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LISEM 
Overview 
The Limburg Soil Erosion Model (LISEM) is a physically based numerical model with the purpose of event 

based runoff, flooding and erosion modelling on a catchment scale. LISEM uses a square grid to solve 

both cell specific processes, and the differential equations governing flow.  

The main features of LISEM are: 

 Runoff flow 

 Channel flow 

 Channel flooding 

 Erosion (splash and flow detachment) 

 Sediment transport 

 Multiclass sediment 

The event based nature has two major implications: 

1. The model does not simulate ‘slower’ processes such as evapotranspiration, groundwater flow 
or changes in vegetation because of crop growth. This means that initial values for some 
variables should be chosen carefully. 

2. The model can handle any size catchment (tested up to several hundred km2), but the grid cell 
size has to be smaller than 1 ha in order for certain process assumptions to be correct.  

 
LISEM will run with practically any dataset it is given, which is however not a guarantee for good results. 
The user is assumed to be familiar with the physical meaning of the input maps, and unrealistic 
combinations of input values will therefore not be detected, but used as presented. 

 
Emphasis is put on detail: characteristic about the model is the capacity to handle sub-gridcell surface 
properties (Figure 1). A gridcell can contain a bare soil, crusted/compacted soil, vegetated surface, a 
road, a house and a channel. These surface characteristics are supplied in separate layers as fractions of 
the total cell area. The base layer is formed by the soil surface with its hydrological characteristics and 
the user supplies additional maps that trigger additional hydrological processes in the model. The 
presence of a vegetation will, for example, result in interception on a part of the gridcell. The presence 
of a house will result in roof storage and a partly impermeable surface, and a road will have 
sedimentation but no infiltration or erosion.  

    
Figure 1 Input data which is modelled on a sub-gridcell 
scale. 

http://blogs.itc.nl/lisem/files/2013/05/surface-fractions.png
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History 
 
The first publication of the LISEM model was done by De Roo et al. (1994), and the further development 

was described by De Roo, Offermans & Ritsema (1996) and De Roo, Wesseling & Ritsema (1996). These 

early versions made use of the PCRaster Local Drainage Direction functionality to simulate a kinematic 

wave for overland flow. Later development was continued by Jetten & De Roo (2001). Since then, the 

LISEM model has been extensively tested, used, extended and adapted. Besides published work, many 

reports on flooding risk and erosion have been made using the model.  

De Roo & Jetten (1999) performed a calibration and validation for a catchment in the Netherlands and a 

catchment in South Africa. They found that detailed data was needed to correctly predict spatial 

patterns in erosion and runoff. Hessel et al. (2011) performed small adaptations to the LISEM model, 

which allowed for better calibration to the steep slopes of a catchment in the Loess plateau in China. 

Starkloff & Stolte (2014) compared the performance of Erosion 3D and LISEM for a small catchment in 

Norway. While they note that LISEM requires more input data, both models performed well compared 

to observations. They furthermore state that the LISEM model performed better when considering both 

channel flow and erosion, and was less sensitive to raster resolution or digital elevation model 

roughness. As the authors conclude: “EROSION 3D is therefore a good planning tool, while LISEM is 

probably the better choice for investigation of hydrological processes in a catchment”. 

De Barros et al. (2014) used LISEM in a rural catchment in Southern Brazil and state the following about 

the performance of the model: “The LISEM model performed well in representing hydrological 

processes and a satisfactory performance in describing the sedimentological processes. The use of this 

model enabled the identification of the physical soil and surface parameters that control the magnitude 

and characteristics of the hydrograph and sedimentographs that reflect the degree of soil degradation 

experienced by the catchment due to human activity”. 

Bout and Jetten (2017) implemented three commonly used flow approximations for simulation flash 

flooding on a catchment scale and performed a comparative analysis. 
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Vision 
Land surface processes influence human populations throughout the globe in a variety of ways. Every-

day processes such as infiltration, runoff and erosion can have enormous impact on human lives. The 

quality of drinking water in villages depends on the transport of pesticides in nearby farmland. Sediment 

budgets in large catchment influence biodiversity in rivers and lakes downstream. Erosion in 

mountainous regions influences food security for cities. On the other hand, extreme weather events 

frequently drive hazardous land surface processes such as (flash) flooding, slope failure, and the 

resulting mass movements. Here, human lives are directly at danger due to exposure of populated areas 

to inundation or impact of mass movements. All of these processes are part of a complex whole that is 

the dynamic earth surface system.  

 

Figure 1 An schemativ overview of integrated land surface processes. 

Humanity is inescapably bound to the struggle with the dynamic earth surface system on planet earth. 

We cannot escape the fact that the system is dynamic, and as long as we live on the earth’s surface, we 

must adapt to how it changes. Furthermore, we must realize and fight the dangerous influence we have 

in shaping the earth. To increase our capability of talking these challenges, tools are required to 

understand, analyze and predict the behavior of land surface processes, both small and extreme. 

Understanding can lead help stop dangerous processes, such as land degradation. Analysis can inform us 

about our role in influencing land surface process, and teach us how to better use our resources and live 

in a dynamic system. Predictive power can allow us to avoid expose to hazardous land surface 

processes.  
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Our vision is therefore 

To improve the understanding, to help analyze, and to 

predict the behavior of land surface processes, our vision 

is the development of an integrated, holistic and 

fundamental modelling tool for the numerical simulation 

of land surface processes. 
 

The integration of the simulation of land surface processes into an holistic model is crucial in providing 

realistic simulations of real-world events or probable scenarios. Dynamic systems on the earth’s surface 

are typically complex, related to other processes in numerous ways. These other processes can take 

place at both different spatial and temporal scale. A holistic model allows for having a unified approach 

to the problems we face considering land surface processes. In such a modelling approach, the natural 

complexity is not rejected but instead guides the simulation. Thus, in as far as practically possible and 

required, the overlapping temporal and spatial processes that influence an event are estimated spatially 

or, if possible, simulated. 

Dividing processes into individual segments and approaching each process individually is generally 

easier, but frequently limits accuracy. For example, separating flood and debris flow hazard allows for 

usage of simpler models. However, due to their shared trigger, meteorological events, these types of 

processes frequently take place simultaneously. In a real world event, the combined hazardous 

processes and the interactions between sediments and floods might cause new types of damage that 

could exceed their individual impacts. Multi-hazard simulations are therefore required for usage in 

multi-hazard investigation and risk assessment. While there are of course practical limits to any 

modelling tool, and single-process simulations are of incredible value to researchers and decision-

makers, we hope to extend the possibilities by continuing to integrate existing methods from the 

scientific community. 

A fundamental way of development has great benefits in the predictive power of a model. When 

processes are described at their visible level, they will always behave as expected, limiting insight. 

When, instead, processes are not described directly, but instead described by the underlying 

fundamental processes, the model is able to predict wider ranges of possible behavior. Furthermore, the 

model might show apparent behavior which was unexpected from the typical observations.  

Finally, we envision this model to be used by all and developed by all, allowing for greater societal 

benefit. This vision influences the way in which OpenLISEM is available for use. The development and 

knowledge behind OpenLISEM is publicly available and Open-Source. Furthermore, usage of the model 

is free. 
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Development 
The LISEM model is under continuous development. The model has been developed in c++ combined 

with the qt UI libraries and the PCRaster Python libraries. The source code is openly available under GNU 

license, and development is a public process. While the model has undergone extensive testing, it is a 

large project and bugs and small errors are likely to be present in the code. Any of these can be reported 

online, or a solution can be presented to the source code directly.  

Many revisions and additions were done to the LISEM application since the last publication. In this 

document these additions and revisions will be described alongside the original content. The most 

important of these additions are: 

 2D Kinematic wave solution. 

 Channel 2-Layer sediment transport. 

 Flood 2-layer sediment transport. 

 Multi-class sediment by using Grain size distributions. 

 Dynamic soil properties and detachable material depth. 

 

After these changes, OpenLISEM was further developed as a multi-hazard model, which includes: 

 Ground Water Flow 

 Slope Stability 

 Slope Failure 

 Mass Movements 

 Deposition 

 Entrainment 

 Earthquake effects 

The most important motivations for these additions will be mentioned before they are explained. 

Backwards compatibility has been maintained throughout the development and implementation of 

these changes. Any configuration (run file) created by older versions of the LISEM application will run in 

an identical manner. Using additional options all the additions can be applied. 

Executable for windows are available online of many versions of LISEM, including the most recent 

version. Compilation can be done under other systems such as Linux.  
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DISCLAIMER 
No warranties, expressed or implied, are made that the computer programs described in 

this publication are free from errors or are consistent with any particular standard of 
programming language, or that they will meet a user's requirement for any particular 

application.  
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Chapter 1: Theory 
The LISEM model is based on both work by the original developers, and work by many other authors, as 

will be indicated throughout this section. Equations and theories come from a variety of research fields 

due to the extent of the LISEM model. The complexity of the hydrological cycle on a full catchment scale, 

and the complexity of the sediment cycle, both require many processes to be modelled. 

Throughout the development of the LISEM model, some processes within both the hydrological and 

sediment cycle were found to have insignificant research focusing on them. This lead to the usage of 

equations which were originally not intended for use in that particular way. These equations were, 

however, found to be the best known option after testing possible varieties. For processes for which 

many theories are known, the developers either chose to use the theory that best fitted the general use 

of the model, or provided multiple options within the model. 

LISEM is a discrete numerical model, which requires the subdivision of both space and time into a 

discrete set of locations. LISEM divides the simulation into timesteps of length ∆t and square cells with 

width 𝐶𝑥𝑦. These values are constant throughout the simulation. Cell locations are indicated by a 

subscript 𝑖  and  𝑗, with 𝑖 the row and 𝑗 the column within the modelled raster. Time is notated with the 

superscript 𝑡 (Equation 1). 

𝑋𝑖,𝑗
𝑡  1 

With  

𝑋𝑖,𝑗
𝑡  the value of a variable on row i, column 𝑗 and time 𝑡 

However, in the theoretical section, equations will in general be given in their continuous form, without 

indications of discrete properties. Numerical methods are presented in more detail in a separate section 

of this document. 
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Hydrology 
The main processes in the hydrological part of the model are: 

 Rainfall 

 Interception 

 Storage 

 Kinematic Wave 

 Channel Kinematic Wave 

 Flooding 

 Coupling of flow 

These processes, and the theories that were implemented will be described within this section. 

Precipitation and Snowmelt 
Rainfall is modelled from rainfall intensity, which can be spatially and temporally dependent (Equation 

2). 

𝑑𝑉

𝑑𝑡
= 𝑃 𝑠𝑥𝑦

2 +⋯ 2 

With 

𝑉 the water volume for a cell (𝑚3) 

𝑃 is the rainfall intensity (𝑚 ℎ−1) 

𝑠𝑥𝑦 the length and width of the grid cells (𝑚) 

The cells width and length are corrected for the slope of the local topography. Because of this, on 

steeper slopes the surface are of the cell becomes larger, and rainfall is spread over a larger area (figure 

2). This effect is calculated using equation 3, where the surface length is calculated by multiplying the 

cellsize by the cosine of the slope. 

𝑑𝐻 = 𝑅  ∗
𝑐𝑒𝑙𝑙𝑠𝑖𝑧𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
= 𝑅 ∗

𝑐𝑒𝑙𝑙𝑠𝑖𝑧𝑒

(
𝑐𝑒𝑙𝑙𝑠𝑖𝑧𝑒

𝑐𝑜𝑠(𝑠𝑙𝑜𝑝𝑒)
)
= 𝑅 ∗ 𝑐𝑜𝑠 (𝑠𝑙𝑜𝑝𝑒)  3 

Were dH is the increase in flow height (m), R is the amount of rainfall (m), cellsize is in meters, and the 

slope is the spatial derivative of the terrain. 

 

Figure 2 The effect of a sloping surface on the effective rainfall depth. 
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Snowmelt can be modelled in an identical way, with the snowmelt intensity replacing the rainfall 

intensity. LISEM does not automatically model snow fall, based on surface temperature. If the user 

requires to keep track of the depth of the accumulated snow layer, this can be manually done and 

snowmelt can afterwards be used as input into LISEM.  

Interception 
At the start of any rain-driven event, the majority of the available precipitation is intercepted by 

surfaces other than the soil (Linsley et al., 1982). Interception of rainfall can be calculated for vegetation, 

buildings and raindrums. Evaporation, which can take place from these surfaces, is not modelled within 

LISEM because of two reasons. First, the event-based nature of the model allows for the assumption 

that slow processes, such as evaporation, can be neglected. Evapotranspiration is furthermore minimal 

during the rainfall events that are typically modelled in LISEM, since cloud cover is generally high during 

these events. Interception is thus modelled as a fixed storage that takes from the precipitation before 

that reaches the soil layer. Rainfall that is not intercepted reaches the soil with the same intensity as the 

rainfall. While this is not the case in reality, trough fall intensities are only known for few tree types.  

Actual canopy interception is given by Equation 4 and 5 (Aston, 1979). 

𝐼𝑐 = 𝑆𝑚𝑎𝑥  (1 − 𝑒
−𝑘

𝑃𝑐𝑢𝑚
𝑆𝑚𝑎𝑥) 4 

With  

𝐼𝑐  the total intercepted storage at a given time (𝑚𝑚). 

𝑆𝑚𝑎𝑥  the maximum canopy storage (𝑚𝑚). 

𝑃𝑐𝑢𝑚 the total precipitation (𝑚𝑚). 

And 

𝑘 = 1 − 𝑒−(𝑐𝑜 𝐿𝐴𝐼) 5 

𝑘 a parameter related to canopy openness (−) 

𝑐𝑜 the canopy openness (−) 

𝐿𝐴𝐼 the leaf area index (−) 

For the maximum storage, equations for several tree types, depending on leaf area index, were found by 

Von Hoyningen-Huene (1981). The equations that are implemented within LISEM are provided in 

equation 6. 

 𝑆𝑚𝑎𝑥 = 0.935 + 0.498 𝐿𝐴𝐼 − 0.00575 𝐿𝐴𝐼
2 (Crops)                  6 

𝑆𝑚𝑎𝑥 = 0.2331 𝐿𝐴𝐼 (Pinus)     
𝑆𝑚𝑎𝑥 = 0.3165 𝐿𝐴𝐼 (Douglas) 

𝑆𝑚𝑎𝑥 = 1.46 𝐿𝐴𝐼
0.56  (Olive) 

𝑆𝑚𝑎𝑥 = 0.0918 𝐿𝐴𝐼
1.04 (Eucalypt) 

𝑆𝑚𝑎𝑥 = 0.2856 𝐿𝐴𝐼  (Broadleaved Forest) 
𝑆𝑚𝑎𝑥 = 0.1713 𝐿𝐴𝐼  (Bracken) 
𝑆𝑚𝑎𝑥 = 0.59 𝐿𝐴𝐼

0.88  (Clumped Grass) 

Interception by roofs and raindrums is also modelled. The fraction of the rainfall that hits an area 

covered by these types of surfaces is stored and does not reach the soil surface. When the maximum 

raindrum or roof storage is reached, any extra rainfall hits the soil surface. 
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Figure 3  Maximum leaf storage depth plotted against Leaf area index for several vegetation types. From De Jong & Jetten 
(2007) 

 

Figure 4 Maximum leaf storage depth plotted against Leaf area index for several vegetation types. From De Jong & Jetten (2007) 

Rainfall is first stored in micro depressions in the soil surface. When the water level in these depressions 
increases, runoff starts. At a micro-scale, runoff is a spatial process of ponds that fill up and overflow 
into each other. These ponds release little runoff until they fully overflow. Because of this runoff flow 
does not start immediately after the first rainfall hits the soil within LISEM. To estimate the fraction of 
water that is stored in these depressions, and the fraction that is used for runoff, the surface roughness 
is used to estimate the Micro Depression Storage (MDS) (Equation 7). The equation for the MDS was 
determined by Kamphorst et al. (2000) from 221 digital elevation models of various types of micro relief, 
in a wide variety of agricultural circumstances and soil types. The analysis is based on Digital Elevation 
Models (DEMs) of with a spatial resolution of roughly 1 𝑚2. 
 

𝑀𝐷𝑆 = 0.243 𝑅𝑅 + 0.010 𝑅𝑅2 +  0.012𝑅𝑅 𝑆 7 

With 

𝑀𝐷𝑆 the micro depressional storage (𝑚) 

S the slope (𝑚 𝑚−1) 

𝑅𝑅 the standard deviation of the surface heights (𝑚𝑚). 

The flow width for runoff is furthermore changed depending on the estimated ponded area. The ponded 

fraction of a cell is given by equation 8 and 9 (Jetten and De Roo, 2001). 

𝑓𝑝𝑎 = 1 − 𝑒
−𝑎 ( ℎ) 8 
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With 

𝑓𝑝𝑎 the fraction of the cell area that is covered by ponds (−) 

ℎ  the average water depth (𝑚𝑚) 

And 

𝑎 = 1.406 𝑅𝑅−0.924 9 

It is assumed that after the water volume in a cell reaches 10 percent of the micro depressions storage, 

the volume of water that is used for runoff is given by equation 10. 

 ℎ𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑚𝑎𝑥 (0.0, ( ℎ − 𝑆𝐷𝑆) ∗  (1 − 𝑒
−ℎ 

ℎ−𝑆𝐷𝑆

𝑀𝐷𝑆−𝑆𝐷𝑆)) 10 

With 
hrunoff the height of the water that is used for runoff (𝑚𝑚) 

SDS the water height at which runoff starts (= 0.1 𝑀𝐷𝑆 ) (𝑚𝑚) 

When the MDS is completely filled, all remaining water is used for runoff.  

 

Figure 5 The fraction ponded area as a function of the water height for several random roughness values. 

 

Figure 6 The runoff height as a function of the water height for several random roughness values. 
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Infiltration 
Infiltration is the process where water is transported downwards from the surface to the subsurface. 

Depending on the hydraulic conductivity and soil water content, surface water will seep into the soil. 

Several infiltration models are included in the LISEM model: 

 The Green & Ampt infiltration model 

 Smith & Parlange model 

 SWATRE multilayered soil water model 

These infiltration models use the empirical Darcy equation which describes a simple vertical soil water 

balance (Equation 11). 

𝜕𝜃

𝜕𝑡
= −𝐾𝑠

𝜕ℎ

𝜕𝑧
  3 

With  

휃 the soil moisture content (𝑚3 𝑚−3) 

ℎ the hydraulic head (𝑚) 

𝑧 the vertical elevation (𝑚) 

𝐾𝑠 the saturated conductivity (𝑚 𝑠−1) 

Green & Ampt 

The Green & Ampt (1911) infiltration method assumes that a wetting front moves downwards into the 

soil layers parallel to the soil surface. Above this front, the soil is saturated, while beneath this front, the 

soil is completely dry. Green & Ampt stated that, when the water height above the soil surface is 

assumed to be zero, a simplification of the Darcy equation for vertical water flow can be used (Equation 

12 & 13). 

𝑓 =  −𝐾𝑠  (
ℎ𝑓−ℎ0

𝑍𝑓
) =  𝐾𝑠  (

𝜓 

𝑍𝑓
+ 1) 4 

With 

𝑓 the infiltration rate (𝑚 𝑠−1) 

ℎ𝑓 the hydraulic head at the wetting front (𝑚) 

ℎ0 the hydraulic head at the soil surface (= 0) (𝑚) 

𝑍𝑓 the depth of the wetting front (𝑚) 

𝜓 the matric pressure at the wetting front (ℎ = 𝜓 + 𝑍) (𝑚) 

And 

𝑍𝑓 =
𝐹

𝜃𝑠−𝜃𝑖
 5 

With 

𝐹 the cumulative infiltrated water (𝑚) 

휃𝑠 the porosity (𝑚3 𝑚−3) 

휃𝑖 the initial soil moisture content (𝑚3 𝑚−3) 



Lisem Documentation & Manual  Second Draft ITC 

 

 
19 

 

The value of 𝜓 depends on the soil type. Using the Green & Ampt equations (Equations 11 & 22), and 

combining these, the final equation for infiltration rate can be acquired (Equation 14). 

𝑓 = 𝑓𝑝𝑜𝑡 = −𝐾𝑠 (𝜓 
𝜃𝑠−𝜃𝑖

𝐹
+ 1) 6 

With 

𝑓𝑝𝑜𝑡  the potential infiltration rate (𝑚 𝑠−1) 

This method can be applied for both a 1 layer or 2 layer system. Beneath these layers, an open or closed 

boundary can be chosen.   

Smith & Parlange 

Smith & Parlange (1978) use a different set of empirical equations for potential infiltration (Equation 15 

& 16). 

𝑓 = 𝑓𝑝𝑜𝑡 = −𝐾𝑠
𝐶

𝐶−1
 15 

And 

𝐶 = 𝑒 
𝐹

(ℎ𝑓−ℎ0)(𝜃𝑠−𝜃𝑖) 16 

With 

𝐶 a parameter (−) 

This method can also be applied for both a 1 layer or 2 layer system. Beneath these layers, an open or 

closed boundary can be chosen.   

Both the Smith & Parlange and the Green & Ampt model are very sensitive to the choice of Ksat and 

initial moisture content. The initial assumption that the wetting front moves down with a speed dictated 

by the saturated conductivity can cause significant disagreement between measurements and modelled 

soil moisture content. For more accurate infiltration, field properties could be used for the saturated 

conductivity or the matric pressure at the wetting front.  In practice however, this means that the Smith 

& Parlange and Green& Ampt solution needs calibration, either by decreasing the Ksat values or by 

increasing the initial soil moisture content. 

SWATRE 

Swatre (Soil water balance for terrestrial ecosystems) is created by Bastiaansen et al. (1996) at the 

Wageningen University. Infiltration and soil water transport in soils are simulated by a solution of the 

Richards equation, which combines the Darcy equation and the continuity equation. The continuity 

equation is given in Equation 17. 

𝐶(ℎ)
𝑑ℎ

𝑑𝑡
= −

𝑑

𝑑𝑧
(𝑞) 17 

With 
𝑞 = 𝑞𝑖𝑛 + 𝑞𝑜𝑢𝑡  the sum of all inwards fluxes and outwards fluxes (𝑚3𝑠−1) 
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When combined with the Darcy equation this gives equation 18. 

𝐶(ℎ)
𝑑ℎ

𝑑𝑡
=

𝑑

𝑑𝑧
(𝐾𝑠(ℎ) (

𝑑ℎ

𝑑𝑧
+ 1)) 18 

With 

𝐶(ℎ) =
𝑑𝜃(ℎ)

𝑑ℎ
  19 

With  
𝐶(h) the slope of the soil water retention curve (𝑚 𝑠−1) 
 

The Mualem/Van Genuchten equations (Mualem, 1976; Van Genuchten, 1980) can be used to predict 

the soil-water retention curves and the unsaturated hydraulic conductivity, which are needed to solve 

the equations above. These equations are based on an empirical function for the soil water retention 

cuve by Van Genuchten (Equation 20), which can be substituted into the expression for saturated 

conductivity by Mualem (Equation 21). 

𝛩(ℎ) =  
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
= (

1

1+(𝛼 ℎ)𝑛
)
𝑚
  7 

With 
Θ the relative water content. 
휃𝑟  the residual water content (-) 
휃𝑠 the saturated water content (-) 
𝛼, 𝑛, 𝑚 soil specific paremeters (-) 
And 

𝐾𝑠(ℎ) =
1− (𝛼 ℎ)𝑛−2 (1+(𝛼 ℎ)𝑛)−𝑚

(1+(𝛼 ℎ)𝑛)2𝑚
   21 

However LISEM does not use these relations directly but requires the user to define the water retention 
curves and the 𝐾(ℎ) curves as tables. The reasoning is that the measured curves hardly ever follow the 
Mualem-Van Genuchten relations exactly but usually derivate near saturation of the soil. Thus, for all 
the catchments soil profile types that are defined, and for each characteristic soil horizon, tables with 
the measured 𝐾(ℎ) − 휃(ℎ) − ℎ relations are required. The equations are solved by explicit linearization 
using the so-called Thomas (tridiagonal) algorithm (Remson et al., 1971). The Swatre model operates 
with a dynamic timestep depending on hydraulic head changes.  
 

