sity (Table 5.1), while the unit of sacks of soil ha-1 year-1 was approached based on the 

approximate weight of a basket of dried manure (40kg). Compared to the unit of ton ha-1 

year-1, the sacks of soil ha-1 year-1 is likely more attractive in terms of the farmer’s per-
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spective, since such a unit measurement is part of their daily life. In this sense, converting 

the unit of erosion rate into any local measurement unit may become a starting point in 

communicating the impact of erosion and encouraging the farmers to adapt a proper ero-

sion control strategy. For example, the erosion rate on Surengede plot caused a loss of 

136 soil sacks or approximately 6,843 sacks of soil ha-1 year-1. 
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CHAPTER 6  

Soil erosion modelling by means of the Modified MMF model in a 
free open source GIS software 

 
 

6.1 Introduction  
Soil erosion measurement by a ground survey (as conducted in chapter 5) is costly and 

time and power consuming (Nearing et al., 2000), particularly when the observed area is 

located in a sloping and remote place. Moreover, its spatial coverage is often limited 

(Stroosnijder, 2005).  

With regards to these disadvantages, the estimation of soil erosion by means of 

models may perform as an efficient and effective tool, as long as the users consider the 

capabilities and limitations of the model (Nearing, 2006). Moreover, soil erosion modelling 

has emerged as a well-developed subject in soil erosion research (Boardman, 2006). Its 

advances are already indicated in section 2.3.2. In particular, using a soil erosion model 

provides possibilities to predict future event and to estimate the effectiveness of different 

land management or conservation strategies against the soil erosion hazard (Nearing, 

2006).  

Although numerous improvements in soil erosion modelling have been achieved 

worldwide, studies on this subject are deemed few in Indonesia. This is remarkable be-

cause of the steadily increasing soil erosion and land degradation problems in this tropical 

country (Lindert, 2000; Dariah et al., 2004). Thus, the opportunity to develop or implement 

a more suitable soil erosion model is still a task to be accomplished in Indonesia.  

In fact, USLE as an empirical model type has been used more frequently in Indo-

nesia (Vadari et al., 2004), even though its prediction is unreliable when used out of 

United States of America (Jetten & Favis-Mortlock, 2006). In addition, it has a list of crucial 

limitations as noted in section 2.3.2. Yet, most of the erosion studies in Indonesia simply 

use the input parameter value from the original version of USLE (Sudibyakto et al., 2003; 

Sutono et al., 2003; Rajati et al., 2006; Firmansyah, 2007; Amaru, 2008; Bernas, 2009). 

This is questionable because of the discrepancies of rainfall, topography, land manage-

ment, and vegetation characteristics between Indonesia and USA. Although there are 

some attempts to modify the USLE or its derivative version for application in Indonesia, for 

instance by adjusting its slope factor (Moehansyah et al., 2004) or by applying it in a GIS 

environment (Abdullah et al., 2003; Vadari et al., 2009), the modifications rarely resulted in 

reliable estimations. In that sense, applying a physically based erosion model may provide 
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better performance since most of its input parameters can be derived from the local cir-

cumstance within the observed area (Wainwright & Mulligan, 2004; Jetten & Favis-

Mortlock, 2006). 

There are actually a number of researchers who have attempted to apply physi-

cally based erosion models in some particular areas of Indonesia. For example, Moehan-

syah et al. (2004) confirmed the superiority of the ANSWER model (Beasley et al., 1980), 

regardless of its overestimated prediction, compared to the USLE model for estimating the 

soil loss in Riam Kanan Catchment, South Kalimantan Province. In fact, an earlier study 

by De Roo (1993) has actually confirmed the poor performance of the ANSWER model 

when it is applied outside the bounds for which it was developed. In the mean time, Suhar-

tanto et al., (2004) estimated the erosion rate and established proper conservation tech-

nique based on the WEPP model over 121.6 ha of a catchment in Banten Province. Al-

though they claimed a very satisfying agreement of sediment loss compared to the meas-

ured value, the calibration procedure is not described clearly. Moreover, this model re-

quires 54 input parameters which are hard to obtain for most regions in Indonesia. So in 

conclusion, there is a need for a physically based erosion model with less input parame-

ters.  

Furthermore, accurate model calibration is often a missing component in soil ero-

sion studies in Indonesia, the work of Suhartanto et al. (2004) excepted. In fact, without 

any proper calibration procedure of the erosion model, the prediction result can not be 

considered as reliable (Jetten et al., 1999). At this point, developing or applying a simple 

process based model with minimum effort of calibration is relevant to bring forward the 

study of soil erosion by means of models in Indonesia.  

Concerning such necessity, the Modified MMF (Morgan & Duzant, 2008) can be 

taught of as an alternative option due to its simplicity for a process based model, as briefly 

discussed in section (2.3.2). However, the Modified MMF is not yet widely tested and still 

only available in a worksheet format. It is, therefore, an open opportunity to couple the 

Modified MMF model with a Geographical Information System (GIS) environment and to 

evaluate its performance under different conditions.  

A GIS environment provides more possibilities to create a spatially distributed ero-

sion model that enables a better understanding to the dynamic of soil erosion process 

(Jetten et al., 2003). Specifically, it can reveal the distribution of sediment sources and 

deposits within the study area, which is a valuable information for simulating the effective-

ness of soil erosion management or conservation strategies (Jetten et al., 2003).  

A free open source software (FOSS) of GIS is likely preferable to be used for de-

veloping such a soil erosion model. The reason is that it can encourage other researchers 
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to apply the model for free and to give some improvements for a better model perform-

ance. Among free GIS software, the System for Automated Geoscientific Analyses 

(SAGA) - which was developed by Conrad (2006)- has been chosen. The SAGA-GIS envi-

ronment, with powerful methods for raster format analyses, can provide a robust support-

ing system for developing a new SAGA module of the Modified MMF model. This includes 

the pre-processing of input data, erosion model computation, and visualization of the re-

sults.  

Therefore, as an attempt to improve the application of erosion models in Indonesia, 

this chapter aims to develop and apply the Modified MMF as a new module in the FOSS 

SAGA-GIS environment (fulfilling the third objective of this study). The model applications, 

including the calibration and validation process, are carried out on the five plots monitored 

in chapter five. On the one hand, this study can improve the application of the Modified 

MMF model through the GIS environment. On the other hand, it will also show another 

application of SAGA-GIS, since a module for erosion modelling is not available yet in the 

SAGA-GIS. More importantly, this chapter also includes the assessment of soil erosion 

hazard (Figure 3.16). 

 

6.2 Description of the Modified MMF model and its implementation in FOSS 
SAGA-GIS 

Compared to earlier versions of the model, i.e. MMF (Morgan et al., 1984) and Revised 

MMF (Morgan, 2001), the Modified MMF includes some improvements regarding the 

model equations. The most important improvement in this model is that it already consid-

ers the sediment and runoff routing. Because of this, the model can show the dynamics of 

soil erosion distribution over a hillslope’s surface.  

Originally, the model equations accounted for four main factors (climate, topogra-

phy, soil, and vegetation). In this study, three additional parameters, i.e. time span, chan-

nel network, and actual flow depth, are added to improve the model performance. Thus, 

there are 25 input parameters to the model (Table 6.1). As a notification, the parameter of 

slope length (L) and slope width (W) are not required as the model input data, since they 

are automatically calculated within the module based on the DEM data. Most of the input 

data parameters are relatively easy to measure directly in the field. If measurements are 

not available, the parameters of PI, EtEo, RFR and EHD can be set to those provided val-

ues by Morgan & Duzant (2008). However, those values should be used carefully, since 

parts of the values are based on estimation.   

Figure 5 illustrates the framework of Modified MMF model. In principle, the model 

calculates the total soil loss (SL) based on the balance between transport capacity (TC) 
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and delivery of detached particles to runoff (G). TC is a derivative function of the runoff 

(Q), whereas the value of G is calculated from the soil detached by runoff (H), the raindrop 

impact (F), and the immediate deposition of detached particles (DEP).  

 
Table 6.1: Input data required by the Modified MMF-SAGA model 

Factor Parameter Symbol 
Data 

format 

• Rainfall (mm) R Value 

• Temperature (oC) T Value 

• Rainfall duration (days) Rn Value 

Climate 

• Rainfall intensity (mm h-1) I Value 

• Percentage clay (%) %c Grid 

• Percentage silt (%) %z Grid 

• Percentage sand (%) %s Grid 

• Percentage rock fragments on the soil surface (%) ST Grid 

• Soil moisture at field capacity (% w/w) MS Grid 

• Bulk density of the top soil layer (Ton m-3) BD Grid 

• Effective hydrological depth of the soil (m) EHD Grid 

• Lateral permeability (m/day) LP Grid 

Soil 

• Roughness of the soil surface (cm m-1) RFR Grid 

• Digital elevation model  DEM Grid Topography 

• Slope gradient (radian) S Grid 

• Permanent interception, expressed as the proportion (0-1) of rainfall  PI Grid 

• Ratio of actual to potential evapotranspiration Et/Eo Grid 

• Canopy cover, expressed as a proportion (between 0-1) of the soil 

surface protected by vegetation or crop canopy CC Grid 

• Ground cover, expressed as a proportion (between 0-1) of the soil 

surface protected by vegetation or crop cover on the ground GC Grid 

• Plant height (m), representing the effective height from which rain-

drops fall from the crop or vegetation cover to the soil surface PH Grid 

• Average diameter (m), of the individual plant elements (stem, leaves) 

at the ground surface D Grid 

Land cover 

• Number of plant elements per unit area (number m-2) at the ground 

surface NV Grid 

• Time-span (days) TS Value 

• Channel network  CN Grid 

Additional 

factor 

• Flow depth d Value 

The Slope and channel network data are derived from the DEM data.  
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Figure 6.1: Framework of Modified MMF in predicting the soil loss  

 

In this study, the Modified MMF was implemented in the programming language 

C++ making use of the SAGA-API (Application Programming Interface). The complete 

source code is attached in appendix 1. The model is implemented as SAGA module and 

works on data in raster format (SAGA grids), i.e. it supports spatially distributed modelling. 

For practical purpose, from now on this specific model implementation is called MMF-

SAGA. In the following, the detailed equations of the model are then described based on 

the original work of Morgan & Duzant (2008). 

 

Effective Rainfall 
 The effective rainfall (Rf) performs as the initial erosive agent defined by the func-

tion of total rainfall amount (R) reduced by the effect of permanent interception (PI). The 

value of Rf correlates inversely to PI (ranging from 0 to 1). To adjust the actual received 

rainfall per grid area, the factor of slope steepness (S) is also considered in this calcula-

tion. With the SAGA module, the input map of S should be provided in the unit of radian.  

 

S
PIRRf

cos
1)1( −=  Eq. 6.1 

 

Kinetic Energy  
 In this model, the rainfall erosivity is estimated as the function of kinetic energy (KE) 

from leaf drainage KE(LD) and direct throughfall KE(DT). For this estimation, the rainfall 

intensity (I) as well as vegetation parameters of crop canopy (CC) and plant height (PH) 



 118

become the key determinants. The equation of KE(DT) can be chosen from Table 2.5 de-

pending on the climate characteristic. Eq. 6.4 employs the KE equation of Bogor, West 

Java, Indonesia (van Dijk et al., 2002) as a representative of the rainfall characteristic in 

the study area. Please note that the LD parameter in Eq. 6.6 is missing in the original arti-

cle of Morgan & Duzant (2008).  

 

CCRfLD .=  Eq. 6.2 

LDRfDT −=  Eq. 6.3 

( ))049.0exp(29.018.26)( IDTDTKE −×=  Eq. 6.4  

 for 15.0<PH 0)( =LDKE  Eq. 6.5 

 for 15.0≥PH )87.5)8.15(()( 5.0 −××= PHLDLDKE  Eq. 6.6 

)()( LDKEDTKEKE +=  Eq. 6.7 

 
Estimation of Runoff 
 Instead of implementing the infiltration process, which may vary between Horto-

nian and a saturated concept as earlier described in section 2.3.1, this model considers 

that runoff (Q) will occur if the rainfall exceeds the soil moisture storage capacity of the soil 

(Rc) as confirmed by Kirkby (1976). The slope length (L) is one of critical parameters in 

the runoff generation; hence empirical adjustment is given in Eq. 6.9. 

Similar with the equation in Revised MMF (Morgan, 2001), Rc is estimated from 

the function of water field capacity (MS), surface bulk density (BD), effective hydrological 

depth (EHD) and evapotranspiration ratio (Et/E0). In addition, interflow (IF(CE)) from upper 

grid cells is also considered in reducing the Rc value (Eq.6.8). It implies that the higher 

interflow is generated, the lower the Rc level will become; and it will consequently in-

crease the runoff. To avoid negative values, Rc is set to zero once the upper contributing 

interflow IF(CE) is higher than Rc (Eq. 6.9). 

 

)())(1000( 5.0
0 CEIFEEEHDBDMSRc t −×××=  Eq. 6.8 

0:0 =< RcRc  Eq. 6.9 
1.0

0 10
)/exp()(( ⎟

⎠
⎞

⎜
⎝
⎛−+=

LRRCEQRfQ c      Eq. 6.10 

RnRR /0=          Eq. 6.11 
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 In the original version of the model, Ro is a function of total rainfall (R) divided by 

mean annual number of rain days (Rn). To enable a daily based simulation, this study 

proposes to change the term of Rn as rainfall duration (days). When the rainfall occurs 

only in several minutes, it should be adjusted proportionally into 24 hours period.  

 The interflow is estimated based on the balance between rainfall (R), evapotran-

spiration (E), and runoff (Q), lateral permeability (LP), and slope gradient (S) divided by 

the time span (ts). The modification of the equation by introducing ts, provides the possi-

bility to use the model on different temporal scale, as implemented by (Duzant, 2008). 

Thus, MMF-SAGA proposes time span (ts) parameter within Eq.6.12. The model will 

automatically adjust IF into zero whenever its calculation results in negative value (Eq. 

6.13).  

 

ts
SLPQERIF sin)( ××−−

=  Eq. 6.12 

0:0 =< IFIFif  Eq. 6.13 

)365(mod tsRR ×=  Eq. 6.14 

2

2mod9.0

modmod

Z
R

RE
+

=  Eq. 6.15 

)365(mod tsEE ×=  Eq. 6.16 

Where; 
305.025300 TTZ ++=  Eq. 6.17 

 

The model modification from the annual to an event based analysis affects the cal-

culation of evapotranspiration (E). Originally, Morgan & Duzant (2008) employ the Turc 

formula (Turc, 1961) due to its simplicity. Indeed, this formula only requires rainfall amount 

and temperature (T) for the estimation of E. For the sake of simplicity, MMF-SAGA keeps 

using the Turc formula. However, it utilizes a simple adjustment on the rainfall amount 

(Rmod) by considering the time span period within the annual days (Eq. 6.14 – 6.18). 

Please note, a correction is applied to the calculation of Z in Morgan & Duzant (2008). 

Morgan and Duzant square the T parameter instead of cubing it according to the original 

Turc formula.  
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Soil detachment by raindrop and runoff impact 
Starting from this point, the calculations are separated according to the particle size 

(clay(c), silt(z) and sand(s)). The detachment by raindrop impact (F) depends upon the value 

of soil detachability by raindrop (K), stone cover (ST) and KE. Particularly for K values, 

Quansah (1982) reported the values of 0.1, 0.5 and 0.3 g J-1 for clay, silt, and sand, re-

spectively.  

 
310)1(100/% −××−××= KESTcKF cc  Eq. 6.18  

310)1(100/% −××−××= KESTzKF zz  Eq. 6.19 

310)1(100/% −××−××= KESTsKF ss  Eq. 6.20 

szc FFFF ++=  Eq. 6.21  

 

 The detachment by runoff (H) is estimated as the function of soil detachability by 

runoff (DR), Q, S, and the proportion of both ground cover (GC) and ST. The DR values 

for clay, silt, and sand are respectively 1.0, 1.6, and 1.5 (Quansah, 1982).  

 
33.05.1 10sin))(1(100/% −××+−××+= SSTGCQcDRH cc  Eq. 6.22 

33.05.1 10sin))(1(100/% −××+−××+= SSTGCQzDRH zz  Eq. 6.23  

33.05.1 10sin))(1(100/% −××+−××+= SSTGCQsDRH ss  Eq. 6.24 

szc HHHH ++=  Eq. 6.25 

 

Immediate deposition of detached particles 
Morgan & Duzant (2008) noticed that some portion of detached particles will be 

deposited immediately after the detachment process. The deposition of detached particles 

(DEP) is a probability function (Nf) estimated from slope length (L), fall velocities of the 

particles (vs), flow velocity (v) and flow depth (d). In the case of flow velocity, this model 

gives four alternative surface conditions, i.e. standard condition of bare soil without rill 

erosion (vb), actual condition with or without rill erosion (va), vegetated condition (vv), and 

tilled surface (vt). If the MMF-SAGA module encounters a flat grid cell (0o) in the slope in-

put map, the slope gradient is set into 0.001o to avoid any undefined values of velocity 

value.  
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 5.067.01 Sdnvb =        Eq. 6.26 

 ST
a eSdnv 018.05.067.01 −=       Eq. 6.27 

 

 Particularly for the bare soil and actual condition, n (Manning’s roughness coeffi-

cient) is set into 0.015. The flow depth for bare soil is 0.005 m. Meanwhile, the flow depth 

for actual flow velocity is set into 0.005, 0.01 and 0.25 m for un-channelled flow, shallow 

rills and deeper rills, respectively. The actual flow depth is however preferable adjusted 

from a direct observation. In MMF-SAGA, the bare soil is a condition on which the ground 

cover (GC) is less than 1%. This assumption is useful to automatically define whether the 

parameter v in Eq. 6.30 – 6. 32 is set for vegetated or bare conditions.  

 

5.0
5.02 S

NVD
gvv ⎟

⎠
⎞

⎜
⎝
⎛

×
=  Eq. 6.28 

 

For vegetated condition, Jin et al., (2000) formulated the vv (Eq. 6.28) as the function of 

plant diameter (D), plant density (NV) and slope steepness (S). 

 

RFRn 0349.01132.2ln +−=        Eq. 6.29  

 

Meanwhile, the calculation of vt refers to Eq. 6.26 with d = 0.005 m and n value calculated 

from Eq. 6.29. RFR can be obtained by using the chain method (Morgan et al., 1998).  

 

dv
cvlcN s

f ×
×

=
)()(         Eq. 6.30 

dv
zvlzN s

f ×
×

=
)()(         Eq. 6.31 

dv
svlsN s

f ×
×

=
)()(         Eq. 6.32 

 
29.0

)( ))((1.44 cNDEP fc =        Eq. 6.33 

29.0
)( ))((1.44 zNDEP fz =        Eq. 6.34 

29.0
)( ))((1.44 sNDEP fs =        Eq. 6.35 

 



 122

The vs parameter is estimated into value of 2x10-6 m s-1 for clay, 6x10-5 m s-1 for silt and 

2x10-4 m s-1 for sand. In this sense, if the DEP values result in value > 100, it is suggested 

to set them as 100.  

 
Delivery of detached particles to runoff 
 This part is of vital importance for the sediment routing in which the width of con-

tributing elements or grids (W(CE)) are also considered. The total available sediment 

transported by runoff (G) is the summation of the probability function of detached material 

by F and H and the sediment budget from upper grid cells (SL(CE)).  

 

)/)())((())100/)((1())()(()( WCEWcCESLcDEPcHcFcG ×+−×+=  Eq. 6.36 

)/)())((())100/)((1())()(()( WCEWzCESLzDEPzHzFzG ×+−×+=  Eq. 6.37 

)/)())((())100/)((1())()(()( WCEWsCESLsDEPsHsFsG ×+−×+=  Eq. 6.38 

)()()( sGzGcGG ++=  Eq. 6.39 

 

Transport capacity 
Transport capacity is defined by the ratio of actual, vegetated, or tilled flow velocity 

compared with bare flow velocity, and then multiplied with the runoff (Q) and slope steep-

ness (S).  

 

 32 10.sin)100/)(%/(()( −= SQcvvvvcTC btva      Eq. 6.40 

32 10.sin)100/)(%/(()( −= SQzvvvvzTC btva      Eq. 6.41 

32 10.sin)100/)(%/(()( −= SQsvvvvsTC btva      Eq. 6.42 

 

Sediment Balance 
In order to estimate the soil loss, two conditions are distinguished, i.e.:  

1. sediment-limited, if the transport capacity is greater or equal to the available material, 

thus soil loss is equal to the value of G.  

If ),()( cGcTC ≥  )()( cGcSL =       Eq. 6.43 

If ),()( zGzTC ≥  )()( zGzSL =       Eq. 6.44 

If ),()( sGsTC ≥  )()( sGsSL =       Eq. 6.45 

 

2. transport-limited, if the transport capacity is lower than the readily available material, es-

timation is then done by reconsidering the DEP equation.  
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If ),()( cGcTC <  calculate ))100/)((%1)(()1( cDEPcGcG −=   Eq. 6.46 

If );()(),1()( cTCcSLcGcTC =≥  if ),1()( cGcTC <  )1()( cGcSL =   Eq. 6.47 

 

If ),()( zGzTC <  calculate ))100/)((%1)(()1( zDEPzGzG −=   Eq. 6.48 

If );()(),1()( zTCzSLzGzTC =≥  if ),1()( zGzTC <  )1()( zGzSL =   Eq. 6.49 

 

If ),()( sGsTC <  calculate ))100/)((%1)(()1( sDEPsGsG −=   Eq. 6.50 

If );()(),1()( sTCsSLsGsTC =≥  if ),1()( sGsTC <  )1()( sGsSL =   Eq. 6.51 

In this transport-limited circumstance, the estimation will not be more than G value.  

 

)()()( sSLzSLcSLSL ++=        Eq. 6.52 

 

Finally, soil loss is the total summation of sediment balance between clay, silt and 

sand. In the original version of the model, the soil loss unit is defined in kg m-²; but in 

MMF-SAGA, the sediment yield value at the outlet point is in kg. It is because of the ac-

cumulation of sediment along the channel network (the grid cell size is considered as well 

in the routing process).  

MMF-SAGA uses two different algorithms for the routing of both runoff and sedi-

ment. On hillslope surface, the multi flow direction (MFD) algorithm introduced by 

(Freeman, 1991) is used. Assuming all of the runoff and sediment is simply transported 

along the channel network, MMF-SAGA implements the single flow direction (Determinis-

tic 8, D8) algorithm of O’Callaghan & Mark (1984) along the channel network.  

MMF-SAGA is developed as a free module and purposed for various spatial and 

temporal resolutions (Figure 6.2). The module requires 19 input maps varying from soil, 

topography and vegetation data. Two options are provided in term of climate input data, 

either using tabular format (for time series modelling) or value input (for single time-steps). 

Additionally, there are 8 choices included as optional methods for calculating the rainfall 

kinetic energy (KE-I), ranging from North America east of the Rocky Mountains 

(Wischmeier & Smith, 1978b)∗, Southern Hemisphere climatic (Rosewell, 1986)*, Mediter-

ranean-type climatic (Zanchi & Torri, 1980)*, Western Mediterranean-type climatic 

(Coutinho & Tomas, 1995)*, Eastern Asia (Onaga et al., 1988)*, Tropical countries 

(Hudson, 1965)*, and West-Java Indonesia (van Dijk et al., 2002). Beside the soil loss 

map, other temporary output maps involved in the erosion estimation are provided as well, 

                                                 
∗ cited in Morgan (2001) 
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i.e. interflow, up-slope width, effective rainfall, runoff, soil moisture storage capacity, 

transport capacity, available material, sediment balance and transport condition. The lat-

est is useful to define the soil erosion process of each particle class, either as transport or 

material limited process. 

 

 
Figure 6.2: User interface of MMF-SAGA module 
 

>> input map 

<< output map 
Tabular input data 

Single simulation 

(a) 

(b) 
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6.3 Model application (material and methods) 
Under the SAGA-GIS environment, the input data pre-processing as well as model appli-

cation become more practical. Thus, this section describes the pre-processing of climatic, 

topography, vegetation, and soil data as the model input parameters. The methods of 

model evaluation, consisting of sensitivity analysis, calibration and validation, are then de-

scribed respectively.  

As a first model application, this study modelled the five monitored plots described 

in Chapter 5. Though the plot’s monitoring processes were only carried out for nearly one 

plantation season (2.5 months), different plants cover and land management on each plot 

became challenging circumstances for evaluating the model performance.  

 

6.3.1 Input data pre-processing 
Optimizing the input data quality as best as possible can contribute to improve the model 

simulation’s result. That includes field sampling techniques as well as input data pre-

processing methods.  