Crusting and Compaction 
Within LISEM, compacted and crusted soil can be modelled. For each cell a compacted fraction and 

crusted fraction can be provided, with accompanying saturated conductivity values. The final saturated 

conductivity is calculated using equation 22. 

𝐾𝑠,𝑒𝑓𝑓  = 𝐾𝑠 ∗ (1 − 𝑓𝑐𝑟𝑢𝑠𝑡 − 𝑓𝑐𝑜𝑚𝑝)  + 𝐾𝑠,𝑐𝑟𝑢𝑠𝑡  𝑓𝑐𝑟𝑢𝑠𝑡  +  𝐾𝑠,𝑐𝑜𝑚𝑝 𝑓𝑐𝑜𝑚𝑝 8 

With 
𝐾𝑠,𝑒𝑓𝑓 the effective saturated conductivity (𝑚 𝑠−1) 

𝑓𝑐𝑟𝑢𝑠𝑡 the crusted soil fraction (−) 
𝑓𝑐𝑜𝑚𝑝 the compacted soil fraction (−) 
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𝐾𝑠,𝑐𝑟𝑢𝑠𝑡  the saturated conductivity for crusted soil (𝑚 𝑠−1) 

𝐾𝑠,𝑐𝑜𝑚𝑝 the saturated conductivity for compacted soil (𝑚 𝑠−1) 

Water Repellency 
Within the implementation of Swatre in LISEM, a form of water repellency is implemented. When this is 

the case, no water will infiltrate until a threshold is reached. After this, the repellency decreases, 

depending on the soil water content (Equation 23). 

𝑓𝑟𝑒𝑝 =
1

𝑟𝑑+𝑟𝑎
100(𝜃−𝑟𝑏)

   휃 > 𝑟𝑐  9 

𝑓𝑟𝑒𝑝 = 1   θ ≤  r𝑐  

With 

𝑓𝑟𝑒𝑝 the repellency factor (−) 

ra a water repellency parameter (−) 

rb a water repellency parameter (−) 

rc a water repellency parameter (−) 

rd a water repellency parameter (−) 

The repellency factor is used to calculate the effective amount of water that the soil can contain, before 

being saturated. In practice, this causes the cells with water repellency to only start infiltration after a 

minimum amount of rainfall has fallen. 

Evaporation and Transpiration 
Due to heating from solar radiation, and un-saturated air, water changes from liquid to gaseous phase, 

and is further moved by the atmosphere. Water in both the soil and plants are subject to this phase 

change. Generally, OpenLISEM is used for event-based simulations. In such cases, evaporation is minimal 

and can generally be neglected. However, when users simulate periods in-between events, evaporation 

and transpiration must be included for a complete water balance.  

Evaporation can be limited by two factors, either the solar energy coming in through the atmosphere is 

not enough to evaporate the available water, or there is not enough available water for the solar 

radiation to evaporate. Modelling the effects of evaporation and transpiration can be done using 

measurements of Reference or Pan-Evaporation. This is an indication of the maximum water 

evaporation that occurs during a specific moment, thus, when water is not the limiting factor. To 

estimate this, a container with an un-covered water surface is placed in a surrounding of well-watered 

grass. There, the removal of water is measured from the container. The effects of vegetation are much 

more complicated and difficult to estimate. 

To approaches can be taken to estimate evapotranspiration. First, the Penman, or a derivative version of 

this equation such as the Penman-Moneith equation, can be used. These equations estimate 

evapotranspiration based on an energy budget. The penman equation provided in equation 24. 

𝐸𝑚𝑎𝑠𝑠 =
𝑚𝑅𝑛+𝛾 6.43(1+0.536 𝑉𝑤𝑖𝑛𝑑)𝛿𝑒

𝜆𝑣(𝑚+𝛾)
 10 
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Where 𝐸𝑚𝑎𝑠𝑠 is the evaporation rate per day (mm/h), m is the slope of the saturation vapor pressure 

curve (kPa/K), 𝑅𝑛 is the net irradiance (MJ m-2 day-1), 𝛾 is the psychrometric constant (=

0.0016286
𝑃𝑘𝑃𝑎

𝜆𝑣
), 𝑉𝑤𝑖𝑛𝑑  is the wind velocity (m/s), 𝛿𝑒 is the vapor pressure defecit (kPa) and 𝜆𝑣 is the 

latent heat of vaporization (MJ kg-1). 

With  

𝑚 =
𝑑𝑒𝑠

𝑑𝑇𝑎
=
5336

𝑇𝑎
2 𝑒

21.07−
5336

𝑇𝑎  11 

Were 𝑇𝑎 is the air temperature (K),  𝑒𝑠 is the vapor pressure of air, as found inside plant stoma ( =

𝑒
(21.07−

5226

𝑇𝑎
)
, by Merva, 1975) 

However, due to the large number of required paramters, this method is difficult to implement in 

regional modelling. Instead, equations such as these are used to estimate reference evaporation at a 

weather station. A more practical method uses a given reference evapotranspiration and estimates 

actual evapotranspiration based on the crop factor and soil saturation (Equation 26). 

𝐸𝑇𝑎𝑐 = 𝐸𝑇𝑜 ∗ 𝐾𝑐 ∗ ∑
𝜃𝑖

𝜃𝑠,𝑖
𝑠≥𝑧  12 

Were 𝐸𝑇𝑎𝑐 is the actual evapotranspiration (mm/hour), 𝐸𝑇𝑜 is the reference evapotranspiration 

(mm/hour), 𝐾𝑐 is the crop factor (-), 𝑖 is the layer number of the soil description, 𝑧 is the number of the 

layer of interest, 휃𝑖 the water content of layer i (-), 휃𝑠,𝑖 is the saturated water content of layer i. 

The implementation is based on the work of van Beek (2002). The idea here is that with any deeper 

layer, the amount of evapotranspiration is limited by all saturation levels of upper layers. Thus, the 

deeper, the less the amount of evaporation effectively takes place. Furthermore, it limits 

evapotranspiration so that any higher layer will be depleted first, which is replicant of the natural 

process. Finally, the crop factor can change based on crop type, growth stage and agricultural practice. A 

large amount of crop factor estimates are available from the SWAT model database.  

Ground Water Flow 
 

After infiltration has taken place, OpenLISEM divides the sub-surface into four hydrological zones (Figure 

7). The wetting front is a saturated area at the top of the sub-surface. Below that, an unsaturated layer 

exists, where water content is between the residual and saturated water contents. The third layer is the 

saturated zone, where the pore space is fully filled with soil water. Finally, a impervious bed rock layer 

acts as a confining boundary to the ground water flow. 
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Figure 7 Subsurface description when OpenLISEM models groundwater flow. Three layers, the wetting front, unsaturated and 
saturated zone, act as individual layers for horizontal and vertical water transport. 

The soil physical properties of these layers are taken from either 1 or two layers. The user of the model 

specifies depth of each layer, and the soil physical properties. The slope of the confining layer is 

assumed to be parallel the slope of the surface. 

Soil Water Retention Curves 

To describe the relationship between soil water content and the hydraulic conductivity and the suction 

of a soil matrix a soil water retention curve is required. This is a mathematic model of the inner capillary 

forces in a grain matrix. Several popular soil water retention curves exist, among which is the Van 

Genuchten model (1980). In the OpenLISEM groundwater equations, the Farrel and Larson model is 

used (Farrel & Larson, 1972). There are several reasons for using this model instead of the van 

Genuchten model, as has been indicated by Van Beek (1992): 

 

“First of all, it reduces the number of parameters that describe the SWRC from three to two. The 

goodness-of-fit of Farrel & Larson's model is in general as good as the more complex Van 

Genuchten-model, especially if the number of parameters in the latter is reduced for mathematical 

expediency (Nielsen & Van Genuchten, 1985). Secondly, Farrel & Larson's relation is an exponential 

function. This can be considered as an improvement in model robustness when compared to the 
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more complex relation of Van Genuchten. The model for the SWRC of Farrel and Larson is empirical, 

based on analogies in thermo-dynamics.” 

The equations for the Farrel and Larson Soil Water Retention Curve (SWRC) are shown in equation 27, 

28 and 29. 

휃𝑒𝑓𝑓 = 휃𝑟𝑒𝑠 + 휃𝑒𝑓𝑓 ∗ (휃𝑠𝑎𝑡 − 휃𝑟𝑒𝑠) 27 

With 

θeff the effective saturation (-) 

 

ℎ𝑠 = ℎ𝑠𝑎𝑒
𝛼(1−𝜃𝑒𝑓𝑓) 13 

With 

hs the matric suction (m s−1) 

hsa the matric suction level at air entry level saturation (−) 

α the shape parameter (−) 

 

𝑘𝑟(휃𝑒𝑓𝑓) = 휃𝑒𝑓𝑓
𝜏 (

𝑒
2𝛼𝜃𝑒𝑓𝑓−2𝛼𝜃𝑒𝑓𝑓−1 

𝑒2𝛼−2𝛼−1
) 29 

With 

kr the matric suction (m s−1) 

Vertical Flow 

The first connection between the soil water layers is a vertical flow from the wetting front to the 

unsaturated zone, and from the unsaturated to the saturated zone. For all of these layer interactions, 

the vertical flow rate is calculated by estimating the vertical gradient in the hydraulic height and the 

saturated conductivity (Equation 30). 

𝑄𝑧 = 휃𝑒𝑓𝑓 ∗ 𝑘(휃𝑒𝑓𝑓) ∗ 𝛥𝑡 30 

Lateral Flow 

Simulation of dynamic transport of a substance, the continuity equation is that bases (Equation 31). 

𝑑ℎ

𝑑𝑡
+
𝑑𝑄𝑥

𝑑𝑥
+ 

𝑑𝑄𝑦

𝑑𝑦
= 0 31 

This equation describes the local time-change in ground water height h (m) based on the gradient in the 

lateral unit discharges Q (
𝑚2

𝑠
).  

The lateral discharges are taken from darcy’s law for flow of a liquid through a permeable matrix. He 

noted the linear relationship between flow velocity of such a liquid, and the gradient in hydraulic height 

(equation 32 and 33) 
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𝑉𝑔𝑤,𝑥 = 𝐾𝑥
𝑑ℎ

𝑑𝑥
 32 

𝑉𝑔𝑤,𝑦 = 𝐾𝑦
𝑑ℎ

𝑑𝑦
 33 

Generally, the hydraulic conductivity values depend on the material and are not dependend on the 

direcitno of the flow. Within OpenLISEM, for each flux the average between the hydraulic conductivity 

of the source and destination cell is taken. Due to the slow nature of the ground water processes, 

momentum is ignored, and velocity is at any moment instantaneously determined by local pressure 

gradients. Finally, the ground water flow equation becomes equation 34. 

𝑑ℎ

𝑑𝑡
+
𝑑𝐾𝑥

𝑑ℎ

𝑑𝑥

𝑑𝑥
+ 

𝑑𝐾𝑦
𝑑ℎ

𝑑𝑦

𝑑𝑦
= 0 34 

BaseFlow 

When a channel description is active in the database, OpenLISEM allows for the simulation of ground 

water entering the channel network. The discharge rate from the ground water system into the channel 

is determined based on in and outflow through the channel sides (figure 8). 

 

Figure 8 the interactions between the channel, which is incised in the surface, and the soil water, depends on the water pressure 
differences. 

The gradient in pressure is determined based on the elevation difference between ground water levels 

and the river water level (Equation 35). 

 𝑄𝑖𝑛 = 𝑑ℎ ∗ 𝑔 𝜌 𝑑ℎ ∗ 휃 ∗ 𝐾𝑠 35 

Where 𝑄𝑖𝑛 is the incoming discharge into or out of the river (m3/s). 
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Surface Flow 
The transport (advection) and dynamics of water flow can be simulated using differential equations that 

describe flow. Two fundamental principals in physics can be used to derive two sets of equations, one 

for momentum and another for mass. In this section, we will describe the derivation of basic shallow 

flow equations and how they are used within OpenLISEM. 

Mass Conservation 

The first basic physical principle which can be used to describe water flow is mass conservation. At any 

moment and time, the total amount of water stored, incoming, and outgoing water must be in balance. 

To describe this mathematically, a cubic volume can be imagined, which contains a specific amount of 

mass (figure 9). The amount of mass in the cube can be changes by altering the density (Equation 36). 

𝑀 = 𝜌 ∗ 𝑑𝑥 ∗ 𝑑𝑦 ∗ 𝑑𝑧 36 

 

Figure 9 A reference cube filled with a substance of density 𝜌, and sized dx, dy and dz. 

Now, we introduce a velocity in the reference cube. This velocity moves the mass through the edges of 

the cube. Based on this, we can define an outgoing volume for each second, the discharge or flux. 

For this example, we define the velocity towards the positive x-direction. Therefore, the discharge 

passes through the right side of the cube, with surface area 𝑑𝑦 ∗ 𝑑𝑧 (figure 10). The final volume of the 

flux is a product of velocity and area (Equation 37). 

𝑞 = 𝜌 �⃗� (𝑑𝑦 ∗ 𝑑𝑧)  37 

 

dy 

dx 

dz 
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Figure 10  A velocity defined from the centre of the cube creates a discharge or flux through the cell sides. 

Now, imagine a series of cubes, each filled with the a mass, and contacting a specific velocity (figure 11). 

In our example, each velocity is directed towards the positive x-direction. 

 

Figure 11 The change in local mass is dependent on the difference between left and right discharges. 

The middle cube experiences a change in mass due to the outflow and inflow. We can mathematically 

describe the rate of change in the locally stored mass as the difference between the fluxes (equation 

38). 

𝑑𝑀

𝑑𝑡
= 𝑞𝑟 − 𝑞𝑙 38 

By combining this equation with the description of the fluxes, we can find an equation for the changing 

density (equation 39,40 and 41). 

𝑀 = 𝜌 ∗ 𝑑𝑥 ∗ 𝑑𝑦 ∗ 𝑑𝑧 39 

𝑞 = 𝜌 ∗ 𝑣 ∗ 𝑑𝑦 ∗ 𝑑𝑧 40 

𝑑𝑥 ∗ 𝑑𝑦 ∗ 𝑑𝑧 ∗
𝑑𝜌

𝑑𝑡
= 𝜌 ∗  𝑑𝑦 ∗ 𝑑𝑧(𝑣𝑟 − 𝑣𝑙) 41 

Then, by dividing both sides by the volume of the cube (𝑑𝑦 ∗ 𝑑𝑧 ∗ 𝑑𝑥) (equation 42). 

𝑑𝜌

𝑑𝑡
=
𝜌(𝑣𝑟−𝑣𝑙)

𝑑𝑥
 42 

d
y

d
x

d
z

�⃗� 

d
x 

𝑣𝑟ሬሬሬ⃗  �⃗� 
𝑣𝑙ሬሬሬ⃗  

𝑀 
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This equation becomes a one-dimensional example of mass conservation. Now, we can extend this idea 

to all three dimensions in which the cube exists. This introduces two more velocity components and thus 

two more discharge components (figure 12). 

 

Figure 12 Extending the mass balance for a reference cube to three dimensions, and therefore 6 cell boundary fluxes. 

Now our mass conservation equation becomes extended in a similar manner (equation 43). 

𝑑𝜌

𝑑𝑡
=
𝜌(𝑢𝑟−𝑢𝑙)

𝑑𝑥
+
𝜌(𝑣𝑟−𝑣𝑙)

𝑑𝑦
 +
𝜌(𝑤𝑟−𝑤𝑙)

𝑑𝑧
 43 

As a last step, we can rewrite the flux differences by assuming our cubes become infinitely small. This is 

identical to taking the limit of dx -> 0, dy -> o, dz -> 0.The manner in which the flux differences are 

written causes this to become the derivative of the flux function. 

Finally, our mass conservation equation is shown in equation 44. 

𝑑(𝜌)

𝑑𝑡
= (

𝑑𝜌𝑢

𝑑𝑥
+
𝑑𝜌𝑣

𝑑𝑦
+
𝑑𝜌𝑤

𝑑𝑧
) 44 

This fundamental equation is called the continuity equation since it describes the continuity of a moving 

mass. The continuity equation is the basis of most simulations of flow. Although this describes the 

movement in a given velocity field, the velocities themselves are still unknown. For this, another 

principle must be used. 

Momentum Conservation 

Besides mass being conserved during flow, momentum is similarly conserved. This allows us to describe 

the flow of momentum. 

The basis for this law comes from Newton 

“When one body exerts a force on a second body, the second body simultaneously exerts a force equal in 

magnitude and opposite in direction on the first body” 

From Newtons first law we know the following (equation 45). 

𝐹 = 𝑚 ∗ 𝑎 = 𝑚 ∗
𝑑𝑣

𝑑𝑡
 45 

dz 

dx 

dy 

𝑢𝑟ሬሬሬሬ⃗  𝑢𝑙ሬሬሬ⃗  

𝑤𝑙ሬሬሬሬ⃗  

𝑤𝑟ሬሬሬሬ⃗  

𝑣𝑙ሬሬሬ⃗  

𝑣𝑟ሬሬሬ⃗  
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Where momentum is defined as the product of mass and velocity (equation 46). 

𝑝 = 𝑚 ∗ 𝑣 46 

Combining these two equations gives us the following relationship between forces and momentum 

change (Equation 47). 

𝐹 =
𝑑 (𝑚∗𝑣)

𝑑𝑡
=
𝑑𝑝

𝑑𝑡
 47 

Since Newtons third law states the action-reaction principle in nature, we can state that any force and 

opposing force must equal zero net force in total (Equation 48). 

𝐹1 + 𝐹2 = 0 48 

Here, the forces can be replaced by their momentum changes. This finally lead to the conclusion that 

the total momentum change must be zero (Equation 49) 

𝑑𝑝1

𝑑𝑡
+
𝑑𝑝2

𝑑𝑡
 = 0 49 

Thus, based on this principle we can apply the continuity equation to not only mass, but similarly to 

momentum. We achieve this by replacing the density with momentum in equation 44. However, since 

each individual component of momentum is a conserved quantity, we state the conservation equation 

for all three components (Equation 50,51 and 52). 

𝑑(𝜌𝑢)

𝑑𝑡
= (𝜌𝑢

𝑑𝑢

𝑑𝑥
+ 𝜌𝑢

𝑑𝑣

𝑑𝑦
+𝜌𝑢

𝑑𝑤

𝑑𝑧
) 50 

𝑑(𝜌𝑣)

𝑑𝑡
= (𝜌𝑣

𝑑𝑢

𝑑𝑥
+ 𝜌𝑣

𝑑𝑣

𝑑𝑦
+𝜌𝑣

𝑑𝑤

𝑑𝑧
) 51 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑤

𝑑𝑢

𝑑𝑥
+ 𝜌𝑤

𝑑𝑣

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) 52 

These equations describe the advection and storage of momentum. The equations so far can describe a 

state of flow where no external forces are present. In reality however, flow gains and loses momentum 

from gravity, friction and pressure differences.  

The primary source of momentum in natural systems is gravitational force. This is simply implemented 

by adding a negative (downwards) force equal to the gravitational constant multiplied by the density 

(Equation 53). 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑢

𝑑𝑤

𝑑𝑥
+ 𝜌𝑣

𝑑𝑤

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑧
− 𝜌 ∗ 𝑔… 53 

A second momentum source that is typically present are pressure differences. Since pressure is defined 

as the force exerted per area, we can simply add the pressure gradient as the source of momentum 

(Equations 54, 55 and 56). The pressure itself must be described with an extra equation, and can be 

dependent on local density, temperature, salinity or other parameters. 

𝑑(𝜌𝑢)

𝑑𝑡
= (𝜌𝑢

𝑑𝑢

𝑑𝑥
+ 𝜌𝑣

𝑑𝑢

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑥
+⋯ 54 

𝑑(𝜌𝑣)

𝑑𝑡
= (𝜌𝑢

𝑑𝑣

𝑑𝑥
+ 𝜌𝑣

𝑑𝑣

𝑑𝑦
+𝜌𝑤

𝑑𝑣

𝑑𝑧
) +

𝑑𝑃

𝑑𝑦
+⋯ 55 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑢

𝑑𝑤

𝑑𝑥
+ 𝜌𝑣

𝑑𝑤

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑧
− 𝜌 ∗ 𝑔… 56 
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So far, we have described the behavior of an ideal fluid. The basic assumption there is that velocity 

exchange only takes place due to transport. Thus, parallel to the velocities. In reality however, flow of a 

fluid can have a shearing effect (figure 13). 

 

Figure 13 Force diagram for a fluid interface. Left: ideal fluid has only normal forces. Right: viscous fluid has three forces, normal 
and in both shearing directions. 

This means that between adjacent columns of flow, with parallel flow velocities, there can be velocity 

exchange due to shearing. An example of this is provided in figure … There, a fluid is trapped between a 

bottom and top plate. The bottom plate is stationary, and due to the boundary condition, fluid velocity 

becomes zero at the base. The top plate is moving, and enforces a velocity at the top. In this state, a 

velocity gradient will come to exists, linearly changing the velocity between the lower and upper 

boundary condition (figure 14). 

 

Figure 14 The influence of the viscosity on the velocity gradient in a shearing fluid. 

Viscosity now means that the relationship between the velocity gradient and the shear stress in the fluid 

are related through the viscosity parameter (Equation 57). 

𝑑𝑢

𝑑𝑦
=
𝜏

𝜇
 57 

𝜏 the flow shear stress (𝑁 𝑚−2), 𝜇 the dynamic viscosity (𝑝𝑎 𝑠1) 

The gradient of these shearing forces can then be included in the momentum balance as a momentum 

source term (Equation 58, 59 and 60). 

𝑑(𝜌𝑢)

𝑑𝑡
= (𝜌𝑢

𝑑𝑢

𝑑𝑥
+ 𝜌𝑣

𝑑𝑢

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑥
+ 𝜇 (

𝑑2𝑢

𝑑𝑥2
+
𝑑2𝑢

𝑑𝑦2
+
𝑑2𝑢

𝑑𝑧2
) +⋯ 58 

Normal force 

Shear force 

Normal force 

Ideal Fluid (Water) Viscous Fluid 

Shear force 
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𝑑(𝜌𝑣)

𝑑𝑡
= (𝜌𝑢

𝑑𝑣

𝑑𝑥
+ 𝜌𝑣

𝑑𝑣

𝑑𝑦
+𝜌𝑤

𝑑𝑣

𝑑𝑧
) +

𝑑𝑃

𝑑𝑦
+ 𝜇 (

𝑑2𝑣

𝑑𝑥2
+
𝑑2𝑣

𝑑𝑦2
+
𝑑2𝑣

𝑑𝑧2
) +⋯ 59 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑢

𝑑𝑤

𝑑𝑥
+ 𝜌𝑣

𝑑𝑤

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑧
+ 𝜇 (

𝑑2𝑤

𝑑𝑥2
+
𝑑2𝑤

𝑑𝑦2
+
𝑑2𝑤

𝑑𝑧2
) − 𝜌 ∗ 𝑔 +⋯  60 

And, together with the mass balance, these four equations are the final Navier-Stokes equations for 

incompressible water flow. 

Navier-Stokes equations 

𝑑(𝜌)

𝑑𝑡
= (

𝑑𝜌𝑢

𝑑𝑥
+
𝑑𝜌𝑣

𝑑𝑦
+
𝑑𝜌𝑤

𝑑𝑧
) 

𝑑(𝜌𝑢)

𝑑𝑡
= (𝜌𝑢

𝑑𝑢

𝑑𝑥
+ 𝜌𝑣

𝑑𝑢

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑥
+ 𝜇 (

𝑑2𝑢

𝑑𝑥2
+
𝑑2𝑢

𝑑𝑦2
+
𝑑2𝑢

𝑑𝑧2
) +⋯ 

𝑑(𝜌𝑣)

𝑑𝑡
= (𝜌𝑢

𝑑𝑣

𝑑𝑥
+ 𝜌𝑣

𝑑𝑣

𝑑𝑦
+𝜌𝑤

𝑑𝑣

𝑑𝑧
) +

𝑑𝑃

𝑑𝑦
+ 𝜇 (

𝑑2𝑣

𝑑𝑥2
+
𝑑2𝑣

𝑑𝑦2
+
𝑑2𝑣

𝑑𝑧2
) +⋯ 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑢

𝑑𝑤

𝑑𝑥
+ 𝜌𝑣

𝑑𝑤

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑧
+ 𝜇 (

𝑑2𝑤

𝑑𝑥2
+
𝑑2𝑤

𝑑𝑦2
+
𝑑2𝑤

𝑑𝑧2
) − 𝜌 ∗ 𝑔 +⋯ 

 

Saint-Venant Equations 

From the Navier-Stokes equations, the Saint-Venant equations can be derived through depth-averaging. 

Here, this process is not shown but due to the similarities, the derivations in the previous section are still 

applicable. The full Navier-Stokes equation in two dimensions are given in equation 61 and 62 and 63. 

 
𝑑(𝜌)

𝑑𝑡
= (

𝑑𝜌𝑢

𝑑𝑥
+
𝑑𝜌𝑣

𝑑𝑦
) 61 

𝜕𝑢𝑥

𝜕𝑡
+  𝑢

𝜕𝑢𝑥

𝜕𝑥
+ 𝜈

𝜕𝑢𝑥

𝜕𝑦
= −

𝜕𝑝

𝜕𝑥

1

𝜌𝑓
+ 𝜐

𝜕2𝑢𝑥

𝜕𝑥2
+  𝜐

𝜕2𝑢𝑥

𝜕𝑦2
 62 

𝜕𝑢𝑦

𝜕𝑡
+  𝑢

𝜕𝑢𝑦

𝜕𝑥
+ 𝜈

𝜕𝑢𝑦

𝜕𝑦
= −

𝜕𝑝

𝜕𝑥

1

𝜌𝑓
+ 𝜐

𝜕2𝑢𝑦

𝜕𝑥2
+  𝜐

𝜕2𝑢𝑦

𝜕𝑦2
 63 

With 

𝜈 the kinematic viscosity (𝑚2 𝑠−1) 

𝑝 the pressure (𝑘𝑃𝑎) 

𝜌𝑓 the density of the fluid (𝑘𝑔 𝑚−3) 

Many of the terms in these equations can be neglected when assumptions are made about the type, 

scale and nature of the flow. The friction terms (Equation 64) are incorporated as an external force 

acting on the water body, and can be neglected through the assumption that the kinematic viscosity is 

zero.  

𝜈
𝜕2𝑢𝑦

𝜕𝑥2
+  𝜈

𝜕2𝑢𝑦

𝜕𝑦2
= 0 64 
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Furthermore, it can be assumed that the pressure is hydrostatic (incompressible at rest and thus only 

dependent on water depth), providing equation 65. 

𝑝 = 𝜌𝑓  𝑔 ℎ 65 

Combining this with the continuity equation and rearranging leads to the two-dimensional Navier-stokes 

equations (Equations 66,67 and 68). 

 
𝜕ℎ

𝜕𝑡
+
𝜕(𝑢ℎ)

𝜕𝑥
+
𝜕(𝑣ℎ)

𝜕𝑦
= 0 66 

𝜕𝑢𝑥

𝜕𝑡
+  𝑢

𝜕𝑢𝑥

𝜕𝑥
+ 𝜈

𝜕𝑢𝑥

𝜕𝑦
= 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑥 67 

𝜕𝑢𝑦

𝜕𝑡
+  𝑢

𝜕𝑢𝑦

𝜕𝑥
+ 𝜈

𝜕𝑢𝑦

𝜕𝑦
= 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑦 68 

Now, we have our basic two-dimensional equations for storage and advection of flow. We need to 

rework the external forces that are a source of momentum for water flow. The manner in which we 

implement these must be depth-averaged. 

We can define the gravitational force acting upon a column of water based on the slope components of 

the surface. Then water experiences a downwards gravitational force, the surface reacts with a normal 

force parallel toward the surface (Figure 15). The vertical components of these forces negate each other, 

and a horizontal component is left (Equation 69 and 70). 

𝑆𝑓,𝑥 =                      − 𝑔ℎ𝑆𝑥 69 

𝑆𝑓,𝑦 =                      − 𝑔ℎ𝑆𝑦 70 

 

Figure 15 Gravitation provides a force in the negative z-direction. As a response, the normal force from the surface negates the 
gravity, but leaves a horizontal component. 

Pressure terms for depth averaged flow can be derived based on water depth differences between 

adjacent columns. We assume a constant density of water (p = h*g), which is characteristic for an 

incompressible fluid. Pressure acts everywhere, towards everywhere so we must integrate over the 

boundaries between the water columns. 

F,gravity 

F,n
,y

 

F,n,x 
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Figure 16 A gradient in pressure provides a gradient in opposing pressure forces in the water 

Integrating from the base to the top of the water surface gives us an expression of average pressure 

(Equation 71). 

𝐹𝑝 = ∫ 𝑔ℎ 𝑑ℎ =
𝑔ℎ2

2

ℎ

0
 71 

There is thus an effective pressure 
1

2
𝑔ℎ applied over height ℎ towards the lower water depth. 

Finally, friction from the basal surface is an important aspect of describing water flow. It acts as a 

opposite force towards the velocity, and limits it based on the roughness of the basal surface. Here, the 

Darcy-Weisbach friction law can be used.  

 

Figure 17 A rough basal surface provides a frictional shearing on the water body 

This friction law can be expressed using the mannings friction coefficient (Equation 72). 

𝑆𝑓 =
𝑔 

𝑛2
𝑢ሬሬ⃗ |𝑢ሬሬ⃗ |

ℎ
4
3

 72 

Notice the quadratic dependency on velocity, which is analogous to free-fall air drag laws. Furthermore, 

the inverse dependency on flow height comes from depth-averaging. The friction acts mainly in the 

lower layer. The deeper the flow, the less the friction act on the total volume of flow. Finally, with these 

forces implemented, the full Saint-Venant equations for shallow water flow result: 

F,p -F,p 

u 
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With h the flow height (𝑚), u the flow velocity (𝑚 𝑠−1), R the rainfall (𝑚), I the infiltration (𝑚), g the gravitational 

acceleration (𝑚 𝑠−2), S the friction term (𝑚 𝑠−2) and Sf the momentum source term (𝑚 𝑠−2). And 

 𝑆𝑥 = −
𝑑(

𝑔ℎ2

2
)

𝑑𝑥
− 𝑔ℎ𝑆𝑓𝑥

 73 

 𝑆𝑦 = −
𝑑(

𝑔ℎ2

2
)

𝑑𝑦
− 𝑔ℎ𝑆𝑓𝑦

 74 

The friction slope terms, which are the friction forces divided by the water height and the gravitational 

acceleration, can be calculated using the Darcy-Weisbach friction law (Chow, 1959) (Equation 75). 

𝑆𝑓 =
𝑔 

𝑛2

�⃗�|�⃗�|

ℎ

4

3

 75 

 

Kinematic Flow 

When precipitation is neither intercepted, stored nor infiltrated, overland flow is modelled. From 

conservation of mass, the kinematic wave equation for overland flow can be derived. The change in 

cross section of flow, should be equal to the spatial derivative of the discharge to maintain water 

volume. Combining this with external sources of water such as rainfall and infiltration gives equation 21. 

To simulate flow of runoff water over the digital elevation model, this kinematic wave equation is used, 

together with Mannings equation for flow velocity (Equation 76). In its 1 dimensional form, the 

kinematic wave routes the water over a local drainage network (LDD). 

𝑑𝐴

𝑑𝑡
+
𝑑𝑄

𝑑𝑥
= 𝑞 − 𝑖 76 

With 

𝑄 the discharge (𝑚3 𝑠−1)  

𝜕ℎ

𝜕𝑡
+
𝜕(𝑢ℎ)

𝜕𝑥
+
𝜕(𝑣ℎ)

𝜕𝑦
= 0 

 

 

 

 

  
𝜕𝑢

𝜕𝑡
+     𝑢

𝜕(ℎ𝑢2)

𝜕𝑥
+
𝜕ℎ𝑢𝑣

𝜕𝑦
     = 𝑆𝑥 

 

 

     
𝜕𝑣

𝜕𝑡
+     

𝜕ℎ𝑢𝑣

𝜕𝑥
+
𝜕(ℎ𝑣2)

𝜕𝑦
      = 𝑆𝑦 

Mass conservation 

Storage 

Momentum Balance 

Advection source 

Storage Advection source 

Storage Advection 

𝑆𝑓,𝑥 and 𝑆𝑓,𝑦 the friction slope  

terms in the x and y direction (𝑚 𝑚−1) 

ℎ the flow height (𝑚) 
𝑢, 𝑣 the flow velocity components 

(𝑚 𝑠−1) 
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𝐴 the cross section of the flow (𝑚2) 

𝑖 the infiltration (𝑚3 𝑠−1) 

𝑞 the other sources of water (rainfall and snowmelt) (𝑚3 𝑠−1) 

𝑢 = 𝑅
3

2 ∗
√𝑆

𝑛
 77 

With  

𝑢 the flow velocity (𝑚 𝑚𝑠−1) 

𝑅 the hydraulic radius (𝑚) 

𝑛 the Mannings coefficient of the surface (𝑠 𝑚−
1

3) 

The relation between the cross section of the overland flow, and the discharge is given by a power 

function (Chow, 1959) (Equation 25). 

𝐴 = 𝑎𝑄𝛽  78 

With  

𝛽 a coefficient (= 0.6) (-) 

and 

𝛼 = ((
𝑛

𝑠0.5𝑅
)

2

3
)

𝛽

 79 

With  

P the wetted perimeter of the flow (𝑚2) 

Earlier versions of LISEM could only use a LDD map to route water through the modelled area (Figure 

18). This allowed to implement the kinematic wave in 1 dimension. 

 

In the usage of a local drainage direction network, multiple assumptions are made: 

 The directions for overland flow are restricted to 9 possible values. 

 The discharge of a cell always fully flows into the single next connected cell 

These assumptions can lead to unrealistic behavior in certain situations. Diagonal flow travels greater 

distances than horizontal or vertical flow. Furthermore, the catchment size can cause enormous 

amounts of water to be routed to a single cell. With large catchments, or small cells, this causes 

Figure 18 Left a Digital Elevation Model (DEM) is given, on the right a 
local drainage direction network for this DEM is shown (from the 
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overland runoff water heights that would in reality spread out of multiple cells. Due to this, the 

discharge values become much higher than is realistic. Since the soil surface area beneath the flow is 

also smaller, infiltration is generally lower than would be realistic. This can have an impact on especially 

erosion values, since the total transport capacity of overland flow does not relate linearly to water 

height. 

In order to model overland flow without these assumptions, a full 2D kinematic wave solution was 

implemented (Equation 80).  

 

𝑑𝐴

𝑑𝑡
+
𝑑𝑄𝑥

𝑑𝑥
+ 

𝑑𝑄𝑦

𝑑𝑦
= 𝑞 − 𝐼 80  

With 

Q the discharge (𝑚3 𝑠−1), Qx and Qy are the x and y components respectively 

For channel flow, the 1 dimensional LDD based kinematic wave is used. The flow width is however 

restrained to the channel width. Within LISEM, a channel side angle can be set. Using this angle, the 

channel width is dependent on the height (Equation 81). 

𝐵(ℎ) = 𝐵(0) + 2 ∗  ℎ 𝑡𝑎𝑛 (𝑎𝑐ℎ)  81 

With 

𝑎𝑐ℎ the side angle of the channel in degrees (−) 

𝐵 the channel width (𝑚) 

Diffusive Flow 

In the diffusive flow approximation, inertial terms are assumed very small when compared to other 
acceleration terms. When the inertial terms are neglected, velocity is determined predominantly by 
hydraulic gradient, friction forces and the gravitational force. This assumption leads to a simplified set of 
equations (Equation 82,83 and 84) 

𝜕ℎ

𝜕𝑡
+ 

𝜕(ℎ𝑢𝑥)

𝜕𝑥
+ 

𝜕(ℎ𝑢𝑦)

𝜕𝑦
=  𝑞 − 𝐼 82 

𝑔 (
𝑑ℎ

𝑑𝑥
) = (𝑆𝑓𝑥 − 𝑆𝑥) 83 

𝑔 (
𝑑ℎ

𝑑𝑦
) = (𝑆𝑓𝑦 − 𝑆𝑦) 84 

Dynamic Flow 

In general, flood water behaves differently than both overland or channel flow. While the terms in the 

kinematic wave are sufficient for flow where the mass balance is predominantly important, the 

momentum terms must be taken into account (Equation 85,86 and 87).  

𝜕ℎ

𝜕𝑡
+ 

𝜕(ℎ𝑢𝑥)

𝜕𝑥
+ 

𝜕(ℎ𝑢𝑦)

𝜕𝑦
=  𝑞 − 𝐼 85 
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𝜕ℎ𝑢𝑥

𝜕𝑡
+ 

𝜕(ℎ𝑢𝑥
2+

1

2
𝑔ℎ2)

𝜕𝑥
+ 

𝜕(ℎ𝑢𝑥𝑢𝑦)

𝜕𝑦
=  𝑔ℎ(𝑆𝑥 − 𝑆𝑓,𝑥) 86 

𝜕ℎ𝑢𝑦

𝜕𝑡
+
𝜕(ℎ𝑢𝑥𝑢𝑦)

𝜕𝑦
+ 

𝜕(ℎ𝑢𝑦
2+

1

2
𝑔ℎ2)

𝜕𝑥
= 𝑔ℎ(𝑆𝑦 − 𝑆𝑓,𝑦) 87 

With 

𝑆𝑥 and 𝑆𝑦 the slope in the x and y directions (𝑚 𝑚−1) 

𝑆𝑓,𝑥 and 𝑆𝑓,𝑦 the friction slope terms in the x and y direction (𝑚 𝑚−1) 

The friction slope terms, which are the friction forces divided by the water height and the gravitational 

acceleration, can be calculated using the Darcy-Weisbach friction law (Chow, 1959) (Equation 88 and 

89). 

𝑆𝑓,𝑥 = 𝑛
2 𝑢𝑥|𝑢ሬሬ⃗ |

ℎ
 88 

𝑆𝑓,𝑦 = 𝑛
2 𝑢𝑦|𝑢ሬሬ⃗ |

ℎ
 89 

Coupling of Flow 

Water flow is thus divided into three domains 

 Overland Flow 

 Channel Flow 

 Flooding 

The coupling of these types of flow is done with the channel as a main link. Overland flow runs into the 

channel, which causes channel flow (Figure 19). When the channel overflows, flooding is initiated. Flood 

water can afterwards flow back into the channel.  
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To calculate the inflow of overland into the channel, it is assumed that the direction of overland flow, in 

cells containing channels, is perpendicular to the channel direction. The channel is furthermore assumed 

to be in the middle. This way, using the channel width and flow velocity, the fraction of runoff water 

that flows into the channel can be calculated (Equation 90). 

𝑓𝑞𝑐ℎ =
𝑑𝑡 𝑢

0.5 (𝐶𝑥𝑦−𝐵𝑐)
 90 

With 

Bc the channel width at the surface (𝑚) 

Channel overflow is immediately transformed into flooding water. If the channel has extra capacity, 

available flooding water is likewise immediately transported into the channel. 

Lastly, overland flow that reaches a flooded cell is added to the flood height. The velocity of the flood 

water will be recalculated using conservation of kinetic energy. This way, large amounts of runoff water 

have an influence on the flood velocity. 

Steady State Flow 
In order to provide an estimation of daily runoff patterns, a steady state flow can be solved. A steady 

state flow patterns provides at each location the water height at which there is no temporal change in 

local in or out-going discharge. Thus, a steady state solution is a non-dynamic state of the flow system 

which represent a catchment undergoing constant rainfall intensity for an infinite time. The steady-state 

flow in OpenLISEM is a steady-state version of the diffusive wave, and thus includes friction, gravity and 

Figure 19 Coupling of overland flow, channel flow and flooding. The channel acts as a main link between the flow 
domains. 
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pressure forces. The reason why this type of flow approximation is used are twofold. The kinematic 

wave has to be solved using a drainage network which allows for faster speed, but strictly limits flow 

directions. When using a pre-defined flow network, elevation changes cannot be used to alter flow 

patterns without re-calculating the entire network. Similarly, these networks tend to inaccurately 

represent flow at higher spatial resolution and gentle slopes (flood-type of behavior). On the other 

hand, the full saint Venant equations are not usable due to their complexity. The inertia terms, which 

remember and propagate velocity of the flow, make steady-state solutions unstable. Finding a steady 

state would require much more computation, while resulting in highly similar flow patterns. 

Furthermore, the saint Venant equations does not have to find a steady state. Instead, given the right 

boundary parameters, a oscillatory steady state could be present. This makes detecting the steady state 

highly complicated. Thus, within OpenLISEM, a diffusive wave is used for steady state flow.  

The basic equations for diffusive flow are the following (Equation 91, 92 and 93). 

𝜕ℎ

𝜕𝑡
+ 

𝜕(ℎ𝑢𝑥)

𝜕𝑥
+ 

𝜕(ℎ𝑢𝑦)

𝜕𝑦
=  𝑅 − 𝐼 91 

𝑔 (
𝑑ℎ

𝑑𝑥
) = (𝑆𝑓𝑥 − 𝑆𝑥) 92 

𝑔 (
𝑑ℎ

𝑑𝑦
) = (𝑆𝑓𝑦 − 𝑆𝑦) 93 

Then, in a steady state, the following condition is enforced (Equation 94). 

𝜕ℎ

𝜕𝑡
= 0 94 

Combining equation 91 and 94 gives a continuity equation for steady-state flow (Equation 95). 

 
𝜕(ℎ𝑢𝑥)

𝜕𝑥
+ 

𝜕(ℎ𝑢𝑦)

𝜕𝑦
=  𝑅 − 𝐼 95 
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Sediment 
The main processes in the sediment part of the model are: 

 Splash detachment 

 Flow detachment 

 Deposition 

 One and Two layer Sediment transport 

 Sediment diffusion 

 Total Load 

o Bed load 

o Suspended load 

 Multi-class sediment 

o Overland flow load 

o Bed load 

o Suspended load 

Splash Detachment 
Splash detachment is the process were incoming precipitation detaches soil on impact with the soil 

surface, due to its kinetic energy. In the case of a large rainfall event, the magnitude of this form of 

detachment is insignificant when compared to the flow detachment. For smaller rainfall events, this 

form of erosion makes a distinct difference. The rainfall intensity that remains after interception is used 

for splash detachment. Using splash tests the following general equation has been derived (unpublished 

data) (Equation 96). 

𝑑𝑒𝑝𝑠𝑝𝑙𝑎𝑠ℎ = (
2.82

𝐴𝑠
 𝐾𝑒 𝑒(−1.48 ℎ)  +  2.96) 𝑃ℎ

𝐴

𝑑𝑡
 96 

With 

𝑑𝑒𝑝𝑠𝑝𝑙𝑎𝑠ℎ the splash deposition rate (𝑘𝑔 𝑚−2𝑠−1) 

As the aggregate stability, median number of drops to decrease the aggregate mass by 50% (−) 

Ke the kinetic energy of the rainfall ( 𝐽 𝑚−2 𝑚𝑚−1) 

Ph the rainfall or troughfall (𝑚𝑚) 

𝐴 the surface area where the splash detachment takes place (𝑚2) 

An increasing water height causes splash detachment to decrease since the kinetic energy of the rainfall 

dissapates in the layer of water. The inverse exponential dependency of splash detachment on the 

water height accomplishes this effect. The kinematic energy of the incoming water is calculated 

seperately for rainfall and troughfall (Equation 97  & 98) 

𝐾𝑒,𝑟 =  8.95 + 8.44 𝐿𝑜𝑔(𝑃ℎ) 97 

𝐾𝑒,𝑡 = 15.8 √ℎ𝑣𝑒𝑔 − 5.87  98 

With 

ℎ𝑣𝑒𝑔 the vegetation height (𝑚) 
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𝐾𝑒,𝑟 the kinetic energy of direct rainfall ( 𝐽 𝑚−2 𝑚𝑚−1) 

𝐾𝑒,𝑡 the kinetic energy of the troughfall from the vegetation ( 𝐽 𝑚−2 𝑚𝑚−1) 

The ponded area, which is calculated using the micro depression storage, is used to calculate a dry 

splash detachment, and a wet splash detachment. This changes the P and A for both these surfaces 

(Equation 99).  

𝑃𝑝𝑜𝑛𝑑𝑒𝑑 = 𝑓𝑝 𝑃 99 
𝐴𝑝𝑜𝑛𝑑𝑒𝑑 = 𝑓𝑝𝐴 
𝑃𝑛𝑜𝑛𝑝𝑜𝑛𝑑𝑒𝑑 = (1 − 𝑓𝑝) 𝑃 
𝐴𝑛𝑜𝑛𝑝𝑜𝑛𝑑𝑒𝑑 = (1 − 𝑓𝑝) 𝐴 

With  

𝑃𝑝𝑜𝑛𝑑𝑒𝑑  the rainfall on ponded surfaces (𝑚𝑚) 

𝐴𝑝𝑜𝑛𝑑𝑒𝑑  the area on ponded surfaces (𝑚2) 

𝑃𝑛𝑜𝑛𝑝𝑜𝑛𝑑𝑒𝑑  the rainfall on non-ponded surfaces (𝑚𝑚) 

𝐴𝑛𝑜𝑛𝑝𝑜𝑛𝑑𝑒𝑑  the area on non-ponded surfaces (𝑚2) 

𝑓𝑝 the fraction of the cell that is covered by ponds (−) 

The effective water heights for non-ponded areas is thus 0, and this water volume is diveded over the 

ponded area of a cell. Finally the total splash detachment is taken from the cell’s soil layer. Other 

surfaces such as compacted soil, crusted soil and roads are taken into account to show no splash 

detachment. They similarly cause a change in both 𝐴 and 𝑃 (Equation 100). 

𝑃𝑛𝑜𝑛𝑟𝑜𝑎𝑑 = (1 − 𝑓𝑟𝑜𝑎𝑑) 𝑃  100 
𝐴𝑛𝑜𝑛𝑟𝑜𝑎𝑑 = (1 − 𝑓𝑟𝑜𝑎𝑑) 𝐴 

With  

𝑃𝑛𝑜𝑛𝑟𝑜𝑎𝑑  the rainfall on non-road surfaces (𝑚𝑚) 

𝐴𝑛𝑜𝑛𝑟𝑜𝑎𝑑  the area on non-road surfaces (𝑚2) 

𝑓𝑟𝑜𝑎𝑑  the fraction of the cell that is covered by roads (−) 

 

Erosion 
For total sediment load in overland flow and simple channel flow within LISEM, the transport capacity 

equation by Govers (1990) is used (Equation 44). This equation was empirically derived from 

measurements, and is dependent on stream power. Hessel & Jetten (2007) applied 8 different transport 

capacity equations to a small catchment in the Chinese Loess plateau. This extensive test showed that 

the transport capacity of Govers (1990) performed best due to its small sensitivity to slope and grain size 

(equation 44). 

𝑇 = 𝜌𝑠 𝑐 (𝜔 − 𝜔𝑐𝑟)
𝑑 101 

With 

𝜔 the stream power (𝑚 𝑠−1) 

𝜔𝑐𝑟  the critical stream power (𝑚 𝑠−1) 
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𝜌𝑠 is the density of the sediment material (𝑘𝑔 𝑚−3) 

And 

𝑐 =
(𝐷50+ 5)

0.32

−0.6
 102 

𝑑 =
(𝐷50+ 5)

300

0.25
 103 

With 

𝐷50  the  median grain diameter (𝑚) 

Detachment and deposition are based on the settlingvelocity for the median grain diameter. The 

deposition rate is proportional to this settling velocity (Equation 104).  

𝑑𝑒𝑝 =   𝑤𝑠 𝐵 𝐶 104 

With 

B the flow width (𝑚) 

dep the deposition rate (𝑘𝑔 𝑚−2𝑠−1) 

The transport capacity represents the concentration for which the sediment deposition and detachment 

are equal, and the concentration is thus stable. We can use this to adapt the equation for deposition 

(Equation 105). 

𝑑𝑒𝑝 =  𝑤𝑠 𝐵 𝑚𝑖𝑛(0.0, (𝑇 − 𝐶)) 105 

It can be assumed that detachment follows the same form (Rauws & and Govers, 1988), with the 

addition of an erosion efficiency factor when detachment takes place (Equation 106). 