 

6.3.1.1 Climatic data 
The availability of climatic data is essential in determining the model simulation period. For 

instance, to perform a daily based simulation of soil erosion, there should be at least 

hourly climatic data available. In this study, ten minute intervals of rainfall data were re-

corded from the weather station, namely Alecto WS-4000 and Hobo automatic rain gauge. 

The latter was used to monitor the Buntu plot.  

As noticed in Table 6.1, MMF-SAGA requires four climatic data parameters, com-

prising rainfall depth (R), rainfall intensity (I), rainfall duration (Rn) and temperature (T). To 

simulate sequential events, those data should be compiled into a tabular format (Table 

6.2). In the case of Rn, its value should be proportionally adjusted into 24 hours (one day) 

when the rainfall only occurs within couple of minutes. In addition, simulation number and 

time span (ts) are also embedded in this climatic input table. The simulation number is 

used to name the output files of runoff and soil loss resulted from each time step.  
 

Table 6.2: Example of tabular input format of climatic data in MMF-SAGA 
Simulation 

Number 
Temperature 

(o) 
Rainfall 

(mm) 
Rainfall intensity  

(mm hour-1 ) 
Rainfall duration 

(days) 
Time span 

(days) 

1 22 50 17 0.05 1 

2 19 35 5 0.21 1 
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6.3.1.2 Topography 
In order to run the MMF-SAGA module, a digital elevation model (DEM) is of vital impor-

tance to obtain other parameter data associated with topography. Its derivation is accom-

plished within two main steps. The first step is by providing detailed elevation points data. 

For this step, terrestrial surveys by means of Nikon Total Station DTM322 were conducted 

on each monitored plot. The second step is interpolation process through the elevations 

point data. In this sense, finding the best fit interpolation methods become of great con-

cern. Following the work of Setiawan et al., (in prep.), the natural neighbour interpolation 

method was chosen to generate DEM data of those five monitored plots. For more de-

tailed explanations, this subject is thoroughly discussed in a separated article (Appendix 

2).  

As noticed earlier in Chapter 5, those five plots were monitored (runoff and sedi-

ment) through a single outlet. Thus, it is obvious that the channel network generated from 

the DEM of each plot should also have the same outlet position. To avoid any 

�ffect��nueous channel network within the plot, it is recommended to pre-process the 

DEM by using a sinks removal function. Therefore, this study applied the “fill sinks Wang 

and Liu (2006b)“ module in SAGA-GIS which is based on the algorithm proposed by 

Wang & Liu (2006b). The module has a modification that prevents flat. The pre-processed 

DEM was then used to derive the channel network and slope map. Those processes were 

also done in SAGA-GIS. 

The slope map was generated based on the Degree Polynom method 

(Zevenbergen & Thorne, 1987). For that purpose, the “slope, Aspect, Curvature” module 

was deployed. This module is available under the “Terrain Analysis-Morphometry” mod-

ules group. 

Meanwhile, the channel network was created by using the “Channel Network” 

module under the modules group of “Terrain Analysis-Channels”. This module requires ini-

tiation grid map and initiation threshold area based on the catchment. The catchment area 

can be obtained by employing the module of “Catchment Area (Parallel)” under the “Ter-

rain Analysis-Hydrology” modules group.  

 

6.3.1.3 Vegetation and soil surface condition 
In the MMF-SAGA model, there are seven input datasets associated with vegetation char-

acteristics, i.e. PI, CC, PH, EtEo, D, NV, and GC. The later actually applies to any cover-

age right on top of the soil surface except the stone cover (ST). The values of PI and EtEo 

parameters were simply set to those suggested by Morgan and Duzant (2008).  Ground 

survey measurements were carried out to derive the values of PH, D, and NV.  
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Neither following the values published nor using a mere visual estimation, the val-

ues of CC and GC were obtained quantitatively by means of imagery analysis. A set of 

digital photos were vertically captured above soil surface with 30 x 30 cm of areas (for GC 

and ST analysis) and below or above the plant or tree (for CC analysis). This analysis 

employed the imagery supervised classification module in SAGA. In principal, this tech-

nique follows the work of Bennett et al. (2000) and Laliberte et al. (2007). 

 

6.3.1.4 Soil 
Soil samplings for laboratory analyses were accomplished to provide the values of soil 

particle size (clay, sand, silt), BD, and LP of each monitored plot. Meanwhile, MS parame-

ter was simply based on the graphic function between the soil texture and soil water field 

capacity (Kuntze et al., 1994). The value of EHD and RFR of each plot were merely based 

on the available values in Morgan & Duzant (2008).  
 

 

 
Figure 6.3: Soil sampling for lateral permeability (LP) parameter taken ca. 20 cm from soil surface. 
 

6.3.2 Sensitivity analysis 
Though Morgan & Duzant (2008) already conducted the sensitivity analysis to the Modi-

fied MMF, this study also attempts to do the same test due to some additional parameters 

and modifications incorporated in MMF-SAGA. In addition to understand their influence to 

the model result, this analysis becomes an imperative base to perform the calibration 

process. This procedure allows identifying any sensitive input data derived from simple 

adjustment or other available sources.  
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The average linear (AL) method proposed by Nearing et al. (1990) was imple-

mented. In this formula, the normalized gap between simulation results (S1 and S2) divided 

by the normalized gap of lower and higher input data (I1 and I2) represents the sensitivity 

degree. The formula is described below:  

 

⎥⎦
⎤

⎢⎣
⎡ −

⎥⎦
⎤

⎢⎣
⎡ −

=

I
II

S
SS

AL
12

12

 Eq. 6.53 

 

Where S  and I  are the average values of simulation results and input data, re-

spectively.  

 

For the sensitivity analysis the dataset of Buntu plot was used to determine initial 

values of each parameter. Each tested parameter was then adjusted into 30% less (lower 

value) and 30% more (higher value) than the initial value. It is purposed to make consis-

tent changes on each simulation. In other words, while one input parameter is changed 

into lower or higher value, the rest of input parameters remain on their initial value.  

For calibration purposes, the input parameters that should be examined regarding 

their sensitivity level are PI, EHD, RFR, EtEo, MS, actual flow depth, and the threshold of 

channel network. The reason is that, in this study, their values are based on simple field 

adjustments or on values published in earlier studies.  

 

6.3.3 Model calibration 
In this study, there are three main considerations dealing with the calibration procedure of 

MMF-SAGA. First, calibration is only conducted to optimize the model performance in es-

timating the soil loss. Indeed, the original version of the model was mainly developed to 

estimate the soil loss rate. Moreover, until now there is no process based erosion model 

that can provide good agreement for both erosion and runoff at the same time (Jetten et 

al., 1999). Secondly, model calibration is deliberately set up to the most sensitive vari-

able(s). Its determination is based on the result of sensitivity analysis. The last point is that 

the data from the last observation period will be used as the calibration dataset. This data-

set is selected because within the last observation period there have been relatively fewer 

disturbances through tillage activities. 
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6.3.4 Model validation 
A common method for evaluating the soil erosion model performance is by comparing the 

predicted values from the model with measured values from the plot or catchment’s outlet. 

In order to do so, soil erosion researchers have employed several different statistical ap-

proaches, e.g. Spearman rank correlation (De Roo, 1993), Nash-Sutcliffe coefficient 

(Risse et al., 1993; Hessel, 2002; Haregeweyn et al., 2011), and coefficient of determina-

tion R2 (Zhang et al., 1996; Jetten et al., 1999; Mati et al., 2006). There are even studies 

that implement more than one statistical method at once. For example, Bhuyan et al. 

(2002) employed the Nash-Sutcliffe coefficient and Root Mean Square Error method to 

evaluate the performance of the WEPP, ANSWERS, and EPIC models in simulating soil 

losses for different tillage systems.  

In fact, there are at least two issues that should be highlighted before applying 

such validation methods. First, every statistical method has its specific advantages and 

disadvantages. For example, Nash-Sutcliffe and R² tend to ignore small values and pro-

duce a strong correlation value when there is a good agreement within the large values 

(Krause et al., 2005). However, it is likely that most of the researchers in soil erosion study 

pay less attention to this issue. It might be even worse, especially if the model perform-

ance is reported by simply using the statistical method which provides the most satisfying 

results regardless of poorer performances reported by other methods. Secondly, a direct 

comparison between predicted and measured values always treats that the measured 

values as error-free (Nearing, 2000). In other words, variability and uncertainties embed-

ded in the soil erosion process, beginning at the source of erosion and ending at the outlet 

point (Stroosnijder, 2005; Boix-Fayos et al., 2006) are not considered.  

Understanding such issues in model validation, Nearing (2000) proposed the so-

called model effectiveness coefficient (MEC). According to this method, a prediction result 

of soil erosion model can be accepted if its relative difference with the measured value 

(RdiffR) lies inside the relative difference values of the population of replicated plots (RdiffS). 

Thus, this method considers implicitly the natural variability of soil erosion process over 

the plot. It is done by calculating and plotting the relative differences of large measured 

numbers of replicate plots. In this sense, the relative difference value is calculated by for-

mula:  

 

( )
( )MP

MPRdiffR +
−

=  Eq. 6.54 

 



 130

( )
( )MP

MPRdiffS +
−

=  Eq. 6.55 

 

In the case of RdiffR, P is the model prediction and M is the measured value from the plot. 

Meanwhile, RdiffS is calculated twice for two replicate plots. I.e., the first plot acts as “pre-

dicted” and second plot as “measured” value. For the second calculation, the first plot acts 

as measured value while the second plot becomes the predicted value. Then, in order to 

understand the relationship between RdiffS value and the soil erosion rate (kg m-2) over rep-

licate plots, both RdiffS are then plotted into a diagram (Figure 6.4). Using the linear loga-

rithmic and probability function, this relationship results in the equations of the upper and 

lower variability limit of relative difference. This is carried out for any soil erosion meas-

urement within the plot size: 

 

bMmRdiffS += )(log10  Eq. 6.56 

 with: 

641.0,236.0 −=+= bm  for lower limit of 95 % interval and  

416.0,179.0 +=−= bm  for upper limit of 95 % interval 

 

 
Figure 6.4: Relative difference values of the population of replicated plots (RdiffS..) vs. the measured soil loss 
value (kg m-2). Source: Nearing (2000, p. 1039)  
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6.3.5 Evaluation of spatial distribution  
Although spatial measurements of erosion evidence were not carried out during this study, 

a descriptive analysis of the spatial distribution of erosion for each model outputs can pro-

vide essential information on the model performance. In respect thereof the analysis fo-

cuses on (i) the distribution of soil loss on different vegetation and morphology character-

istics as well as (ii) defining the soil erosion process, either as material or transport limited. 

Such analyses can provide useful information in choosing the proper conservation tech-

niques. For this purpose, the highest rainfall event was chosen as the input data for each 

plot.  

 

6.4 Results and discussion 
6.4.1 Input data  
6.4.1.1 Climate 
Table 6.3 shows an overview of the available climate data. Due to the differences in the 

periods of sediment sampling, the number of rainfall events are varying form plot to plot. 

Those rainfall events are then simply grouped based on the sampling periods, as de-

scribed in Chapter 5.   

 
Table 6.3: Overview of the climate data set for the model simulation 

Parameters Buntu Parikesit Surengede Tieng Sembungan 

Number of rainfall events 148 127 116 120 98 

Sampling periods 8 8 8 6 7 

Rmax (mm) 63 108 

Rmin (mm) 1 0.3 

Imax (mm hour-1) 53.57 28.15 

Imin (mm hour-1) 3 0.3 

Rnmax (days) 0.12 0.47 

Rnmin (days) 0.01 0.04 

Tmax (o celcius) 23.7 25.9 25.9 25.9 22.2 

Tmin (o celcius) 15 14.6 14.6 14.6 15.3 

 

With regard to the two rain gauge stations deployed in this study, it is obvious that 

they exhibit different recording accuracy level. The Alecto WS-400 can detect precipitation 

as low as 0.3 mm, whereas the HOBO shows 1 mm as the lowest precipitation in Buntu 

plot. This affects the rainfall intensity accuracy, with 3 mm hour-1 for Buntu and 0.3 mm 

hour-1 for the other plots.  

Focusing on the rainfall intensity, Morgan (2001) suggested to set the value of 

rainfall intensity into 25 mm/hour representing a typical intensity of tropical region. How-
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ever, in this study the original measurement of rainfall intensity measured by the installed 

rainfall gauges was used. I.e., every simulation used an average intensity of each rainfall 

event. Because low rainfall intensity does not have significant effect the erosion process, 

the intensity of 0.3 mm hour-1 was omitted from the calculation of average intensity if there 

are higher intensity values in one rainfall event, particularly for Parikesit, Sembungan, Ti-

eng, and Surengede plots.  

 In terms of the temperature parameter, there is only a small difference between the 

maximum and minimum value (±5 oC discrepancy) during the rainfall event. Since this 

study only focuses on event based modelling, it is very likely that such a change will not 

cause significant discrepancy to the evapotranspiration rate. Indeed, Morgan et al. (1998) 

noticed that the weather parameters, such as temperature, are only of great importance 

for a continuous erosion models, e.g. like the WEPP and CREAMS. Additionally, the result 

of the sensitivity analysis will support this. Thus, with regard to the model simplicity pur-

pose, an average value was used to represent the temperature change during single rain-

fall event.  

 

6.4.1.2 Vegetation and soil surface condition 
This section addresses the variation characteristic of CC, GC, and ST firstly, based on the 

results of imagery classification analysis (Figure 6.5 – 6.9). The final input data of those 

parameters are shown in Table 6.4. Most of the vegetation types in each plot show high 

canopy coverage. The CC of carica papaya, peas, cabbage, and mature potato (2nd up to 

3rd month) showed more than 90% of coverage. However, the CC value of the first month 

potato plant was adjusted to zero because the Buntu plot is assumed as a bare field dur-

ing this period. That assumption is based on the fact that the potato plants are still rela-

tively small during the first month. In Tieng plot, the plastic mulch completely covered the 

tomato plant, creating 100% of CC value in the upper part of this plot.  

 In the case of the ST parameter, a high percentage of stone coverage was found 

in both Surengede (30%) and Buntu plot (50%). These values are higher than on other 

plots and could be one indicator of severe soil loss rate in Buntu and Surengede plot, ex-

hibiting 3.3 and 9.2 kg m-² (Chapter 5), respectively. In the case of the Parikesit plot, the 

classification of ST was difficult due to small colour difference between the soil and 

stones. This analysis resulted in 15% of ST, shown in Figure 6.7c. Meanwhile, ST was 

simply adjusted into 2% for both Tieng and Sembungan plot, since their soil surface is 

densely covered by 77% and 95% of grass, respectively.  
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Figure 6.5: (a) Canopy cover of 60 days old potato plant, (b) soil surface condition in Buntu plot, (c) classifica-
tion result of potato’s canopy, (d) classification between rocks cover, ground cover and soil surface for Buntu 
plot. 
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Figure 6.6: (a) Canopy cover of Albasia tree taken from below, (b) grass and root system growing densely on 
the ground surface, (c) classification result of tree canopy for Sembungan plot.  
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Figure 6.7: (a) Small vegetation as ground cover, (b) canopy cover of Carica Papaya in Parikesit plot. Figure c 
and d are the classification result for ground cover and canopy cover in the Parikesit plot, respectively.  
 

 
Figure 6.8: (a) percentage of stone cover in the Surengede plot due to the intensive erosion process, (b) clas-
sification result of GC and ST.  
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Figure 6.9: (a) Grass cover over the soil surface (b) peas canopy taken from below (c) and cabbage plant in 
Tieng plot, (d) soil surface covered by grass and (e) classification result of peas canopy in Tieng plot.  
 

 Focusing on the GC parameter, the values within the Parikesit plot are lower than 

that of the Tieng and Sembungan plot. There is only 35% of small vegetation cover that 

cannot expand further due to the limited sunlight, blocked by the high density of the 
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carica’s canopy cover. However its value is still relatively high if compared to the Buntu 

(6%) and Surengede plot (3%), on which tillage activities are quite intensive.  

The PH, NV, and D parameters of each plot (Table 6.4) were mostly derived from 

field measurements. When there are a number of vegetation types, measurement focuses 

merely on the major vegetation that is located directly on top of soil surface and acts as 

the last protection agent against the rainfall kinetic energy. For example, within the Sem-

bungan plot those parameters were adjusted merely on the grass cover instead of the 

trees, because its occurrence on top of soil surface dominates the forest area. 

The PI parameter of each plot varies from 0 up to 0.25. The zero value was as-

signed in the potato 1st month class (potato growth), and to the channel area of Buntu plot, 

terrace riser within the Tieng and Parikesit plots, and to the plastic mulch on top of the to-

mato plants within the Tieng plot. The Carica papaya was categorized as orchards plant, 

possessing 0.25 of PI (Morgan & Duzant, 2008). 

According to the vegetation type and soil surface cover of each plot, two other pa-

rameters – EtEo and EHD – were also adjusted based on the estimated values provided 

by Morgan & Duzant (2008). Among the vegetation types, the forest tree in Sembungan 

has the highest value of EtEo (90%) followed by the grass cover in the Sembungan and 

Tieng plot (86%). In the case of the EHD parameter, there is a significantly small variation 

among the values (0.09-0.15). A value of zero for EHD was assigned to the terrace risers. 
 
Table 6.4: Vegetation characteristic and associated parameters as the MMF-SAGA input parameters 

 
Plot 

 
Land cover 

CC 

 

GC 

 

ST 

 

PH 

(m) 

NV 

(plants m -2) 

D 

(m) 

PI 

 

EtEo EHD 

(m) 
Potato 1st month 0 0 0.3 0 0 0 0 0.05 0.09 

Potato 2nd -3rd month 0.9 0.06 0.3 0.4 5 0.01 0.12 0.75 0.12 

Buntu 

Channel 0 0 0.3 0 0 0 0 0.05 0.09 

Surengede  0.9 0.03 0.53 0.4 5 0.01 0.12 0.75 0.12 

Sembungan Forest 0.67 0.95 0.02 0.1 200 0.01 0.25 0.9 0.12 

 Rock-grass  

covered 
0.8 0.99 1 0.1 200 0.01 0.25 0.86 0 

Carica 0.98 0.35 0.15 1.5 1.3 0.2 0.25 0.7 0.15 Parikesit 

Terrace riser 0 0 1 0 0 0 0 0 0 

Peas 0.94 0.77 0.02 0.1 16 0.01 0.2 0.6 0.12 

Cabbage 1 0.77 0.02 0.05 4 0.01 0.25 0.7 0.12 

Tomato 1 0.77 0.02 1 4 0.02 0 0.7 0.15 

Tieng 

Terrace riser 0.8 0.9 1 0.05 100 0.01 0.25 0.86 0 

 

6.4.1.3 Soil input data 
As noted earlier in Chapter 5, soil texture of the plots varies from loamy sand and sandy 

loam. The loamy sand is merely found in Buntu plot, making 81.57% of the sand particle 
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size. Estimated from the texture class, the field capacity of Buntu plot is 15%, lower than 

other plots (28%).  

Focusing on the BD parameter, it is obvious that the forest soil (Sembungan plot) 

shows the lowest value (0.53 ton m-³) compared to the agricultural plots. This is because 

of the effect of a dense root system and other microbiological activities, loosening the soil. 

The agricultural field plots show values of BD ranging from 1 – 1.18 ton m-³.  

Excluding the Parikesit plot, small variations occur with the LP parameter. The LP 

value in the Parikesit plot is 3-4 times higher rather than on other plots. This is despite the 

similar proportion of soil particle size compared with the Tieng plot. It is likely that inaccu-

racy through the soil sampling could be the reason, particularly when there were some 

cracks creating secondary pores inside the sample. However, such a discrepancy will not 

considerably affect the model prediction if LP is not a highly sensitive parameter to the 

model prediction and thus the LP value of Parikesit is not altered. However, this issue 

should be confirmed further trough the result of sensitivity analysis. 

 
Table 6.5: Soil input parameters of the MMF-SAGA model 

Plot 
 

BD 

(Ton m-3) 

MS 

(%) 

LP 

(m day-1) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

RFR 

(cm/m) 

Buntu 1.18 0.15 6.8 6.04 12.39 81.57 15 

Surengede 1.03 0.28 5.89 10.56 35.93 53.5 15 

Sembungan 0.53 0.28 4.5 2.2 32.5 64.8 5 

Parikesit 1.05 0.28 23.6 13.87 23.15 62.99 5 

Tieng 1 0.28 7.9 7.81 28.44 63.75 15 

Terrace riser/stone 0 0 0 0 0 0 0 

 

Since there were no field measurements available for the soil surface roughness in 

this study, the values of the RFR parameter were adjusted similar to the cultivator effect 

(Morgan, 2005). It was particularly applied to the tilled plot, i.e. Buntu, Surengede and Ti-

eng. The RFR values of natural surface roughness on the Sembungan plot and the no-

tillage surface on Parikesit were simply set into 5, i.e. lower than that of the tilled plots 

(Table 6.5).   

  

6.4.1.4 Topographical data 
This section focuses particularly on the DEM and its derivative parameters, i.e. slope, and 

channel network. As noted earlier, the DEM is a crucial input parameter in the MMF-SAGA 

model in order to determine the routing of both sediment and runoff. For this reason, one 

should provide an accurate DEM for which the interpolation method can be one of the key 

determinants (Desmet, 1997; Aguilar et al., 2005).  
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 As concluded by Setiawan et al. (in preparation), natural neighbour interpolation is 

a robust method for generating accurate DEMs in an agricultural area with furrow and or 

bench terrace implementation. This is despite its simple algorithm. For this reason, for all 

of the field plots in this study the natural neighbour was employed for generating the DEM 

data. Considering the points accuracy derived from the field measurement (2 cm, both 

vertical and horizontal), a DEM resolution of 5x5 cm was chosen for Buntu, Sembungan, 

and Surengede, and a resolution of 10x10 cm for both the Parikesit and Tieng plot (Figure 

6.10). For the latter two plots, a lower resolution was used because of their larger field 

size and the reduction of processing time for each model simulation. 

The slope gradients vary significantly over the plots and their specific features. The 

steepest mean slope gradient is found in the Sembungan plot (89%) followed by the 

Surengede plot that has a slope gradient of 72%. Both Parikesit and Tieng plot are classi-

fied into very steep slope class if there is no bench terrace system implemented. In par-

ticular, the slope gradients of the Tieng’s bed terrace are mostly less than 15%. In con-

trast, the terrace risers always show very high slope values. The Buntu plot has a mean 

slope gradient of 16.5% with very steep gradient along the ridges area.  

The channel networks shown in Figure 6.10 to 6.12 are a result of the calibration 

phase, which will be discussed further in section 6.4.3. The simplest channel network is 

obviously found in the Sembungan plot (Figure 6.11c). On this plot, there is no channel on 

the middle of the area, but it develops along the border of the plot. It fairly replicates the 

natural condition of Sembungan plot where grass covers the soil surface densely and lim-

its the accumulation of runoff. In contrast, the Buntu plot exhibits the most dense channel 

network (Figure 6.10b) among the others. Its channel reaches up to the furrow sides. This 

is very likely for the case of Buntu plot on which the ground cover is sparse and soil crust-

ing can potentially occur (Chapter 5). Likewise, the Surengede plot shows the same char-

acteristics for the channel network, with the channels reaching up to the furrow sides. Fur-

thermore, there is a specific channel network shape developed on the Tieng and Parikesit 

plot. On those plots, the bench terrace affects considerably the channel network, forming 

an artificial pattern. Compared to the Tieng plot, Parikesit has less dense channel network 

(Figure 6.10d).  

 



 140

 
 
Figure 6.10: Representation of the slope maps of the Buntu (a) and Parikesit plot (c). Figure c and d show re-
spectively the channel network of Buntu (b) and Parikesit (d) based on the calibration process. The slope 
maps are classified in accordance to the slope classification provided by the FAO (2006). The “x” sign marks 
the outlet position of each plot.  
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Figure 6.11: Slope maps and channel network of the Sembungan (a-c) and Surengede plots (b-d). The chan-
nel of the Sembungan plot appears only on the rights border of the plot.  
 

 
Figure 6.12: Maps of slope (a) and channel network (b) on the Tieng plot  
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6.4.2 Sensitivity analysis 
Table 6.6 shows the degree of sensitivity for each input parameter of the MMF-SAGA 

model. It is obvious that the DEM and the rainfall perform as the most sensitive parame-

ters. Both parameters have a sensitivity factor more than 1. Contrastingly, the least sensi-

tive parameter is temperature, exhibiting a sensitivity factor of 0.001. It implies that tem-

perature changes in the range of ±10o C will not affect sediment prediction, particularly 

with single event simulation.  
 