𝑑𝑒𝑡 =  𝛾 𝑤𝑠 𝐵 𝑚𝑎𝑥(0.0, (𝑇 − 𝐶)) 106 

With 

det the detachment rate (𝑘𝑔 𝑚−2𝑠−1) 

𝛾  the  erosion efficiency coefficient (−) 

The erosion efficiency coefficient is based on soil cohesion and root strength, which provides extra soil 

cohesion, and is calculated based on equations by Rauws & Govers (1988) (Equation 107). 

𝛾 = 𝑚𝑖𝑛 (1.0,
1

0.89+0.56(𝑐𝑜+𝑐𝑜𝑣𝑒𝑔)
) 107 

With 

𝑐𝑜 the soil cohesion (𝑘𝑃𝑎) 

𝑐𝑜𝑣𝑒𝑔 the extra soil cohesion due to vegetation (𝑘𝑃𝑎) 

The equations by Govers where originally meant to describe rill erosion. As such, all erosion within lisem 

either is part of splash detachment or flow detachment in the form of rills. For the simulation of intense 

rainfall events, which is usually the case, sheet erosion has an insignificant magnitude when compared 

to rill erosion (Herweg, 1996). 
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Settling Velocity 
In a flear fluid at rest, the fall velocity of a single sediment particl with a size up to 100 𝜇𝑚, can be 

calculated by a balance of drag forces and the gravitational force. The force of viscosity and the 

gravitational force for a spherical particle with uniform density are given in equation 108 and 109. 

𝐹𝑑 = 6𝜋 𝜈 𝑤𝑠  
𝐷

2
  108 

With 

Fd the stokes drag force (𝑘𝑔 𝑚 𝑠−2) 

𝐷 the particle diameter (𝑚) 

𝑤 the velocity (𝑚 𝑠−1) 

𝐹𝑔 =
(𝜌𝑠− 𝜌𝑤)𝑔4

3
𝜋 (

𝐷

2
)
2

 109 

With 

Fg the gravitational force (𝑘𝑔 𝑚 𝑠−2) 

𝜌𝑠 the density of sediment (𝑘𝑔 𝑚−3) 

𝜌𝑤 the density of water (𝑘𝑔 𝑚−3) 

The terminal velocity is than equal to equation 110. 

𝑤𝑠 =
2

18

(𝜌𝑠− 𝜌𝑤)

𝜈
𝑔 (

𝐷

2
)
2
  110 

With 

𝑤𝑠 the settling velocity (terminal velocity of the particle) (𝑚 𝑠−1) 

When particles reach larger grain diameters, the assumptions that are needed for the stokes range 

terminal velocity do no longer hold since the drag force behaves differently at those scales. For these 

particles, an equation by Zanke (1977) can be used (Equation 111). 

𝑤𝑠 = 10 
𝜈2

𝐷
(√1 +

0.01(
(𝜌𝑠− 𝜌𝑤)

𝜌𝑤
𝑔𝐷3)

𝜈
− 1) 111 

Sediment Transport 
Transport of sediment takes place when water with a sediment concentration is transported. To model 

sediment flow in the 1 dimensional kinematic wave, a simple flow advection scheme is used (Equation 

112). 

𝑑𝑆

𝑑𝑡
+
𝑑(𝑄 𝐶)

𝑑𝑥
= 𝑑𝑒𝑝 − 𝑑𝑒𝑡 112 

With 

𝑆 the sediment load (𝑘𝑔) 

𝐶 the sediment concentration (𝑘𝑔 𝑚−3) 

𝑑𝑒𝑝 the deposition (𝑘𝑔 𝑠−1) 

𝑑𝑒𝑡 the detachment (𝑘𝑔 𝑠−1) 
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In order to implement sediment transport in the 2 dimensional kinematic wave and the saint-venaint 

equations for flooding, the sediment transport was similarly rewritten to 2 dimensions (Equation  113). 

𝑑𝑆

𝑑𝑡
+
𝑑(𝑄𝑥 𝐶)

𝑑𝑥
+ 

𝑑(𝑄𝑦 𝐶)

𝑑𝑦
= 𝑑𝑒𝑝 − 𝑑𝑒𝑡 113 

Steady State  

In case of steady state flow, sediment transport is solved in a similar manner. We enforce a condition 

similar to that for steady state water flow (equation 114), where the rate of change in local sediment in 

the flow is zero. 

𝑑𝑆

𝑑𝑡
= 0 114 

Combining equation 113 and 114 gives a continuity equation for steady state sediment transport 

(equation 115).  

𝑑(𝑄𝑥 𝐶)

𝑑𝑥
+ 

𝑑(𝑄𝑦 𝐶)

𝑑𝑦
= 𝑑𝑒𝑝 − 𝑑𝑒𝑡 115 

In the steady state equations, sediment content does not alter water flow. Thus, steady state sediment 

is solved after steady state water flow. Therefore, the discharge rates, water heights and velocities area 

all known for each location. Based on these, the transport capacity is computed. Then, the solution can 

be found for which the concentration is such, that given the inflow and soil erosion or detachment, the 

total inflow and soil interactions are identical to the outflow. The outflow is given by equation 116. 

𝑄𝑠,𝑜𝑢𝑡 = 𝑄𝑜𝑢𝑡 ∗
𝑆

𝑣𝑜𝑙
 116 

Then, the sediment inflow Qs,in is based on the surrounding concentrations and discharges from the 

previous iteration. To solve the final stable concentration, the following condition must be met 

(equation 117). 

𝑄𝑠,𝑖𝑛 + 𝑑𝑒𝑡 − 𝑑𝑒𝑝  =  𝑄𝑠,𝑜𝑢𝑡 = 𝑄𝑜𝑢𝑡 ∗
𝑆

𝑣𝑜𝑙
 117 

Solving this equation for the solid content of the flow (S), gives the following solution (Equation 118). 

 𝑆 = (𝑄𝑠,𝑖𝑛 + det− 𝑑𝑒𝑝) ∗
𝑣𝑜𝑙

𝑄𝑜𝑢𝑡
 118 

Diffusion 
When the cross section of flow is above the range of overland flow, sediment will diffuse both trough 

small turbulent flows, and trough brownian motion. For suspended sediment layers in both flooding 

water and channels, diffusion is modelled (Figure 20). Turbulent diffusive current spreads suspended 

matter through the medium. The devision between bed load and suspended sediment will be described 

later. For this, the differential equation governing sediment flow was rewritten to include second order 

diffusive terms (Equation 119). 

𝑑𝑆

𝑑𝑡
+
𝑑(𝑄𝑥 𝐶)

𝑑𝑥
+ 

𝑑(𝑄𝑦 𝐶)

𝑑𝑦
+
𝑑2(  𝐶)

𝑑𝑥2
+
𝑑2(  𝐶)

𝑑𝑦2
= 𝑑𝑒𝑝 − 𝑑𝑒𝑡 119 
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With 

ε the diffusion coefficient (𝑚2𝑠−1) 

 

Figure 20 Turbulent diffusive current spreads suspended matter through the medium. 

The diffusion coefficient is closely related to the turbulence of the fluid. Turbulent currents, which are 

not described in many physical models due to their scale, cause a sediment flux in the direction of 

decreasing concentration (Tsujimoto, 2010). Estimation of the diffusion coefficient is difficult process. In 

large-scale ocean and atmospheric models, a two variable k- ε model is often used to describe both the 

sources of turbulent currents, and the transport of turbulent energy. LISEM uses a simpler 

implementation. First we note that the diffusion coefficient is related to the turbulent viscosity by a 

parameter that describes the ratio between water and sediment turbulent transport (Equation 120) 

휀 =
𝜈𝑡

𝜎
 120 

With 

𝜈𝑡  the turbulent viscosity (𝑚2𝑠−1) 

σ the turbulent Prandtl-Smith number (−) 

This parameter, the turbulent Prandtl-Smith number, generally takes values between 0.5 and 1 (Wu, 

2001). Furthermore, a simple description for eddy viscosity by Smagorinksy (1964) is included, based on 

velocity gradients (Equation 121). 

휀 =
𝑑𝑥 𝑑𝑦

𝜎
√
𝑑𝑢𝑥

𝑑𝑥
+
𝑑𝑢𝑦

𝑑𝑦
+
1

2

𝑑𝑢𝑦

𝑑𝑥

𝑑𝑢𝑥

𝑑𝑦
 121 

 

Two Layer sediment transport 
While the Govers transport capacity was derived from data from overland flow, the channels within 

lisem can also use these equations. For larger catchments, the channels do however no longer classify as 

overland flow, and the emprical relation does not describe the channel sediment transport capacity 

well. Diffusion of sediment in overland flow is furthermore assumed to be insignificant because of the 

small water height compared to cell sizes. Within channels or flooded areas, the water height can 

however be high enough to allow for substantial diffusion of sediment. In order to overcome these 

problems, a 2 layer sediment transport model was added for the channels and flood water (Figure 21).   
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A first bed load sediment transport layer is modelled right above the soil layer. This depth of this layer 

depends both on depth averaged flow velocity and flow depth. Above this layer, fully suspended 

sediment transport takes place troughout the rest of the water depth. The definition of the bed load 

layer is not generally agreed upon. Most definitions however agree that the sediment concentration 

within the layer shuold be high enough to make grain-grain interactions important when compared the 

grain-fluid interactions. The transport in this layer takes the form of rolling, sliding and saltating 

(Bagnold, 1956). Transport capacity for these layers are differently dependent on flow velocity and 

depth. The bed and suspended layers show more different behaviour. The settling velocity of sediment 

plays, for example, and important role in suspended sediment, while this is not the case for bed load. 

Diffusions of sediment furthermore only exists within the suspended sediment layer. The detachment 

and deposition process for a 2 layer sediment system is modelled in the same way as for overland flow.  

Bed Layer Thickness 
The bed load layer thickness is an estimation of the maximum height that bed load particles reach. To 

calculate the thickness of the bed load layer,  the expression from Hu and Hui (1996) for rough bed 

forms is used (Equation 122). 

𝛿 =  𝐷 ( 1.78 (
𝜌𝑠

𝜌𝑤
)
0.86

𝜏∗
0.69) 122 

With 

δ the bed load layer thickness (𝑚) 

And 

𝜏∗ =
𝑢∗
′2

𝜌𝑠 −𝜌𝑤  

𝜌𝑤 
𝑔 𝐷
   123 

With 

𝜏∗ the shear stress (𝑃𝑎) 

𝑔 the gravitational accaleration (𝑚 𝑠2) 

And  

𝑢∗
′ = √𝑔

𝑢

𝐶𝑐
′ 124 

Suspended Sediment Layer 

Bed Load Layer 

Velocity 

Soil Layer 

Bed Load Layer Depth 

Suspended Layer Depth 

Figure 21 Schematic overview of the soil layer, the bed 
load layer and the suspended sediment layer. 
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With 

𝑢∗
′  the effective shear velocity related to grains (𝑚 𝑠−1) 

𝑢 the depth averaged flow velocity (𝑚 𝑠−1) 

𝐶𝑐
′ = 18 𝐿𝑜𝑔 (4 

𝑅𝑏

𝐷90
) 125 

With 

𝐶′ the chezy coefficient related to grains (𝒎𝟎.𝟓  𝒔−𝟏) 

𝑅𝑏 the hydraulic radius related to the bed (𝑚) 

𝐷90 the grain diameter for which 90 % of the sediment mass has a smaller grain diameter (m) 

Total sediment 
For total sediment load, bed and suspended  transport capacity equations from van Rijn (1984) were 

used. He derived empiric relations based on shear stress. For grain class specific transport capacity, 

equations by Wu, Wang and Jia (2010) were used. While some equations give equilibrium sediment 

transport, transport capacity can be calculated by deviding by the discharge (Equation 126). 

𝑇 =  
𝑄𝑠

ℎ 𝑢
  126 

With 

𝑄𝑠 the sediment discharge (𝑘𝑔 𝑚−1 𝑠−1) 

𝑢 the flow velocity (𝑚 𝑠−1)  

ℎ the flow height (𝑚) 

Van Rijn Bed Load Simple 

Van Rijn (1984a) derived a simplified empiric equation for bed load sediment transport (Equation 127). 

For both the bed load and suspended load equation, grain sizes between 50 and 2000 𝜇𝑚 were used for 

the derivation and calibration. 

𝑄𝑠,𝑏𝑙 = 0.005 𝜌𝑠 𝑢 ℎ (
𝐷50

ℎ
)
1.2 
𝑀𝑒
2.4 127 

With 

𝑄𝑠,𝑏𝑙 the sediment transport rate per unit width (𝑘𝑔 𝑚−1 𝑠−1) 

And 

𝑀𝑒 =
𝑢−𝑢𝑐𝑟

√(
𝜌𝑠
𝜌𝑤
−1)𝑔 𝐷50

 128 

With 

𝑀𝑒 the mobility parameter (−) 

and 

𝑢∗,𝑐𝑟 = (
𝜌𝑠

𝜌𝑤
− 1)𝑔 𝐷50 휃𝑐𝑟  129 
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With 

𝑢𝑐𝑟  the critical shear velocity for initiation of motion (𝑚 𝑠−1) 

And  

휃𝑐𝑟 = 0.24 𝐷∗
−1                        𝐷∗ ≤ 4                     130 

휃𝑐𝑟 = 0.14 𝐷∗
−0.64   4 < 𝐷∗ ≤ 10      

휃𝑐𝑟 = 0.04 𝐷∗
−0.10 10 < 𝐷∗ ≤ 20  

휃𝑐𝑟 = 0.013 𝐷∗
−0.29    20 < 𝐷∗ ≤ 150  

휃𝑐𝑟 = 0.055          150 < 𝐷∗          

With 

휃𝑐𝑟  the critical shields number (−) 

And  

𝐷∗ = 𝐷50
√
(
𝜌𝑠
𝜌𝑤
−1) 𝑔

𝑣2

3

 131 

With 

𝐷∗ the grain size parameter (−) 

The critical shear velocity, which is a dimensional version of the critical shealds number, indicates the 

minimal stress at the soil surface which is required for the initiation of sediment particle motion. When 

the shear velocity is higher than this threshold, sediment transport will occurr. The remaining energy is 

represented by the mobility parameter. 

Van Rijn Bed Load Full 

Van Rijn (1984a) derived an empiric equation for bed load sediment transport based on the transport 

stage parameter (Equation 132). 

𝑄𝑠,𝑏𝑙 = 0.053 𝜌𝑠
𝑇𝑟
21

𝐷∗
0.3√(

𝜌𝑠

𝜌𝑤
− 1)  𝑔 𝐷50

1.5 132 

With 

𝑄𝑠,𝑏𝑙 the sediment transport rate per unit width (𝑘𝑔 𝑚−1 𝑠−1) 

And 

𝑇𝑟 =
𝑢∗
′2− 𝑢∗,𝑐𝑟

2

𝑢∗,𝑐𝑟
2  133 

With 

𝑇𝑟 the transport stage parameter (−) 

The transport stage parameter here represents the shear stress that is above the critical shear stress 

level, and thus the energy that can be used for sediment particle motion. Similar as with the simplified 

version of the Van Rijn bed load transport equation, the critical shear stress functions as a threshold. 
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Van Rijn Suspended Load Simple 

Van Rijn (1984b) derived a simplified empiric equation for suspended load sediment transport (Equation 

134). 

𝑄𝑠,𝑠𝑠 = 0.008 𝜌𝑠 𝑣 𝐷50(𝐷∗)
−0.6𝑀𝑒

2.4 134 

With 

𝑄𝑠,𝑠𝑠 the sediment transport rate per unit width (𝑘𝑔 𝑚−1 𝑠−1) 

The simplified version of the van Rijn suspended sediment load equation, similarly to the bed load 

equation, uses the mobility parameter, based on the excess shear stress.  

Van Rijn Suspended Load Full 

Van Rijn (1984b) derived an empiric equation for suspended load sediment transport based on flow 

velocity and height (Equation 135). 

𝑄𝑠,𝑠𝑠 = 𝜌𝑠 𝐹 𝑢 ℎ 𝐶𝑟   135 

With 

𝑄𝑠,𝑠𝑠 the sediment transport rate per unit width (𝑘𝑔 𝑚−1 𝑠−1) 

And  

𝐹 =
(
ℎ𝑟
ℎ
)
𝑍′

−(
ℎ𝑟
ℎ
)

1.2

(1−
ℎ𝑟
ℎ
)
𝑍′

(1.2−𝑍′)

 136 

With 

𝐹 the correction factor for suspended load (−) 

And 

ℎ𝑟 =   0.5 ∆ 137 

With 

ℎ𝑟 the reference height (𝑚) 

∆ the bed form height (𝑚) 

And 

𝑍′ = 𝑍 +  𝜑 138 

With 

𝑍′ the corrected suspension number (−) 

𝜑 the suspension number correction factor (−) 

And 

𝑍 =
𝑤𝑠

𝛽 𝑘 𝑢∗
 139 
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𝑍 the suspension number (−) 

k the constant of Von Karman (≈ 0.41) (−) 

And 

𝜑 = 2.5 (
𝑤𝑠

𝑢∗
)
0.8
(
𝐶𝑟

𝑐0
)
0.4

 140 

 

With 

𝑤𝑠 the settling velocity for the median grain size (𝑚 𝑠−1) 

𝑐0 the maximum bed concentration (𝑘𝑔 𝑚−3) 

And 

𝛽 = 1 + 2 (
𝑤𝑠

𝑢∗
)
2

 141 

With 

𝛽 the ratio between sediment diffusion and fluid diffusion (−) 

And 

𝑢∗ = √𝑔 ℎ 𝑆 142 

 

With 

𝑢∗ the overall shear velocity (𝑚 𝑠−1) 

𝑆  the slope (𝑚 𝑚−1) 

And 

𝐶𝑟 = 0.015
𝐷50

ℎ𝑟

𝑇1.5

𝐷∗
0.3 142 

With 

𝐶𝑟  the reference concentration (𝑘𝑔 𝑚−3) 

The full equations for the van Rijn suspended sediment transport do not use a threshold value. Instead a 

suspension paramter is used, which represents the ratio between downwards gravitational forces and 

upwards turbulent forces on the sediment particles. This parameter is corrected for the influence that 

sediment has on the turbulence of a fluid. Then, based on a reference concentration at a reference 

height, the suspended load along the entire vertical profile is estimated and integrated, which is 

represented by the F-factor. The reference height is assumed to be the top of the bed load layer. Above 

this height, the suspended transport takes place, an below it, bed load transport takes place. 

MultiClass sediment 
LISEM used to model sediment properties based on the median grain diameter. Transported sediment 

was assumed to have the properties of the locally available sediment. In order to calculate sediment 

properties that dynamically change with the deposition and detachment of different grain sizes, multiple 

grain size classes must be modelled.  For each model run, a number of grain classes (n𝑑) with 

accompanying grain sizes (𝐷𝑖) can be chosen. 
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Hairsine and Rose Overland flow load 

For overland flow Hairsine and Rose (1992) used the equations based on stream power and a shielding 

factor (Equation 143). 

𝑇𝑖 =
1

𝑤𝑠,𝑖

 𝐻𝑖 𝐹𝑟

𝑔
 (

𝜌𝑠

𝜌𝑠− 𝜌𝑤
 )
𝜔 −𝜔𝑐𝑟

ℎ
𝑃𝑖   143 

With 

Ti the transport capacity for the 𝑖𝑡ℎ grain class (𝑘𝑔 𝑚−3) 

Fr the re-entrainment parameter (≈ 0.013) 

𝑃𝑖  the fraction of available sediment that lies within the grain class (−) 

And 

 𝐻𝑖 =
𝜌𝑠−𝜌𝑤

𝜌𝑠
 𝑔
∑

𝑤𝑠,𝑗

𝑛𝑑

𝑗=𝑛𝑑
𝑗=0 

𝜔 −𝜔𝑐𝑟
 144 

With 

H the sediment shielding factor (−) 

n𝑑 the number of sediment classes (−) 

The shielding factor for a specific grain class is based on the relative settling velocity, and represents the 

chance that that specific grain class is exposed at the soil surface. The sum of all the probabilites are 

equal to 1. Wu Wang and Jia (2010) derived transport capacity equations for bed and suspended load 

based on hidden and exposed probabilities (Equation  145 & 146). 

 

𝑃ℎ,𝑖 = ∑ 𝑃𝑖
𝐷𝑗

𝐷𝑖+𝐷𝑗

𝑗=𝑛𝑑
𝑗=0  145 

𝑃𝑒,𝑖 = ∑ 𝑃𝑖
𝐷𝑖

𝐷𝑖+𝐷𝑗

𝑗=𝑛𝑑
𝑗=0  146 

With 

𝑃ℎ,𝑖 the hidden probability for the 𝑖𝑡ℎ grain class (−) 

𝑃ℎ,𝑖 the exposed probability for the 𝑖𝑡ℎ grain class (−) 

Wu Wang and Jia Bed Load 

For the bed load sediment transport of sediment from a single class, an equation by  Wu, Wang & Jia 

(2000) is used (Equation 147). They calibrated the equation using laboratory data, using grain sizes 

varying between 0.073 mm and 64 mm (Wu, 2001). 

 

𝑄𝑠,𝑏𝑙,𝑖 = 𝜑𝑏𝑙  𝜌𝑠 √(
𝜌𝑠

𝜌𝑤
− 1)𝐷𝑖

3   147 

With 

𝑄𝑠,𝑏𝑙,𝑖 the sediment transport rate per unit width for the 𝑖𝑡ℎ grain class (𝑘𝑔 𝑚−1 𝑠−1) 
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𝐷𝑖 the grain size of the 𝑖𝑡ℎ grain class (𝑚) 

And 

𝜑𝑏𝑙 = 0.0053 ((
𝑛′

𝑛
)

3

2 𝜏∗,𝑖

𝜏𝑐𝑟,𝑖
− 1 )

2.2

 148 

 

With  

𝜑𝑏𝑙 the non-dimensional bed load transport rate (−) 

And 

𝜏𝑐𝑟,𝑖 = 휃𝑐𝑟,𝑖 (
𝑃𝑒,𝑖

𝑃ℎ,𝑖 
)
0.6

 (𝜌𝑠 − 𝜌𝑤) 𝐷𝑖   149 

With 

𝜏𝑐𝑟,𝑖 the critical bed shear stress for the 𝑖𝑡ℎ grain class (𝑃𝑎) 

휃𝑐𝑟,𝑖 the critical shields number for the 𝑖𝑡ℎ grain class (−) 

And 

𝑛′ =
𝐷50

1
6

20
 150 

With 

𝑛′ the grain related roughness coeficient of the bed (𝑠 𝑚−
1

3) 

Wu Wang and Jia Suspended Load 

For suspended sediment load Equation  (Wu, Wang & Jia, 2010) is used (Equation 151). 

 

𝑄𝑠,𝑠𝑠,𝑖 = 𝜑𝑏𝑙  𝜌𝑠 √(
𝜌𝑠

𝜌𝑤
− 1)𝐷𝑖

3   151 

With 

𝑄𝑠,𝑠𝑠,𝑖 the sediment transport rate per unit width for the 𝑖𝑡ℎ grain class (𝑘𝑔 𝑚−1 𝑠−1) 

And 

𝜑𝑠𝑠 = 0.0000262 ((
𝜏∗,𝑖

𝜏𝑐𝑟,𝑖
− 1)

𝑢

𝑤𝑠,𝑖
 )

1.74

 152 

With 

𝜑𝑠𝑠 the non-dimensional suspended load transport rate (−) 

𝑤𝑠,𝑖 the settling velocity for the 𝑖𝑡ℎ grain class (𝑚 𝑠−1) 

Material Depth 
Within LISEM, soil properties such as the grain size distribution and soil cohesion can be modelled 

dynamically based on deposited sediment. Two layers of sediment are modelled. The originally present 
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layer, with a possible maximum depth, and the deposited layer, which is initiated empty. Deposited 

sediment is added to the deposited layer, which causes the effective soil properties to be changed 

(Equation 153, 154 and 155).  