Table 6.6: Sensitivity of the MMF-SAGA input parameters. Negative linear sensitivity values indicate an 
inverse correlation between a parameter and the sediment yield. 

No Parameter 
Base 

value 

Lower  

value 

Simulation 

result (kg) 

Higher 

value 

Simulation 

result (kg) 

Linear  

sensitivity 

1. PI  0.120 0.084 37.180 0.156 34.880 -0.106 

2. CC 0.900 0.630 36.740 1.170 35.750 -0.046 

3. EtEo 0.750 0.525 36.300 0.975 35.780 -0.024 

4. PH (m) 0.400 0.280 35.830 0.520 36.180 0.016 

5. D (m) 0.010 0.007 36.080 0.013 35.970 -0.005 

6. V (plants/m-2) 5.000 3.500 36.080 6.500 35.970 -0.005 

7. GC 0.035 0.025 36.100 0.046 35.940 -0.007 

8. EHD (m) 0.120 0.084 36.550 0.156 35.510 -0.048 

9. BD (Ton m-3) 1.180 0.826 36.550 1.534 35.510 -0.048 

10. MS (% w/w) 0.150 0.105 36.550 0.195 35.510 -0.048 

11. LP (m day-1) 6.800 4.760 36.000 8.840 36.040 0.002 

12. ST (%) 0.300 0.210 36.810 0.390 35.220 -0.074 

13. RFR (cm m-1) 15.000 10.500 36.040 19.500 36.000 -0.002 

14. Rainfall (mm) 55.000 38.500 20.510 71.500 54.190 1.503 

15. Rainfall duration (days) 0.100 0.070 36.680 0.130 35.390 -0.060 

16. Intensity (mm hour-1) 27.000 18.900 35.930 35.100 36.080 0.007 

17. T (o C) 17.200 12.040 36.030 22.360 36.000 -0.001 

18. Flow depth (m) 0.010 0.007 34.060 0.013 37.290 0.151 

19. Threshold for  

channel network 1.000 0.700 45.910 1.300 26.480 -0.895 

20. DEM (constituting  

slope angle and   

slope length)  0.700* 24.470 1.300* 46.200 1.025 

• The DEM dataset was multiplied by factor of 0.7 and 1.3 to generate different slope maps as well as 
the slope length, which is automatically calculated within the model. The minus sign shows the in-
verse correlation between the parameter and sediment yield.  
 

Focusing on the vegetation parameters, PI is fairly the most sensitive parameter. 

This is because it determines the effective rainfall (Rf), which is used as the main input for 

the calculation of rainfall kinetic energy and runoff. Both CC and PH, used as input pa-

rameters for calculating the rainfall kinetic energy, exhibit a moderate sensitivity level. It 
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implies that these vegetation characteristics play an important role in estimating the de-

tachment intensity. However, both the V and D parameters have low sensitivity values. 

This result is in contrary with the evaluation done by Morgan & Duzant (2008), mentioning 

them as highly sensitive parameters. Such discrepancy can occur since Morgan & Duzant 

(2008) used a wide range of tested values (minimum and maximum values that can be 

found in the field) while this study used ±30% of the base value. Another reason is that 

because in the Buntu plot the channel was considered as a bare soil, on which the vegeta-

tion characteristics become less sensitive both in the Modified MMF as well as in the 

MMF-SAGA model.  

Among the soil parameters, ST is the most sensitive parameter. On the one hand, 

the stone cover performs as a protection for the soil surface against the rainfall energy. On 

the other hand, dense stone cover can be an indicator that such an area has been experi-

encing severe erosion. The three parameters – EHD, BD, and MS – have the same sensi-

tivity level (-0.048). A low sensitivity level is given for the RFR and LP parameters, reach-

ing a level of -0.002. Consequently, recalling the discrepancy of the LP parameter value in 

the Parikesit plot (section 6.4.1.1), the original value was kept due to such a low parame-

ter sensitivity.  

  The most important finding in this section is the sensitivity factor of the channel 

network (0.895). Its absolute value is close to those of the rainfall and DEM parameters, 

but the threshold value of the channel network correlates inversely with sediment yield. 

Thus, according to the criteria mentioned earlier in section 6.3.3, the channel network pa-

rameter becomes a crucial parameter for performing the calibration phase in section 6.4.3. 

 

6.4.3 Model calibration and validation 
The calibration stage of the channel network in MMF-SAGA is actually similar to the con-

cept of sediment delivery ratio (SDR). Whilst they have the same purpose, i.e. to derive 

the sediment yield value, there is at least a single difference in terms of the spatial per-

spective. The SDR is usually calculated based on a simple linear correlation function 

(Walling, 1983). However, a channel network can show the spatial distribution of the ac-

cumulated sediment that will concentrate to the outlet. This can be beneficial as a first in-

dication where to establish conservation measures along the channel network.  

In fact, there are a number of erosion models that use channel network as an input 

parameter, e.g. AGNPS, GeoWEPP, WATEM/SEDEM, and KINEROS. However, as long 

as the parameter of the channel network is principally based on an estimation, it will be-

come a sensitive parameter. It is particularly for a model that does not take into account a 

specific equation of sediment transport along the channel, such as WATEM/SEDEM.  
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Table 6.7: Calibration and validation result of five monitored plots in Kejajar Sub-district 

Rdiffcc 
Plot No. Measured 

(Kg) 
Modelled 

(Kg) 
Measured 

(Kg/m²) 
Modelled 
(Kg/m²) Rdiff 

upper lower 

 
MEC 
(%) 

 

1 1237.432 736.160 1.707 1.016 -0.254 0.374 -0.586 
2 115.438 111.510 0.159 0.154 -0.017 0.559 -0.829 
3 4.042 3.720 0.006 0.005 -0.041 0.819 -1.173 
4 37.089 122.540 0.051 0.169 0.535 0.647 -0.946 
5 12.972 207.550 0.018 0.286 0.882 0.729 -1.053 
6 433.005 154.170 0.597 0.213 -0.475 0.456 -0.694 
7 176.568 46.600 0.244 0.064 -0.582 0.526 -0.786 

Buntu 

8# 382.023 382.710 0.527 0.528 0.001 0.466 -0.707 

85.71 

          

1 0.122 0.200 0.001 0.001 0.242 0.999 -1.409 
2 0.005 0.110 0.000 0.001 0.913 1.247 -1.737 
3 0.048 0.070 0.000 0.000 0.186 1.071 -1.505 
4 0.069 0.180 0.000 0.001 0.446 1.043 -1.468 
5 0.466 0.370 0.002 0.002 -0.115 0.895 -1.272 
6 0.341 0.200 0.002 0.001 -0.261 0.919 -1.304 

Sembungan 

7# 0.506 0.480 0.002 0.002 -0.026 0.888 -1.263 

100.00 

          

1 5.684 3.990 0.003 0.002 -0.175 0.863 -1.231 
2 5.888 3.050 0.003 0.002 -0.318 0.861 -1.227 
3 3.106 3.990 0.002 0.002 0.125 0.910 -1.293 
4 7.266 3.790 0.004 0.002 -0.314 0.844 -1.206 
5 15.176 7.980 0.008 0.004 -0.311 0.787 -1.130 
6 10.659 2.590 0.006 0.001 -0.609 0.814 -1.166 
7 13.572 13.180 0.008 0.007 -0.015 0.796 -1.142 

Parikesit 

8# 1.071 1.260 0.001 0.001 0.081 0.993 -1.402 

100.00 

          

1 0.281 8.010 0.000 0.004 0.932 1.104 -1.548 
2 1.335 7.260 0.001 0.004 0.689 0.983 -1.388 
3 1.491 9.920 0.001 0.005 0.739 0.974 -1.377 
4 2.399 8.180 0.001 0.004 0.546 0.937 -1.328 
5 161.787 296.000 0.083 0.151 0.293 0.610 -0.897 

Tieng 

6# 3.729 3.500 0.002 0.002 -0.032 0.903 -1.283 

100.00 

          

1 13.032 0.820 0.255 0.016 -0.881 0.522 -0.781 
2 6.507 0.750 0.127 0.015 -0.793 0.576 -0.852 
3 40.284 0.690 0.788 0.014 -0.966 0.434 -0.665 
4 388.388 0.370 7.601 0.007 -0.998 0.258 -0.433 
5 14.852 1.270 0.291 0.025 -0.842 0.512 -0.768 
6 2.012 0.700 0.039 0.014 -0.483 0.667 -0.973 
7 5.377 3.460 0.105 0.068 -0.216 0.591 -0.872 

Surengede 

8# 0.120 0.430 0.002 0.008 0.564 0.887 -1.262 

42.86 
  

The last sampling period on each plot (#) performs as the calibration data  
 

Thus, calibrating the channel network by determining the threshold value (Table 

6.6) is imperative in MMF-SAGA. This procedure is in accordance to the work of Hessel 

(2002) who adjusted the length of channels as one of the calibrating parameters in the 

LISEM erosion model (De Roo et al., 1996a; De Roo et al., 1996b).  
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The calibration phase was satisfactorily accomplished for all plots, except for the 

Surengede plot. Table 6.7 shows that the calibration result of Surengede plot is 3.5 times 

higher than the measured sediment yield. This is because it was not possible to adjust the 

channel (Figure 6.11d) to a shorter length. Such a length would already represent the 

ditch constructed at the lowest part of Surengede plot. However, it is still accepted in the 

range of the MEC.  

Overall, the MMF-SAGA performance exhibits a good agreement (100% of MEC) 

between the model result and the measured values of the Sembungan, Parikesit and Ti-

eng plot representing forest, no-tilled, and reduced tilled plot, respectively. Contrastingly, 

the model predictions over those intensively tilled plots, i.e. the Buntu and Surengede 

plots, show less accuracy. Their MEC reach up to 85.71% for Buntu and 42.86% for 

Surengede plot.  

There are at least two reasons for the low accuracy of model prediction on the 

Buntu and Surengede plot. First one is that MMF-SAGA was mainly developed as a water 

erosion model and not for tillage erosion. Although the RFR – representing the soil surface 

roughness due to tillage activity – is already included in MMF-SAGA, this parameter in fact 

cannot reproduce the complexity of tillage erosion. Detailed description about the tillage 

erosion and its modelling is thoroughly discussed in Blanco & Lal (2008). Secondly, the 

natural variability of the Buntu and Surengede plot are highly affected by soil crusting 

processes on which the MMF-SAGA does not consider in its formula. In addition to the soil 

erosion process, soil sliding was often observed along the Surengede plot’s channel, mak-

ing it the plot with the lowest accuracy of prediction. However, such natural variability has 

been becoming a problematic factor for a number of erosion modelling studies (Nearing, 

1998; Jetten et al., 1999). 

 

6.4.4 Spatial distribution of erosion 
Originally, the earlier versions of Modified MMF model – MMF and RMMF- are acknowl-

edged as lumped models. It means they simplify the detail of spatial characteristics and 

group them into several mapping units. In that sense, some detailed characteristics, such 

as topography of bench terraces, cannot be represented. This can be one of the limita-

tions for a lumped erosion model.  

The Modified MMF implemented in SAGA-GIS environment is a spatially distrib-

uted erosion model using raster data. It can represent more detailed characteristics, par-

ticularly with regard to the topography, of the observed area. As a result, the spatial distri-

bution of the soil loss can be monitored for each grid cell. This enables the users to vali-
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date the spatial accuracy of the model prediction by using the erosion evidences (Stocking 

& Murnaghan, 2000) or the radionuclide technique (Quine, 1999; Walling et al., 2003).  

Figure 6.13 shows the spatial distribution of soil erosion on the Buntu plot. It is 

based on a simulation of a 63 mm of rainfall (as the highest rainfall observed at the Buntu 

plot) during the second month of the planting period. The spatial distribution of soil loss 

fairly follows the topography of the terrace-hedge and furrow system. Low amounts of soil 

loss (0 up to 0.001 kg) are found along the crest of the hedges at which the soil surface is 

protected by the canopy of the potato plants. The eroded soil material is then accumulated 

downward, causing higher soil loss rate (0.001 up to 0.003 kg) at the furrow side. The 

most intensive erosion takes place at the area of the terrace risers where the slope steep-

ness is more than 60% and soil surface is less covered.  

In accordance with the identification of the erosion process (Figure 6.14), transport 

limited conditions mostly occur at the areas of ditches, while detachment limited conditions 

dominate on the remaining area. This is plausible, since the slope steepness of the 

ditches is mostly relatively low (less than 15%), lowering the transport capacity. However, 

detached material is highly available in this area, either from on-site – due to bare soil 

condition – or from upslope contributing grid cells (the terrace riser). Thus, the available 

sediment (G) is higher than the transport capacity (TC) and therefore the MMF-SAGA re-

calculated the G value by considering the DEP value (Eq. 6.33 – 6.35).  

The soil loss distribution on the Surengede plot (Figure 6.15) exhibits a similar pat-

tern with the Buntu plot. The highest soil loss rate is found at the lowest part of the furrow 

and the terrace riser area. While transport limited conditions occur on a small part at the 

hedge of the Buntu plot, detachment limited conditions are found over the entire area of 

terrace-hedge and furrow of the Surengede plot (Figure 6.16). In this plot, the domination 

of steep slopes facing the same direction like the main slope lowers the possibility of the 

deposition stage (DEP) and thus the detached material will immediately be transported 

downward. In addition, the relatively high value of ST, reaching up to 53% (Table 6.4), can 

be another reason for the detachment limited conditions on the Surengede plot. This result 

is based on a 108 mm of rainfall with an intensity of 28.15 mm hour-1, which is used for the 

simulation on the Surengede, Parikesit and Sembungan plots.   

Figure 6.17 shows that soil loss rate on the Parikesit plot is higher compared to 

that of Surengede. Most of the area shows values up to 0.005 kg, with a maximum of 0.01 

kg occurring on the terrace bed. However, the sediment yield is much lower than that on 

the Buntu and Surengede plots. This means that such a high amount of soil loss is not 

completely transported downward to the outlet. Rather, it is immediately deposited close 

to the terrace risers on which the soil loss is zero due to the protection of the embedded 
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stone. Like on the Buntu and Surengede plots, the detachment limited condition domi-

nates on the Parikesit plot (Figure 6.18).  

Although the same conservation technique is adopted on the Parikesit and Tieng 

plot, using bench terrace with stone walls, lower soil loss (0.001 up to 0.003 kg) is mostly 

found on the bed terrace of the Tieng plot (Figure 6.19). Obviously, the slope steepness of 

the terrace bed is the key determinant. As noticed earlier, the terrace bed of Tieng plot is 

not steeper than 10%. As a consequence, most of the erosion process in the Tieng plot is 

dominated by transport limited conditions (Figure 6.20).  

The most different soil loss distribution is found on the Sembungan plot (Figure 

6.21). Low soil loss rate (less than 0.001 kg) occurs on the entire area of the plot except 

the outcrop location, showing no soil loss. Due to the dense ground cover, the erosion 

process under detachment limited conditions is observed on the whole area of this forest 

plot (Figure 6.22).  

Overall, the spatial prediction of MMF-SAGA model shows reasonable results. For 

instance, the model fairly predicts zero soil loss on both outcrop and terrace riser with 

stone walls as well as low soil loss on the forest plot. Additionally, the routing of eroded 

material on the terrace-hedge and furrow system is well predicted in spite of the complex 

topography. More importantly, it can point out easily the potential source of any intensive 

soil loss rate, for example the terrace risers found in Buntu and Surengede. This is valu-

able information for initiating a conservation practice. Due to its reasonable results, the 

MMF-SAGA model will be used as the basic tool to conduct the next investigation in 

Chapter 7.  
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Figure 6.13: Soil loss distribution on the Buntu plot. The inserted image (a) shows the position of the terrace 
riser (red colour) on which the highest erosion rate occurs. For a more detailed view of the prediction result 
(b), the soil loss value on each grid as well as the total sediment yield at the outlet can simply be read from the 
dataset by zooming into the map with SAGA-GIS.  
 

 
Figure 6.14: Erosion process on the Buntu plot shown for sand (a), clay (b), and silt (c) texture, respectively 
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Figure 6.15: Soil loss distribution on the Surengede plot 
 

 
Figure. 6.16: Erosion process on the Surengede plot shown for sand (a), clay (b), and silt (c) texture, 

�ffect�tively. 



 150

 
Figure 6.16: Soil loss distribution on the Parikesit plot 
 

 
Figure 6.17:: Erosion process on the Parikesit plot shown for sand (a), clay (b), and silt (c), respectively. 
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Figure 6.18: Soil loss distribution on the Tieng plot 
 

  
Figure 6.19: Erosion process on the Tieng plot shown for sand (a), clay (b), and silt (c), respectively. 
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Figure 6.20: Soil loss distribution on the Sembungan plot 
 

 
Figure 6.21: Erosion process on the Sembungan plot shown for sand (a), clay (b), and silt (c), respectively. 
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CHAPTER 7  

Soil erosion risk reduction: A system dynamic analysis of soil 
erosion rate, tolerable soil loss, erosion cost, and conservation 
techniques 

 
 

 

7.1 Introduction 
Gaining information on soil erosion rates based on ground survey monitoring (Chapter 5) 

or modelling processes (Chapter 6) means that the erosion hazard is quantitatively identi-

fied. It accomplishes another phase of soil erosion risk management cycle (Figure 3.16). 

Following this management cycle, the next phase is to (i) evaluate such erosion hazard 

whether it is in a natural rate condition (non-hazardous erosion) or accelerated erosion by 

using the concept of tolerable soil loss (T) and (ii) to reduce the accelerated erosion rate 

by finding efficient and effective erosion control strategies.   

Focussing on the application of the T value, its derivation can be formulated based 

on the concept of soil productivity, soil formation rate, or the quality of water and soil envi-

ronment (Section 2.4.1). In fact, they pose as resources or elements that can be affected 

by erosion hazard. Although there are various approaches in formulating the T values, it 

basically defines the maximum level of erosion rate that preserves the sustainability of the 

human-environment system (Smith & Stamey, 1965; Hurni, 1983; Alexander, 1988; 

Morgan, 2005; Montgomery, 2007; Bazzoffi, 2009; Li et al., 2009; Verheijen et al., 2009). 

Since then, evaluating the erosion hazard by using the T values shows one form of ero-

sion risk assessment.  

 The application of the T value indeed plays an important role in soil erosion risk 

management. Each derivation method may result in different values, and then it is rec-

ommended to consider multiple T values (Li et al., 2009). However, there are very few 

studies on this topic and these are not as advance as the erosion modelling topics. Thus, 

it is interesting to evaluate the consequences on using multiple T values, particularly in de-

termining the strategies for erosion control.  

Although the application of the T value can be accepted as one form of erosion risk 

assessment, information on the exposure factor is hidden and, in practical, too general to 

be used in the process of decision making of erosion control strategies. Thus, the expo-

sure(s) should be explicitly addressed in the risk assessment. In addition, it is likely that 
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the exposures of erosion hazard can differ from one place to another depending on the lo-

cal characteristics. 

 After identifying any possible form of exposures, there should be an effective ap-

proach to prove that they directly relate to the human system. This is of great importance 

as a communication method to provide a better understanding of erosion impact between 

the scientist’s perspective and the decision makers. In this sense, converting the soil loss 

rate and subsequently derived impacts into an economical perspective based on defined 

exposures might fulfil that necessity. By estimating the erosion cost, the decision maker 

can therefore calculate the cost and benefit of implementing any soil conservation strate-

gies. 

 Therefore, this chapter aims to develop a systematic procedure for finding the best 

fit strategies for erosion control by considering the erosion rate, tolerable soil loss, erosion 

cost, and conservation techniques. In order to achieve this aim, some reviews on any ear-

lier studies on integrated erosion risk reduction are addressed first. Afterward, the data 

from Buntu plot are used as a case study for applying the proposed procedure.  

 
7.2 Studies on integrated strategies for erosion control 
This review particularly discusses the methods implemented by a number of related stud-

ies on the topic of integrated erosion risk reduction. Emphasis is given to analyse their 

framework on integrating the soil erosion hazard assessment (monitoring and modelling), 

application of tolerable soil loss, estimation of erosion cost, and soil conservation tech-

niques. In addition, the spatial and temporal scales are addressed. 

An earlier study by Harshbarger & Swanson (1964) demonstrated an analytical 

framework on defining the best fit agricultural cropping system against the soil erosion 

hazard in north-eastern Illinois. The authors focused on evaluating the economic conse-

quences of implementing the up-and-down cultivation and contouring system on eight dif-

ferent cropping rotations. Those cropping systems comprised combination of corns, soya 

beans, oats, and meadows and were set on two plots with 4 and 6 % slope. Their annual 

erosion rates were then estimated by using the USLE model. A linear correlation function 

between the soil loss and agricultural yields was used to estimate the annual yield loss. In 

order to estimate the accumulated net income for each cropping system in the next 50 

years, two values of discount rates – 5 and 20% - were implemented. At the end, this 

study calculated the net income difference between the crop systems that the highest in-

come with the crop system meeting the tolerable soil loss condition. In other words, this 

study provided an understanding of economic consequences to the decision makers be-

fore implementing any conservation strategies.  



 155

Likewise, Stocking & Lu (2000) proposed a systematic model for evaluating certain 

soil conservation strategies by integrating both biophysical and socio-economic assess-

ments on the Loess Plateau, China. The framework starts with the assessment of erosion 

hazard by using the calibrated SLEMSA model. In this sense, the erosion rate is the basis 

to estimate the dynamics of available water storage capacity (AWSC). The authors used 

the AWSC value to determine the biomass yield, representing the biophysical aspect. 

Subsequently, the socio-economic aspect was assessed by means of cost and benefit 

analysis for different conservation strategies. In order to estimate the productivity impact 

and erosion cost, Lu & Stocking (2000a) set different scenarios on a winter wheat field 

based on four slopes steepness (0, 9, 27, and 47 %) and two soil managements – low and 

high reincorporation of organic residues. To do so,  Lu & Stocking (2000b) calculated the 

cost for implementing terrace, grass strip and ridge tillage – recommended conservation 

techniques on Loess Plateau – and then assessed their effectiveness in controlling the 

erosion rate by which the biomass yield will be affected. Based on 12% of discounting rate 

(suggested by the Chinese authorities) and two horizon time (10 and 100 years), the find-

ing showed that grass strips are the most profitable conservation technique, though it is 

far less effective in reducing the erosion rate compared to the terrace application, which 

however have very high construction cost.  

 Another study by Verstaetren et al. (2002) used the calibrated WaTEM/SEDEM 

model to generate soil erosion risk maps of three agricultural catchments in Flanders 

(Belgium). Various scenarios of erosion and sediment control strategies on the actual land 

use were set out depending on the severity of soil erosion hazard. In this sense, the ero-

sion hazard was classified into five classes. By means of the Watem/SEDEM, each of the 

conservation strategies was then simulated to estimate their effectiveness in reducing the 

total sediment yield from the catchment area.  

 Meanwhile, a recent study by Yeh et al. (2006) developed an integrated model for 

simulating the complex assessment of erosion rate, sediment yield, nutrient pollution, as 

well as its consequences in terms of monetary aspects. This study was carried out on the 

Keelung watershed, Taiwan. A system dynamic software package – Vensim – was em-

ployed to calculate all equations within the model. The erosion model used the GWLF 

(Generalized Watershed Loading Functions) model (Haith and Shoemaker, 1987) which 

principally works based on the USLE model. The surface runoff was estimated by using 

the Soil Conservation Service Curve Number (SCS-CN) method (USDA-SCS, 1972). To 

estimate the nutrient pollution (total Nitrogen and Phosphor), a simple multiplication for-

mula between the nutrient concentration in the sediment, the sediment yield and the en-

richment ration of the nutrient was used. The economic assessment was analysed in this 
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study to find the optimum subsidy cost from the government for reforesting programs. As a 

consequence of the estimated erosion rate and assuming that the government encour-

ages people to reforest the highly erosion prone areas, the total erosion cost was subse-

quently estimated based on the total building and disposal cost of sediment (BDC), sub-

sidy cost (SC), damage cost (DC), and total operating cost for maintaining the forest (AC).  

 In accordance to those mentioned studies in this section, it is obvious that the de-

cision making process for soil erosion strategies involves complex factors. In this sense, 

employing the system dynamic software package– such as Vensim®, Powersim®, or 

Stella® – might be helpful. Additionally, it is necessary to consider both simplicity and reli-

ability aspects in choosing the models. In other words, a simple model that still provides 

reasonable estimates is preferable to applying complex models. This is likely one of the 

easons behind the usage of the USLE and its derivative models applied in those studies. 

Indeed, this model allows the users to simply adjust various C (crop characteristics) and P 

(land management) factors when simulating different scenarios of erosion control strate-

gies. However, the reliability of the USLE model remains in debates, as discussed in the 

Section 2.3.2 and 6.1.  

 The next concern in dealing with erosion control strategies is the scale of the area 

under analysis. For example, Harsbarger & Swanson (1964) and Stocking & Lu (2000) 

devoted their analyses in the scale of farm level, while Verstaetren et al. (2002) and Yeh 

et al. (2006) worked on the catchment scale. Those two analysis scales actually pose pros 

and cons. On the one hand, using the catchment scale enables to analyse the system in-

terconnection from the upper- and lower-stream area. It is of importance for investigating 

the sediment source and deposition point as well as estimating the off-site effect of ero-

sion. On the other hand, working on the catchment scale will entail problem with the nec-

essary input data that may not be obtained in every region. In contrast, a farm level scale 

may be more feasible to derive more detailed data of the biophysical and socio-economic 

conditions. Thus, it may provide more reasonable and applicable results to be used by the 

decision maker and or land owner. But the off-site effect occurring from the erosion is 

hardly investigated. This is likely the reason why Harsbarger & Swanson (1964) and 

Stocking & Lu (2000) only focused on the productivity (on-site effect) as the basic concern 

in their studies, while Verstaetren et al. (2002) and Yeh et al. (2006) could assess the off-

site effect such as the sediment deposition and nutrient loss.  

  Among those studies, the concept of the T value is only adopted by Harsbarger & 

Swanson (1964). Applying the T value actually makes it easier for the decision maker to 

meet both environmental and economic sustainability in determining the soil conservation 

method. The work of Stocking & Lu (2000) is an example of decision making that merely 
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prioritizes on the on-site profit and disregards the off-site impact, since they did not include 

the T value in their analysis. Likewise, the scenario process proposed by Verstaetren et al. 

(2002) might be less work and more effective if the T value is included instead of imple-

menting the conservation scenarios based on their erosion hazard classes.  

 Another attractive aspect in evaluating the erosion control strategies is the cost 

and benefit analysis. In principal, the expenses from any attempts to control the erosion is 

regarded as ‘cost’, while the monetary amount estimated from any erosion rate after im-

plementing certain type of conservation techniques is called as ‘benefit’. The cost parame-

ter can be, for example, assessed from the labour cost, material cost, land forgone or 

other form of land management costs (Lu & Stocking, 2000b). In the meantime, the benefit 

assessment always relates to any defined exposure. This can be found in the work of 

Harsbarger & Swanson (1964) and Lu & Stocking (2000b, 2000a) which used the produc-

tivity yield as the exposure aspect. In their cost and benefit analysis, the parameters of 

discounting rate and time horizon are the key determinants. However, in the work of Yeh 

et al. (2006), the authors may have mislead the concept of cost and benefit analyses, 

since both expense cost (SC and AC) and consequence cost (BDC and DC) were simply 

put together to formulate the so-called social cost.   

  

7.3 A framework of an adaptation strategy for erosion control 
Re-interpreting the frameworks proposed by those studies in section 7.2, the present 

study attempts to develop an adaptation strategy for erosion control. This framework is 

started with the erosion hazard identification by using the MMF-SAGA erosion model. The 

erosion model output is then evaluated based on the T value. The erosion rate that ex-

cesses the T value should be reduced by means of conservation technique. For this in-

stance, the conservation technique is determined according to the biophysical characteris-

tics, socio-economy and policy. The socio-economic aspect can be actually the most criti-

cal issue in the decision making process, and thus further quantification is required to as-

sess the cost of soil conservation technique. In the meantime, the suggested conservation 

method is then simulated by using the erosion model. It is purposed to analyse its effec-

tiveness in reducing the erosion rate and to re-evaluate its erosion rate based on the T 

value. In order to quantify the impact of the predicted erosion rate, both on-site and off-site 

impacts are then assessed and converted into monetary cost. Further, the monetary gap 

resulting from before and after implementing the conservation will show as the value of 

conservation benefit. Finally, when the benefit aspect is higher than the conservation cost 

and meets the T value, it means that applying the proposed conservation technique 

should be carried out.  
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Figure 7.1: framework of adaptation strategy for erosion control 
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7.4 Adaptation strategy for erosion control on a farm-level scale 
7.4.1 Methods 
As an implementation of the proposed framework (Figure 7.1), this study evaluates those 

plots modelled in Chapter 6, i.e. Parikesit, Tieng, Surengede and Buntu plots. However, 

Sembungan plot was not used for further analyses since it was poorly predicted by the 

SAGA-MMF model. To do so, five sub-analyses were sequentially assessed comprising 

(a) erosion hazard assessment, (b) determining the tolerable soil loss, (c) identifying some 

alternatives for conservation techniques, (d) impact assessment, and (e) cost and benefit 

of the proposed conservation techniques.  

 
7.4.1.1 Erosion hazard 
The MMF-SAGA model predictions based on the actual condition of those five plots were 

used to represent the erosion hazard. When the erosion rate from any plot is higher than 

the T value, the same modelling procedure was then applied to simulate the erosion rate 

according to the proposed conservation techniques. This will consequently alter the value 

of input parameters and their distribution, particularly to the ground surfaces and vegeta-

tion parameters (PI, CC, PH, Et/Eo, GC, PH, D, and NV), and the threshold of the channel 

network.  

7.4.1.2 Tolerable soil loss  
Instead of relying on a single value, this study applied some T values to evaluate their per-

formance in ‘filtering’ the accelerated erosion rate for which the soil conservation is re-

quired. Those T values were derived from the readily available values, some formulas 

proposed by earlier studies, and their modification. In this study, the unit of T values were 

simply set into mm year-1.   

 

Table 7.1: T values proposed by Thompson (1957) 

Criteria Characteristics of soil and substratum 
T values 

(mm year-1) 

1. Very thin soil depth on rocky material 0.0 

2. Very thin soil on un-consolidated material 0.4 

3. Thin soil on un-consolidated material 0.8 

4. Moderately deep soil on un-consolidated material 1.2 

5 Deep soil with permeable layer on un-consolidated material 1.4 

6. Deep soil with low permeability of lower layer, un-consolidated ma-

terial 

1.6 

7. Deep soil with moderate permeability of lower layer, un-

consolidated material 

2.0 

8. Deep soil with permeable lower layer, un-consolidated material 2.5 

Source: (Arsyad, 1989) 
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Table 7.2: Classes of effective soil depth  
Depth (mm) Classes Code 

> 900 Deep Ko 

500 ≤ 900 Moderately deep K1 

250 ≤ 500  Thin K2 

< 250 Very thin K3 

Source: (Arsyad, 1989) 

 

Performing as the first form of T value (T1), this study used the recommended T 

values proposed by Thompson (1957), cited in Arsyad (1989). These values (Table 7.1) 

are basically based on the condition of soil depth, permeability rate of the lower soil layer, 

and the characteristic of substratum (consolidated or un-consolidated). Table 7.2 de-

scribes the soil depth classes used in Table 7.1.   

The second T value (T2) referred to the T formula proposed by Hammer (1981), 

cited in Arsyad (1989). The basic variables in this formula are the equivalent depth (Ed) 

and the soil resource lifetime (ts ). The Ed is linearly dependent on the effective soil depth 

(d) and the soil depth index (fd). In this sense, fd represents a certain soil depth at which 

the soil productivity is declined up to 60 %, compared to the soil with no-erosion effect. 

Hammer (1981), cited in Arsyad (1989) has provided the fd coefficients for each soil class 

in sub-order level, ranging from 0.75 up to 1.00.   

Meanwhile, the ts value in the T2 formula is usually set to 400 years. However, 

there is no obvious reason behind that value setting. Thus, this study attempted to provide 

reasonable values of ts based on an agricultural perspective. Since the agricultural prac-

tices strongly depends on the soil surface layers (A-B horizons), soil depth can be used as 

a basic to estimate their lifetime when reduced by tillage and water erosion. It can be ap-

proached from the calculation of time span for an accelerated soil erosion to reduce the A-

B horizon in undisturbed soil conditions. For this purpose, the effective soil depth in forest 

areas can be used for this estimation. Meanwhile, the average erosion rate for Serayu 

Catchment estimated by Indonesian Power (2009) was used. It reaches 6.18 mm.  

Further, Vadari et al. (2004) modified the original formula of T2 (Eq. 7.3) by 

�ffect�ing the minimum soil depth for growing certain plant types (dmin) and the soil for-

mation rate (vsoil). This modified formula is shown in Eq. 7.3.  

 

st
EdT =2       Eq. 7.1  

 

fddEd ×=       Eq. 7.2. 
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soil
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dEdT +
−

= min
mod2     Eq. 7.3 

Where, 

T2/2mod  = Tolerable soil loss (mm year-1) 

Ed = Equivalent depth (mm) 

dmin = Minimum soil depth for growing certain planting type (mm) 

ts = Proposed life time for using the soil resource (years) 

vsoil = Soil formation rate (mm year-1) 

 d = Effective soil depth (mm) 

fd = Soil depth index based on Sub-ordo level 

 

 Regarding the soil formation rate (vsoil) for Indonesia, until now there is inadequate 

information relating to this issue. Therefore, this study refers to the work of Hargowijeno 

(1987), cited in Arsyad (1989) that estimated the maximum rate of soil formation in Indo-

nesia as high as 2.5 mm year-1. This was based on the soil development on Rakata Island 

in the period of 1883 (eruption of Krakatau Volcano) until 1983. This rate becomes the 

most used value in any soil erosion research in Indonesia and correlates with the 8th T1 

criteria of Thompson (1957) in table 7.1.   

 While T1 and T2 are focussed on the on-site farm perspective, this study also at-

tempts to address T3 based on the off-site perspective. This is principally done by consid-

ering the lifetime of Sudirman Reservoir on which sedimentation and eutrophication occur 

as serious problem (Section 4.2.3). In this sense, it is assumed that the sediment yield 

from the field farm is completely transported to the reservoir. Thus, a simple formula is 

provided as follow:  

 

10003 ××
×

= Ef
tA

VT
r

    Eq. 7.4 

 Where; 

 T3 = Tolerable soil loss based on the lifetime of the reservoir (mm year-1) 

 V = Remaining volume to reach the 80% of total reservoir volume (m3) 

 A = Catchment area (m2) 

 tr = Remaining time to reach the proposed life time of the reservoir (mm) 

 Ef = Sediment trap efficiency 
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7.4.1.3 Choosing the conservation strategies: meeting the effectiveness and con-
struction cost factors 

This analysis was particularly carried out based on conservation technique that employs 

two scenarios. First it adopts the local conservation technique that can effectively reduce 

the soil erosion rate. This represents the local wisdom perspective in choosing the erosion 

control strategy. The second scenario implements the conservation program proposed by 

the local authority. The later will also perform as an evaluation study to the effecttiveness 

of the conservation strategy initiated by the government, representing the political aspect 

in defining the erosion control strategy. Finally, their construction costs were simply esti-

mated from the material and labour cost.    

 

7.4.1.4 Impact assessment: identifying the exposures and estimating the cost 
The present study only focused on estimating the on-site effects. Two exposures were 

addressed in the assessment, i.e. nutrient loss and productivity loss. In order to convert 

those impacts in terms of economic value, the market replacement cost was used as the 

basic approach in this analysis.  

The cost of nutrient loss was particularly estimated based on the Nitrogen loss. It 

applies a multiplication function between the Nitrogen content in the soil (N), erosion rates 

(kg m-2 year-1) and the market price of Nitrogen (Rupiah kg-1). For each plot, the Nitrogen 

percentages in the soil were derived from the laboratory analyses. The Nitrogen loss value 

was simply calculated by using the price of urea fertilizer in the market.  

Estimating the productivity loss caused by the erosion process is quite a tricky is-

sue in the study area. It requires long observation data on the agricultural productivity of 

which the weather dynamic, seed quality, and application of the fertilizer can also be 

factors to be included. In fact, reliable data dealing with the agriculture productivity in this 

area are not available. Thus, this study used the information gainded from the in-depth in-

terview shown in Table. 4.1. This assessment is one of the methods for estimating the 

productivity loss mentioned by Lal (Lal, 1998b).  

In the case of potato yield, the farmers have identified the average productivity loss 

of ca. 50% during 1975 -1998 (Table 4.1). Assuming a simple linear function between the 

productivity loss and erosion rate on the potato field without conservation practice, it 

shows approximately ∼2% loss in each year or equal to ∼1% every planting season (as-

suming two planting period in a year). Although this method is a mere simplification, this 

percentage can generally represent an estimate in productivity loss. That value is actually 

still lower than the corn productivity loss estimated by Pimentel et al. (1995) showing 8% 

per year.  
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7.4.1.5 Cost and benefit analysis of the proposed soil conservation  
The Net Present Value (NPV) method was used in this analyses as recommended by En-

ters (1998). Two main input parameters for this analysis are the discount rate and time ho-

rizon. The discount rate was set into 10 %, as normally used in the environment-economic 

assessment (Enters, 1998). Meanwhile, two time horizons – 5 and 20 years – were simu-

lated representing a short and longer period.  

 

7.4.2 Results and discussion 
7.4.2.1 Evaluating the erosion hazard by using the T values 
The erosion hazards (Table 7.3) are represented in two units, i.e. kg m-2 year-1 and mm 

year-1. The kg m-2 unit is more useful for calculating the erosion impacts and their eco-

nomical evaluation. Meanwhile, the unit of mm year-1 is more practical for evaluating the T 

values. Converting those units requires the value of soil bulk density (ton m-3), provided in 

Table 6.5.  

  
Table 7.3: Soil erosion hazard based on the MMF-SAGA model prediction 

Plot kg m-2 year-1 mm year-1 

Sembungan 0.02 0.04 

Parikesit 0.06 0.06 

Tieng 0.49 0.49 

Buntu 5.36 4.54 

 

 The resulting T values show considerable variability. Their calculations are mainly 

based on the soil profile observation data (Figure 3.6). In general, the T2 and T2mod (Table 

7.5) give higher values compared to T1 (Table 7.4) and T3. The T1 values provide the low-

est limit among others.  

 Such difference in T values implies the importance of evaluating several methods 

before implementation as a basic component in erosion control strategy. One should un-

derstand first the basic considerations on each approach; either it is meant for on-site ef-

fects or off-site effects. For instance, using the T1 as a base for the T value one should 

also consider the T3 where the formula is based on the off-site effect.  

 After evaluating the erosion hazard with all T values, three plots – Sembungan, 

Parikesit and Tieng – are under the T1, T2, T2mod, and T3 criteria. Contrastingly, the erosion 

hazard of Buntu plot is always higher for all T values. It simply means that Buntu plot re-

quires erosion control strategy.  
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Table 7.4: T1 values based on the soil and substratum characteristics  

Plot Soil depth 
Permeability 

 of the lower soil layer 

Subtratum 

material 

T1  

(mm year-1) 

Sembungan Deep Permeable unconsolidated 2.5 

Parikesit moderately deep Permeable unconsolidated 1.2 

Tieng moderately deep Permeable unconsolidated 1.2 

Buntu Thin Permeable unconsolidated 0.8 

 
Table 7.5: Calculation result of T2 and T2mod  

Plot Ed 
d  

(mm) 

ts  

(years) 

dmin  

(mm) 

T2  

(mm year-1) 

T2mod  

(mm year-1) 

Sembungan 1 1100 170 300 6.5 7.2 

Parikesit 1 850 170 300 5 5.7 

Tieng 1 850 170 300 5 5.7 

Buntu 1 350 170 300 2.1 2.8 

 

 

1
2

3

3 47.1100072.0
17000,000,831,67

03,618,23 −=××
×

= yearmm
yearsm

mT    

 

7.4.2.2 Simulating the conservation scenarios and its construction cost 
The simulation results show that both soil conservation techniques are quite effective for 

reducing the soil erosion rate (Table 7.6). The terrace riser with stones can reduce the 

erosion rate of the actual condition to as low as 89.65%, while the grass cover can reach 

up to 91.19%. In total, employing the conservation technique of terrace riser with stones 

and grass can result in respectively 0.4 kg m-2 year-1 and 0.47 kg m-2 year-1 of erosion rate 

on the potato field.  
 
Table 7.6: Comparison of the erosion rate after implementing conservation technique 

Erosion rate (Kg m²) 
Simulation 

period Actual condition 
Terrace riser 

With stones 

Terrace risers 

with grass 

1 1.02 0.08 0.07 

2 0.15 0.01 0.01 

3 0.01 0.00 0.00 

4 0.17 0.02 0.01 

5 0.29 0.03 0.02 

6 0.21 0.02 0.02 

7 0.06 0.01 0.01 

8 0.53 0.05 0.04 
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Although the estimated erosion rates between those two conservation techniques 

are quite similar, their construction cost are considerably different. Terrace risers with 

stones are nearly ten times the cost of that of implementing the grass cover (Table 7.7). In 

fact, the grass can be obtained for free in this area. However, an estimate price is pro-

vided. Moreover, the grass can be used as a source of animal food.  

 
Table 7.7: Estimation cost for constructing the conservation practices 

Conservation Cost variable Cost Unit 

Terrace riser with stone    

 Construction cost 25.000,00 Rupiah m-2 

 Area of terrace risers 85 m 

 Total 2.125.000,00 Rupiah 

Terrace riser with grass    

 Labour  

(planting & maintenance) 
200.000,00 Rupiah 

 Grass price* 50.000,00 Rupiah 

 Total 250,000.00 Rupiah 

 

 
7.4.2.3 Cost and benefit analysis of conservation technique 
According to the cost and benefit analysis, the terrace risers with grass are more profitable 

rather than the stone technique. The NPV value for stone technique remains showing a 

negative value (Table 7.9), though 20 years time horizon is used. Moreover, the stone 

technique reaches its break-even point (BEP) after 19 years of implementation, while the 

grass cover can reach its BEP in the second year after implementation. Thus, using the 

terrace risers with grass as conservation technique is recommended to be used on the po-

tato farming area.  
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Table 7.8: The estimate of erosion cost in the actual plot and conserved condition  

Variables 
Variables  

values 

Actual 

condition 

Terrace riser 

with stones 

Terrace risers  

with grass 
Units 

Urea fertilizer price 1,400.00*    Rupiah kg-1 

Erosion rate  4.54 0.47 0.40 Kg m-² 

N percentage  

in urea fertilizer 

 

46.00    % 

N percentage in soil 0.39     % 

Plot area 724.80    m2 

Nitrogen loss  8,264.65 855.59 728.16 Rupiah year-1 

        

Manure 200.00*    Rupiah kg-1 

OM percentage in soil 6.96.00     % 

OM loss   45,800.00 4.741.93 4.035.69 Rupiah year-1 

Travel cost and labour 100,000.00    Rupiah year-1 

Total nutrient loss  154,069.00 105,597.52 104,763.85 Rupiah year-1 

         

Productivity loss rate  2 0.3* 0.25* % year-1 

Actual productivity 5,950.00    Rupiah m-2 

Total productivity loss 
 on the plot  86,251.20 25,512.00 21,712.00 Rupiah 

 Total erosion cost   240,320.89 131,109.00 126,476.00 Rupiah 

Conservation benefit   109,211.69 113,844.00 Rupiah  

* Proportional with the erosion rate 
 
Table 7.9: NPV analysis for the proposed conservation techniques 

 NPV at 10% of discounting rate (Rupiah) 

 Time horizon 5 years Time horizon 20 years 
BEP (in the year of) 

Terrace riser with stone -1,601,793.39 -1,086,014.19 19 

Terrace riser with grass 140,173.62 484,439.47 2 
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CHAPTER 8  

Conclusions 
 
 

1. What are the causing factors and driving forces of soil erosion hazard in the study 

area? 

2. What can be the exposure of erosion hazard? 

3. How are the vulnerability and resilience in terms of soil erosion issue in the study 

area? 

The dynamic human-environment system of soil erosion in Kejajar Sub-district is 

analyzed based on two fundamental approaches, i.e. panarchy and system thinking 

(Chapter 4). The panarchy reveals three stages of erosion system in Kejajar Sub-district.   

The evolving system on each stage was analyzed by using the system thinking approach. 

The results confirm that soil erosion in Kejajar Sub-district has reached the final stage in 

which the on- and off-site impacts become more evident.  

The factors of rainfall, soil, and slope characteristics in Kejajar sub-district are 

highly potential for causing a severe soil erosion hazard. Soil erosion can show its maxi-

mum rate during the rainfall peak season, i.e. January and February. The soil with sandy 

loam to loamy sand texture developed from volcanic material is very vulnerable against 

such intensive rainfall. In addition, 72% area of Kejajar Sub-district is dominated by steep 

and very steep slope classes, which is also typically vulnerable environment for erosion 

process.  

In terms of driving forces, it is obvious that agricultural intensification is the most 

affecting factor in accelerating the erosion rate. In the one hand, the intensity of agricul-

tural practices in Kejajar Sub-district proportionally correlates with market demand, num-

ber of population, and governmental policies. On the other hand, it inversely correlates 

with preservation of tradition and local wisdom.  

Combination of the causing factors (environmental system) and driving forces 

(human system) exacerbates the soil erosion rate in Kejajar Sub-district. It is convinced 

based on the analysis of rainfall variability vs. crop calendar, soil texture vs. tillage prac-

tices, and slope vs. cultivated land area. Most of farmers in the study area tend to intensify 

the agricultural practice during the rainy season. In fact, 91% agricultural lands in Kejajar 

Sub-district are situated on moderately steep up to very steep slope.  

A number of negative impacts follow the high erosion rate in Kejajar Sub-district. 

These are regarded as the exposure components in the risk analysis. The on-site impacts 
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occur as the declined soil quality and land productivity. The farmers confirmed a produc-

tion loss of potato crop approximately 50% during last three decades. Meanwhile, the off-

site impact mainly affects the river navigation, natural lake, and lifetime of the Sudirman 

reservoir.  

The vulnerability of human system in Kejajar Sub-district can be considered in a 

relatively high value. It is because of low level of education, unsystematic crop calendar, 

and low preservation of local wisdom on the land management and conservation strate-

gies.  

In terms of community resilience, the farmers in Kejajar Sub-district are quite low 

since their capital source to run the agricultural practice mostly depends on the loan. It 

means, if they face agricultural failure they may not sustain. Moreover, the farmers plant 

potato because they do not know other alternative livelihood. However, on the govern-

mental site, the resilience is progressively increasing due to the seriousness for finding the 

recovery strategies of the study area.  

 In general, it can be concluded that Kejajar Sub-district is under a high soil erosion 

risk. Although the programs conducted by the local authority could increase the resilience, 

they are still in progress and require conducive supports from other stakeholders. How-

ever, the erosion hazard, exposure, and community resilience are in a disadvantage cir-

cumstance that can of course increase the erosion risk level.  

 

4. What is the most vulnerable agricultural type?  

5. How is the effectiveness of recent land management and conservation techniques in 

controlling soil erosion rate? 

In order to quantify the erosion risk of Kejajar Sub-district described in Chapter 4, a 

ground survey of erosion measurement should be carried out. For this purpose, five field 

plots areas were chosen representing different circumstances, i.e. forest, common agricul-

tural crop, indigenous crop, field with minimum conservation, field with local wisdom con-

servation, and standardized conservation method by the government.  

According to the measurement results, a field plot with potato crop and minimum 

conservation technique show the highest erosion rate. The erosion rate can reach up to 3 

times higher than that on the potato field with standardized conservation or 9 times higher 

than that on the forest area. It is because the farmer implements an intensive tillage prac-

tice for planting the potato. The first month of potato plantation is the most vulnerable con-

dition since the soil remains uncovered. In terms of land management, the farmer tills the 

soil in the same direction with the main slope. Thus, it is very likely that in this agricultural 

type, tillage erosion can occur in addition to the water erosion.  
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Lower soil erosion rates occur in agricultural field plots with local wisdom conserva-

tion and carica as indigenous plant in Kejajar Sub-district. The conservation technique im-

plements a bench terrace system with stones on the terrace risers. This technique is quite 

effective for reducing the erosion rate since it reduces the erosion slope length and pro-

tects the terrace risers from the rainfall. This type of conservation will be more effective if 

the land is cultivated with no-tillage or reduced tillage systems.  