𝑓 = 𝑚𝑖𝑛 (1.0,
ℎ𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑

ℎ𝑠𝑚
) 153 

With 

𝑓 the soil layer mixing factor (−) 

ℎ𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑  the depth of the deposited layer (𝑚) 

ℎ𝑠𝑚 the sediment mixing depth (𝑚) 

And 

𝛾𝑒𝑓𝑓 = 𝛾 𝑓 + (𝑓 − 1) 𝛾𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑  154 

With 

γeff the effective erosion efficiency coefficient (−) 

γdeposited  the erosion efficiency coefficient of the deposited layer (=1) 

𝑃𝑒𝑓𝑓,𝑖 = 𝑃𝑖  𝑓 + (𝑓 − 1) 𝑃𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑,𝑖  155 

With 

Peff,i the effective fraction of available sediment that lies within the 𝑖𝑡ℎ grain class 

Pdeposited,i the fraction of available sediment in the deposited layer that lies within the 𝑖𝑡ℎ grain class 

While the effective soil properties are thus a linear mix between the 2 soil layers, depending on the 

sediment mixing depth and the depth of the deposited layer, the erosion is first taken from the top 

layer.  
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Slopes 
Slope Stability 
Terrain description 

For the derivation of existing slope stability methods, and the developed method, a short description of 

the typical slope for this study is given. The slope consists of two layer, a bed-rock material with high 

cohesion and a top layer of loose material (figure 22). The bed-rock layer can, in these models, assumed 

to be a fixed boundary condition in the calculations. The depth of the top layer can vary spatially, and 

the slope of the bed-rock layer is therefore not directly equal to the slope of the terrain surface. A 

homogeneous water saturation is present in the top layer, with appropriate hydraulic head and matric 

suction. Terrain is discretized in local cells or slices.  

 

Figure 22 Terrain description for regional assessment of slope stability. 

The local weight of the soil columns are dependent on density and soil water content (equation 156). 

 𝑤 = 𝑔 ∙ ℎ ∙ ( 𝛾 ∙ (1 − 휃)  + 𝛾𝑠 ∙  휃) 156 

Where 𝑤 the weight (𝑁), 𝑔 is he gravitational acceleration (≈ 9.81) (𝑚𝑠−2), 휃 is the effective saturation 

level of the soil (-) , 𝛾 and 𝛾𝑠 are the dry and saturated density of the soil respectively (𝑘𝑔 𝑚−3). 

Local shearing resistance, is provided by the Mohr-Coulomb failure criterion (Equation 157). 

 𝜏𝑠 = 𝑐
′ + 𝜎 ∙ tan (𝜑)  157 

Where 𝜏𝑠 is the shearing resistence (𝑃𝑎), 𝑐′is the summation of all cohesive terms (𝑃𝑎),  𝜑 is the 

internal friction angle (-) and 𝜎 is the stress normal to the potential shear plane (𝑃𝑎). 

 𝜎 = 𝑔 ∙ ℎ ∙ ( 𝛾 ∙ (1 − 휃)  + 𝛾𝑏 ∙  휃) 158 

Cohesive terms in this equation can consist describe cohesive terms such as soil cohesive strength, 

matric suction or root cohesion within the slope material (Equation 159). 

 𝑐′ = 𝑐 + 𝑐𝑣𝑒𝑔 + 𝜓 159 

Were 𝑐 is the soil cohesive strength (kPa), 𝑐𝑣𝑒𝑔 is the added cohesion due to roots and vegetation 

(kPa), 𝜓 is the matric suction due to negative pressure between the soil water that adheres to grains 

(kPa). 

Infinite Slope 
Several simplifying assumptions lead to the infinite slope method. Firstly, the failure plane is assumed 

parallel to the slope of the terrain and at a pre-defined depth, which is generally the lithic contact. 

Bedrock Topsoil Effective water 
level 
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Furthermore, all inter-slice forces and shear forces are assumed to be zero. Because of this, the FoS is 

directly determined by local properties (Equation 160). 

 𝐹𝑜𝑆 =
𝑐′+𝑤𝑏∙𝑐𝑜𝑠(𝛽)

2∙tan(𝜑)

𝑤∙sin(𝛽)∙cos(𝛽)
 160 

As a results of the infinite slope assumptions, patterns in slope failure become binary (figure 23) 

 

 

Figure 23 Typical results for stability analysis using the infinite slope model. 

Iterative Failure Method 
The iterative slope failure method consists of an upslope iterative process, determining failure depth 

from toe to top. Several assumptions are used in the process. Firstly,  the failure surface is, at any point, 

assumed to be parallel to the surface gradient. We calculate the force capacity and force demand, 

leading to a local safety factor similar to the infinite slope model (Equation 160).  

 𝐹𝑂𝑆 =
𝑐′+𝑤𝑏∙𝑐𝑜𝑠(𝛽)

2∙tan(𝜑)

𝑤∙sin(𝛽)∙cos(𝛽)
 160 

In this method, the angle dynamically depends on the evolution of the elevation model (Equation 161). 

Thus, with changing elevation due to failure, neighboring cells are influenced directly. 

 𝛽 =  𝑎𝑡𝑎𝑛 (
max (ℎ𝑥−1−ℎ𝑥,ℎ𝑥−ℎ𝑥+1)

𝑑𝑥
) 161 

Where ℎ𝑥 is the elevation of the current cell (m), ℎ𝑥−1 is the elevation of the previous cell (m), ℎ𝑥+1 is 

the elevation of the next cell (m) and dx is the cell size (m) 

We take the maximum of the slopes on both sides as the effective slope used in calculations for slope 

failure. Then, in case of instability, we reverse the safety factor equation to reduce the depth of the soil 

layer and achieve local stability (Equation 162). 

 𝐹𝑂𝑆 = 1 =
𝐶1 +𝐶2∙𝑐𝑜𝑠(𝑎𝑡𝑎𝑛(

h−h0
𝑑𝑥

))
2

∙tan(𝜙)

𝐶3∙sin(𝑎𝑡𝑎𝑛(
h−h0
𝑑𝑥

))∙cos(𝑎𝑡𝑎𝑛(
h−h0
𝑑𝑥

))
 162 

Where the simplified constants are given by equations 𝐶1 = 𝑐, 𝐶2 = 𝑤𝑏, 𝐶3 =  𝑤. 

Solving this equation can be done using  the trigonometric identities (Equation 163 and 164). 

 cos(𝑎𝑡𝑎𝑛(𝑥)) =
1

√1+𝑥2
 163 

 sin(𝑎𝑡𝑎𝑛(𝑥)) =
𝑥

√1+𝑥2
 164 

Bedrock Topsoil Effective water level Failure Surface 
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Finally, we thus find the lowest real root to the second-order polynomial equation of the form (equation 

165) 

 ℎ = 𝑎 + (𝑏) 𝑥 + (𝑐)𝑥2 165 

With 

 𝑎 = 𝐶1 ℎ0
2 − C1 dx

2 166 

𝑏 = 2 𝐶1ℎ0 − 𝐶3 ℎ0 𝐹𝑂𝑆 − 𝐶3ℎ0𝐹𝑂𝑆 𝑑𝑥 𝐶2𝑑𝑥
2    167 

𝑐 =  𝐶1 − 𝐶3 𝐹𝑂𝑆 𝑑𝑥  168 

These steps are repeated, using the adapted slope and local forces until no unstable cells remain. Thus, 

the algorithm iteratively solves for a failure volume (Figure 24). 

 

 

Figure 24 Typical results for stability analysis using the iterative failure method. 

While the propagating effect of the iterations provides some interaction between columns of material, 

the initiation of failure is based on a local description of subsurface forcing. Similarly, the propagation of 

failure can only take place in an upslope direction, since reduction of the material depth will always 

decrease the steepness in the downslope direction, and increase the steepness in the upslope direction, 

thus only activating failure in upslope cells. It thus seems that or translational slope failure, where local 

forces provide an accurate estimation of the actual safety factor, the iterative method is appropriate. 

For rotational slope failure, the shape and depth of the failure are not typically only the result of local 

forces. Generally, excess weight and forcing from the top part of a failure volume influences the lower 

part, due to which locally stable cells can be involved in failure by the forces propagating in the 

subsurface. Thus, to recreate this effect, an extended version of the iterative method is required. An 

example of the results of the iterative failure method are shown in figure 25.   

Bedrock Topsoil Effective water 
level

Failure Surface 
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Figure 25 The iterative failure method applied to a slope. Each iteration, all cells are checked for instability, and the amount of 
material that needs to be removed to gain stability is added to the failure volume. 

Sub-surface Forcing 
 

Iterative Slope Failure with Forcing 

An improved iterative slope failure method has been developed, were propagation of subsurface forces 

is estimated, and inter-slice forcing is thus not neglected. We adapt the expression for the safety factor 

to include this (Equation 169 & 170) 

 𝐹𝑜𝑆 =
𝐹𝑢𝑝+ 𝑐

′+𝑤𝑏∙𝑐𝑜𝑠(𝛽)
2∙tan(𝜑)

𝐹𝑑𝑜𝑤𝑛+𝑤∙sin(𝛽)∙cos(𝛽)
 169 

With 

 𝛽 =  𝑎𝑡𝑎𝑛 (
max (ℎ𝑥−1−ℎ𝑥,ℎ𝑥−1−ℎ𝑥)

𝑑𝑥
) 170  

In this method, excess force demand is transferred downslope until is it is finally negated by excess force 

capacity. In a two dimensional situation the forcing can be found by a summation of the upslope or 

downslope excess force capacity and demand respectively (Figure 26).  

Iteration 1 

Iteration 2 

Iteration 3 

Iteration 4 

B
ed
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ck 

Soil 

Factor of Safety Failure Volume 
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Figure 26  Schematic overview of subsurface forces in the iterative failure method. 

In a surface description, a summation of all upslope forces would entail the sum of forces for the entire 

catchment that lies above any point. Based on the shape of the catchment, subsurface forces are 

blocked by the varying slope directions. We assume that, such as in the case with fluxes, the effective 

forcing that propagates through the subsurface is determined by the in-product between the forcing 

and the normal direction of the interface between the soil columns (Equation 171 & 172). 

 𝐹𝑑𝑜𝑤𝑛 = ∑ max(0, 𝐷(𝑖) − 𝐶(𝑖)) ∗ (𝑆𝑖ሬሬሬ⃗ ∙ 𝑆𝑖+1)𝑢𝑝𝑠𝑙𝑜𝑝𝑒  171 

 𝐹𝑢𝑝 = ∑ max(0, 𝐶(𝑖) − 𝐷(𝑖)) ∗ (𝑆𝑖ሬሬሬ⃗ ∙ 𝑆𝑖−1)𝑑𝑜𝑤𝑛𝑠𝑙𝑜𝑝𝑒  172 

Raster based slope stability using lateral subsurface forces has been implemented earlier in the work of 

Zhou & Cheng (2013) and Zhou et al., (2014). Within their implementation, only directly neighboring cells 

attribute lateral forcing on a soil column. In the proposed implementation, forces are iteratively solved 

throughout the entire terrain description. In the three-dimensional case, where the x-and y- 

components of the forcing and slopes influence the propagation, this can be expressed as equation 173. 

 ∇𝐹𝑢𝑝ሬሬሬሬሬሬ⃗ +  (𝐶 − 𝐷ሬሬ⃗ ) ∗ (𝑆 ∙ 𝐹𝑢𝑝ሬሬሬሬሬሬ⃗ ) = 0 173 

We assume that excess force is transferred downslope, but the fractured top material is unable to 

transfer force resistance upslope. 

The final expression of safety factor, depending on the depth of the material, is provided in equation 

174. Here, we assume a straightforward linear relationship between the fraction of the material being 

calculated for, and the fraction of the down- and upslope forcing that acts on the column of material. 

 𝐹𝑂𝑆 = 1 =
𝐶1+ h∙𝐶5 +𝐶2∙𝑐𝑜𝑠(𝑎𝑡𝑎𝑛(

h−h0
𝑑𝑥

))
2

∙tan(𝜙)

h∙𝐶4+ 𝐶3∙sin(𝑎𝑡𝑎𝑛(
h−h0
𝑑𝑥

))∙cos(𝑎𝑡𝑎𝑛(
h−h0
𝑑𝑥

))
 174 

To solve for a stable depth using a safety factor equation with upslope forcing, we can use the  

trigonometric identities from equation 10 and 11. Finally, we thus find the lowest real root to the third-

order polynomial equation of the form (equation 175). 

 ℎ = 𝑎 + (𝑏) 𝑥 + (𝑐)𝑥2 + (𝑑)𝑥3 175 

With 
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 𝑎 = 𝐶1 ℎ0
2 − C1 dx

2 176 

𝑏 = 2 𝐶1ℎ0 − 𝐶3 ℎ0 𝐹𝑂𝑆 − 𝐶3ℎ0𝐹𝑂𝑆 𝑑𝑥 𝐶2𝑑𝑥
2 177 

𝑐 =  𝐶1 − 𝐶3 𝐹𝑂𝑆 𝑑𝑥 178 

𝑑 =  𝐶1 − 𝐶3 𝐹𝑂𝑆 𝑑𝑥 179 

Generally, the addition of subsurface forces within a slope stability description changes safety factors, 

and thus the stable depth, particularly at the lower end of the failure. Here, additional forcing will 

decrease stability and remove more material (figure 27). 

 

 

Figure 27 Typical results for stability analysis using the improved iterative method. 

Earthquake effects 
 

A description of forces for slope stability can be generally expressed in a safety factor (Equation 180) 

𝐹𝑜𝑆 =
𝐹𝑒𝑥𝑡,𝑢𝑝+ 𝑐

′+ℎ (𝛾 (1−𝜃)−𝜃 𝛾𝑤) ∙𝑐𝑜𝑠(𝛽)
2∙𝑡𝑎𝑛(𝜑)

𝐹𝑒𝑥𝑡,𝑑𝑜𝑤𝑛+ ℎ (𝛾 (1−𝜃)+𝜃 𝛾𝑤)∙𝑠𝑖𝑛(𝛽)∙𝑐𝑜𝑠(𝛽)
 180 

Here, the Mohr-Coulomb strength approximation is used, and the weight is calculated using a semi-

saturated soil description. The external forces are applied at the boundaries.  

During a seismic period, several additional forces are active on a soil block.  

By adding the decrease in normal force and the active force provided by the seismic acceleration, a new 

safety factor expression can be derived (Equation 181). 

𝐹𝑜𝑆 =
𝐹𝑒𝑥𝑡,𝑢𝑝+𝑐

′−𝑎 ℎ (𝛾 (1−𝜃)+𝜃 𝛾𝑤) 𝑐𝑜𝑠(𝛽)𝑠𝑖𝑛(𝛽)+ ℎ (𝛾 (1−𝜃)−𝜃 𝛾𝑤) ∙𝑐𝑜𝑠(𝛽)
2∙𝑡𝑎𝑛(𝜑)

𝐹𝑒𝑥𝑡,𝑑𝑜𝑤𝑛+ 𝑎 ℎ (𝛾 (1−𝜃)+𝜃 𝛾𝑤) 𝑐𝑜𝑠(𝛽)
2+ℎ (𝛾 (1−𝜃)+𝜃 𝛾𝑤)∙𝑠𝑖𝑛(𝛽)∙𝑐𝑜𝑠(𝛽)

  181 

Were 𝑎 is the acceleration (m/s2). 

In this description, the acceleration is used to express the effect of seismic activity. In general, the 

lowest safety factor will result during the moment of peak ground acceleration. Thus, peak ground 

acceleration (PGA) maps can be used as input. Furthermore, the peak ground acceleration is assumed to 

be parallel to the direction of steepest slope. This expression for the factor of safety indicated the direct 

influence of an earthquake on slope stability. 

Derivation of indirect effects 

Besides a direct effect, earthquakes tend to damage the structure of slope material and rock. 

Particularly, crack can form which decrease the effective strength of a sloping material. Later, when 

Bedrock Topsoil Effective water level Failure Surface 
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hydrological processes decrease stability, a failure point can be reached earlier due to the decreased 

strength. 

Distribution of strength parameters, Weibull distribution 

The ability of a structured material to overcome stress and strain can be described mathematically by 

using a constitutive model for the material. The most commonly used model is the Mohr-coulomb 

description which uses two material parameters, the cohesion and internal friction angle of the material.  

A commonly used distribution in geotechnical parameters is the two-parameter Weibull distribution, 

whereby the location parameter is equal to zero (Equation 182) 

𝑃𝐷𝐹𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝑥, 𝜆, 𝑘) =
𝑘

𝜆
(
𝑥

𝜆
)
𝑘−1

𝑒−(
𝑥

𝜆
 𝑘) 182 

Were 𝜆 is the scale parameter and 𝑘 is the shape parameter. The shape parameter is generally chosen 

to be two, due to the resulting similarity with the Normal distribution. A major difference between the 

normal and Weibull distribution is the fact that only positive values are assigned a probability in the 

Weibull distribution. Since physical parameters such as cohesion and internal friction angle are always 

measured in absolute values, a statistical distribution should similarly only allow for positive values. 

Integration space 

To find the total probability of a specific grain to experience failure the probability density distribution 

must be integrated. Integration must include all possible combinations of cohesion and internal friction 

angle that result in a factor of safety lower than one. To find these values, we imagine a simplified safety 

factor equation, with constants a and b replacing much of the physically based force estimations 

(Equation 183). 

𝐹𝑜𝑆 =
𝑐−𝐶1 𝑡𝑎𝑛(𝜑)

𝐶2
= 1 183 

With 

𝐶1 =  𝑎 ℎ (𝛾 (1 − 휃) + 휃 𝛾𝑤) 𝑐𝑜𝑠(𝛽)𝑠𝑖𝑛(𝛽) +  ℎ (𝛾 (1 − 휃) − 휃 𝛾𝑤)  ∙ 𝑐𝑜𝑠(𝛽)
2 184 

𝐶2 = 𝑎 ℎ (𝛾 (1 − 휃) + 휃 𝛾𝑤) 𝑐𝑜𝑠(𝛽)
2 + ℎ (𝛾 (1 − 휃) + 휃 𝛾𝑤) ∙ 𝑠𝑖𝑛(𝛽) ∙ 𝑐𝑜𝑠(𝛽) 185 

Based on this simplified expression, our integration domain can be selected (Equation 186 & 187). 

𝐶2 − 𝐶1𝑡𝑎𝑛(𝜙) > 𝑐 > 0 186 

𝑎𝑡𝑎𝑛 (
−𝑐+ 𝐶2 

𝐶1 
) > 𝜙 > 0 187 

Then, we state the integral over the multiplied probability density distributions (Equation 188). 

𝑆𝐿 = ∫ ∫ 𝑃𝐷𝐹𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝜙
′, 𝜙, 2) ∗ 𝑃𝐷𝐹𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝑐

′, 𝑐, 2)
𝐶2−𝐶1𝑡𝑎𝑛(𝜙)

0

𝑎𝑡𝑎𝑛(
−𝑐+ 𝐶2 

𝐶1 
)

0
𝑑𝑐′ 𝑑𝜙′  188 

Since we describe a sub-surface with specific depth, we average the amount of loss of structural 

strength by taking an integral average over the depth (Equation 189). 

𝑆𝐿 =
1

𝐻
∫ ∫ ∫ 𝑃𝐷𝐹𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝜙

′, 𝜙, 2) ∗ 𝑃𝐷𝐹𝑤𝑒𝑖𝑏𝑢𝑙𝑙(𝑐
′, 𝑐, 2)

𝐶2−𝐶1𝑡𝑎𝑛(𝜙)

0

𝑎𝑡𝑎𝑛(
−𝑐+ 𝐶2 

𝐶1 
)

0

𝐻

0
𝑑𝑐′ 𝑑𝜙′ 𝑑ℎ  189 
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The final expression for the amount of strength lost during the seismic activity is then 

𝐿𝑜𝑠𝑠 =  (𝑒
−
4
𝜙2
 ArcTan[

(𝛾(−1+𝜃)−γw𝜃)(−Cos[𝑠]+𝑎Sin(𝑠))
𝑎(𝛾+γw𝜃)Cos(𝑠)+(𝛾−γw𝜃)Sin(𝑠)

−√1+
(𝛾−𝛾𝜃+γw𝜃)2(Cos(𝑠)−𝑎Sin(𝑠))2

(𝑎(𝛾+γw𝜃)Cos(𝑠)+(𝛾−γw𝜃)Sin(𝑠))2
]

2

 

(−1 + 𝑒
−
4
𝜙2
 ArcTan[

(𝛾(−1+𝜃)−γw𝜃)(−Cos[𝑠]+𝑎Sin(𝑠))
𝑎(𝛾+γw𝜃)Cos(𝑠)+(𝛾−γw𝜃)Sin(𝑠)

−√1+
(𝛾−𝛾𝜃+γw𝜃)2(Cos(𝑠)−𝑎Sin(𝑠))2

(𝑎(𝛾+γw𝜃)Cos(𝑠)+(𝛾−γw𝜃)Sin(𝑠))2
]

2

)Cos(𝑠) 

(𝑐√𝜋Erf(
1

𝑐
𝐻Cos(𝑠)(𝑎𝛾Cos(𝑠) + 𝑎γw휃Cos(𝑠) + 𝛾Sin(𝑠) − γw휃Sin(𝑠) + (𝛾(−1 + 휃) − γw휃) 

(Cos(𝑠) − 𝑎Sin(𝑠))Tan(𝜙))) Sec(𝑠)2 − 2𝐻(𝑎(𝛾 + γw휃) + (𝛾 − γw휃)Tan(𝑠)) 

+2𝐻(𝛾(−1 + 휃) − γw휃)(−1 + 𝑎Tan(𝑠))Tan(𝜙)) 

)/(2𝐻(𝑎𝛾Cos(𝑠) + 𝑎γw휃Cos(𝑠) + 𝛾Sin(𝑠) − γw휃Sin(𝑠) + (𝛾(−1 + 휃) − γw휃)(Cos(𝑠)

− 𝑎Sin(𝑠))Tan(𝜙)))) 
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Mass Movement 
 

Rheology 
Two phase runout flow within OpenLISEM is a combination of water and solid dynamics. The equations 

that are used were developed by Pudasaini (2012) and allow for highly flexible simulation of any 

combination of water and solids. Using this, landslides, water flow, debris flows can be simulated 

simulteneously, including their interactions. All flow computations are based on the full Saint-Venant 

equations for shallow flow (equation 190, 191, 192, 193, 194 and 195). Note that we are simulating two-

phase mass flows, and the following equations must be solved for both the solid and fluid phase. 

𝜕ℎ𝑤

𝜕𝑡
+ 

𝜕(ℎ𝑤𝑢𝑥
𝑤)

𝜕𝑥
+ 

𝜕(ℎ𝑤𝑢𝑦 
𝑤)

𝜕𝑦
=  𝑅 − 𝐼 190 

𝜕ℎ𝑢𝑥

𝜕𝑡
+ 

𝜕(ℎ𝑤𝑢𝑥
𝑤2)

𝜕𝑥
+ 

𝜕(ℎ𝑤𝑢𝑥
𝑤𝑢𝑦

𝑤)

𝜕𝑦
=  𝑔ℎ(𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑥

𝑤 )  191 

𝜕ℎ𝑢𝑦

𝜕𝑡
+ 

𝜕(ℎ𝑤𝑢𝑦
2)

𝜕𝑦
+
𝜕(ℎ𝑤𝑢𝑥

𝑤𝑢𝑦
𝑤)

𝜕𝑥
= 𝑔ℎ(𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑥

𝑤 )  192 

𝜕ℎ𝑠

𝜕𝑡
+ 

𝜕(ℎ𝑠𝑢𝑥
𝑤)

𝜕𝑥
+ 

𝜕(ℎ𝑠𝑢𝑦
𝑤)

𝜕𝑦
= 0 193 

𝜕ℎ𝑠𝑢𝑥

𝜕𝑡
+ 

𝜕(ℎ𝑠𝑢𝑥
𝑠 2)

𝜕𝑥
+ 

𝜕(ℎ𝑠𝑢𝑥
𝑠𝑢𝑦
𝑠 )

𝜕𝑦
= 𝑔ℎ(𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑥

𝑠 )  194 

𝜕ℎ𝑠𝑢𝑦

𝜕𝑡
+ 

𝜕(ℎ𝑠𝑢𝑦
𝑠 2)

𝜕𝑦
+
𝜕(ℎ𝑠𝑢𝑥

𝑠𝑢𝑦
𝑠 )

𝜕𝑥
= 𝑔ℎ(𝑆𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙,𝑦

𝑠 )  195 

With h the flow height (𝑚), u the flow velocity (𝑚 𝑠−1), R the rainfall (𝑚), I the infiltration (𝑚), g the gravitational 

acceleration (𝑚 𝑠−2), S the friction term (𝑚 𝑠−2) and Sf the momentum source term (𝑚 𝑠−2) 

 𝑆𝑥 = −
𝑑(

𝑔ℎ2

2
)

𝑑𝑥
− ℎ𝑔

𝑥
− 𝑔ℎ𝑆𝑓𝑥

  

 𝑆𝑦 = −
𝑑(

𝑔ℎ2

2
)

𝑑𝑦
− ℎ𝑔

𝑦
− 𝑔ℎ𝑆𝑓𝑦

 196 

The friction slope terms, which are the friction forces divided by the water height and the gravitational 

acceleration, can be calculated using the Darcy-Weisbach friction law (Chow, 1959) (Equation 197). 