Agricultural type with potato crop remains causing a high erosion rate, tough the 

standardized conservation is implemented. Thus, it is of vital importance to include other 

recommendations in addition to the vegetation and mechanic conservation strategy initi-

ated by the local authority. The recommendations are i) the potato plant should not be cul-

tivated during the months with a high rainfall intensity, i.e. January and February, ii) the 

potato field should be covered with specific technique – e.g. mulch or geo-textile – during 

the first month period, and iii) reduced tillage system should also be implemented for culti-

vating potato crop. 

In this study, the soil erosion monitoring however is only carried out during one 

planting season. Thus, a longer monitoring period on more various agricultural types in 

Kejajar Sub-district can be a useful data for further researches, such as erosion modelling 

and soil productivity loss.  

 
6. How to model the erosion process on the study area? 

7. How is the model performance? 

In order to monitor the erosion rate, a modelling approach can become an efficient 

and effective solution compared to cost and time consuming approach of ground survey 

measurement. Moreover, in Indonesia, there is a necessity on developing a physically 

based model with relatively simple calibration procedure. Thus, this study develops a 

raster grid GIS-based soil erosion model, i.e. MMF-SAGA model.  

In principle, the model works based on the Modified MMF erosion model. The 

model is available for free under the module application of SAGA-GIS environment soft-

ware. In this model, the calibration procedure is merely based on the adjustment of chan-

nel network, as the most sensitive input parameter. The model can be used for single 

event or annual simulation. More importantly, the model is designed to result in a sedi-

ment yield value at the outlet point.  

 Based on the evaluation of model effectiveness coefficient, The MMF-SAGA model 

performs well on the forest area and reduced tillage field plots. However, the model tends 

to underestimate the erosion rate on the potato field where the tillage practice is quite in-

tensive. In this sense, the input parameter of RFR is not quite sensitive to represent the 
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tillage practice. Therefore, in the future, it is of critical importance to incorporate other sen-

sitive parameters of tillage erosion to the MMF-SAGA model. 

 

8. How to find an effective and efficient erosion control strategy?  

This study shows a systematic framework of adaptation strategy for erosion con-

trol. In this framework, there are four interdependent components that should be as-

sessed, i.e. erosion hazard, tolerable soil loss, erosion cost, and conservation technique. 

The framework is actually done as another application of cost and benefit analysis. This 

study shows a simple application of this framework on those five plots monitored in Chap-

ter 5 and 6.  

The prediction result of the MMF-SAGA is used in this framework. As it is designed 

for spatially based model; any distribution changes on the soil cover, vegetation character-

istic, and topography parameter of the suggested conservation strategy can be adjusted in 

this model. More importantly, the adjustment of channel network should be done with care 

and logic explanation.  

The tolerable soil loss plays as the key determinant in this framework. Thus, its 

value should be provided with reasonable approach. The value should also consider the 

on- and off-site erosion effects. In this study, some T values are assessed based on the 

soil depth and substratum material, soil depth and productivity, and reservoir lifetime. The 

results confirm that T2 value exceed the T3, while T1 is lower than T3. Therefore, using the 

T3 value, i.e. ∼1.5 mm year-1, is quite reasonable for the study area. This value is a repre-

sentative value for maintaining the soil productivity and reservoir life time.  

The assessment of erosion cost show that a combination approach between mar-

ket replacement cost, travel cost, and productivity loss is quite reasonable. When annual 

data of soil productivity is not available, a social survey can be useful information as an 

estimate value.  

The cost and benefit analysis of terrace riser with stone and terrace riser with 

grass show an example on how to find an effective and efficient erosion control strategy. 

Based on the model simulation, both strategies are similarly effective. However, based on 

the NPV analysis, the conservation of terrace risers with grass is more efficient and profit-

able.  

This evaluation is mostly based on estimate values, e.g. the travel cost and labour, 

discounting rate, time horizon. Moreover, the conservation technique is still limited on two 

conservation strategies. Thus, further research is required to find other type of erosion 

control strategies. For this purpose, applying this method with an integration idea between 

the farmers, local authority, and scientist will be more productive.  
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APPENDIX 1 
 

Source codes of MMF-SAGA erosion model 

By Volker Wichmann and Muhammad Anggri Setiawan 
 
/////////////////////////////////////////////////////////// 
//                                                       // 
//                         SAGA                          // 
//                                                       // 
//      System for Automated Geoscientific Analyses      // 
//                                                       // 
//                    Module Library:                    // 
//                 mMMF_SoilErosionModel                 // 
//                                                       // 
//-------------------------------------------------------// 
//                                                       // 
//               mMMF_SoilErosionModel.cpp               // 
//                                                       // 
//                 Copyright (C) 2009 by                 // 
//                    Volker Wichmann                    // 
//                   Muhammad Setiawan                   // 
//                                                       // 
//-------------------------------------------------------// 
//                                                       // 
// This file is part of 'SAGA - System for Automated     // 
// Geoscientific Analyses'. SAGA is free software; you   // 
// can redistribute it and/or modify it under the terms  // 
// of the GNU General Public License as published by the // 
// Free Software Foundation; version 2 of the License.   // 
//                                                       // 
// SAGA is distributed in the hope that it will be       // 
// useful, but WITHOUT ANY WARRANTY; without even the    // 
// implied warranty of MERCHANTABILITY or FITNESS FOR A  // 
// PARTICULAR PURPOSE. See the GNU General Public        // 
// License for more details.                             // 
//                                                       // 
// You should have received a copy of the GNU General    // 
// Public License along with this program; if not,       // 
// write to the Free Software Foundation, Inc.,          // 
// 59 Temple Place - Suite 330, Boston, MA 02111-1307,   // 
// USA.                                                  // 
//                                                       // 
//-------------------------------------------------------// 
//                                                       // 
//    e-mail:     reklovw@web.de          // 
//                                                       // 
/////////////////////////////////////////////////////////// 
 
 
/////////////////////////////////////////////////////////// 
//            
   // 
//  Implementation of the CmMMF_SoilErosionModel class.  // 
//            
   // 
/////////////////////////////////////////////////////////// 
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//--------------------------------------------------------- 
#include "mMMF_SoilErosionModel.h" 
 
 
 
/////////////////////////////////////////////////////////// 
//            
   // 
//    Construction/Destruction     
// 
//            
   // 
/////////////////////////////////////////////////////////// 
 
//--------------------------------------------------------- 
CmMMF_SoilErosionModel::CmMMF_SoilErosionModel(void) 
{ 
// CSG_Parameter *pNodeTerrain, *pNodeVegetation, *pNodeSoil, 
*pNodeClimate, *pNodeOptions, *pNodeOutput; 
 
 Set_Name (_TL("Modified MMF Soil Erosion Model")); 
 
 Set_Author (SG_T("(c) 2009-2011 Volker Wichmann, Muhammad 
Setiawan")); 
  
 Set_Description(_TW("Soil erosion modelling with the modified MMF 
(Morgan-Morgan-Finney) model.\n\n" 
      "\n\n" 
      "References:\n" 
      "Morgan, R.P.C. (2001): A simple 
approach to soil loss prediction: a revised " 
      "Morgan-Morgan-Finney model. Catena 
44: 305-322.\n\n" 
      "Morgan, R.P.C., Duzant, J.H. (2008): 
Modified MMF (Morgan-Morgan-Finney) model " 
      "for evaluating effects of crops and 
vegetation cover on soil erosion. Earth " 
      "Surf. Process. Landforms 32: 90-
106.\n" 
 )); 
 
 // comments on equation numbers refer to Morgan & Duzant (2008) 
 
  
 //pNodeTerrain = Parameters.Add_Node(NULL, "TERRAIN", 
_TL("Terrain"), _TL("Terrain parameters")); 
 Parameters.Add_Grid( 
  NULL, "DTM", _TL("Digital Terrain Model"),  
  _TL("DTM, digital terrain model [m]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid( 
  NULL, "S", _TL("Slope"),  
  _TL("S, slope [rad]"),  
  PARAMETER_INPUT 
 ); 
    Parameters.Add_Grid( 
  NULL, "CHANNEL", _TL("Channel Network"),  
  _TL("Channel network, all other cells NoData."),  
  PARAMETER_INPUT_OPTIONAL 
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 ); 
 
 //pNodeVegetation = Parameters.Add_Node(NULL, "VEGETATION", 
_TL("Vegetation"), _TL("Vegetation parameters")); 
 Parameters.Add_Grid(  
  NULL, "PI", _TL("Permament Interception"),  
  _TL("PI, permanent interception expressed as the proportion 
[between 0-1] of rainfall"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "CC", _TL("Canopy Cover"),  
  _TL("CC, canopy cover expressed as a portion [between 0-1] of 
the soil surface protected by vegetation or crop"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "PH", _TL("Plant Height"),  
  _TL("PH, plant height [m], representing the effective height 
from which raindrops fall from the crop or vegetation"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "EtEo", _TL("Ratio Evapotranspiration"),  
  _TL("Et/Eo, ratio of actual to potential 
evapotranspiration"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "GC", _TL("Ground cover"),  
  _TL("GC, Ground cover expressed as a portion [between 0-1] of 
the soil surface protected by vegetation or crop cover on the ground"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "D", _TL("Diameter plant elements"),  
  _TL("D, Average diameter [m] of the individual plants 
elements (stem, leaves) at the ground surface"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "NV", _TL("Number plant elements"),  
  _TL("NV, Number of plant elements per unit area [number/unit 
area] at the ground surface"),  
  PARAMETER_INPUT 
 ); 
 
 //pNodeSoil = Parameters.Add_Node(NULL, "SOIL", _TL("Soil"), 
_TL("Soil parameters")); 
 Parameters.Add_Grid(  
  NULL, "MS", _TL("Soil moisture (at FC)"),  
  _TL("MS, Soil moisture at field capacity [% w/w]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "BD", _TL("Bulk density top layer"),  
  _TL("BD, Bulk density of the top layer [Mg/m3]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
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  NULL, "EHD", _TL("Effective hydrological depth"),  
  _TL("EHD, Effective hydrological depth of the soil [m]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "LP", _TL("Sat. lateral permeability"),  
  _TL("LP, Saturated lateral permeability of the soil 
[m/day]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "PER_C", _TL("Percentage clays"),  
  _TL("c, Percentage clays [%]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "PER_Z", _TL("Percentage silt"),  
  _TL("z, Percentage silt [%]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "PER_S", _TL("Percentage sand"),  
  _TL("s, Percentage sand [%]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "ST", _TL("Percentage rock fragments"),  
  _TL("ST, Percentage rock fragments on the soil surface [%]"),  
  PARAMETER_INPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "RFR", _TL("Surface roughness"),  
  _TL("RFR, Surface roughness [cm/m]"),  
  PARAMETER_INPUT 
 ); 
 
 Parameters.Add_Table( 
  NULL, "TAB_METEO", _TL("Meteorological data"), 
  _TL("Meteorological data for multiple timestep modelling 
[model step (day); temperature (Celsius); rainfall (mm), rainfall 
intensity (mm/h); rainfall duration (day); timespan (days)]"), 
  PARAMETER_INPUT_OPTIONAL 
 ); 
 Parameters.Add_FilePath(  
  Parameters("TAB_METEO"), "OUT_PATH", _TL("Output file path"),  
  _TL("Full path to the directory for the output grids of each 
model step"),  
  SG_T("\0*.*\0\0*.*\0"), _TL(""), true, true 
 ); 
 
 //pNodeClimate = Parameters.Add_Node(NULL, "CLIMATE", 
_TL("Climate"), _TL("Climate parameters")); 
 Parameters.Add_Value( 
  NULL, "INTERFLOW", _TL("Simulate Interflow"), 
  _TL("Simulate interflow"), 
  PARAMETER_TYPE_Bool, true 
 ); 
 
 Parameters.Add_Value(  
  Parameters("INTERFLOW"), "T", _TL("Mean temperature"),  
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  _TL("T, mean temperature [degree C]"),  
  PARAMETER_TYPE_Double,  
  18.0 
 ); 
 
 Parameters.Add_Value(  
  Parameters("INTERFLOW"), "TIMESPAN", _TL("Timespan (days)"),  
  _TL("The number of days to model."),  
  PARAMETER_TYPE_Int, 30.0, 
        1.0, true, 365, true 
 ); 
 
 Parameters.Add_Grid(  
  Parameters("INTERFLOW"), "IF", _TL("Interflow"),  
  _TL("IF"),  
  PARAMETER_OUTPUT_OPTIONAL 
 ); 
 Parameters.Add_Value(  
  NULL, "R", _TL("Rainfall"),  
  _TL("R, height of precipitation in timespan [mm]"),  
  PARAMETER_TYPE_Double,  
  200.0 
 ); 
 Parameters.Add_Value(  
  NULL, "I", _TL("Rainfall intensity"),  
  _TL("I, rainfall intensity [mm/h]"),  
  PARAMETER_TYPE_Double,  
  20.0 
 ); 
 Parameters.Add_Value(  
  NULL, "Rn", _TL("Rainfall Duration"),  
  _TL("Rn, number of rain days in timespan [-]"),  
  PARAMETER_TYPE_Double,  
  20.0 
 ); 
 
 CSG_String choices; 
 
 for (int i=0; i<MMF_KE_I_Count; i++) 
  choices += CSG_String::Format(SG_T("%s|"), 
gMMF_KE_I_Key_Name[i]); 
 
 Parameters.Add_Choice( 
  NULL, "KE_I_METHOD", _TL("Relationship KE - I"), 
  _TL("Relationship between kinetic energy (KE) and rainfall 
intensity (I)"), 
  choices, 
  0 
 ); 
 
    //pNodeOptions = Parameters.Add_Node(NULL, "OPTIONS", _TL("Model 
Options"), _TL("Model parameters")); 
    Parameters.Add_Value(  
  NULL, "FLOWD_VA", _TL("Flow Depth (actual flow velocity)"),  
  _TL("The flow depth used to calculate the actual flow 
velocity [m] (e.g. 0.005 unchannelled flow, 0.01 shallow rills, 0.25 
deeper rills."),  
  PARAMETER_TYPE_Double, 0.005, 
        0.00000001, true 
 ); 
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    Parameters.Add_Value( 
        NULL, "CHANNELTRANSPORT", _TL("Route Soil along Channel 
Network"), 
        _TL("Route soil loss along channel network to outlet"), 
        PARAMETER_TYPE_Bool, false 
    ); 
 
 
 //pNodeOutput = Parameters.Add_Node(NULL, "OUTPUT", _TL("Output"), 
_TL("Output parameters")); 
 Parameters.Add_Grid(  
  NULL, "Q", _TL("Mean runoff"),  
  _TL("Q, estimation of mean runoff [mm]"),  
  PARAMETER_OUTPUT 
 ); 
 Parameters.Add_Grid(  
  NULL, "SL", _TL("Mean soil loss"),  
  _TL("SL, estimation of mean soil loss [kg]"),  
  PARAMETER_OUTPUT 
 ); 
 
 #ifdef _TMP_OUT   // define this preprocessor variable 
to get intermediate grids as output 
  Parameters.Add_Grid(  
   NULL, "Rf", _TL("Effective Rainfall"),  
   _TL("Rf"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "KE", _TL("Total Kinetic Energy"),  
   _TL("KE"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
    NULL, "Rc", _TL("Soil moisture storage 
capacity"),  
    _TL("Rc"),  
    PARAMETER_OUTPUT 
   ); 
  Parameters.Add_Grid(  
   NULL, "TCc", _TL("Transport Capacity Clay"),  
   _TL("TCc"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "TCz", _TL("Transport Capacity Silt"),  
   _TL("TCz"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "TCs", _TL("Transport Capacity Sand"),  
   _TL("SLs"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "Gc", _TL("Available Clay"),  
   _TL("Gc"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
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   NULL, "Gz", _TL("Available Silt"),  
   _TL("Gz"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "Gs", _TL("Available Sand"),  
   _TL("Gs"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "SLc", _TL("Sediment Balance Clay"),  
   _TL("SLc"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "SLz", _TL("Sediment Balance Silt"),  
   _TL("SLz"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "SLs", _TL("Sediment Balance Sand"),  
   _TL("SLs"),  
   PARAMETER_OUTPUT 
  ); 
  Parameters.Add_Grid(  
   NULL, "TCONDc", _TL("Transport Condition Clay"),  
   _TL("Material Limited [0], Transport Limited (SL = TC) 
[1], Transport Limited (SL = G) [2]"),  
   PARAMETER_OUTPUT, true, SG_DATATYPE_Int 
  ); 
  Parameters.Add_Grid(  
   NULL, "TCONDz", _TL("Transport Condition Silt"),  
   _TL("Material Limited [0], Transport Limited (SL = TC) 
[1], Transport Limited (SL = G) [2]"),  
   PARAMETER_OUTPUT, true, SG_DATATYPE_Int 
  ); 
  Parameters.Add_Grid(  
   NULL, "TCONDs", _TL("Transport Condition Sand"),  
   _TL("Material Limited [0], Transport Limited (SL = TC) 
[1], Transport Limited (SL = G) [2]"),  
   PARAMETER_OUTPUT, true, SG_DATATYPE_Int 
  ); 
  Parameters.Add_Grid(  
   NULL, "W_up", _TL("Upslope Flow Width"),  
   _TL("W_up"),  
   PARAMETER_OUTPUT 
  ); 
 #endif 
} 
 
//--------------------------------------------------------- 
CmMMF_SoilErosionModel::~CmMMF_SoilErosionModel(void) 
{ 
} 
 
 
/////////////////////////////////////////////////////////// 
//            
   // 
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//            
   // 
//            
   // 
/////////////////////////////////////////////////////////// 
 
//--------------------------------------------------------- 
bool CmMMF_SoilErosionModel::On_Execute(void) 
{ 
 // input grids 
 CSG_Grid *pDTM, *pS, *pChannel, *pPI, *pCC, *pPH, *pMS, *pBD, 
*pEHD, *pEtEo, *pLP, *pGC, *pPer_c, *pPer_z, *pPer_s, *pST, *pD, *pNV, 
*pRFR; 
 // temporary grids 
 CSG_Grid *pRf, *pKE, *pRc, *pSLc, *pSLz, *pSLs, *pW_up; 
 #ifdef _TMP_OUT 
 CSG_Grid *pTCc, *pTCz, *pTCs, *pGc, *pGz, *pGs, *pTCondc, 
*pTCondz, *pTConds; 
 #endif 
 // optional meteo table 
 CSG_Table *pMeteoTab; 
 CSG_String sOutPath; 
 
 // interflow 
 bool  bInterflow, bFreeIF = false; 
 CSG_Grid *pIF = NULL; 
 double  T = 0.0; 
 double  Rmod = 0.0, IF = 0.0, Z = 0.0, E = 0.0, Rc = 0.0, 
d_IF = 0.0; 
 // output grids 
 CSG_Grid  *pQ, *pSL; 
 
 // input parameters 
 double  R, I, Rn; 
 int   KE_I_method; 
  
 // temporary variables 
 double      LD, DT, KE_DT, KE_LD, L, Q, Ro; 
 double      per_c, per_z, per_s, ST, KE, GC, sin_S; 
 double      n_manning, d_flow, v_flow_a, v_flow_b, 
v_flow_v, v_flow_t, v_flow; 
 double      DEPc, DEPz, DEPs, Gc, Gz, Gs, TCc, TCz, TCs, 
SLc, SLz, SLs; 
 
    // variables 
 //double   slopeDeg; 
 double   slopeFract; 
 double      timespan, flowd_va; 
 int       x, y, ix, iy; 
 double      z, d, dz[8], dzSum, d_Q, d_SLc, d_SLz, d_SLs; 
 double      W_up, W_down, f_w; 
 const double Convergence = 1.1;  // convergence factor MFD 
after FREEMAN (1991) 
 int       steepestN; 
 CSG_String     InvalidGrid; 
    bool            bChannelT; 
 int    iRuns, iMstep; 
 
    // change this to false to only calculate runoff 
 bool      bCalcSoil = true; 
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 // detachability of the soil by raindrop impact 
 double  Kc = 0.1;  // [g/J] 
 double  Kz = 0.5;  // [g/J] 
 double  Ks = 0.3;  // [g/J] 
 double  Fc, Fz, Fs, F; 
 
 // detachability of the soil by runoff 
 double  DRc = 1.0;  // [-] 
 double  DRz = 1.6;  // [-] 
 double  DRs = 1.5;  // [-] 
 double  Hc, Hz, Hs, H; 
 
 // particle fall number 
 double vs_c = 0.000002; // fall velocity [m/s] clay 
 double vs_z = 0.002;  // fall velocity [m/s] silt 
 double vs_s = 0.02;  // fall velocity [m/s] sand 
 double Nf_c, Nf_z, Nf_s; 
 // recalculation of particle fall number for sediment balance 
 double vs_c1 = 0.00002; // fall velocity [m/s] clay 
 double vs_z1 = 0.02;  // fall velocity [m/s] silt 
 double vs_s1 = 0.2;  // fall velocity [m/s] sand 
 
 
 
 pDTM  = Parameters("DTM")->asGrid(); 
 pS   = Parameters("S")->asGrid(); 
    pChannel    = Parameters("CHANNEL")->asGrid(); 
 pPI   = Parameters("PI")->asGrid(); 
 pCC   = Parameters("CC")->asGrid(); 
 pPH   = Parameters("PH")->asGrid(); 
 pMS   = Parameters("MS")->asGrid(); 
 pBD   = Parameters("BD")->asGrid(); 
 pEHD  = Parameters("EHD")->asGrid(); 
 pEtEo  = Parameters("EtEo")->asGrid(); 
 pLP   = Parameters("LP")->asGrid(); 
 pGC   = Parameters("GC")->asGrid(); 
 pPer_c  = Parameters("PER_C")->asGrid(); 
 pPer_z  = Parameters("PER_Z")->asGrid(); 
 pPer_s  = Parameters("PER_S")->asGrid(); 
 pST   = Parameters("ST")->asGrid(); 
 pD   = Parameters("D")->asGrid(); 
 pNV   = Parameters("NV")->asGrid(); 
 pRFR  = Parameters("RFR")->asGrid(); 
  
 pMeteoTab = Parameters("TAB_METEO")->asTable(); 
 sOutPath = Parameters("OUT_PATH")->asString(); 
 
 if (pMeteoTab != NULL) 
 { 
  if (sOutPath.Length() == 0) 
  { 
   SG_UI_Msg_Add_Error(_TL("No path for output files 
specified!")); 
   SG_UI_Msg_Add(_TL("Please provide a path for the output 
files."), true); 
   return (false); 
  } 
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  iRuns = pMeteoTab->Get_Count(); 
 } 
 else 
  iRuns = 1; 
 
 
 // check if all input grids are valid within the bounds of the DTM 
 //---------------------------------------------------------------- 
 for (y=0; y<Get_NY(); y++) 
 { 
  for (x=0; x<Get_NX(); x++) 
  { 
   if (!pDTM->is_NoData(x, y)) 
   { 
    InvalidGrid = SG_T(""); 
 
    if (pS->is_NoData(x, y)) 
     InvalidGrid = SG_T("S"); 
    if (pPI->is_NoData(x, y)) 
     InvalidGrid = SG_T("PI"); 
    if (pCC->is_NoData(x, y)) 
     InvalidGrid = SG_T("CC"); 
    if (pPH->is_NoData(x, y)) 
     InvalidGrid = SG_T("PH"); 
    if (pMS->is_NoData(x, y)) 
     InvalidGrid = SG_T("MS"); 
    if (pBD->is_NoData(x, y)) 
     InvalidGrid = SG_T("BD"); 
    if (pEHD->is_NoData(x, y)) 
     InvalidGrid = SG_T("EHD"); 
    if (pEtEo->is_NoData(x, y)) 
     InvalidGrid = SG_T("EtEo"); 
    if (pLP->is_NoData(x, y)) 
     InvalidGrid = SG_T("LP"); 
    if (pGC->is_NoData(x, y)) 
     InvalidGrid = SG_T("GC"); 
    if (pPer_c->is_NoData(x, y)) 
     InvalidGrid = SG_T("PER_C"); 
    if (pPer_z->is_NoData(x, y)) 
     InvalidGrid = SG_T("PER_Z"); 
    if (pPer_s->is_NoData(x, y)) 
     InvalidGrid = SG_T("PER_S"); 
    if (pST->is_NoData(x, y)) 
     InvalidGrid = SG_T("ST"); 
    if (pD->is_NoData(x, y)) 
     InvalidGrid = SG_T("D"); 
    if (pNV->is_NoData(x, y)) 
     InvalidGrid = SG_T("NV"); 
    if (pRFR->is_NoData(x, y)) 
     InvalidGrid = SG_T("RFR"); 
 
    if (InvalidGrid.Length() > 0) 
    { 
     Error_Set(CSG_String::Format(_TL("NoData 
encountered in input grid %s: x %d (%.2f), y %d (%.2f)"), 
      InvalidGrid.c_str(), x, pDTM-
>Get_System().Get_xGrid_to_World(x), y, pDTM-
>Get_System().Get_yGrid_to_World(y))); 
     return (false); 
    } 
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   } 
  } 
 } 
  
 #ifdef _TMP_OUT         
  pRf  = Parameters("Rf")->asGrid(); 
  pKE  = Parameters("KE")->asGrid(); 
  pRc  = Parameters("Rc")->asGrid(); 
  pSLc = Parameters("SLc")->asGrid(); 
  pSLz = Parameters("SLz")->asGrid(); 
  pSLs = Parameters("SLs")->asGrid(); 
  pW_up = Parameters("W_up")->asGrid(); 
 
  pTCc = Parameters("TCc")->asGrid(); 
  pTCz = Parameters("TCz")->asGrid(); 
  pTCs = Parameters("TCs")->asGrid(); 
  pGc  = Parameters("Gc")->asGrid(); 
  pGz  = Parameters("Gz")->asGrid(); 
  pGs  = Parameters("Gs")->asGrid(); 
  pTCondc = Parameters("TCONDc")->asGrid(); 
  pTCondz = Parameters("TCONDz")->asGrid(); 
  pTConds = Parameters("TCONDs")->asGrid(); 
  pTCc->Assign_NoData(); 
  pTCz->Assign_NoData(); 
  pTCs->Assign_NoData(); 
  pGc->Assign_NoData(); 
  pGz->Assign_NoData(); 
  pGs->Assign_NoData(); 
  pTCondc->Assign_NoData(); 
  pTCondz->Assign_NoData(); 
  pTConds->Assign_NoData(); 
 #endif 
 
 pIF   = Parameters("IF")->asGrid(); 
 pQ   = Parameters("Q")->asGrid(); 
 pSL   = Parameters("SL")->asGrid(); 
 
 R      = Parameters("R")->asDouble(); 
 I      = Parameters("I")->asDouble(); 
 Rn      = Parameters("Rn")->asDouble(); 
 KE_I_method = Parameters("KE_I_METHOD")->asInt(); 
    timespan    = Parameters("TIMESPAN")->asInt(); 
    flowd_va    = Parameters("FLOWD_VA")->asDouble(); 
    bChannelT   = Parameters("CHANNELTRANSPORT")->asBool(); 
 bInterflow = Parameters("INTERFLOW")->asBool(); 
 T   = Parameters("T")->asDouble(); 
 
 if (bInterflow && pIF == NULL) 
 { 
  pIF  = SG_Create_Grid(pDTM); 
  bFreeIF = true; 
 } 
 
 
 // create temporary grids 
 #ifndef _TMP_OUT 
  pRf  = SG_Create_Grid(pDTM->Get_System()); 
  pKE  = SG_Create_Grid(pDTM->Get_System()); 
  pRc  = SG_Create_Grid(pDTM->Get_System()); 
  pSLc = SG_Create_Grid(pDTM->Get_System()); 
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  pSLz = SG_Create_Grid(pDTM->Get_System()); 
  pSLs = SG_Create_Grid(pDTM->Get_System()); 
  pW_up = SG_Create_Grid(pDTM->Get_System()); 
 #endif 
 
 
 for (int iRun=0; iRun<iRuns; iRun++) 
 { 
  SG_UI_Process_Set_Text(CSG_String::Format(_TL("Model step 
%d/%d ..."), iRun + 1, iRuns)); 
 
  if (pMeteoTab != NULL) 
  { 
   iMstep  = pMeteoTab->Get_Record(iRun)-
>asInt(0); 
   T   = pMeteoTab->Get_Record(iRun)-
>asDouble(1); 
   R   = pMeteoTab->Get_Record(iRun)-
>asDouble(2); 
   I   = pMeteoTab->Get_Record(iRun)-
>asDouble(3); 
   Rn   = pMeteoTab->Get_Record(iRun)-
>asDouble(4); 
   timespan = pMeteoTab->Get_Record(iRun)->asInt(5); 
  } 
 
  if (bInterflow && Rn > timespan) 
  { 
   Error_Set(CSG_String::Format(_TL("Number of raindays is 
greater than model timespan!"))); 
   return (false); 
  } 
 
  // Initialize Grids 
  pSLc->Assign(0.0); 
  pSLz->Assign(0.0); 
  pSLs->Assign(0.0); 
  pQ->Assign(0.0); 
  pW_up->Assign(0.0); 
  if (bInterflow) 
   pIF->Assign(0.0); 
 
 
  // Estimation of rainfall energy (effective rainfall, leaf 
drainage, direct throughfall, kinetic energy) 
  //-----------------------------------------------------------
------------------------------------------- 
  for (y=0; y<Get_NY() && Set_Progress(y); y++) 
  { 
   for (x=0; x<Get_NX(); x++) 
   { 
    if (!pS->is_NoData(x, y) && !pPI->is_NoData(x, y) 
&& !pCC->is_NoData(x, y) && !pPH->is_NoData(x, y)) 
    { 
     pRf->Set_Value(x, y, (R * (1-pPI-
>asDouble(x, y))) / cos(pS->asDouble(x, y))); // Equ. (1) 
     LD = pRf->asDouble(x, y) * pCC->asDouble(x, 
y);         // Equ. (2) 
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     DT = pRf->asDouble(x, y) - LD;  
           // Equ. 
(3) 
     
     switch (KE_I_method)  // Equ. (4), 
see Table 2 in Morgan (2001) 
     { 
     case MMF_KE_I_WISCHMEIER_SMITH_1978: 
     default: 
      KE_DT = DT * (11.87 + 8.73 * 
log10(I));    break; 
     case MMF_KE_I_MARSHALL_PALMER: 
      KE_DT = DT * (8.95 + 8.44 * 
log10(I));    break; 
     case MMF_KE_I_ZANCHI_TORRI_1980: 
      KE_DT = DT * (9.81 + 11.25 * 
log10(I));    break; 
     case MMF_KE_I_COUTINHO_TOMAS_1995: 
      KE_DT = DT * (35.9 * (1 - 0.56 * 
exp(-0.034 * I))); break; 
     case MMF_KE_I_HUDSON_1965: 
      KE_DT = DT * (29.8 - (127.5 / I)); 
    break; 
     case MMF_KE_I_ONEGA_ET_AL_1998: 
      KE_DT = DT * (9.81 + 10.6 * 
log10(I));    break; 
     case MMF_KE_I_ROSEWELL_1986: 
      KE_DT = DT * (29.0 * (1 - 0.6 * exp(-
0.04 * I))); break; 
     case MMF_KE_I_MCISAAC_1990: 
      KE_DT = DT * (26.8 * (1 - 0.29 * 
exp(-0.049 * I))); break; 
     } 
     
     if (pPH->asDouble(x, y) < 0.15) 
      KE_LD = 0.0;    
           
 // Equ. (5) 
     else 
      KE_LD = LD * (15.8 * pow(pPH-
>asDouble(x, y), 0.5) - 5.87);     // Equ. (6) 
 
     pKE->Set_Value(x, y, KE_DT + KE_LD); 
          // Equ. (7) 
    } 
    else 
    { 
     pRf->Set_NoData(x, y); 
     pKE->Set_NoData(x, y); 
    } 
   } 
  } 
 
  // estimation of runoff 
  //----------------------- 
 
  if (bInterflow) 
  { 
   Z  = 300 + (25 * T) + (0.05 * T * T * T); 
 // Equ. (12) 
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   Rmod = R * (365/timespan);     
 // scale up from timespan to annual values 
   E  = Rmod / sqrt(0.9 + (Rmod*Rmod)/(Z*Z)); 
 // Equ. (11) 
   E  = E / (365/timespan);                       
// calculate E for timespan 
  } 
 
  Ro = R / Rn;        
   // Equ. (9) mean rain per rain day 
 
 
  for (int n=0; n<Get_NCells() && Set_Progress(n); n++) 
  { 
   pDTM->Get_Sorted(n, x, y, true, false); 
 
   if (pDTM->is_NoData(x, y)) // pMS, pBD, pEHD, pEtEo, 
pRf, pLP, pS 
   { 
    pQ->Set_NoData(x, y); 
    pSL->Set_NoData(x, y); 
    pRc->Set_NoData(x, y); 
    if (bInterflow) 
     pIF->Set_NoData(x, y); 
   } 
   else 
   { 
    if (bInterflow) 
    { 
     Rc = (1000 * pMS->asDouble(x, y) * pBD-
>asDouble(x, y) * pEHD->asDouble(x, y) * pow(pEtEo->asDouble(x, y), 0.5)) 
- pIF->asDouble(x, y); // Equ. (8) 
     if (Rc < 0.0) 
      Rc = 0.0; 
     pRc->Set_Value(x, y, Rc); 
    } 
    else 
     pRc->Set_Value(x, y, 1000 * pMS-
>asDouble(x, y) * pBD->asDouble(x, y) * pEHD->asDouble(x, y) * pow(pEtEo-
>asDouble(x, y), 0.5));  // Equ. (8), modified 
 
    L = Get_Cellsize() / cos(pS->asDouble(x, y));
 // slope length, approx. from cellsize and slope 
 
    if (pChannel != NULL && !pChannel->is_NoData(x, 
y)) 
     Q = pRf->asDouble(x, y) + pQ->asDouble(x, 
y); 
    else 
     Q = (pRf->asDouble(x, y) + pQ->asDouble(x, 
y)) * exp((-1.0 * pRc->asDouble(x, y)) / Ro) * pow(L/10,0.1); 
 // Equ. (9) 
             
    //double Qe = pRf->asDouble(x, y) * exp((-1.0 * 
pRc->asDouble(x, y)) / Ro); 
    
    if (bInterflow) 
    { 
     IF = ((R - E - Q) * pLP->asDouble(x, y) * 
sin(pS->asDouble(x, y))) / timespan;  // Equ. (13) 
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     if (IF < 0) 
      IF = 0.0; 
    } 
 
 
    z  = pDTM->asDouble(x, y); 
    dzSum = 0.0; 
    W_down = 0.0; 
 
 
    // uncomment this to just route number of cells 
to verify flow routing 
    /*if (pChannel != NULL && !pChannel->is_NoData(x, 
y)) 
     Q = 1.0 + pQ->asDouble(x, y); 
    else 
     Q = 0.0; 
    if (bInterflow) 
     IF = 0.0; 
    */ 
 
    if (pChannel != NULL && !pChannel->is_NoData(x, 
y)) 
    { 
     steepestN   = pDTM-
>Get_Gradient_NeighborDir(x, y); 
     dzSum       = 1.0; 
    } 
    else // MFD Freeman 1991 
    { 
     for (int i=0; i<8; i++) 
     { 
      ix = Get_xTo(i, x);    
      iy = Get_yTo(i, y);    
 
      if( pDTM->is_InGrid(ix, iy) ) 
      { 
       d  = z - pDTM-
>asDouble(ix, iy); 
      } 
      else 
      { 
       ix  = Get_xTo(i + 4, 
x); 
       iy  = Get_yTo(i + 4, 
y); 
 
       if( pDTM->is_InGrid(ix, iy) ) 
       { 
        d  = pDTM-
>asDouble(ix, iy) - z; 
       } 
       else 
       { 
        d  = 0.0; 
       } 
      } 
 
      if( d > 0.0 ) 
      { 
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       dzSum += (dz[i] = pow(d / 
Get_Length(i), Convergence)); 
      } 
      else 
      { 
       dz[i] = 0.0; 
      } 
     } 
    } 
    
    // flow routing 
    //-----------------------------------------------
------ 
    if (dzSum > 0.0) 
    { 
     if (pChannel != NULL && !pChannel-
>is_NoData(x, y)) 
     { 
      if (steepestN != -1) 
      { 
       ix = Get_xTo(steepestN, x); 
       iy = Get_yTo(steepestN, y); 
 
       pQ->Add_Value(ix, iy, Q); 
       // distribute   
  
       pW_up->Add_Value(ix, iy, 
Get_Length(steepestN));  // upslope CL of ix,iy 
       W_down = Get_Length(steepestN);
       // downslope CL of x,y 
       if (bInterflow) 
        pIF->Add_Value(ix, iy, 
IF); 
      } 
     } 
     else 
     { 
      d_Q  =  Q / dzSum; 
      if (bInterflow) 
       d_IF =  IF / dzSum; 
 
      for (int i=0; i<8; i++) 
      { 
       if (dz[i] > 0.0) 
       { 
        ix = Get_xTo(i, x); 
        iy = Get_yTo(i, y); 
 
        if( pDTM->is_InGrid(ix, 
iy) ) 
        { 
         pQ->Add_Value(ix, 
iy, d_Q * dz[i]);  // distribute 
         f_w = 0.5 * 
Get_Cellsize() / Get_System()->Get_UnitLength(i); 
         pW_up-
>Add_Value(ix, iy, f_w);   // upslope CL of ix,iy 
         W_down += f_w; 
      // downslope CL of x,y 
         if (bInterflow) 
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          pIF-
>Add_Value(ix, iy, d_IF * dz[i]); 
        } 
       } 
      } 
     } 
    } 
 
    pQ->Set_Value(x, y, Q);  // write local 
values 
    if (bInterflow) 
     pIF->Set_Value(x, y, IF); 
 
    if (bCalcSoil) 
    { 
     // detachment of soil particles ... 
     per_c = pPer_c->asDouble(x, y); 
     per_z = pPer_z->asDouble(x, y); 
     per_s = pPer_s->asDouble(x, y); 
     ST  = pST->asDouble(x, y); 
     KE  = pKE->asDouble(x, y); 
     GC  = pGC->asDouble(x, y); 
     sin_S = sin(pS->asDouble(x, y)); 
 
     // ... by raindrop impact 
     Fc = Kc * (per_c / 100.0) * (1.0 - ST) * 
KE * 0.001;  // Equ. (14) 
     Fz = Kz * (per_z / 100.0) * (1.0 - ST) * 
KE * 0.001;  // Equ. (15) 
     Fs = Ks * (per_s / 100.0) * (1.0 - ST) * 
KE * 0.001;  // Equ. (16) 
     F = Fc + Fz + Fs;    
       // Equ. (17) 
     // ... by runoff 
     Hc = DRc * (per_c / 100.0) * pow(Q, 1.5) 
* (1.0 - (GC + ST)) * pow(sin_S, 0.3) * 0.001;  // Equ. (18) 
     Hz = DRz * (per_z / 100.0) * pow(Q, 1.5) 
* (1.0 - (GC + ST)) * pow(sin_S, 0.3) * 0.001;  // Equ. (19) 
     Hs = DRs * (per_s / 100.0) * pow(Q, 1.5) 
* (1.0 - (GC + ST)) * pow(sin_S, 0.3) * 0.001;  // Equ. (20) 
     H = Hc + Hz +Hs;    
            
    // Equ. (21) 
 
     // flow velocity ...   
 /// input map with 3 classes 
     // ... for standard bare soil 
     n_manning = 0.015; 
     d_flow = 0.005; 
  
     slopeFract = tan(pS->asDouble(x, y)); 
     if (slopeFract == 0.0) 
      slopeFract = 0.001; // workaround 
for velocity calculations, otherwise v_flow and thus TC may become NaN! 
 
     v_flow_b = 1.0 / n_manning * pow(d_flow, 
0.67) * pow(slopeFract, 0.5); // Equ. (22) 
     
     // ... actual flow velocity 
     n_manning = 0.015; 
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     // if ....       // global method 
       
     //d_flow = 0.005; // unchannelled flow 
     //d_flow = 0.01; // shallow rills 
     //d_flow = 0.25; // deeper rills 
     d_flow = flowd_va;  // user supplied value 
     v_flow_a = 1.0 / n_manning * pow(d_flow, 
0.67) * pow(slopeFract, 0.5) * pow(M_EULER, (-0.018*ST)); // Equ. (23) 
 
     // ... for vegetated conditions 
     if (pGC->asDouble(x, y) > 0.01)  
 // assuming bare soil as no ground cover 
      v_flow_v = pow(((2 * 9.81) / (pD-
>asDouble(x, y) * pNV->asDouble(x, y))), 0.5) * pow(slopeFract, 0.5);
 // Equ. (24) 
     else 
      v_flow_v = 1.0;    
  // bare soil 
 
     // ... for the effect of tillage 
     d_flow = 0.005; 
     //n_manning = pow(M_EULER, log(-2.1132 + 
0.0349 * pRFR->asDouble(x, y))); // Equ. (27) 
     n_manning = pow(M_EULER, -2.1132 + 0.0349 * 
pRFR->asDouble(x, y)); // Equ. (27) 
     v_flow_t = 1.0 / n_manning * pow(d_flow, 
0.67) * pow(slopeFract, 0.5); 
     // v_flow_t = 1.0 if not under arable 
cultivation and natural soil surface roughness is not accounted for 
 
     // particle fall number 
     //d_flow = 0.005; 
     d_flow = flowd_va;  // user supplied value 
 
     if (pGC->asDouble(x, y) > 0.01)  
    // assuming bare soil as no ground cover 
     { 
      Nf_c = (L * vs_c) / (v_flow_v * 
d_flow);  // Equ. (28) 
      Nf_z = (L * vs_z) / (v_flow_v * 
d_flow);  // Equ. (29) 
      Nf_s = (L * vs_s) / (v_flow_v * 
d_flow);  // Equ. (30) 
     } 
     else       
     // bare soil 
     { 
      Nf_c = (L * vs_c) / (v_flow_b * 
d_flow);  // Equ. (28) 
      Nf_z = (L * vs_z) / (v_flow_b * 
d_flow);  // Equ. (29) 
      Nf_s = (L * vs_s) / (v_flow_b * 
d_flow);  // Equ. (30) 
     } 
 
     // percentage of detached sediment 
deposited 
     DEPc = 44.1 * pow(Nf_c, 0.29);  
    // Equ. (31) 
     if (DEPc > 100.0) 
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      DEPc = 100.0; 
     DEPz = 44.1 * pow(Nf_z, 0.29);  
    // Equ. (32) 
     if (DEPz > 100.0) 
      DEPz = 100.0; 
     DEPs = 44.1 * pow(Nf_s, 0.29);  
    // Equ. (33) 
     if (DEPs > 100.0) 
      DEPs = 100.0; 
 
     // delivery of detached particles to runoff 
 
     if (W_down <= 0.0) 
      W_down = 0.5 * Get_Cellsize(); 
 
     if (pW_up->asDouble(x, y) == 0) 
      W_up = W_down; 
     
 
     Gc = (Fc + Hc) * (1.0 - DEPc / 100.0) + 
(pSLc->asDouble(x, y) * W_up/W_down); // Equ. (35) 
     Gz = (Fz + Hz) * (1.0 - DEPz / 100.0) + 
(pSLz->asDouble(x, y) * W_up/W_down); // Equ. (36) 
     Gs = (Fs + Hs) * (1.0 - DEPs / 100.0) + 
(pSLs->asDouble(x, y) * W_up/W_down); // Equ. (37) 
     //G = Gc + Gz + Gs;    
            
  // Equ. (38) 
 
 
     // transport capacity of runoff 
     v_flow = (v_flow_a * v_flow_v * v_flow_t) / 
v_flow_b; 
     TCc = v_flow * (per_c / 100.0) * pow(Q, 2) 
* sin_S * 0.001; // Equ. (39) 
     TCz = v_flow * (per_z / 100.0) * pow(Q, 2) 
* sin_S * 0.001; // Equ. (40) 
     TCs = v_flow * (per_s / 100.0) * pow(Q, 2) 
* sin_S * 0.001; // Equ. (41) 
 
     // sediment balance 
     if (TCc >= Gc) 
     { 
      SLc = Gc; 
      #ifdef _TMP_OUT 
      pTCondc->Set_Value(x, y, 0); 
      #endif 
     } 
     else // recalculation 
     { 
      if (pGC->asDouble(x, y) > 0.01) 
       // assuming bare soil as no 
ground cover 
       Nf_c = (L * vs_c1) / (v_flow_v 
* d_flow);    // Equ. (28) 
      else      
        // bare soil 
       Nf_c = (L * vs_c1) / (v_flow_b 
* d_flow);    // Equ. (28) 
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      DEPc = 44.1 * pow(Nf_c, 0.29); 
       // Equ. (31) 
      if (DEPc > 100.0) 
       DEPc = 100.0; 
      Gc = Gc * (1.0 - DEPc / 100.0); 
      // Equ. (45) 
      if (TCc >= Gc) 
      { 
       SLc = TCc; 
       #ifdef _TMP_OUT 
       pTCondc->Set_Value(x, y, 1); 
       #endif 
      } 
      else 
      { 
       SLc = Gc; 
       #ifdef _TMP_OUT 
       pTCondc->Set_Value(x, y, 2); 
       #endif 
      } 
     } 
 
     if (TCz >= Gz) 
     { 
      SLz = Gz; 
      #ifdef _TMP_OUT 
      pTCondz->Set_Value(x, y, 0); 
      #endif 
     } 
     else // recalculation 
     { 
      if (pGC->asDouble(x, y) > 0.01) 
       // assuming bare soil as no 
ground cover 
       Nf_z = (L * vs_z1) / (v_flow_v 
* d_flow);    // Equ. (28) 
      else      
        // bare soil 
       Nf_z = (L * vs_z1) / (v_flow_b 
* d_flow);    // Equ. (28) 
 
      DEPz = 44.1 * pow(Nf_z, 0.29); 
       // Equ. (31) 
      if (DEPz > 100.0) 
       DEPz = 100.0; 
      Gz = Gz * (1.0 - DEPz / 100.0); 
      // Equ. (46) 
      if (TCz >= Gz) 
      { 
       SLz = TCz; 
       #ifdef _TMP_OUT 
       pTCondz->Set_Value(x, y, 1); 
       #endif 
      } 
      else 
      { 
       SLz = Gz; 
       #ifdef _TMP_OUT 
       pTCondz->Set_Value(x, y, 0); 
       #endif 



 207

      } 
     } 
 
     if (TCs >= Gs) 
     { 
      SLs = Gs; 
      #ifdef _TMP_OUT 
      pTConds->Set_Value(x, y, 0); 
      #endif 
     } 
     else // recalculation 
     { 
      if (pGC->asDouble(x, y) > 0.01) 
       // assuming bare soil as no 
ground cover 
       Nf_s = (L * vs_s1) / (v_flow_v 
* d_flow);    // Equ. (28) 
      else      
        // bare soil 
       Nf_s = (L * vs_s1) / (v_flow_b 
* d_flow);    // Equ. (28) 
 
      DEPs = 44.1 * pow(Nf_s, 0.29); 
       // Equ. (31) 
      if (DEPs > 100.0) 
       DEPs = 100.0; 
      Gs = Gs * (1.0 - DEPs / 100.0); 
      // Equ. (47) 
      if (TCs >= Gs) 
      { 
       SLs = TCs; 
       #ifdef _TMP_OUT 
       pTConds->Set_Value(x, y, 1); 
       #endif 
      } 
      else 
      { 
       SLs = Gs; 
       #ifdef _TMP_OUT 
       pTConds->Set_Value(x, y, 2); 
       #endif 
      } 
     } 
 
     SLc *= pDTM->Get_Cellarea(); 
     SLz *= pDTM->Get_Cellarea(); 
     SLs *= pDTM->Get_Cellarea(); 
 
     // sediment routing 
     //-----------------------------------------
------------ 
     if (dzSum > 0.0) 
     { 
      if (pChannel != NULL && !pChannel-
>is_NoData(x, y) && bChannelT)  // Transport along channel, 
ignore (new) sediment balance within channel 
      { 
       if (steepestN != -1) 
       {      
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        ix = 
Get_xTo(steepestN, x); 
        iy = 
Get_yTo(steepestN, y); 
 
        pSLc->Add_Value(ix, iy, 
pSLc->asDouble(x, y)); 
        pSLz->Add_Value(ix, iy, 
pSLz->asDouble(x, y)); 
        pSLs->Add_Value(ix, iy, 
pSLs->asDouble(x, y)); 
       } 
      } 
      else if (pChannel == NULL || 
(pChannel != NULL && pChannel->is_NoData(x, y)))  // no channel 
grid used or no channel cell 
      { 
       d_SLc =  SLc / dzSum; 
       d_SLz =  SLz / dzSum; 
       d_SLs =  SLs / dzSum; 
 
       for (int i=0; i<8; i++) 
       { 
        if (dz[i] > 0.0) 
        { 
         ix = Get_xTo(i, 
x); 
         iy = Get_yTo(i, 
y); 
 
         if( pDTM-
>is_InGrid(ix, iy) ) 
         { 
          pSLc-
>Add_Value(ix, iy, d_SLc * dz[i]);  // distribute 
          pSLz-
>Add_Value(ix, iy, d_SLz * dz[i]); 
          pSLs-
>Add_Value(ix, iy, d_SLs * dz[i]); 
         } 
        } 
       } 
      } 
     } 
 
     if (pChannel != NULL && !pChannel-
>is_NoData(x, y))   // channel grid and channel cell: only 
write incoming material, ignore (new) sediment balance 
     { 
      pSL->Set_Value(x, y, pSLc-
>asDouble(x, y) + pSLz->asDouble(x, y) + pSLs->asDouble(x, y)); 
      pSLc->Set_Value(x, y, pSLc-
>asDouble(x, y)); 
      pSLz->Set_Value(x, y, pSLz-
>asDouble(x, y)); 
      pSLs->Set_Value(x, y, pSLs-
>asDouble(x, y)); 
     } 
     else  // calc mean annual soil loss 
     { 
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      pSL->Set_Value(x, y, SLc + SLz + 
SLs); 
      pSLc->Set_Value(x, y, SLc); 
      pSLz->Set_Value(x, y, SLz); 
      pSLs->Set_Value(x, y, SLs); 
     } 
 
     #ifdef _TMP_OUT 
     pTCc->Set_Value(x, y, TCc * pDTM-
>Get_Cellarea()); 
     pTCz->Set_Value(x, y, TCz * pDTM-
>Get_Cellarea()); 
     pTCs->Set_Value(x, y, TCs * pDTM-
>Get_Cellarea()); 
 
     pGc->Set_Value(x, y, Gc * pDTM-
>Get_Cellarea()); 
     pGz->Set_Value(x, y, Gz * pDTM-
>Get_Cellarea()); 
     pGs->Set_Value(x, y, Gs * pDTM-
>Get_Cellarea()); 
     #endif 
    }// bCalcSoil 
   }// not NoData 
  }// for 
 
  if (pMeteoTab != NULL) 
  { 
   pQ->Save(CSG_String::Format(SG_T("%s\\%03d_Runoff"), 
sOutPath.c_str(), iRun + 1)); 
   pSL->Save(CSG_String::Format(SG_T("%s\\%03d_SoilLoss"), 
sOutPath.c_str(), iRun + 1)); 
  } 
 }// for model step 
 
 //----------------------------------------------------- 
 // delete temporary grids 
 #ifndef _TMP_OUT 
  delete(pRf); 
  delete(pKE); 
  delete(pRc); 
  delete(pSLc); 
  delete(pSLz); 
  delete(pSLs); 
  delete(pW_up); 
 #endif 
 
 if (bFreeIF) 
  delete(pIF); 
 
 return( true ); 
} 
 
 
 
 
/////////////////////////////////////////////////////////// 
//            
   // 
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APPENDIX  2 
 

Evaluation of methods for digital elevation model interpolation of tillage systems  

Setiawan M. A., Rutzinger M., Wichmann V., Stötter J., Sartohadi J. 