𝑆𝑓 =
𝑔 

𝑛2

�⃗�|�⃗�|

ℎ
4

3

 197 

With n the Manning’s n friction coefficient (𝑠 𝑚−
1

3). 

There are several additional forces required to simulate two phase mass flows. First, Pudasaini (2012) 

included a Mohr-Coulomb plasticity criteria. This force is based on the normal force that the surface 

provides as a reaction to the weight of the flow material (Figure 28). This normal force is multiplied by 

the tangent of the internal friction angle. Originally, the Mohr-Coulomb criterion implements a cohesion 
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as a yield stress. However, in flow, material is assumed to lose any structure, and cohesion is completely 

lost. 

 

Figure 28 Mohr-Coulomb plasticity criterion bases the shear resistance to movement on the normal force multiplied by the 
internal friction angle. 

Since the force acts to reduce velocities, it is defined in the opposite direction of the velocity (Equation 

198). 

𝐹𝑠 = 𝑔ℎ(
𝑢𝑠

|𝑢𝑠|
𝑡𝑎𝑛(𝛿))  198 

A drag force exists when solid particles suspended in a fluid have different velocities (Figure 29). When 

water velocities exceed the velocities of the grains, the water flow is either blocked by the solid grains, 

creating additional pressure there, and a lack of pressure on the other side. When water velocities are 

lower than grain velocities, the opposite is true, and an additional pressure is created in front of the 

moving grain, and lower pressure exists behind it. In either case, the pressure differences will provide a 

force on both the fluid and the solids to move the velocities to be more similar. 

 

Figure 29 When water and grain velocities differ, there is a drag force due to an increase in pressure on one side of the grain, 
and a decrease in pressure on the other side. 

Mathematically, such a force can be generally expressed dependent on the velocity differences. The 

power determines the type of drag law that is implemented (2 is typically chosen in water-dominant 

flows, 3 is typical for high solid concentrations (Pudasaini, 2012)) (Equation 199 & 200). 

𝐹𝑓 =
1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 199 

F,gravity 

F,n
,y

 

N 

F,n,x 
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𝐹𝑠 = −
1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 1400 

The drag coefficient is based on the relation provided by Pudusaini (2012), working on drag estimations 

by Richardson and Zaki (1954), Ishi & Zuber (1979) and Pitman and Le (2005) (Equation 201, 202, 203 

and 204). 

𝐶𝐷𝐺 = 
𝛼𝑓𝛼𝑠(1−

𝜌𝑓

𝜌𝑠
)

𝑈𝑇(𝑃𝐹(𝑅𝑒)+(1−𝑃)𝐺(𝑅𝑒))
 201 

The solid and fluid contributions to the drag force are combined through P, the partitioning coefficient, 
which becomes an important calibration parameter in the final equations. 

𝑅𝑒 =  
𝜌𝑓𝑑𝑈𝑇 

𝜂𝑓
 202 

𝐹 =  
𝜌𝑓

180 𝜌𝑠
(
𝛼𝑓

𝛼𝑠
)
3
𝑅𝑒 203 

𝐺 =  𝛼𝑓
𝑀(𝑅𝑒)−1

 204 

Where Re is the Reynollds number (-),d is the median grain diameter (-), UT the settling velocity (𝑚 𝑠−1) 

and M is an empirical parameter depending on the Reynolds number (-) (value typically between 1.5 and 

5). 

The final force additions in the two-phase equations from Pudusaini are the viscous stresses. As 

described for water flow, velocity gradients produce shearing. In a Newtonian fluid, these shearing 

forces are linearly related to the shear rate. In a non-Newtonian fluid, another curve is implemented, 

such as the Bingham plastic liquid, which includes a yield stress (Figure 30). 

 

Figure 30 The relationship between shear rate and shear stress defines the viscous model of a liquid. Newtonian liquids behave 
ideally in the sense that there is a linear relationship between shear rate and shear stress. 

For a Newtonian fluid the stress matrix can be estimated based on velocity gradients multiplied by the 

viscosity of the fluid (Equation 205). 

𝜏𝑛𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 = 𝜇𝑓 (𝛻𝑢𝑓 + (𝛻𝑢𝑓)
𝑇
) 1505 
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This expression can be depth-integrating for use in two-dimensional flow (Equation 206 & 207). 

1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑢𝑓

𝜕𝑥2
+  

𝜕2𝑣𝑓

𝜕𝑦𝜕𝑥
+  

𝜕2𝑢𝑓

𝜕𝑦2
−
𝜒𝑢𝑓
2ℎ2
) 206 

−
1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑣𝑓

𝜕𝑦2
+  

𝜕2𝑢𝑓

𝜕𝑦𝜕𝑥
+  

𝜕2𝑣𝑓

𝜕𝑦2
−

𝜒𝑣𝑓
2ℎ2
) 207 

The non-Newtonian viscous forces are estimated by Pudasaini based on analogy to Newtonian viscosity. 

Here, the solid concentration gradient is included to express the shearing produced from gradients in 

solid concentration. Effectively, this produces a stress that will act to make solid concentrations 

homogeneous (Equation 208). 

𝜏𝑛𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 = 𝜇𝑓
𝐴(𝛼𝑓)

𝛼𝑓
[(𝛻𝛼𝑠)(𝑢𝑓 − 𝑢𝑠) + (𝑢𝑓 − 𝑢𝑠)(𝛻𝛼𝑠)] 208 

When depth-integrating for use in two-dimensional flow, this becomes similar to the expression for 

normal viscosity (Equation 209 and 210). 

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑥
(
𝜕𝛼𝑠

𝜕𝑥
(𝑢𝑓 − 𝑢𝑠)) +

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠) +

𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠))) −

𝜉𝛼𝑠(𝑣𝑓−𝑣𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2 209 

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑣𝑓 − 𝑣𝑠)) +

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠) +

𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠))) −

𝜉𝛼𝑠(𝑢𝑓−𝑢𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2 1610 

Finally, the full momentum source terms for both the fluid and solid phase are provided in the equations 

below 

 
Non-Newtonian Viscous effects 

Pressure and Buoyancy 

𝑆𝑥,𝑠 =  𝛼𝑠 (𝑔 (
𝜕𝑏

𝜕𝑥
) −

𝑢𝑠
|𝑢ሬ⃗ 𝑠|

tan(𝜕𝑃𝑏𝑠) − 휀𝑃𝑏𝑠 (
𝜕𝑏

𝜕𝑥
)) − 휀𝛼𝑠𝛾𝑃𝑏𝑓 (

𝜕ℎ

𝜕𝑥
+
𝜕𝑏

𝜕𝑥
) + 𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

           𝑆𝑦,𝑠 =  𝛼𝑠 (𝑔 (
𝜕𝑏

𝜕𝑦
) −

𝑣𝑠

|𝑢ሬሬ⃗ 𝑠|
tan(𝜕𝑃𝑏𝑠) − 휀𝑃𝑏𝑠 (

𝜕𝑏

𝜕𝑦
)) − 휀𝛼𝑠𝛾𝑃𝑏𝑓 (

𝜕ℎ

𝜕𝑦
+
𝜕𝑏

𝜕𝑦
) + 𝐶𝐷𝐺(𝑣𝑓 − 𝑣𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

 

 

 
  

  𝑆𝑥,𝑓 =  𝛼𝑓 ൝𝑔 (
𝜕𝑏

𝜕𝑥
) − 휀 

1

ℎ

𝜕

𝜕𝑥
(
ℎ2

2
𝑃𝑏𝑓) + 𝑃𝑏𝑓

𝜕𝑏

𝜕𝑥
−

1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑢𝑓

𝜕𝑥2
+  

𝜕2𝑣𝑓

𝜕𝑦𝜕𝑥
+  

𝜕2𝑢𝑓

𝜕𝑦2
−
𝜒𝑢𝑓
2ℎ2
) +

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑥
(
𝜕𝛼𝑠

𝜕𝑥
(𝑢𝑓 −

𝑢𝑠)) +
𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠) +

𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠))) −

𝜉𝛼𝑠(𝑣𝑓−𝑣𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2
൩ൡ −

1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

 

  𝑆𝑦,𝑓 =  𝛼𝑓 ൝𝑔 (
𝜕𝑏

𝜕𝑦
) − 휀 

1

ℎ

𝜕

𝜕𝑦
(
ℎ2

2
𝑃𝑏𝑓) + 𝑃𝑏𝑓

𝜕𝑏

𝜕𝑦
−

1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑣𝑓

𝜕𝑦2
+  

𝜕2𝑢𝑓

𝜕𝑦𝜕𝑥
+  

𝜕2𝑣𝑓

𝜕𝑦2
−

𝜒𝑣𝑓
2ℎ2
) +

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑣𝑓 −

𝑣𝑠)) +
𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠) +

𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠))) −

𝜉𝛼𝑠(𝑢𝑓−𝑢𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2
൩ൡ −

1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

So
lid

 P
h

ase
 

Flu
id

 P
h

ase
 

Drag force 

gravitational 

Mohr-Coulomb Plasticity 

gravitational 

Drag force 

Newtonian Viscous effects 

Friction caused by solid phase 

Pressure 



Lisem Documentation & Manual  Second Draft ITC 

 

 
66 

 

Debris flow Equations 
 
To simulate the flow dynamics and interactions of floods and nun-uniform debris flows, a set of two-
phase equations is required. An extensive set of two-phase debris flow equations are available from 
Pudusaini (2012). This set of equations contains a physically based two-phase momentum balance. 
Besides pressure and gravitational forces, it includes viscous forces, non-Newtonian viscosity, two-phase 
drag and a Mohr-Coulomb type friction force for the solid phase. (Equations 211,212,213,214). Based on 
the current and local state of flow, forces increase in magnitude. This approach allows for a smooth 
transition between non viscous flow, hyper concentrated streamflow and debris flows. Furthermore, the 
interactions between distinct flow types are automatically solved. 
 

211  𝑆𝑥,𝑠 = 𝛼𝑠 (𝑔 (
𝜕𝑏

𝜕𝑥
) −

𝑢𝑠

|𝑢ሬሬ⃗ 𝑠|
tan(𝜕𝑃𝑏𝑠) − 휀𝑃𝑏𝑠 (

𝜕𝑏

𝜕𝑥
)) − 휀𝛼𝑠𝛾𝑃𝑏𝑓 (

𝜕ℎ

𝜕𝑥
+
𝜕𝑏

𝜕𝑥
) + 𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

212  𝑆𝑦,𝑠 = 𝛼𝑠 (𝑔 (
𝜕𝑏

𝜕𝑦
) −

𝑣𝑠

|𝑢ሬሬ⃗ 𝑠|
tan(𝜕𝑃𝑏𝑠) − 휀𝑃𝑏𝑠 (

𝜕𝑏

𝜕𝑦
)) − 휀𝛼𝑠𝛾𝑃𝑏𝑓 (

𝜕ℎ

𝜕𝑦
+
𝜕𝑏

𝜕𝑦
) + 𝐶𝐷𝐺(𝑣𝑓 − 𝑣𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

 

213  𝑆𝑥,𝑠 = 𝛼𝑓 ൝𝑔 (
𝜕𝑏

𝜕𝑥
) − 휀 

1

ℎ

𝜕

𝜕𝑥
(
ℎ2

2
𝑃𝑏𝑓) + 𝑃𝑏𝑓

𝜕𝑏

𝜕𝑥
−

1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑢𝑓

𝜕𝑥2
+ 

𝜕2𝑣𝑓

𝜕𝑦𝜕𝑥
+ 

𝜕2𝑢𝑓

𝜕𝑦2
−
𝜒𝑢𝑓
2ℎ2
) +

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑥
(
𝜕𝛼𝑠

𝜕𝑥
(𝑢𝑓 − 𝑢𝑠)) +

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠) +

𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠))) −

𝜉𝛼𝑠(𝑣𝑓−𝑣𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2
൩ൡ −

1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

214  𝑆𝑦,𝑠 = 𝛼𝑓 ൝𝑔 (
𝜕𝑏

𝜕𝑦
) − 휀 

1

ℎ

𝜕

𝜕𝑦
(
ℎ2

2
𝑃𝑏𝑓) + 𝑃𝑏𝑓

𝜕𝑏

𝜕𝑦
−

1

𝛼𝑓𝑁𝑅
(2

𝜕2𝑣𝑓

𝜕𝑦2
+ 

𝜕2𝑢𝑓

𝜕𝑦𝜕𝑥
+ 

𝜕2𝑣𝑓

𝜕𝑦2
−

𝜒𝑣𝑓
2ℎ2
) +

1

𝛼𝑓𝑁𝑅
(2

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑣𝑓 − 𝑣𝑠)) +

𝜕

𝜕𝑦
(
𝜕𝛼𝑠

𝜕𝑦
(𝑢𝑓 − 𝑢𝑠) +

𝜕𝛼𝑠

𝜕𝑥
(𝑣𝑓 − 𝑣𝑠))) −

𝜉𝛼𝑠(𝑢𝑓−𝑢𝑠)

2𝛼𝑓𝑁𝑅𝒜ℎ
2
൩ൡ −

1

𝛾
𝐶𝐷𝐺(𝑢𝑓 − 𝑢𝑠)|𝑢ሬ⃗ 𝑓 − 𝑢ሬ⃗ 𝑠|

𝑗−1
 

 

With 𝛼𝑠 and 𝛼𝑓 the volume fraction for solid and fluid phases (-), 𝑃𝑏 the pressure at the base surface 

(𝐾𝑔 𝑚−1𝑠−2),𝑏 the basal surface of the flow (𝑚), 𝑁𝑅 the Reynolds number (-), 𝑁𝑅𝐴  the quasi-Reynolds 

number (-),  𝐶𝐷𝐺  the drag coefficient (-), 𝜌𝑓 is the density of the fluid (𝑘𝑔 𝑚−3), 𝜌𝑠 is the density of the 

solids (𝑘𝑔 𝑚−3),  𝛾 the density ratio between the fluid and solid phase(-), 𝜒 the vertical shearing of fluid 
velocity (𝑚 𝑠−1), 휀 the aspect ratio of the model (-), 𝜉 the vertical distribution of 𝛼𝑠 (𝑚

−1). 
 

Here, we follow Pudusaini (2012) for the definitions of the quasi-Reynolds number (Equation 215 and 
216). 

𝑁𝑅 =
√𝑔𝐿𝐻𝜌𝑓

𝛼𝑓𝜂
 215 

𝑁𝑅𝐴 =
√𝑔𝐿𝐻𝜌𝑓

𝐴𝜂
  216 

Where 𝐿 is the length scale of the flow (m), 𝐻 is the height of the flow (m), 휂 is the viscosity 

(𝑘𝑔 𝑠−1 𝑚−1) and 𝐴 is the mobility of the interface (-) 

To apply these two-phase equations successfully in a catchment-based model, we replace the frictional 

force for the water phase with the Darcy-Wiesbach equation for water flow friction. To complete the set 

of equations that govern debris flow-dynamics, several flow properties are estimated based on the 

volumetric sediment content. Viscosity is based on an empirical relation by O’Brien and Julien (1985) 

(Equation 217). 

휂 =  𝛼𝑒𝛽𝛼𝑠  217 
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Where α the first viscsosity parameter (-) and β the second viscosity parameter (-). 

Finally, the settling velocity of small (d < 100 𝜇𝑚) grains is estimated by Stokes equations for a 

homogeneous sphere in water. For larger grains, the equation by Zanke (1977) is used (Equation 218). 

𝑤𝑠 = 10 

𝜂

𝜌𝑓

2

𝑑

(

 
 √1 +

0.01(
(𝜌𝑠− 𝜌𝑓)

𝜌𝑓
𝑔𝑑3)

𝜂

𝜌𝑓

− 1

)

 
 

 218 

Entrainment 
Entrainment Equations 

Within our model, we will compare the accuracy of Several entrainment equations based on distinct 

principles and approaches to the soil interactions.  

The debris flow runout model RAMMS has been extended by Christen et al. (2010) and Pastor et al. 

(2014) to include empirical entrainment of bed material (Equation 219). 

 𝐸 =
𝜌𝑏𝑒𝑑

𝜌𝑓𝑙𝑜𝑤
𝐾 |uሬ⃗ | 219 

Were 𝐸 is the entrainment rate (m/s), 𝜌𝑏𝑒𝑑  is the density of the bed material (𝑘𝑔 𝑚−3), 𝜌𝑓𝑙𝑜𝑤 is the 

density of the flowing material (𝑘𝑔 𝑚−3), 𝐾 is the entrainment efficiency coefficient (-) and |uሬ⃗ | is the 

vector-length of the surface-parallel velocity. 

Hungr et al. (2005) implemented another empirical relationship for bed entrainment (Equation 220). 

 𝐸 = 𝐾 |uሬ⃗ |ℎ  220 

Where ℎ is the effective flow height (𝑚). 

Egashira (2001) developed an entrainment equation based on the surface slope (Equation 221 & 222). 

 𝐸 = |uሬ⃗ | 𝛼 ∗ tan(휃 − 휃𝑐) 221 

 휃𝑐 =
(𝜌𝑠−𝜌𝑤)𝛼 tan(𝜙

𝑚)

(𝜌𝑠−𝜌𝑤) 𝛼+1
 222 

Where 𝛼 is the volumetric solid concentration in the flow (𝑚 𝑚−1), 휃 is the local surface slope angle (-), 

휃𝑐  is the critical slope angle, 𝜌𝑠 is the (), 𝜌𝑤 is the (), 𝜙𝑚 is the  

Takahashi (1992) used a physically based approach based on the excess shear stress on the basal surface 

(Equation 223,224,225 & 226). 

 𝐸 = 𝐾(τ − τc) 223 

 τ = ρflowghSf 224 

 𝑆𝑓 =
𝜏𝑦

𝜌𝑓𝑙𝑜𝑤𝑔ℎ
+

𝐾

8𝜌𝑓𝑙𝑜𝑤𝑔ℎ
2 +

𝑛𝑡𝑑
2 |uሬሬ⃗ |2

ℎ
4
3

  225 

 τc = 𝑐
𝑏 + (1 − 𝐶𝑠)𝛼(𝜌𝑠 − 𝜌𝑤)𝑔ℎ 𝑐𝑜𝑠(휃)

2tan (𝜙𝑏) 226 
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Where τ is the shear stress (Pa), τc is the critical shear stress (Pa), Sf is the surface friction term (-), 𝜏𝑦 is 

the yield stress (pa), 𝐾 is the resistance parameter for laminar flow (), 𝑛𝑡𝑑 is the turbulent dispersive 

coefficient (m
1

2𝑠−1), 𝑐𝑏 is the cohesion of the bed material (Pa) and 𝐶𝑠 is the coefficient of suspension (-

). 

In Takahashi’s description of entrainment, deposition can also be estimated based on equations 227, 

228, 229 and 230. 

 𝐷 = (1 −
|uሬሬ⃗ |

𝑝|uሬሬ⃗ |𝑐𝑟
)
𝛼𝑒𝑞−𝛼

𝛼𝑏
𝑉 227 

 |uሬ⃗ |𝑐𝑟 =

2

5𝑑50
√
𝑔𝑠𝑖𝑛(𝜃𝑐)𝜌

0.02𝜌𝑠
1

(
𝛼𝑏

𝛼
)
−
1
3
−1

ℎ1.5 228 

 tan(휃𝑐) =
𝛼(𝜌𝑠−𝜌𝑤) tan(𝜙

𝑏)

𝛼(𝜌𝑠− 𝜌𝑤)+ 𝜌𝑤
 229 

 𝛼𝑒𝑞 =
𝜌𝑤 tan(𝜃)

(𝜌𝑠−𝜌𝑤)(tan(𝜙
𝑏)−tan(𝜃))

  230 

Where D is the deposition rate (𝑚 𝑠−1), |uሬ⃗ |𝑐𝑟  is the critical velocity for deposition (𝑚 𝑠−1), 𝑝 is the 

calibration factor for the critical velocity for deposition (-), 𝛼𝑒𝑞 is the equilibrium volumetric solid 

concentration (-), 𝛼𝑏 is the volumetric solid concentration of the bed material (-), and 𝑑50 is the median 

grain size (𝑚) 

Finally, Pudasaini (2017) derived another entrainment equation based on the basal shear stress and the 

Mohr-Coulomb failure criterion (Equation 231, 232 and 233). 

 𝐸 = 𝐸𝑆 + 𝐸𝑓 231 

Were 𝐸𝑠 is the entrainment rate caused by the solid phase of the flowing material (m/s) and 𝐸𝑓 is the 

entrainment rate caused by the fluid phase of the flowing material (m/s). 

 𝐸𝑆 =
√(1−𝛾𝑚)𝜌𝑠

𝑚𝜇𝑠
𝑚𝛼𝑠

𝑚−(1−𝛾𝑏)𝜌𝑠
𝑏𝜇𝑠

𝑏𝛼𝑆
𝑏

√𝜈(𝜌𝑠
𝑚𝜆𝑠

𝑚𝛼𝑠
𝑚−𝜌𝑠

𝑏𝜆𝑠
𝑏𝛼𝑠

𝑏) 

√𝑔 cos(휁) ℎ 232 

 𝐸𝑓 =
𝐶𝑓
𝑚𝜌𝑓

𝑚𝛼𝑓
𝑚−𝐶𝑓

𝑏𝜌𝑓
𝑏𝜆𝑓
𝑏𝛼𝑓

𝑏

𝐻(𝜌𝑠
𝑚𝜆𝑠

𝑚𝛼𝑠
𝑚−𝜌𝑠

𝑏𝜆𝑠
𝑏𝛼𝑠

𝑏)
ℎ𝑢𝑓 233 

Were 𝐶 is the Chezy friction coefficient (𝑚
1

2𝑠−1),  𝜆  are the erosion drift coefficient (-) and  𝐻 typical 

flow scale (m). 

Physical Principles  

Between the five mentioned entrainment equations for physically-based modelling, varying approaches 

are used. An overview of the underlying principles is provided in table 1. For each discussed entrainment 

model, the dependencies are different. The empirical relationship of Hungr depends on the flow height, 

the norm of the flow velocity and a entrainment coefficient. While empirical, this shows likeness to a 

relationship depending on basal pressure, which is influenced by the flow height, and the velocity, 

similar to some forms of debris flow shear stress. There is, however, only a single entrainment 
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coefficient. This gives the equation a low number of degrees of freedom, but similarly limits possible 

influences by other characteristics of the flow such as solid concentration and density. The empirical 

equation used with the RAMMS model provides a similar approach, with the entrainment dependent on 

the flow height, and the ratio of flow and bed densities. Here, the solid concentration of the flow can 

alter the flow density and thus influence spatial entrainment patterns. The dependence of height is 

similar to the shear stress derived from the Mohr-Coulomb plasticity criterion, which does not depend 

on flow velocity. The Egashira model depends ont the excess angle of the slope. Here, no calibration 

parameters are originally included. Entrainment can, similarly to the empirical relationships, be 

multiplied with an entrainment coefficient to perform calibration. Behavior of this equation is influenced 

by both the solid concentration internal friction angle and densities of the material. Finally, both the 

Takahashi and Pudasaini equations are based on excess shear stress. The main differences in their 

approaches is the assumed shear stress. For Takahashi, the voellmy model is taken, with a yield stress 

and a quadratic velocity-dependent friction law. For Pudasaini, the Mohr-Coulomb plasticity criterion is 

used, which does not include a velocity-dependent friction law. This is compensated by the fluid phase 

entrainment, which uses a Chezy-type friction to estimate shear stress. In the case of the Takahashi 

equation, the Voellmy model is used, which assumes a three-part contribution to drag, including a 

quadratic velocity dependent friction, a viscous slope and a yield stress. 

Table 1: An overview of entrainment equations from literature and their principles. 

Authors Physical Principle Deposition Considers Soil Parameters 

Ramms Emperical ∝ 𝑢 No No 

Hungr et al. Emperical ∝ 𝑢 ℎ No No 

Egashira et al. Excess slope Yes Yes (no soil cohesion) 

Takahashi et al. Excess shear stress Yes Yes 

Pudasaini Momentum jump & 
Excess shear stress 

Yes (In flow) Yes (no soil cohesion) 

 

Vegetation effects 

One imported factor that influences the entrainment that a catchment experiences due to heavy 

precipitation, is the presence of vegetation. The increased resistance to flow decreased flow velocity, 

and thereby can decrease entrainment depending on the equation used. Furthermore, root systems add 

effective cohesion to the top soil, providing increased critical shear stress. Within the model, added root 

cohesion is reduced with increasing entrainment depth, in order to simulated the presence of roots in 

the top part of the soil layer. Effective root cohesion is calculated using equation 234. 

 𝑐𝑟𝑜𝑜𝑡,𝑒𝑓𝑓 = 𝑐𝑟𝑜𝑜𝑡 ∗ max (0.0,
 zroot−𝑧𝑒𝑛𝑡

𝑧𝑟𝑜𝑜𝑡
) 234 

Where 𝑐𝑟𝑜𝑜𝑡,𝑒𝑓𝑓 is the effective root cohesion after entrainment (Pa), zroot is the maximum depth of the 

roots (m) and 𝑧𝑒𝑛𝑡  is the depth of previous entrainment (m). 

Whether or not vegetation effects can be included in the model depends on the entrainment equation. 

For the empirical equations, vegetation effects could be included in a spatial entrainment coefficient.  

There are, however, no databases of entrainment coefficient for different types of vegetation and 

growth stages, which are available for erosion equations with a similar form. Therefore, this 
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methodology would require impractical amounts of resources. The Egashira entrainment model does 

not include vegetation effects in its equations.  

For both the entrainment equations from Takahashi et al. and Pudasaini et al., vegetation effect can be 

simulated with relative ease. In the case of the Takahashi entrainment model, the critical shear stress is 

determined by the soil properties such as the internal friction angle and the soil cohesion. Estimated 

root cohesion can be added to the effective top soil cohesion (equation 235). 

 τc = 𝑐
𝑏 + 𝑐𝑣𝑒𝑔

𝑏 + (1 − 𝐶𝑠)𝛼(𝜌𝑠 − 𝜌𝑤)𝑔ℎ 𝑐𝑜𝑠(휃)
2tan (𝜙𝑏) 235 

 

The Pudasaini entrainment model is based on the the shear stress and momentum jumps along the 

surface contact of the flow (equation 236). 

 𝜏𝑠𝑙
𝑚 − 𝜏𝑠

𝑏 = 𝐸𝑠(𝜌𝑆
𝑚𝑢𝑠𝑙

𝑚𝛼𝑠
𝑚 − 𝜌𝑆

𝑏𝑢𝑠
𝑏𝛼𝑠

𝑏) 236 

The shear stress here is based on the Coulomb plastic strength (Equation 237). 

 𝜏 = (1 − 𝛾)𝜌𝑠𝑔cos(휁)ℎ 𝜇𝑠𝛼𝑠 237 

However, for non-moving material, cohesive terms must be included (Equation 238). 

 𝜏 = 𝑐𝑏 + 𝑐𝑣𝑒𝑔
𝑏 + (1 − 𝛾)𝜌𝑠𝑔cos(휁)ℎ 𝜇𝑠𝛼𝑠 238 

Pudasaini et al. assumes an unstructured basal material without cohesion. The shear strength of the 

material is thus only estimated from the normal force and internal friction angle. Within the Pudasaini 

model, equation 33 can thus be adapted to include vegetation effects (Equation 40). 

 𝐸𝑠
𝑟𝑖 = 

√(1−𝛾𝑚)𝜌𝑠
𝑚𝜇𝑠

𝑚𝛼𝑠
𝑚−(1−𝛾𝑏)𝜌𝑠

𝑏𝜇𝑠
𝑏𝛼𝑆

𝑏−𝑐𝑏−𝑐𝑣𝑒𝑔
𝑏

√𝜈(𝜌𝑠
𝑚𝜆𝑠

𝑚𝛼𝑠
𝑚−𝜌𝑠

𝑏𝜆𝑠
𝑏𝛼𝑠

𝑏) 

 239 

When doing this, the simplified estimates of 𝐸𝑠
𝑟𝑖  and 𝐸𝑓

𝑟𝑖 can no longer be used, except when they are 

re-calculated for every present combination of parameters. In practice, using vegetation effects in the 

Pudasaini model is only viable when using the full description of the entrainment model, which strongly 

increases the number of parameters in this model. 
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Chapter 2: Numerical 
Application Scheme 
A simplified scheme of the models routine order is given in figure 31. The processes within LISEM can be 

classified in two categories: Hydrology and Sediment. These are respectively colorized blue and red. 

General processes such as reading input data are colorized green. The flow processes can be categorized 

as: Overland Flow, Channel Flow, and Flooding. Examples of required maps are also given for each 

process. 

  

Channel width/Shape 

Manning’s N 

Precipitation 

Interception Splash  

Detachment 

Infiltration 

Overland Flow 

Channel Flow 

Flooding Flow 

Channel 

Inflow 

Channel 

Flooding 
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Figure 31 An overview of the order in which LISEM simulates different processes from the hydrological cycle, and how sediment is modelled using these 
processes. 
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Kinematic Wave Semi-2D 
In the earlier form of LISEM, the 1D kinematic wave equation in combination with a local drainage 

direction map was used for overland flow and channel flow. The calculation for a single cell is done 

based on a spatial discretization of the 1D kinematic wave equation with the substitution of discharge 

for the cross section of the flow (Equation 240 and 241).  

𝑑(𝑎𝑄𝛽)

𝑑𝑡
+
𝑑𝑄

𝑑𝑥
= 𝑞 − 𝑖 240 

𝑎𝛽((𝑄𝑥
𝑡)𝛽−1− (𝑄𝑥

𝑡−1)𝛽−1)

𝛥𝑡
+
𝑄𝑥
𝑡− 𝑄𝑥−1

𝑡

𝑑𝑥
= 𝑞𝑥 − 𝐼𝑥 241 

Because of the non-linearity of this equation, a Newton-Rhapson iteration is used to solve for Q𝑥
t  . This 

implicit nature of this solution makes the one dimensional kinematic wave less sensitive for the 

timestep, and timesteps of minutes are possible for this version of the kinematic wave. 

Local Drainage Direction 

A local drainage direction network is a way of linking cells in a catchment together, and routing flow 

through these links. While it has its disadvantages, the speed and ease of modelling with these maps 

provides incentive to consider it, depending on the catchment. Flow directions are assumed to be 

towards one of the 8 adjacent cells in a rectangular grid. Every direction is assigned a value as is given in 

Figure 32. Pits are the cells for which flow does not follow a direction, and are given a value of 5 within 

the LDD. These pits are used as catchment outlets. Flow is assumed to leave the outlet when it reaches a 

pit.  

 

In order to follow the linked cells through the catchment, the implemented algorithm works backwards 

from the pits, to find all sub catchments (groups of linked cells) that have an already determined 

amount of flow towards them, and repeats this process until the pit is reached. First, calculations for the 

9 8 
7 

4 6 

1 2 3 

5 

(𝑋𝑖−1, 𝑌𝑗+1)  

+ 1)

(𝑋𝑖−1, 𝑌𝑗) 

𝐶𝑥𝑦  

(𝑋𝑖 , 𝑌𝑗) (𝑋𝑖+1, 𝑌𝑗) 

(𝑋𝑖 , 𝑌𝑗+1) (𝑋𝑖+1, 𝑌𝑗+1) 

𝐶𝑥𝑦  

Figure 32 LDD flow directions and their integer values 

(𝑋𝑖−1, 𝑌𝑗−1) (𝑋𝑖 , 𝑌𝑗−1) (𝑋𝑖+1, 𝑌𝑗−1) 



Lisem Documentation & Manual  Second Draft ITC 

 

 
74 

 

individual cells that lie at the edge of the LDD map are thus done, because their inflow is 0. These 

calculations provides the inflow for the next linked cells in the LDD, and eventually all cells that are 

connected to a pit are covered. A LDD map without a pit will therefore not simulate the 1D version of 

the kinematic wave, and a channel without a pit will never simulate flow. In conclusion, any cells that 

are not connected to a pit will also not simulate flow.  

Kinematic Wave 2D 
The two dimensional version of the kinematic wave is discretized both in space and time, and is solved 

explicitly. One of the key problems in routing kinematic wave flow in 2 dimensions is to determine the x 

and y components of the discharge. This distribution of Q over 𝑄𝑥 and 𝑄y cannot conform to equation 

242, 

𝑄 = √𝑄𝑥
2 + 𝑄𝑦

2       (𝑛𝑜𝑡 𝑣𝑎𝑙𝑖𝑑!) 242 

but must instead hold equation 243. 

𝑄 =  𝑄𝑥 + 𝑄𝑦                 (𝑣𝑎𝑙𝑖𝑑!) 243 

Two solutions have been implemented into LISEM. 

Cell Boundary Flux method  

To estimate the distribution of the discharge over an x and y component, Tayfur and Kavvas (1994) used 

the expressions given in equations 244 and 245. 

𝑄𝑥 =
𝑄

√𝑆
 

√𝑆𝑥

√1+ (
𝑆𝑦

𝑆𝑥
 )
24
 244 

𝑄𝑦 =
𝑄

√𝑆
 

√𝑆𝑦

√1+ (
𝑆𝑥
𝑆𝑦
 )
24
 245 

With 

𝑆 the slope (𝑚 𝑚−1), 𝑆𝑥 and 𝑆𝑦 are the slope in the x and y components respectively 

Bilinear Interpolation 

Another method to distribute flow in a 2 dimensional kinematic wave is to use bilinear interpolation. 

First the kinematic wave equation is rewritten for each cell on location (i,j) (Equation 246). 

𝑑𝐴𝑖,𝑗

𝑑𝑡
+ 𝑄𝑖𝑛,𝑖,𝑗 − 𝑄𝑜𝑢𝑡,𝑖,𝑗 = 𝑞𝑖,𝑗 − 𝐼𝑖,𝑗  246 

With 

Qin the discharge inflow (𝑚3 𝑠−1)  

Qout the discharge outflow (𝑚3 𝑠−1) 
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For each cell, the outflow is the total discharge that flows into adjacent cells, and the inflow is the total 

discharge that ends up in the cell from all adjacent cells. These values are determined from by summing 

the inflow and outflow. When we advect a cell with water into the direction of its discharge, the weights 

of each cell adjacent to the advected location can be determined with bilinear interpolation (Figure 33). 

This weight represents the fraction of the discharge that is transported into that cell. 

 

For a function f(x,y), interpolation along the x-axis on both y = 𝑦𝑖  𝑎𝑛𝑑 𝑦 =  𝑦𝑖+1 can be done (Equation 

247 & 248). 

𝑓(𝑥, 𝑦𝑖) =
𝑥𝑖+1−𝑥

𝑥𝑖+1−𝑥𝑖
𝑓(𝑥𝑖 , 𝑦𝑖) + 

𝑥−𝑥𝑖

𝑥𝑖+1−𝑥𝑖
𝑓(𝑥𝑖+1, 𝑦𝑖) 247 

𝑓(𝑥, 𝑦𝑖+1) =
𝑥𝑖+1−𝑥

𝑥𝑖+1−𝑥𝑖
𝑓(𝑥𝑖 , 𝑦𝑖+1) + 

𝑥−𝑥𝑖

𝑥𝑖+1−𝑥𝑖
𝑓(𝑥𝑖+1, 𝑦𝑖+1)  248 

Afterwards, interpolation between these two function can be done, along the y-axis. This gives the value 

of the function on every location within the modeling plane, based on the values at the surrounding cell 

centers (Equation 249). 

 𝑓(𝑥, 𝑦) =  
𝑦𝑖+1−𝑦

𝑦𝑖+1−𝑦𝑖
𝑓(𝑥𝑖 , 𝑦𝑖) + 

𝑦−𝑦𝑖

𝑦𝑖+1−𝑦𝑖
𝑓(𝑥𝑖 , 𝑦𝑖+1) 249 

=
1

(𝑦𝑖+1 − 𝑦𝑖)(𝑥𝑖+1 − 𝑥𝑖)
( 

(𝑥𝑖+1 − 𝑥)(𝑦𝑖+1 − 𝑦)𝑓(𝑥𝑖 , 𝑦𝑖) + 
(𝑥 − 𝑥𝑖)(𝑦𝑖+1 − 𝑦)𝑓(𝑥𝑖+1, 𝑦𝑖) +  
(𝑥𝑖+1 − 𝑥)(𝑦 − 𝑦𝑖)𝑓(𝑥𝑖 , 𝑦𝑖+1) + 

(𝑥 − 𝑥𝑖)(𝑦 − 𝑦𝑖)𝑓(𝑥𝑖+1, 𝑦𝑖+1))           

From this equation the distribution of the discharge over the four adjacent cells can be seen. Each 

weight is proportional to the area of the cell that, after moving it into the direction of the discharge, 

𝐶𝑥𝑦  

(𝑋𝑖 , 𝑌𝑗) (𝑋𝑖+1, 𝑌𝑗) 

(𝑋𝑖 , 𝑌𝑗+1) (𝑋𝑖+1, 𝑌𝑗+1) 

𝑞 

𝐶𝑥𝑦  

(𝑋, 𝑌) 

Figure 33 Cell coordinates, discharge and an advected cell. Cell sizes 

are 𝐶𝑥𝑦. 
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ended up into that other adjacent cell. The weight for the cell at (𝑥𝑖+1, 𝑦𝑖+1) is thus as is given in 

equation 250.  

𝑤𝑖+1,𝑗+1 =
1

(𝑦𝑖+1−𝑦𝑖)(𝑥𝑖+1−𝑥𝑖)
(𝑥 − 𝑥𝑖)(𝑦 − 𝑦𝑖) 250 

The four weights are normalized, and thus maintain mass balance. This method of distributing discharge 

furthermore allows for flow in both the x-direction, y-direction and diagonal directions. 

Saint Venant Equations 
The numerical procedure to solve these equations in a stable way have been made open source by the 

team behind FullSWOF2D (Delestre et al., 2014).  Flux values are calculated for the cell boundaries. To 

approximate the flux at the cell boundaries, an approximation made either by the MUSCLE (first order) 

scheme or the ENO (higher order) scheme. These schemes perform Taylor approximations based on cell 

center values for all the variables needed to calculate the flux. In Figure 8, the piece-wise linear 

approximation is displayed for a variable u (Figure 34).  

 

In a second step, the fluxes are calculated by a Riemann solver. This function provides a solution to a 

possible Riemann problem, in order to capture the behavior of shock waves. These shockwaves are 

thought of as discontinuities within the state of the discrete solution of the differential equations. The 

Riemann problem is to find a solution to the differential equations with this stepwise continuous data, 

containing a single discontinuity.  Within LISEM, multiple possible Riemann solvers, such as the Harten-

Lax-van Leer, are provided. After this step a flux limiter function is used to find the best combination 

between the left and right approximated flux. Multiple flux limiters are also included into LISEM. The 

final fluxes are then used in the explicit discretized version of the Saint Venant equations. This entire 

process has also been rewritten into a Heun’s predictor corrector scheme, which is a 2 step-Runga Kutta 

solver. This method of solving the equations, which is of second order, can also be used within LISEM. 

 

 

Figure 34 The MUSCL scheme performs piece-
wise linear interpolation 



Lisem Documentation & Manual  Second Draft ITC 

 

 
77 

 

Flux Limiters and Timestep Conditions 

In order to ensure stability of numerical schemes, several conditions are set for the applied numerical 

integration scheme. Generally, numerical integration schemes have the following setup 

1.  Start with a state of flow height, flow velocities and an elevation model. 

2.  Estimate acceleration terms for each cell. 

3.  Determine the required timestep and calculate new velocities. 

4.  Estimate cell-boundary flux values 

5.  Transport mass and momentum according to flux values. 

6.  End with a new state of flow height and flow velocities. 

When numerical fluxes are large due to high flow velocities, or the scenario being solved is very course 

(low resolution) , several dangerous scenarios can exist. 

1. There is more outflow in a single timestep  then there is mass in a cell. 

This leads to negative values (if not detected) which can cause on-predictable behavior in a 

numerical integration scheme. Otherwise, water needs to be added artificially, or outflow 

reduced to keep all values above zero. A scheme that always preserves the sign of storage 

values is called monotocity-preserving. 

2. There is a non-mass conserving oscillating flux between multiple cells. 

This can occur when flux values are determined by for example flow height and slope, and the 

flux estimations from adjacent cells don’t match, leading to a higher total stored mass after 

fluxes have been added. A solution that always keeps total variation in the height values either 

identical or less is called a Total Variation Diminishing solution (TVD). 

In particular, take a numerical scheme to a hyperbolic conserving equation (Equation 251). 

𝑢𝑥
𝑡+1 = 𝑢𝑥

𝑡 + 𝐶
+,𝑥+

1

2
 
∆
𝑥+

1

2

𝑢𝑡 − 𝐶
−,𝑥−

1

2

∆
𝑥−

1

2

𝑢𝑡  1751 

Where the local change in variable 𝑢 is described by equation 252. 

∆
𝑥+

1

2

𝑢𝑡 = 𝑢𝑥+1
𝑡 − 𝑢𝑥

𝑡  1852 

A scenario with a discontinuity could be the following, where slopes are determined by the left-sided 

differences. 
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Figure 35 When there is a sudden jump in flow height, the resulting flux estimations can, incorrectly, add water to both cells, 
which leads to “exploding’ values. 

If  a slope-based flux is added, the manner in which slope is estimated leads to incorrect additions of 

change in local discharge. 

 

Figure 36 When there is a sudden jump in flow height, the resulting flux estimations can, incorrectly, add water to both cells, 
which leads to “exploding’ values. 

To find a solution to this problematic phenomena, the total variation in the discharge field must be 

analyzed. The total variation in the state of the variable u is given by equation 253. 

𝑇𝑉(𝑡) =  ∑ |∆
𝑥+

1

2

 𝑢𝑡|∞
−∞  1953 

The condition for a total variation diminishing solution is then given by equations 254, 255 and 256. 

𝐶
+,𝑥+

1

2
 
≥  0 2054 

𝐶
−,𝑥−

1

2
 
≥  0 2155 

𝐶
−,𝑥−

1

2
 
+ 𝐶

+,𝑥+
1

2
 
≤ 1 2256 

The proof of this is provided by Harten (1983). First, he notes the local variation in 𝑢𝑡+1 (Equation 257). 

∆
𝑥+

1

2

 𝑢𝑡+1 =  𝐶
−𝑥−

1

2

∆
𝑥−

1

2

𝑢𝑡 + (1 − 𝐶
−,𝑖+

1

2

− 𝐶
+,𝑖+

1

2

)∆
𝑥+

1

2

𝑢𝑡  +  𝐶
−𝑥+

3

2

∆
𝑥+

3

2

𝑢𝑡  2357 

Then, based on the conditions for the parameters, equation 258 results. 

|∆
𝑥+

1

2

 𝑢𝑡+1| ≤  𝐶
−𝑥−

1

2

|∆
𝑥−

1

2

𝑢𝑡| + (1 − 𝐶
−,𝑖+

1

2

− 𝐶
+,𝑖+

1

2

) |∆
𝑥+

1

2

𝑢𝑡|  +  𝐶
−𝑥+

3

2

|∆
𝑥+

3

2

𝑢𝑡|  2458 
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Then, by altering the summation index, the total variation at time t is acquired (Equation 259). 

𝑇𝑉(𝑡 + 1) =  ∑|∆
𝑥+
1
2
 𝑢𝑡+1|

∞

−∞
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2
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+ ∑(1 − 𝐶
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−𝑥+
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−∞

= ∑|∆
𝑥+
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2
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 2559 

Thus, finally, based on the conditions in equation 259, the total variation must remain either equal or 

diminish (Equation 260). 

𝑇𝑉(𝑡 + 1) ≤ 𝑇𝑉(𝑡)  2660 

Based on this proof, Harten continued to work out the implications by setting up flux limiting function. 

Let this function be given In equation 261. 

𝜙(𝑟) 2761 

With r a variable that indicates the local smoothness of the numerical solution (Equation 262). 

𝑟 =
𝑢𝑥+1−𝑢𝑥

𝑢𝑥−𝑢𝑥−1
  2862 

So that the new state of the variable u can be calculated using this function (Equation 263). 

𝑢𝑥
𝑡+1 = 𝑢𝑥

𝑡 + 𝜙(𝑟) (∆
𝑥+

1

2

𝑢𝑡 − ∆
𝑥−

1

2

𝑢𝑡 ) 2963 

Based on the conditions for a total variation diminishing solution, the flux limiting function must adhere 

to the following conditions (Equation 264). 

𝑟 < 𝜙(𝑟) < 2𝑟  (0 ≤ 𝑟 ≤ 1) 3064 
1 < 𝜙(𝑟) < 𝑟  (1 ≤ 𝑟 ≤ 2) 
1 < 𝜙(𝑟) < 2  (𝑟 > 2) 
𝜙(1) = 1 

A large variety of flux limiter functions exist. All of them try to find a balance between restricting flux 

just enough to maintain stability, and limiting the flux so much that the dynamics of flow are restricted. 
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Figure 37 An example of several flux limiters used in literature. Source: 

https://upload.wikimedia.org/wikipedia/en/b/bc/LimiterPlots1.png  

Spatially Dynamic Timestep 

Timesteps 
 
Current models generally use a Courant-Fredrich-Levy condition to determine the maximum timestep 

that can be taken while maintaining numerical stability. This conditions is provided by the requirement 

in equation 265. 

𝑣 𝑑𝑡

𝑑𝑥
< 𝑐 265 

With 𝑣 the velocity (𝑚 𝑠−1), 𝑑𝑥 the grid cell size (𝑚),𝑑𝑡 the timestep (𝑚) and 𝑐 the courant factor, 

generally between 0.1 and 0.4 (-). 

https://upload.wikimedia.org/wikipedia/en/b/bc/LimiterPlots1.png


Lisem Documentation & Manual  Second Draft ITC 

 

 
81 

 

Extensions of this conditions have been developed based on empirical flow velocity (Hunter et al., 2005, 

Delestre et al., 2014). Within this research, a similar adaptation of the Courant-Fredrich-Levy condition 

will be used. We include the acceleration and manning’s velocity in the condition in order to 

automatically adapt the timestep to high accelerations (Equation 266). 

𝑚𝑎𝑥(𝑣,𝑣+𝑎) 𝑑𝑡

𝑑𝑥
< 𝑐 266 

With 𝑎 the acceleration (𝑚 𝑠−2),  and 

From the resulting condition, timestep requirements are separately calculated for every gridcell. Once 

every timestep is known, a global minimum timestep is determined. Then, for every gridcell, the 

timestep must equal a multiple of the global minimum timestep (Equation 267).  

𝑑𝑡𝑟,𝑐 = 𝑚𝑖𝑛 (𝑑𝑡𝑚𝑎𝑥 , 𝑑𝑡𝑚𝑖𝑛 𝑛)         𝑛 ∈  ℕ 267 

With 𝑑𝑡𝑟,𝑐 the timestep for a specific cell (r = row, c = column) (𝑠),  𝑑𝑡𝑚𝑎𝑥   the global common timestep 

(𝑠) and 𝑑𝑡𝑚𝑖𝑛 the global minimum timestep (𝑠) 

The global common timestep ensures that at specific moments, all grid cells are at the same moment in 

time (Figure 38). Specifically, at every multiple of 𝑑𝑡𝑚𝑎𝑥, every gridcell will have its state at that same 

temporal position. On these moments, the overheading model is called to solve processes that do not 

substantially depend on the timestep for accuracy, such as interception, sub-surface processes and 

empirical splash erosion. 

 

Figure 38 A space-time example of the spatially dynamic timestep. Based on the velocities and flow 
heights, locally adequate timesteps are chosen. After the global common timestep, all cells are at the 

same moment in time, and other processes such as groundwater are calculated. 

Calculation Order 

When using a spatially dynamic timestep, the activation of cell processes can be done either at the start 

of its local timestep, or at the end. In both cases, the timesteps fill the global common timestep. 

However, if cells are activated at the start, inaccurate behavior can arise. When water flows into the cell, 

decreasing the required timestep, the local time of that cell is already ahead, due to the earlier larger 

timestep. Thus, for the front of a moving wave, the timestep is only adapted after a global common 

timestep. For this reason, we choose to activate processes at the end of a timestep. This ensures that 

the timestep of other cells can be adapted due to inflow of water. 

The movement of interface fluxes is implemented in a strictly mass-conserving manner. When a cell 

boundary interface is used for a specific cell, water is immediately added or subtracted from the 
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relevant neighbor. Effectively, this causes the method to move water fluxes twice, since cells are 

activated by neighbors, and by itself. To compensate for this, we move half of the flux during the 

activation of the cell, and half during the activation by a neighbor cell. 

Safety Region 

When using the spatially dynamic timestep, unnatural behavior might arise when there is a substantial 

difference in timestep between neighboring cells due to a difference in velocity. Since the MUSCL 

scheme uses velocities of both cells to calculate the cell boundary flux, this might lead to an 

overestimation of outflow for the low-velocity cell. This cell will drain, leading to a border of 

underestimations around areas of high velocity. To prevent this, each timestep is, for one iteration, 

compared with the neighboring values, and set to the lowest value (Equation 268).  

𝑑𝑡𝑟,𝑐 = 𝑚𝑖𝑛(𝑑𝑡𝑟,𝑐 , 𝑑𝑡𝑟,𝑐+1, 𝑑𝑡𝑟,𝑐−1, 𝑑𝑡𝑟+1,𝑐 , 𝑑𝑡𝑟−1,𝑐) 268 

This equation creates a region around cells with a small timestep, were a similarly small timestep is 

used. This safety region prevents unnatural patterns from forming in the numerical solution. This 

equation can be used for any combination of surrounding cells, and weights can be dependent on the 

distance. 

Implementation of Friction 

In the majority of flow types, the gravitational and frictional force predominantly determine the flow 
velocity. Due to the non-linearity of the friction law, solving the balance between these forces requires a 
small high temporal precision. Because of this, the stability of the interaction between these two forces 
can be increased by using a non-explicit solution (Fiedler & Ramirez, 2000; risteau & Coussin, 2001). A 
semi-implicit solution that provides a well-balanced and stable estimation of the frictional force was 
derived by Bristeau and Coussin (2001). This semi-implicit solution estimates friction based on all other 
acceleration terms (Equation 269 & 270). 
 

𝑑𝑢𝑛+1ሬሬሬሬሬሬሬሬሬ⃗ + 𝑑𝑡 
𝑔 

𝑛2

𝑢ሬሬ⃗ 𝑛+1|𝑢𝑛ሬሬሬሬሬ⃗ |

ℎ
4
3

= 𝑢ሬ⃗ 𝑛𝑜𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
 𝑛+1 = 𝑢𝑛 + ∑𝑜𝑡ℎ𝑒𝑟 𝑎𝑐𝑐𝑎𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚𝑠        269 

And thus 

𝑢ሬ⃗ 𝑛+1 =
𝑢ሬሬ⃗ 𝑛𝑜𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑛+1

1+𝑑𝑡 
𝑔 

𝑛2

𝑢𝑛ሬሬሬሬሬሬ⃗ |𝑢𝑛ሬሬሬሬሬሬ⃗ |

ℎ
4
3

        270 

While the accuracy of this method is still dependent on the timestep, the possible timestep while 

maintaining accuracy is substantially larger.  

A disadvantage of this method is however, that when timesteps increase above a stable level, there is 

increasing oscillation around the analytical solution. These oscillations are especially significant in the 

case of shallow flow.  

In order to activate the larger timestep for areas with a low water height, we further alter the courant 

condition (Equation 271). 

𝑚𝑎𝑥(𝑣,𝑣+𝑘𝑎) 𝑑𝑡

𝑑𝑥
< 𝑐 271 
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With  

𝑘 = 1 −𝑚𝑖𝑛 (1.0,𝑚𝑎𝑥 (0.0,
1

𝑐𝑘
(𝑐𝑘 − ℎ) ) ) 272 

With 𝑘 the kinematic factor (-) and 𝑐𝑘 the kinematic depth (m) 

Thus, below water depth 𝑐𝑘, the influence of acceleration on the required decreases linearly to zero. 

The value for this depth. Because of this, shallow overland is calculated using large timesteps, and 

velocity is immediately determined by the balance of gravity and friction. 

Influence on numerical stability 

Most widely-used numerical schemes for solving hyperbolic sets of partial differential equations are 

well-balanced, indicating that they at least maintain a steady state at rest. In the case of flow equations, 

this property is particularly important, as the still water level of lakes (a steady state at rest) should be 

maintained for an accurate and stable simulation. To work out the influence of a spatially dynamic 

timestep on the stability of a numerical scheme, we will now look at the example of a hydrostatic 

reconstructing using cell boundary fluxes and a MUSCL-approximation for the cell boundary fluxes. This 

widely used numerical scheme, as adopted in FullSwof (Delestre et al., 2014), is based on the following 

principles; Cell boundary fluxes are estimated using step-wise linear approximations (Figure 39). 

 

Figure 39 Step-wise linear approximations are used to calculate flux-estimations on cell-boundaries. 

Water heights for each cell are reconstructed based in total incoming and outgoing flux (Equation 273) 

ℎ𝑖
𝑛+1 = ℎ𝑖

𝑛 +
𝐷𝑇

𝐷𝑋
(𝐹

𝑖−
1

2

+ 𝐹
𝑖+
1

2

)  273 

Where hi,j
n  is the water height at location i,j at time n (m), DT the time step (s), DX is the cell size (m) 

and 𝐹 is the approximated flux through a cell boundary in either x or y direction (𝑚2𝑠−1). 

Fluxes are determined based on the linear reconstructions of water heights, velocities, and bed 

elevations from the cells that touch the cell boundary (equation 274). 

𝐹
𝑖+
1

2

=  ℱ(ℎ𝑖+1
𝐿 , 𝑢𝑖+1

𝐿 , 𝑧
𝑖+
1

2
,

𝐿 , ℎ𝑖+1
𝑅 , 𝑢𝑖+1

𝑅 , 𝑧
𝑖+
1

2
,

𝑅 )   274 

Numerical schemes such as these, when combined with appropriate flux limiters, such as minmod, are 

proven to maintain a steady state at rest and furthermore diminish total variations in the solution. For 

every initial condition, the total variation in the state of the simulation must, without external 
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influences, either remain equal or decrease. The usage of a spatially dynamic timestep can be done 

while maintaining the useful properties of such numerical schemes.  

Since fluxes through a cell interface are immediately taken from one cell to another, the simulation can 

be seen as a sequence of cell interactions through cell boundary interfaces. For each activated cell, 

fluxes for four cell boundaries are calculated, leading to indirect activation of five cells. As stated earlier, 

fluxes are halved, to compensate for every cell being activated twice. However, within this subset of 

calculations, the timestep of all activated cells is taken to be the same. These small subset of 

calculations, on five specific cells could, either through an open or closed boundary condition, be 

imagined to be an independent simulation. For this tiny, but independent simulation, the properties of 

the numerical scheme remain valid, since only the flux is multiplied by a factor of a half and the 

timesteps taken for every cell are identical. Now, when applying this logic to a larger sequence of cell-

interactions, and identifying a full simulation as a collection of flux interactions between five cells, the 

properties of the numerical scheme must remain valid for the entire simulation. Thus, the properties 

that make a numerical scheme both well-balanced or total variation diminishing, are still valid when 

used with a spatially dynamic timestep, when the flux transport is implemented in a mass conserving 

manner. 

Sediment 
Sediment transport is calculated using the time step of the hydrological flow that the sediment is in. This 

allows for more efficient calculations, as fluxes only have to be calculated once. One process within 

LISEM needed a special analytical solution to counter numerical instability.  

When erodible material is limited, and reaches zero, the sediment concentration would not converge to 

a stable value, but instead exhibit indefinite fluctuations around the stable value. This is because the 

transport capacity for multi-class sediment transport is dependent on the fraction of the sediment that 

is part of a certain class. The small amount of remaining sediment would fully erode, after which 

sediment immediately would be deposited. To solve this, an analytical solution was used for 

detachment. If the potential detachment is larger than available sediment, the new concentration after 

detachment must be equal to the new transport capacity. (Equation 275). 

𝐶𝑖 +
𝑑𝑒𝑡𝑖

𝑉
= 

𝑆𝑠𝑜𝑖𝑙,𝑖−𝑑𝑒𝑡𝑖

 𝑆𝑠𝑜𝑖𝑙
∗ 𝑇𝑖    275 

The convergence of this solution is shown in figure 40. This solution causes at least a small amount of 

sediment, approximately equal to what could settle within a single timestep, to be left on the soil 

surface. This is caused by the fact that, for a specific grain size, when there would be no material left on 

the surface, no detachment could take place. The net deposition would then be proportional to the 

settling velocity. This balance between these effects causes a small layer of sediment to be left on the 

surface. 
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Figure 40 Sediment behavior when detachable material is almost zero, without analytical solution (above) and 
with the analytical solution(below) both with constant discharge. 
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Entrainment 
The simulation of entrainment introduces a strong feedback loop into model simulations. Flow 

properties such as velocity and flow depth determine the rate of entrainment. In physically-based 

simulations, entrainment should directly relate to a change in basal topography, for without this, 

momentum production is ignored (Pudasaini et al., 2016). The change in topography can, in turn, 

directly alter the flow paths, and, through increased concentration of flow, increase flow depths and 

velocities. This feedback loop allows later flow to follow its self-entrained channels, which is a realistic 

process. However, depending on the terrain, spatial resolution and the numerical implementation of the 

equations, feedback loops such as these can lead to unrealistic simulation results. For example, local 

depressions in the surface could initiate a non-converging cycle of entrainment, and thus local increasing 

flow depth when flow velocities are based on averaged local slope, instead of cell-boundary flux 

estimations. For these reasons, a well-balanced implementation of entrainment and flow is required for 

realistic physically-based simulations. 

The numerical scheme within the model is based on the monotonic upstream cell-centered scheme 

(MUSCL). This scheme uses piecewise linear reconstructions of both the terrain surface and the flow 

properties. This terrain reconstruction estimates local slope, and in rough terrain, also includes cell 

boundary elevation differences. Besides shear stress from the bottom surface in a cell, cell boundary 

barriers can also provide shear resistance to the flow. Our implementation of entrainment therefore 

takes into account direct and lateral entrainment (Figure 41).  The effect of this implementation on the 

sensitivity to spatial resolution is shown in figure 42. 

 

Figure 9 The implementation of entrainment within OpenLISEM 

The effective total surface area and shear stress for both direct and lateral entrainment are estimated 

based on the topography surrounding the cell, and the flow properties. 

Finally, side entrainment due to slope failure is included in the simulation. Slope failure is based on a 

simple local safety factor estimation (equation 276) 

𝑆𝐹 =  
𝑐′+𝑐+((𝛾−𝑚𝛾𝑤)𝑧+𝑚𝛾𝑤𝑧)𝑐𝑜𝑠(𝛽)

2 𝑡𝑎𝑛(𝜙′)

((𝛾−𝑚𝛾𝑤)𝑧)𝑠𝑖𝑛(𝛽) 𝑐𝑜𝑠(𝛽)
 276 

With 𝑆𝐹 the safety factor (-), 𝛽  slope of the soil section (-), c the cohesion of the soil (kPa), 𝑐′ the apparent 
cohesion of the soil (kPa) and 𝜙′ internal friction angle of the soil (-). Here the apparent cohesion consists of 
additional root cohesion and a matric suction term.  
 

Direct 
Entrainment 

Lateral 
Entrainment 

Slope Failure 

Two-Phase 
Overland Flow 
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Based on this equation, the stable depth can be calculated. With the assumption that the basal material 

allows for development of a failure plane at any depth, a release volume is determined. This volume 

consists of solids and water, depending on the soil saturation level, and is then released into the flow. 

 

Figure 42 Entrainment patterns in a wig-shaped catchment using different implementations of entrainment, and either 10 or 2 
meters spatial resolution. 
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List of Variables 

𝒂 Empirical factor used in 𝒇𝒑𝒂 (−) 

𝒂𝒄𝒉 The channel side angle (−) 
𝑨 Area where rainfall reaches the soil (𝒎𝟐) 

𝑨𝒑𝒐𝒏𝒅𝒆𝒅 Ponded surface area (𝒎𝟐) 

𝑨𝒏𝒐𝒏𝒑𝒐𝒏𝒅𝒆𝒅 Dry surface area  (𝒎𝟐) 

𝑨𝒓𝒐𝒂𝒅 Road surface area (𝒎𝟐) 
𝑨𝒏𝒐𝒏𝒓𝒐𝒂𝒅 Non road surface area (𝒎𝟐) 
𝑨𝒔𝒊𝒏𝒌 Area of the sink connection between surface flow and 

tile drainage flow 
(𝒎𝟐) 

𝑨𝒏𝒐𝒏𝒓𝒐𝒂𝒅 Non road surface (𝒎𝟐) 
𝑨𝑾 Cross section of flow (𝒎𝟐) 
𝑩 Flow width (𝒎) 
𝐁𝐜 Channel width at the surface  (𝒎) 
𝐁𝐭𝐝 Tile drainage flow width  (𝒎) 
𝒄 Parameter for Smith & Parlange infiltration (−) 
𝑪 Concentration (𝒌𝒈 𝒎−𝟑) 
𝑪𝒄 Chezy number (𝒎𝟎.𝟓  𝒔−𝟏) 
𝑪𝒄
′  Chezy number related to grains (𝒎𝟎.𝟓  𝒔−𝟏) 

𝑪(𝒉) Slope of the soil water retention function (−) 
𝑪𝒓 Reference concentration (𝒌𝒈 𝒎−𝟑) 
𝒄𝒐 Soil cohesion (𝒌𝑷𝒂) 
𝑫𝟓𝟎 Grain size for which 50 percent of sediment has a 

smaller grain size 
(𝒎) 

𝑫𝟗𝟎 Grain size for which 90 percent of sediment has a 
smaller grain size 

(𝒎) 

𝑫𝒊 Grain size of grain class 𝒊 (𝒎) 

𝐃∗ Grain parameter (−) 

𝒅𝒆𝒑 Deposition rate (𝒌𝒈 𝒎−𝟐 𝒔−𝟏) 
𝒅𝒆𝒕 Detachment rate (𝒌𝒈 𝒎−𝟐 𝒔−𝟏)) 
𝒇 The infiltration rate (𝒎𝒎 𝒉−𝟏) 
𝒇𝒎𝒊𝒙 The soil layer mixing factor (−) 
𝒇𝒄𝒐𝒎𝒑 Fraction of a cell  that is compacted (−) 

𝒇𝒄𝒓𝒖𝒔𝒕𝒆𝒅 Fraction of a cell that is crusted (−) 
𝒇𝒑𝒂 Fraction of the cell that is part of the ponded area (−) 

𝒇𝒓𝒆𝒑 Water repellency factor used in Swatre (−) 

𝒇𝒓𝒐𝒂𝒅 Fraction of the cell that is covered by road (−) 
𝒇𝒗𝒆𝒈 Fraction of the cell that is covered by vegetation (−) 

𝑓𝑞𝑐ℎ  Fraction of the overland flow water volume that flows 
into the channel. 

(−) 

𝑭 Suspension correction factor (−) 
𝑭𝒅 Drag force on a particle (𝒌𝒈 𝒎 𝒔−𝟐) 
𝑭𝒈 Gravitational force (𝒌𝒈 𝒎 𝒔−𝟐) 

𝑭𝒓 Re-entrainment factor (≈  𝟎. 𝟎𝟏𝟑) (−) 
𝒈 Gravitational acceleration (𝒎 𝒔−𝟐) 
𝒉 Water depth\ flood depth\ runoff depth (𝒎) 
𝒉 Hydraulic head (𝒎) 
𝒉𝟎 Hydraulic head at the soil surface (𝒎) 
𝒉𝒇 Hydraulic head at the wetting front (𝒎) 

𝒉𝒅𝒆𝒑𝒐𝒔𝒊𝒕𝒆𝒅 Depth of deposited sediment layer (𝒎) 

𝒉𝒔𝒎 Sediment mixing depth (𝒎) 
𝒉𝒕𝒅 Height of the tile drainage pipes (𝒎) 
𝒉𝒗𝒆𝒈 Average vegetation height (𝒎) 

𝑯 Sediment shielding factor (−) 
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𝒊 Cell index in the x-direction (one of the 2 main 
dimensions) 

(−) 

𝑰𝒄 Intercepted storage (𝒎) 
𝒋 Cell index in the y-direction (one of the 2 main 

dimensions) 
(−) 

𝒌 Parameter related to canopy openness used in 𝑰𝒄 (−) 
𝑲𝒆 The kinetic energy ( 𝑱 𝒎−𝟐 𝒎𝒎−𝟏) 
𝑲𝒆,𝒓 The kinetic energy of direct rainfall ( 𝑱 𝒎−𝟐 𝒎𝒎−𝟏) 
𝑲𝒆,𝒕 The kinetic energy of troughfall from vegetation ( 𝑱 𝒎−𝟐 𝒎𝒎−𝟏) 
𝑲𝒔 The saturated conductivity ( 𝒎𝒎 𝒉−𝟏) 

𝑲𝒔,𝒄𝒐𝒎𝒑 The saturated conductivity of compacted soil ( 𝒎𝒎 𝒉−𝟏) 
𝑲𝒔,𝒄𝒓𝒖𝒔𝒕 The saturated conductivity of crusted soil ( 𝒎𝒎 𝒉−𝟏) 
𝑲𝒔,𝒄𝒉𝒂𝒏 The saturated conductivity for the channel ( 𝒎𝒎 𝒉−𝟏) 
𝑳𝑨𝑰 Leaf area index (𝒎) 
𝑴𝒆 Mobility parameter (−) 
𝑴𝑫𝑺 Micro depression storage (𝒎𝒎) 
𝒏𝒅 Number of grain classes (−) 
𝒑 Pressure (𝒌𝑷𝒂) 
𝑷 Precipitation intensity (𝒎𝒎 𝒉−𝟏) 

𝑷𝒄𝒖𝒎 Cumulative precipitation (𝒎𝒎) 
𝑷𝒉 Precipitation mm equivalent (𝒎𝒎) 

𝑷𝒑𝒐𝒏𝒅𝒆𝒅 Precipitation mm equivalent on ponded surface (𝒎𝒎) 

𝑷𝒏𝒐𝒏𝒑𝒐𝒏𝒅𝒆𝒅 Precipitation mm equivalent on dry surface (𝒎𝒎) 

𝑷𝒓𝒐𝒂𝒅 Precipitation mm equivalent on road surface (𝒎𝒎) 
𝑷𝒏𝒐𝒏𝒓𝒐𝒂𝒅 Precipitation mm equivalent on non road surface (𝒎𝒎) 
𝑷𝒊 Factor of total sediment mass that is part of grain class 𝒊 (−) 
𝑷𝒆𝒇𝒇,𝒊 Effective factor of total sediment mass that is part of 

grain class 𝒊 
(−) 

𝑷𝒆𝒙,𝒊 Exposing probability factor of  grain class 𝒊 (−) 
𝑷𝒉𝒊,𝒊 Hiding probability factor of  grain class 𝒊 (−) 

𝒒 External sources of water (𝒎𝟑 𝒔−𝟏 𝒎−𝟏) 
𝑸 (𝑸𝒙, 𝑸𝒚) Unit Discharge (𝒎𝟑 𝒔−𝟏 𝒎−𝟏)  

𝑸𝒎𝒂𝒙 Maximum discharge  (𝒎𝟑 𝒔−𝟏 𝒎−𝟏) 
𝑸𝒔 Unit Sediment discharge (𝒌𝒈 𝒔−𝟏 𝒎−𝟏) 

𝑄𝑠,𝑏𝑙  Unit bed load sediment discharge  (𝒌𝒈 𝒔−𝟏 𝒎−𝟏) 

𝑄𝑠,𝑠𝑠  Unit Suspended sediment discharge (𝒌𝒈 𝒔−𝟏 𝒎−𝟏) 

𝑄𝑠,𝑏𝑙,𝑖  Unit bed load sediment discharge for grain class 𝒊 (𝒌𝒈 𝒔−𝟏 𝒎−𝟏) 

𝑄𝑠,𝑠𝑠,𝑖  Unit Suspended sediment discharge for grain class 𝒊 (𝒌𝒈 𝒔−𝟏 𝒎−𝟏) 

𝑟𝑎 A parameter in the water repellency equation (−) 

𝑟𝑏 A parameter in the water repellency equation (−) 

𝑟𝑐  A parameter in the water repellency equation (−) 

𝑟𝑑 A parameter in the water repellency equation (−) 

𝑹𝑹 Surface roughness (𝒎𝒎) 

𝑠𝑥𝑦  Cell width and length (𝒎) 

𝑺 Slope (𝒎 𝒎−𝟏) 
𝑺𝒎𝒂𝒙 Maximum canopy storage (𝒎𝒎) 
𝑺𝑫𝑺 Micro depression storage at which runoff starts (𝒎𝒎) 
𝑻 Equilibrium transport capacity (𝒌𝒈 𝒎−𝟑) 
𝑻𝒊 Equilibrium transport capacity for grain class  i (𝒌𝒈 𝒎−𝟑) 
𝑻𝒓 Transport stage parameter (−) 

𝒖 (𝒖𝒙, 𝒖𝒚) Velocity (𝒎 𝒔−𝟏) 

𝒖∗
′  Shear velocity related to grains (𝒎 𝒔−𝟏) 

𝒖𝒄𝒓 Critical velocity for initiation of bed motion (𝒎 𝒔−𝟏) 
𝑽 Water volume in a cell (𝒎𝟑) 
𝒘𝒔 Settling velocity (𝒎 𝒔−𝟏) 

𝒘𝒊+𝟏,𝒋+𝟏 Weight of an adjacent cell with bilinear interpolation (−) 
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𝒙 Location in x-direction (one of the 2 main dimensions) (𝒎) 
𝒚 Location in y-direction (one of the 2 main dimensions) (𝒎) 
𝒛 Location in z-direction (axis perpendicular to modelling 

plane, used in infiltration) 
(𝒎) 

𝒛𝒄𝒉 Depth of the channel (𝒎) 
𝒛𝒅𝒆𝒎 Height of the digital elevation model (𝒎) 
𝒛𝒕𝒅 Depth of the tile drainage pipes (𝒎) 
𝒁𝒇 Depth of the wetting front (𝒎) 

𝜷 Ratio between water and sediment diffusion (−) 
𝜸 Erosion efficiency factor (−) 

𝜸𝒅𝒆𝒑𝒐𝒔𝒊𝒕𝒆𝒅 Erosion efficiency factor of deposited sediment (= 𝟏) (−) 

𝜸𝒆𝒇𝒇 Effective erosion efficiency factor (−) 

𝜹 Bed load layer thickness (𝒎) 

ε Diffusion coefficient (𝒎𝟐 𝒔−𝟏) 

𝜽 Soil moisture content (−) 
𝜽𝒊 Initial soil moisture content (−) 
𝜽𝒔𝒂 Saturated soil moisture content (−) 
𝜽𝒔 Porosity of the soil (−) 
𝜽𝒓 The residual soil moisture content (−) 
𝚯 Relative soil moisture content (−) 
𝜽 Shields number (−) 
𝜽′ Shields number related to grains (−) 
𝜽𝒄𝒓 Critical shields number (−) 
𝜿 Constant von Karman (≈ 𝟎. 𝟒𝟏) (−) 
𝝆 Density (𝒌𝒈 𝒎−𝟑) 
𝝆𝒇 Density of the fluid (𝒌𝒈 𝒎−𝟑) 

𝝆𝒔 Density of the sediment (𝒌