 

1. Introduction 

Representing tillage systems by Digital Elevation Model (DEM) is an important task in 

environmental modelling, particularly for soil erosion and hydrological processes within 

agricultural areas. It is common to represent the characteristics of tillage system by an 

index instead of using the real dimension of it. For instance, Wischmeir and Smith 

(1978a) introduced the tillage system index (P) for the Universal Soil Loss Model (USLE). 

Morgan (2005) used the soil surface roughness (RFR) to represent different tillage sys-

tems. In a detailed analysis, it is however necessary to maintain the real dimension of 

the tillage systems in DEMs by using appropriate interpolation algorithms. 

 

Tillage activity changes the surface continuity, which can create specific morphologic 

structures such as ridges, terraces, and furrows. Some of those characteristics appear as 

regular patterns, others occur as abrupt changes i.e. discontinuities. Thus, it requires an 

adequate point sampling technique in order to maintain the surface structure of inter-

est in the interpolated DEM (Aguilar et al., 2005). Surveying such an area could be effi-

ciently done by means of topographic LiDAR technology (Fröhlich & Mettenleiter, 2004; 

Hack et al., 2004).  

 

Nevertheless, traditional survey techniques acquiring single points such as theodolite or 

differential GPS are still common in practical work, especially if the acquisition of topog-

raphic LiDAR data is not affordable. The limited number of sampling points from such a 

traditional survey requires a comprehensive investigation of the pros and cons of differ-

ent interpolation methods in order to be able to produce a reliable and accurate DEM.   

 

Several interpolation methods have been developed and improved in order to provide 

high quality DEMs. Most of those methods were developed for certain purposes and 

therefore have their advantages and insufficiencies (Moore et al., 1991; Mitas & 
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Mitasova, 1999; Webster & Oliver, 2007). Some studies have evaluated different interpo-

lation methods by investigating (i) the influence of the sampling patterns of field meas-

urements (Zimmerman et al., 1999; Heritage et al., 2009; Merwade, 2009), (ii) the density 

of sampling points (Aguilar et al., 2005; Chaplot et al., 2006; Heritage et al., 2009), and 

(iii) the morphological characteristics of the surface (Zimmerman et al., 1999; Aguilar et 

al., 2005; Chaplot et al., 2006). Most evaluation studies on DEM interpolation are carried 

out on continuous surfaces. Thus, there is a demand on comprehensive investigations 

on point interpolation methods applied to surfaces with regular patterns and step 

edges such as in tillage areas.  

 

DEM accuracies are often confirmed quantitatively with the root mean square error 

(RMSE). However, RMSE merely provides a standard deviation value of the elevation er-

ror calculated from sampled points and higher accuracy data. It assumes two condi-

tions: First, the values of sampled points are in normal distribution and secondly, the 

mean error is equal to zero which might not always be the case (Fisher & Tate, 2006). 

The mean error can be vary because of inaccurate interpolation result. Furthermore, a 

DEM with a good RMSE does not always represent similarity in comparison to the real 

surface (Declercq, 1996; Yang & Hodler, 2000) due to a limited sampling data set. To 

overcome this shortcoming, (Fisher & Tate, 2006) recommended to apply the error 

standard deviation (S) in which the real value of mean error is considered.  

 

Another alternative technique in assessing the DEM quality can be represented through 

measuring the total area of sink drainages. Such sink drainages can occur due errors in 

the input data or imperfect interpolation (Wang & Liu, 2006a). The size of those sinks 

can range from single cells up to groups of connected cells which do not have any 

down-slope path on its surrounding cells (Wang & Liu, 2006a). As a consequence drain-

age paths end in such sinks instead of reaching the main outlet. A critical question, 

however, always arises on how to distinguish between real and spurious sinks, in par-

ticular, when working on overview scales (e.g. catchment area). It may be easier to rec-

ognize the spurious sinks as noise on a field-plot scale where sampling points are con-

ducted at every major surface change. The basic consideration is that the more spurious 

sinks appear, the more spatial errors occur in the DEM.  
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Other authors (Desmet, 1997; Fisher & Tate, 2006) have agreed that evaluating the DEM 

accuracy should consider both the quantitative and the shape similarity analysis. It is, in 

fact, a matter of practical reason whether to merely use the quantitative level or to apply 

the shape similarity analysis. On the one hand, the quantitative level is easier to com-

pare but it lacks any measure on shape similarity (Yang & Hodler, 2000). On the other 

hand, shape analysis is more like a descriptive or qualitative assessment but has the abil-

ity to describe the similarity between interpolated and reference surface (Wood & 

Fisher, 1993). It remains a challenging task to combine these two assessment methods 

in order to get a more reliable measure of the spatial accuracy of DEMs. 

 

Our study aims at finding the best fit interpolation method from the already published 

methods in order to represent two different tillage types, namely bench terrace and fur-

row. To improve the interpolation, some methods allow the integration of breaklines 

during the interpolation process. The resulted DEMs are investigated by a stepwise 

analysis using a combination between quantitative and shape similarity analysis. In 

terms of the quantitative analysis, parameters such as mean error (ME), error standard 

deviation (S), variables of linear regression (i.e. weighted coefficient of determination 

(wR2) and intercept value (a)), and sink drainage area are used in this study. After the 

calculation of quantitative parameters, the interpolated DEMs are visualized in 3D views 

to analyze the shape similarity. Finally, rank classification is performed to decide on the 

best quality interpolation methods. 

 

2. Material and Methods 

Study site 

Two field plot areas in dry-land agriculture (tegalan) were observed. These plots, namely 

Tieng (1652 m2) and Buntu (673 m2), are situated in the upper part of Serayu Watershed 

in Wonosobo Prefecture, Central Java Province, Indonesia (Fig. 1). These plot areas were 

initially selected for measuring and modelling the soil erosion rate under both different 

land use and soil conservation methods. In this area, the limited availability of arable 

land area has forced the local farmers to modify the hillslope surface into agricultural 



 213

field. Regardless of the slope steepness, bench terraces and furrows have widely been 

adopted as the common tillage systems within this area.  

 

The Tieng plot has vertical terrace risers (ca. 2 m) and nearly plane terrace beds (Fig. 2). 

An andesitic boulder from the early Holocene period is located on top of this plot. In 

addition, numbers of rocks are embedded along the terrace risers to reduce the soil ero-

sion effect. The Buntu plot area (Fig. 3a) is identified by a set of ridges and furrows inter-

rupted with a number of ditches, which are perpendicularly oriented to the main slope 

direction. The ground of the ditches nearly approaches the bedrock.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Figure 1. The study area of two field-size agricultural areas, i.e. (a) Tieng and (b) Buntu 

 

Data acquisition and pre-processing 

There is always a trade-off between the number of sampling points to be taken and the 

desired resolution and target scale. In order to carry out an effective survey, this study 

followed the principal work of (Aguilar et al., 2005) and (Heritage et al., 2009) who de-
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scribed the crucial role of the sampling strategy according to the morphological charac-

teristics of the surface. In our study, point sampling was done at every major change 

within the plot’s area. Demanding a high resolution DEM (10x10 cm for Tieng and 

5x5 cm for Buntu) a total station (Nikon DTM 322 with 3” angle precision) was em-

ployed.  

 

 

 

 

 

  

 

 

 

         (a)  
    

   

        

          

          

 

 

          

         (b) 

Figure 2. (a) The sampling points on the upper and lower part along terrace riser’s edge; (b) points data 

set of Tieng  

 

At Tieng plot, the sampling points were measured along the edges of the terrace risers, 

on both the upper and lower part (Fig. 2a) with 3 to 5 m distance interval depending on 

the surface roughness. At the spot with the andesitic boulder, the sampling points were 

surveyed right on its surface changes. As a consequence, each interpolation algorithm 

had to show its capability to interpolate both continuous (the boulder spot) and ter-

raced surfaces (the bench terraces). The terrace bed was considered as plane surface 
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with low surface roughness (2 to 5 cm differences in elevation). Hence, for practical rea-

sons the terrace bed was not particularly observed since roughness did not exceed 

10 cm.  

 

Figure 2b shows the point data set of Tieng. The field survey campaign yielded 277 

sampling points. For validation purposes, we chose randomly 29 points from the total 

sampling points. To optimize the interpolation processes, the remaining data (248 

points) were then linearly densified along the terrace’s edges (0.5 m interval). The densi-

fication process resulted in 2254 points which were used in the interpolation process. In 

addition, to derive the breakline features, the points observed along the terrace edges 

(excepting the validation points) were simply connected and converted into blanking 

file format by using the module of Export Surfer Blanking File in SAGA-GIS (System for 

Automated Geoscientific Analyses) (Conrad, 2006).  
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         (b) 

Figure 3. (a) Buntu plot with furrow tillage and (b) point data set of Buntu 
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A thorough ground survey was also carried out at the Buntu plot. Visualizing every ridge 

and furrow as a straight line, the points were sampled both at the starting and the end 

point of each imagined line. This resulted in two sample points for each ridge and fur-

row.  The point data set of Buntu is shown in Figure 3b. In order to validate this sam-

pling strategy some points were also measured in the middle part of the ridges and fur-

rows located on the western part of the plot. In addition, sampling points were also 

taken on the positions of newly planted trees and along the middle site of the ditches. 

In total, the field survey yielded 2016 sample points. For validation purposes, we ex-

cluded 235 points from the original dataset. From those validation points, 171 points 

were derived from the middle site of furrows and ridges of the Buntu’s western part and 

64 points were taken from the trees’ positions. Applying the same technique used at Ti-

eng, linear densification with a 0.5 m interval was also carried out to the remaining 

original data set resulting in 6508 points for interpolation.   

 

Interpolation process 

Interpolation methods were selected in this study based on two considerations. First, is 

their availability in some readily GIS software packages and, secondly, is according to 

their complexities algorithm from the simplest principle to the most compound one. 

The selected interpolation methods for this study were nearest neighbour, triangula-

tion, natural neighbour, inverse distance weighting (IDW), minimum curvature, multi-

quadratic radial basis function (MRBF) and ordinary kriging.  

 

To process those interpolation routines, GIS software of Surfer Version 8.0 

(www.goldensoftware.com) was used in this study due to its complete functions in sur-

face interpolation process. It is possible to incorporate the so-called break-line function, 

which can be used to integrate discontinuity features in the interpolation process.  The 

SAGA-GIS (Conrad, 2006) was also deployed in proportion of validating and visualizing 

the DEMs. In the following a brief description to each interpolation method is provided. 

Some examples from studies using these surface interpolation methods in various fields 

are mentioned as well.  

 

Description of interpolation methods and related studies  
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Nearest neighbour is one of early surface interpolations based on the locality occur-

rence (Mitas & Mitasova, 1999). The target points are calculated into the same value with 

the closest sampling point (Webster & Oliver, 2007). This method produces step surface 

if the sampling data are not evenly distributed (Chin et al., 2004). This is the reason for 

the unsatisfactory results in the studies of Yanalak (2003) and Szolgay et al.  (2009). In 

spite of this shortcoming the method might show better performance since the sam-

pling data in this study are more evenly distributed. 

 

Triangulation is considered as a linear interpolation which simply connects three adja-

cent points to plane triangles that do not contain any of the points (Webster & Oliver, 

2007). The target point is defined proportionally from the average tilt and elevation of 

those three connected points. Lacking consideration of the terrain continuities and 

sampling method can result in unnatural shapes (Webster & Oliver, 2007). Triangulation 

method is less suitable for any continuous surface, e.g. soil mapping ((Mendonça Santos 

et al., 2000) and isohyet (Fernández and Bravo 2007). Triangulation can give an accurate 

result if only the sampling distribution is adopted to the each surface change within the 

terrain (Moore et al., 1991; Heritage et al., 2009). In this study triangulation might give a 

promising result since major surface changes were considered in the collection of sam-

pling points. 

 

Natural neighbour interpolation is an improved combination between the features of 

triangulation and Thiessen polygon. It uses the weighted average areas of the nearest 

neighbours (Mitas & Mitasova, 1999; Webster & Oliver, 2007). In case of dense point 

sampling, e.g. observation from topographic LiDAR, natural neighbour interpolation re-

sults in an more accurate DEM compared to triangulation, IDW and nearest neighbour 

method (Abramov & McEwan, 2004; Bater & Coops, 2009). In contrast, if the point data 

set is sparsely sampled, the natural neighbour exhibits less accurate result (Yanalak, 

2003; Webster & Oliver, 2007). Within this study, linear densification of the point data set 

becomes an appropriate solution against this shortcoming.  

 

Minimum curvature interpolation is a method which attempts to give the smoothest 

surfaces by iteration processes through the point target (Mitas & Mitasova, 1999). More 
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detail about this method is described by Briggs (1974) and Jerome (1975). In spite of its 

lack capability in representing such surface with abrupt changes (Mitas & Mitasova, 

1999), it is still interpolated in many GIS systems. Based on the work of (Yanalak, 2003) 

the minimum curvature interpolation is more reliable if applied using sparse sampling 

points compared to triangulation, nearest neighbour, or natural neighbour. The most 

crucial input parameters for this interpolation method are the maximum number of it-

erations and the maximum residual value.  

 

The IDW uses a logical assumption that the closest point to the target point has greater 

weight rather than those further away (Mitas & Mitasova, 1999; Webster & Oliver, 2007). 

By that assumption IDW calculates the target point with regard to a weight function and 

the distance from the closest sample points. The distance is weighted inversely, which 

means closer distances have a high weight while larger distances have a low weight. To 

control the distance weight, a power function is used. This method often fails represent-

ing the original shape of a surface due to the local extrema occurrence (Mitas & 

Mitasova, 1999). However, some studies describe a good reliability of IDW interpolation 

whenever the coefficient of variation within the data set is high (Spokas et al., 2003; 

Chaplot et al., 2006). IDW interpolation is widely used especially for generating Isohyets 

(Fernández & Bravo, 2007; Modallaldoust et al., 2008) and in soil survey (Corwin & Lesch, 

2005).  

 

Radial basis function is regarded as exact interpolators with a group of interpolation al-

gorithms incorporated, i.e. inverse multiquadratic, multilog, multiquadratic, natural cu-

bic spline and thin plate spline (Golden Software, 2002). For more detail about the in-

terpolation procedures can be seen in Talmi and Gilat (1977). Among the radial basis 

functions, multiquadratic is the most accurate one compared to others in statistical or 

visualization perspective (Franke, 1982; Aguilar et al., 2005). According to the work of 

(Chaplot et al., 2006), the multiquadratic radial basis function (MRBF) exhibited better 

DEM product compared to IDW, universal kriging and ordinary kriging when dense 

point samplings are provided. In such sparse points sampling data, MRBF still showed 

better result than linier triangulation, natural neighbor, and nearest neighbour (Yanalak, 

2003) but less accurate than kriging (Chaplot et al., 2006).  
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Kriging estimates the target point based on geostatistical approach by considering the 

distances and degree of variation among the sampling points. Detail explanation about 

the procedure of kriging can thoroughly be found in Webster and Oliver (2007) and Sen 

(2009). Good understanding on how to obtain the best fit variogram types to the data 

trend is prerequisite through this method. It has been proven by many that kriging is 

the most developing and popular method in spatial interpolation, because of its unbi-

ased capability in estimating the randomness and uncertainty within the data set. De-

spite that advantage, kriging lacks capability in representing the local geometry (Mitas & 

Mitasova, 1999). Among the kriging types, ordinary kriging is the most reliable and fre-

quently used (Webster & Oliver, 2007). Thus, present study chose the ordinary kriging 

with the best fit variogram type. 

 

Assessment of the DEM accuracy 

As mentioned in the previous section, it is not sufficient to merely use the statistical test 

for assessing the DEM accuracy. Thus, current study followed the work of (Wood & 

Fisher, 1993; Desmet, 1997; Yang & Hodler, 2000) that combined the quantitative and 

qualitative parameters in order to assess the DEM accuracy. The investigation phase of 

this study is depicted in Figure 4.  

 
    Figure 4. Stepwise analyses of the DEM accuracy 
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Instead of the RMSE, we used ME and S for the statistical test routine, as recommended 

by  (Li, 1994; Fisher, 1998). The value of ME was kept without absolute value ((Fisher & 

Tate, 2006) to define whether the DEM is underestimate (negative) or overestimate 

(positive). Those equations are described as follows: 
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Where; 
ME  = Mean error 
S = Error standard deviation 
ZDEM = Height value from the DEM 
ZREF = Height value from the higher accuracy data (real measurement data) 
 
Incorporated with ME and S, further assessment was also carried out through the 

weighted coefficient of determination (wR2) and intercept value (a) based on the linear 

regression (Krause et al., 2005). The wR2 is obtained from the calculation of R2 and the 

gradient b through the following equation:  
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In terms of R2 and its function, earlier authors (Desmet, 1997; Caruso & Quarta, 1998; 

Heritage et al., 2009) have also encompassed them to identify DEM accuracy generated 

from different sampling strategies and interpolation methods.  Finally, the last quantita-

tive assessment parameter used was the total area of sinks drainage (Wang & Liu, 

2006a). It is considered that a larger area (m2) of sink drainage occurs if the DEM is less 

accurate. 

 

After all quantitative parameters were identified; visual analyses were then conducted 

to select the most similar DEM compared to the original shape of the terraces and fur-

row shape. Two simple visualization techniques were used in namely cross-section pro-
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filing and combination of shaded relief maps with 3D views. To produce such a repre-

sentative profile for the test sites Tieng and Buntu, two perpendicular cross-section lines 

were drawn in each of the plot area (Figure 2b and Figure 3b). For Tieng plot, line A-B 

represents the shape of the boulder and the terrace risers while line C-D depicts the ter-

race bed. The line E-F at Buntu plot represents the longitudinal shape of furrow and 

ditches, whilst the G-H illustrates the regular repetition of the ridges and the furrows. 

 

A DEM, which has relatively extreme quantitative value or dissimilar shape, was deliber-

ately rejected from the final analysis. Rank classification was then performed among the 

potentially realiable DEMs based on every quantitative parameter. The best DEM on cer-

tain quantitative parameter will gain the smallest score. Rank classification has already 

been addressed by the work of (Chaplot et al., 2006), which merely focused on RMSE 

value. To emphasize the reliability effect of each parameter to the DEM accuracy, 

weighting by factor of 2 was embedded to the parameter of S.  

 

2. Result  

In order to derive optimum DEM result, crucial parameters for each interpolation 

method were properly adjusted beforehand, particularly for minimum curvature, IDW, 

MRBF and ordinary kriging. For minimum curvature, the maximum number of iterations 

was set between one to two times from the total grid nodes, i.e. 350,000 for Tieng and 

400,000 for Buntu. The maximum residual value was set by default 0.022 for Tieng and 

0.017 for Buntu yielded from 0.001 x (Zmax - Zmin). In the case of IDW, some combina-

tion values of distance power, search radius and maximum numbers were simulated to 

get the most appropriate value both of Tieng and Buntu. It was confirmed that combi-

nation value of 3, 5, and 2 gave the best performance for Tieng plot, while Buntu plot 

was 5, 1, and 4 for distance power, search radius and maximum numbers, respectively. 

For the MRBF, we used smoothing factor (R2) of 0.12 for both Tieng and Buntu. In the 

case of ordinary kriging, linier (Fig. 5a) and gaussian variogram (Fig. 5b) were likely more 

fit to Tieng’s data trend whilst power variogram (Fig. 6) was fit for Buntu area. In addi-

tion, to optimize the interpolation result in Tieng plot, breakline function was set into 

the minimum curvature, MRBF and ordinary kriging.  
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   (a)          b) 

Figure 5. Variogram of Tieng plot with linier model (a) described by error variance nugget = 2.078E-010; 

linier slope = 1.34; anisotropy ratio = 1.4; angle = 45; and Gaussian model (b) identified by error variance 

of nugget effect = 0.9; Gaussian scale = 64; length= 22.5; anisotropy rasio =1, angle =0 

 

 

 

 

 

 

 

 
Figure 6. Variogram of Buntu plot with Power variogram identified by nugget effect error = 0.015; power 
scale 3.5; length 21.55; power 1.88; anisotropy ratio =1; and angle = 0 
 

Both of Tieng and Buntu’s data set were described in Table 1. The coefficients of varia-

tion (CV) for both areas were significantly low due to the regular repetition of the tillage 

forms. However, Tieng possessed higher CV (0.34%) than Buntu (0.08%) due to the oc-

currence of terrace riser that has distinct height to the terrace bed.  

Table 1. Statistical description of morphology in Tieng and Buntu plot 

Plot area Tillage form Area (m2) Av (m) Max (m) Min (m) SD (m) CV (%) 

Tieng Bench terraces 1652 1687.53 1699.72 1677.54 5.76 
 

0.34 
 

Buntu Furrows 673 1676.36 1679.60 1673.70 1,26 
 

0.08 
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Av = average elevation, Max = maximum elevation, Min = minimum elevation, SD = standard deviation, 
CV = coefficient of variation of the elevation 
 

Following the stepwise analysis in evaluating the DEM accuracy (Figure 4), the quantita-

tive validation data from all of the interpolation results were initially calculated. Table 2 

and 3 compile all of those data for both Tieng and Buntu plot. In order to observe the 

effectiveness of breakline function in Tieng plot, the DEMs resulted by minimum curva-

ture, MRBF and ordinary kriging without breakline function were also included in this 

quantitative analysis.  

   

Overall, validation result by means of linear regression parameter in the Tieng plot ex-

hibited fine results. The R2 values of all DEMs were nearly perfect – close to 1.  Likewise, 

the b values were also fine except the DEM resulted by MRBF-breakline method. It only 

produced 0.6, which then resulted in low value of wR2. Among others, its intercept value 

was also extremely large and similar to the elevation average provided in Table 1. In 

contrast, the MRBF showed a better value of linear regression parameter when the 

breakline function is not included during the interpolation process. Meanwhile, the best 

value for the linear regression parameter was derived by the triangulation method with 

0.99 of wR2 and -7.06 of a value.  

 

Table 2. Comparison of quantitative parameters for the DEM accuracy in Tieng plot 

Quantitative 
parameters a b c D e f g h i j k l 

R2 0.99 0.98 0.98 0.97 0.99 0.99 0.97 0.98 0.97 0.96 0.98 0.98

B 1.00 0.97 0.99 0.96 0.98 0.98 0.98 0.96 0.61 0.99 0.98 0.98

A -7.06 57.87 21.55 64.67 33.24 38.77 33.96 60.88 1678.00 16.58 26.33 38.67

wR2 0.99 0.95 0.97 0.93 0.97 0.97 0.95 0.94 0.59 0.95 0.96 0.96

ME 0.06 0.06 0.21 -0.16 0.17 0.01 0.14 0.00 0.12 0.01 0.05 0.18

S 0.29 0.54 0.58 0.89 0.41 0.43 0.73 0.67 0.70 1.09 0.29 0.53

Sink area 5.16 120.41 22.51 100.50 10.66 25.51 21.47 21.01 19.58 23.26 4.08 50.04

a = triangulation, b = IDW, c = ordinary kriging gaussian variogram-breakline, d = ordinary kriging gaus-
sian variogram, e = ordinary kriging linear variogram-breakline, f = ordinary kriging linear variogram, g = 
minimum curvature-breakline, h =minimum curvature, i = MRBF-breakline, j = MRBF, k = natural 
neighbour, l = nearest neighbour 
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The next quantitative analysis for Tieng plot was carried out by considering the S and 

ME values. The lower value of S and ME is gained, the more accurate DEM will be re-

sulted. Focusing on the S value, both triangulation and natural neighbour showed the 

best value (0.29). However, the ME value of natural neighbour was slightly lower rather 

than that of triangulation. Although gaining lower accuracy than natural neighbour and 

triangulation, the S value of ordinary kriging linear variogram with and without break-

line function were better compared to the remaining methods. Moreover, among the 

DEMs resulted by the group of ordinary kriging, implementation of breakline function 

could provide better S value. The S values between IDW, ordinary kriging gaussian 

variogram-breakline, and nearest neighbour were slightly similar showing from 0.54, 

0.58, and 0.53, respectively. Meanwhile, the ordinary kriging gaussian variogram tended 

to give an underestimate DEM result (-0.16 of ME) with high S value (0.89). Likewise, the 

MRBF also showed the most unsatisfactory result of S value (1.09). 

 

Analysing the sink area was the final step for the quantitative evaluation between the 

DEMs in Tieng plot. Among the DEMs, both small sink area was resulted by natural 

neighbour (4.08 m2) and triangulation (5.16 m2). Although both DEMs resulted by MRBF 

showed low value of S, they had smaller total sink area (19.58 m2 for MRBF with break-

line and 23.26 m2 for MRBF without breakline function) compared to nearest neighbour 

(50.04 m2) and IDW (120.41 m2). Such small sink areas in MRBF could be affected by the 

smoothing factor during its interpolation process which is neither considered by nearest 

neighbour nor IDW. The exceptionally large area of sink drainage in IDW and nearest 

neighbour gave a reason to reject this method at representing terrace feature in Tieng 

plot. Likewise, the ordinary kriging gaussian variogram had also a potential reason to be 

rejected due to its large sink drainage (100.5 m2).  

 

After acquiring the result from quantitative analysis in Tieng plot, the qualitative analy-

sis was then conducted by using the 3D view and cross profile. All of the 3D views of 

DEMs are depicted in Figure 7. In order to create a contrast view over the terrace fea-

tures, the hill-shading effect was also incorporated into each of DEMs. Those 3D views 

provided a general overview of each DEM in representing the step form of bench ter-
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race. Meanwhile, Figure 8 illustrates the cross profile of Tieng plot in order to observe 

the detailed feature of the terrace riser and terrace bed in every DEM.  

 

First observation was given to the DEMs resulted from the variation of ordinary kriging 

method. As illustrated in Figure 5, the Tieng data set was fit to the linear and gaussian 

variogram. Based on the 3D view in Figure 7, both variogram obviously failed in repre-

senting the step feature of bench terrace. Although the DEM from linear variogram 

showed better view rather than that of gaussian variogram, it created such undulating 

surface instead of step form. In contrast, implementation of breakline function could re-

sult in better feature of bench terrace in the ordinary kriging with linear variogram but 

not for the gaussian variogram. For this reason, the ordinary kriging linear variogram 

without breakline and both DEMs from gaussian variogram were rejected for represent-

ing the Tieng plot.  

 

Other obvious failures in representing the bench terrace were shown in the MRBF and 

minimum curvature method. It was evident that the implementation of breakline func-

tion did not give any better result for both methods. All of them produced undulating 

surface instead of step form. In this sense, the DEMs resulted from both methods were 

potentially rejected.  

 

Beside the ordinary kriging linear variogram-breakline, there were others method that 

could depict the step form of the bench terrace in Tieng plot i.e. triangulation, IDW, 

nearest neighbour, and natural neighbour. Although they posed similar result, the gra-

dation colour through the hill-shading technique showed different effect. The darker 

colour of hill-shading shows the steeper feature. Between the triangulation and natural 

neighbour methods had similar pattern showing dark colour on the terrace riser and 

smooth graduation of grey colour on the terrace bed. For the IDW, scattered black and 

white spot were found along the edge of terrace riser and on the terrace bed. In the 3D 

view of nearest neighbour, there were two distinct features embedded in its DEM. First, 

the stripping shadow on the terrace riser and secondly, the narrow black colour spot 

along the terrace bed.   
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Some discrepancies showed in the 3D view were then thoroughly observed by cross 

profile illustrated in Figure 8. In order to simplify the analysis, the DEMs of MRBF, mini-

mum curvature, ordinary kriging linear variogram and both ordinary kriging gaussian 

variogram were not included in the cross profile analysis due to their incapability based 

on the previous step analysis. For a visual comparison, we inserted some observed 

points into the cross-section profile.  

 

Through the A-B profile, it was confirmed that both minimum curvature-breakline and 

MRBF-breakline failed to represent the plain shape of terrace bed despite implementing 

the break-line function. In the case of nearest neighbour, its profile exhibited such 

stepwise form through the boulder shape, even though it showed better form on the 

terrace form. Over the cross profile, IDW tended to produce small micro-topography 

right on the terrace’s edge. There were numbers of artefacts along the line indicating 

more sink occurrence compared to natural neighbour and triangulation.  

 

The C-D profile depicted a better view of inaccuracy of some DEMs. All of the profiles 

originated from minimum curvature-breakline, MRBF-breakline and ordinary kriging lin-

ear variogram-breakline were overestimating the observed points. Through this profile, 

the IDW also produced small topography along the plane terrace bed. In contrast, both 

triangulation and natural neighbour were pretty reliable in representing the terrace 

bed.   
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Figure 7.  DEMs of Tieng plot generated from 7 interpolation methods with additional breakline function 

for minimum curvature, MRBF and ordinary kriging 
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Figure 7. Cross section profile (Tieng) which is perpendicular to contour line (a) and along the terrace bed 

(b) 

 

In the case of Buntu plot, the wR2 and intercept value were initially compared as the first 

step of the quantitative analysis. Among the tested interpolation methods have the 

same value of wR2 (0.98) except for the nearest neighbour that only resulted in 0.93.  

Additionally, the nearest neighbour method exhibited the worst intercept value (-

27.11). This was the first indication of inaccurate DEM resulted from nearest neighbour 

method.  
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After analysing the value of ME and S in Buntu plot, it was more evident that the nearest 

neighbour method was less accurate compared to other methods. It exhibited 0.29 of S 

and 0.05 of ME. That was another reason to reject the nearest neighbour in representing 

Buntu plot area. In contrast, other methods resulted in 0.1 of S. Between them the IDW 

was slightly better on the ME value (0.01). These results confirmed that based on the S 

value the IDW method was superior compared to other methods.  

 

The last quantitative analysis for Buntu plot was the sink drainage area. According to the 

values mentioned in Table 3, IDW showed the largest area of sinks (46.7 m2) while near-

est neighbour resulted in smallest area (1.97 m2). Those values were contrary with earlier 

mentioned result of S, ME and wR2. Thus, this required further analysis through the quali-

tative method. Meanwhile, between the ordinary kriging, minimum curvature and MRBF 

produced relatively similar sink area, which were actually larger than that of natural 

neighbour (13.06 m2) and triangulation method (10.24 m2).  

 

Table 3. Comparison of quantitative parameters for the DEM accuracy in Buntu plot 

Quantitative 
parameters Triangulation IDW ordinary 

kriging 
minimum cur-

vature MRBF nearest  
neighbor 

natural  
neighbour 

R2 0.99 0.99 0.99 0.99 0.99 0.94 0.99

b 1.01 1.01 1.01 1.01 1.01 1.02 1.02

a -23.88 -18.10 -15.45 -15.25 -16.56 -27.11 -26.50

wR2 0.98 0.98 0.98 0.98 0.98 0.93 0.98

ME 0.02 0.01 0.02 0.02 0.02 0.05 0.02

S 0.10 0.10 0.10 0.10 0.10 0.29 0.10

Sink Area (m2) 10.24 46.71 18.02 18.29 19.05 1.97 13.06

 

The first impression through the E-F and G-H profiles comparison was shown by the 

stepwise form yielded by nearest neighbour (Figure 8). Sharp tip were also identified at 

the ridge and furrow’s edges (figure 10a) which was in fact not found in Buntu plot. Fig-

ure 9a enhances those sharp edges depicted as distinct shadow areas right at the upper 

edge. Those sharp edges were exhibited by the triangulation method. Due to their con-

trived form, DEMs interpolated by means of nearest neighbour and triangulation were 

rejected for further analysis in Buntu plot.   

 

Another spurious rough surface was also found in the E-F profile of the IDW method. 

This rough surface could promote the occurrence of sinks (Table 3). Through the Figure 
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9f, group of depressions occurred along the furrows. Likewise, number of stripping 

shadow feature were also found on top of the ridges. Those features were actually the 

common effect of local extrema resulted by IDW method. Hence, IDW was also rejected 

to represent the furrow form in Buntu plot.  

 

Figure 8. Cross section profile of Buntu plot which is perpendicular to contour line (a) and along the con-

tour line (b) 

 

Based on the E-F cross profile, three methods were likely to exhibit similar form, namely 

minimum curvature, MRBF and ordinary kriging. Unexpectedly, they exhibited undulat-

ing surface at the end of ridge’s edge and lower site of furrow before reaching the 
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ditches area. In reality, this occurrence was not found along the furrow area in Buntu 

plot. Due to that dissimilarity, those three irregularly rough DEMs were also rejected for 

further analysis.  

 

 

(a)        (b) 

 

 

 

 

 

 

(c)        (d)  

 

 

 

 

 

(e)        (f) 
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Figure 9. DEMs of furrow visualized by means of the combination of 3D view and hill shading technique 

for triangulation (a), nearest neighbour (b), natural neighbour (c), minimum curvature (d), ordinary kriging 

(e), inverse distance weighting (f), and multiquadratic radial basis function (g)  

 

Combination of quantitative and qualitative assessment of DEM accuracy have filtered 

some potential DEM and rejected spurious DEM at representing the terrace and furrow 

form. The terrace form in Tieng plot was well represented by means of triangulation and 

natural neighbour. The scoring procedure was then conducted between those DEMs 

and showing that the triangulation is better compared to natural neighbour (Table 4). In 

case of Buntu plot, there was only one method left, namely natural neighbour, which 

was regarded as the best fit DEM at representing the furrow. It fairly means that scoring 

and rank classification was not carried out in case of Buntu plot.  

 

Table 4. Rank classification of Tieng  

Parameters 
Weighting 

factor Triangulation Rank Scores 
Natural 

neighbor Rank Scores 

wR2 1 0.99 1 1 0.96 2 2 

Intercept 1 -7.06 1 1 26.33 2 2 

Mean error 1 0.06 2 1 0.05 1 2 
Error stan-
dard devia-
tion 

2 0.29 1 2 0.29 1 2 

Sink drainage 
area (m2) 1 5.16 2 2 4.08 1 1 

Total scores    7  9 

Rank  1st 2nd  

 

4. Discussion 

Two issues should be addressed first before describing the result in detail. First, this 

study convinces the work of  Heritage et al. (2009) that morphological changes can ef-

fectively be used as the basic sampling framework during the survey. The point sam-

pling taken along the terrace’s edges (Tieng plot) and at the tip of ridge and furrow 

(Buntu plot) can be an efficient and effective technique for creating proper DEM data of 

bench terrace and furrow tillage. Secondly, the point density is of great importance to 

the DEM result. Without linear densification through the observed points, any tested in-

terpolation method in this study can not produce optimum DEM. In this sense, our 

study is in accordance to Aguilar et al. (2005) who mentioned the principle key in gener-

ating the DEM data, i.e. sampling technique and number of point sampling.  
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Each of the interpolation method tries to accurately represent the regular repetition of 

bench terraces and furrow forms. Any interpolation method, which is overdoing the 

smoothing process, will yield less accurate DEM either in Tieng or Buntu plot. Even for a 

more sophisticated interpolation method such as ordinary kriging can not provide op-

timum result to the discontinuous surface of bench terrace. That result corresponds to 

Mitas and Mitawova (1999) who underlined the incapability of kriging method in repre-

senting the local geometry – in this case, the step form of bench terrace. Natural 

neighbour and triangulation, in contrast, show better performance in representing the 

Tieng plot despite its simple algorithm. 

 

The break-line function is implemented to the ordinary kriging, minimum curvature, 

and MRBF to optimize the interpolation process in Tieng plot. This function constraints 

the grid calculation nearby the edges of terrace risers to have value as close as to the 

value along the break-line. Among them, ordinary kriging linear variogram exhibit rela-

tively close to the bench terrace form, even though it is not as accurate as both triangu-

lation and natural neighbour. Meanwhile, Minimum curvature and MRBF always at-

tempts to give the smoothest surface to its DEM along the break-line area. As a result, 

there are irregularity shapes in the minimum curvature and MRBF.  

 

Through this study, we can confirm that assessing the DEM accuracy by mere statistical 

value (ME, S, and wR2) does not always provide reliable analysis.  For instance, in the case 

of Buntu plot, all of the tested interpolation methods – excluding the nearest neighbour 

– gain same value of S and wR2. In fact, we found different final result after conducting a 

thorough qualitative technique by using the 3D view and cross profile analysis.  Thus, 

this finding follows the earlier studies by Wood and Fisher (1993), Declercq (1996), Des-

met (1997), Yang and Hodler (2000), and Fisher and Tate (2006) that stated the impor-

tance of combination between the quantitative and qualitative technique in assessing 

the DEM accuracy.  

 

Distinguished with other quantitative parameters which depend on the point's com-

parison, the sink drainage area is promoted in this study as an indication of spatial error. 
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Indeed, it has strong correlation to the shape similarity. The more artefacts occur at the 

DEM surface, the larger the sink area will be. It applies to all methods except the nearest 

neighbour at the furrow system. Despite its stepwise form on furrow, it yields the small-

est sink area compared to others. It indicates that a more flat area occurred rather than a 

sink due to those stepwise forms. Those flat features are also considered as noise within 

the DEM because they can introduce a discontinuity to the surface flow (Garbrecht & 

Martz, 1997). 

 

The final result shows that triangulation is the best fit method followed by natural 

neighbour at representing the bench terraces in Tieng plot. In the case of furrow in 

Buntu plot, natural neighbour is the most accurate method. Despite its superiority at 

representing the bench terrace, triangulation has larger sink drainage area compared to 

natural neighbour. It means that triangulation will require more pre-processing to 

eliminate such sinks rather than natural neighbour. Eventually, there are found such a 

combination tillage form between bench terrace and furrow in the study area. In that 

features, natural neighbour might perform as the best fit method with minimum efforts.  

 

5. Conclusion 

This study has confirmed the robustness of a stepwise analysis between quantitative 

and qualitative assessment techniques for DEM accuracy. A fine value of quantitative 

parameter does not necessarily mean that it will fairly possess a good spatial accuracy. 

Thus, this study suggests to not independently apply the quantitative parameters with-

out crosschecking it by the shape similarity analysis. For further applications, it is always 

important to compare the accuracy of the DEM yielded from the readily possible meth-

ods instead of depending to one favourite method. In addition, the applicability of 

breakline function for optimizing such more sophisticated interpolation method such as 

ordinary kriging requires additional studies. However, with a proper point sampling 

technique, a simple interpolation can result more reliable DEM. In this study, we con-

clude that natural neighbour performs as the best fit method at the furrow and triangu-

lation generates the most accurate DEM at the bench terrace area. 

 

 



 235

 

 

 

References 
 
Abramov, O., & McEwan, A. (2004). An evaluation of interpolation methods for Mars 

Orbiter Laser Altimeter (MOLA) data. International Journal of Remote Sensing, 
25(3), 669-676.   

Aguilar, F. J., Agüera, F., Aguilar, M. A., & Carvajal, a. F. (2005). Effects of Terrain 
Morphology, Sampling Density, and Interpolation Methods on Grid DEM 
Accuracy. Photogrammetric Engineering & Remote Sensing, 71(7), 805-816.   

Bater, C. W., & Coops, N. C. (2009). Evaluating error associated with lidar-derived DEM 
interpolation. Computers & Geosciences, 35(2), 289-300.   

Briggs, I. C. (1974). Machine Contouring Using Minimum Curvature. Geophysics, 39(1), 39-
48.   

Caruso, C., & Quarta, F. (1998). Interpolation methods comparison. Computers & 
Mathematics with Applications, 35(12), 109-126. doi: 10.1016/s0898-
1221(98)00101-1 

Chaplot, V., Darboux, F., Bourennane, H., Leguédois, S., Silvera, N., & Phachomphon, K. 
(2006). Accuracy of interpolation techniques for the derivation of digital 
elevation models in relation to landform types and data density. Geomorphology, 
77(1-2), 126-141.   

Chin, S. Y., Szu, P. K., Fen, B. L., & Pen, S. H. (2004). Twelve different interpolation methods: 
a Case Study of Surfer 8.0. Paper presented at the ISPRS Congress, Istanbul, 
Turkey. 

Corwin, D. L., & Lesch, S. M. (2005). Characterizing soil spatial variability with apparent 
soil electrical conductivity: I. Survey protocols. Computers and Electronics in 
Agriculture, 46(1-3), 103-133.   

Declercq, F. A. N. (1996). Interpolation Methods for Scattered Sample Data: Accuracy, 
Spatial Patterns, Processing Time. Cartography and Geographic Information 
Science, 23, 128-144.   

Desmet, P. J. J. (1997). Effects of Interpolation Errors on the Analysis of DEMs. Earth 
Surface Processes and Landforms, 22, 563-580. doi: 10.1002/(sici)1096-
9837(199706)22:6<563::aid-esp713>3.0.co;2-3 

Fernández, C. J., & Bravo, J. I. (2007). Evaluation of Diverse Geometric and Geostatistical 
Estimation Methods Applied to Annual Precipitation in Asturias (NW Spain). 
Natural Resources Research, 16(3), 209-218.   

Fisher, P. (1998). Improved Modeling of Elevation Error with Geostatistics. 
GeoInformatica, 2(3), 215-233. doi: 10.1023/a:1009717704255 

Fisher, P. F., & Tate, N. J. (2006). Causes and consequences of error in digital elevation 
models. Progress in Physical Geography, 30(4), 467-489. doi: 
10.1191/0309133306pp492ra 

Franke, R. (1982). Scattered Data Interpolation: Tests of Some Method. Mathematics of 
Computation, 38(157), 181-200.   



 236

Fröhlich, C., & Mettenleiter, M. (2004). Terrestrial laser scanning - new perspective in 3D 
surveying. International archives of photogrammetry, remote sensing and spatial 
information sciences, XXXVI(8/W2).   

Garbrecht, J., & Martz, L. W. (1997). The assignment of drainage direction over flat 
surfaces in raster digital elevation models. Journal of Hydrology, 193(1-4), 204-
213. doi: 10.1016/s0022-1694(96)03138-1 

Hack, R., Azzam, R., Charlier, R., & Slob, S. (2004). 3D Terrestrial Laser Scanning as a New 
Field Measurement and Monitoring Technique Engineering Geology for 
Infrastructure Planning in Europe (Vol. 104, pp. 179-189): Springer Berlin / 
Heidelberg. 

Heritage, G. L., Milan, D. J., Large, A. R. G., & Fuller, I. C. (2009). Influence of survey 
strategy and interpolation model on DEM quality. Geomorphology, 112(3-4), 334-
344.  

Jerome, J. W. (1975). Smooth Interpolating Curves of Prescribed Length and Minimum 
Curvature. Proceedings of the American Mathematical Society, 51(1), 62-66.   

Krause, P., Boyle, D. P., & Bäse, F. (2005). Comparison of different efficiency criteria for 
hydrological model assessment. Advances in Geosciences, 5, 89-97.   

Li, Z. (1994). A comparative study of the accuracy of digital terrain models (DTMs) based 
on various data models. ISPRS Journal of Photogrammetry and Remote Sensing, 
49(1), 2-11.   

Mendonça Santos, M. L., Guenat, C., Bouzelboudjen, M., & Golay, F. (2000). Three-
dimensional GIS cartography applied to the study of the spatial variation of soil 
horizons in a Swiss floodplain. Geoderma, 97(3-4), 351-366.   

Merwade, V. (2009). Effect of spatial trends on interpolation of river bathymetry. Journal 
of Hydrology, 371(1-4), 169-181.   

Mitas, L., & Mitasova, H. (1999). Spatial interpolation. In P. Longley, K. F. Goodchild, D. J. 
Maguire & D. W. Rhind (Eds.), Geographical Information Systems: Principles, 
Techniques, Management and Applications (pp. 481-492). New York: Wiley. 

Modallaldoust, S., Bayat, F., Soltani, B., & Soleimani, K. (2008). Applying Digital Elevation 
Model to Interpolate Precipitation. Journal of Applied Sciences, 8(8), 1471-1478.  

Moore, I. D., Grayson, R. B., & Ladson, A. R. (1991). Digital terrain modelling: A review of 
hydrological, geomorphological, and biological applications. Hydrological 
Processes, 5(1), 3-30.   

Morgan, R. P. C. (2005). Soil erosion and conservation (3rd ed.). Oxford, UK: Blackwell 
Publishing. 

Sen, Z. (2009). Spatial modeling principles in earth sciences. London New York: Springer. 
Spokas, K., Graff, C., Morcet, M., & Aran, C. (2003). Implications of the spatial variability of 

landfill emission rates on geospatial analyses. Waste Management, 23(7), 599-607.  
Szolgay, J., Parajka, J., Kohnová, S., & Hlavcová, K. (2009). Comparison of mapping 

approaches of design annual maximum daily precipitation. Atmospheric 
Research, 92(3), 289-307.   

Talmi, A., & Gilat, G. (1977). Method for smooth approximation of data. Journal of 
Computational Physics, 23(2), 93-123.   

Wang, & Liu. (2006). An efficient method for identifying and filling surface depressions in 
digital elevation models for hydrologic analysis and modelling. International Journal 
of Geographical Information Science.   



 237

Webster, R., & Oliver, M. A. (2007). Geostatistic for Environmental Scientist (2 ed.): John 
Wiley & Sons, Ltd. 

Wischmeier, W. H., & Smith, D. D. (1978). Predicting rainfall erosion losses-a guide to 
conservation planning US Department Agriculture Handbook (Vol. No. 537, pp. 
57). Washington DC: USDA. 

Wood, J. D., & Fisher, P. F. (1993). Assessing Interpolation Accuracy in Elevation Models. 
IEEE Computer Graphics and Applications, 13, 48-56. 

Yanalak, M. (2003). Effect of gridding method on DTM profile based on scattered data. 
Journal of Computing in Civil Engineering, 17(1), 58-67.   

Yang, X., & Hodler, T. (2000). Visual and Statistical Comparisons of Surface Modeling 
Techniques for Point-based Environmental Data. Cartography and Geographic 
Information Science, 27, 165-176.   

Zimmerman, D., Pavlik, C., Ruggles, A., & Armstrong, M. (1999). An Experimental 
Comparison of Ordinary and Universal Kriging and Inverse Distance Weighting. 
Mathematical Geology, 31(4), 375-390.   

 

 
 

 


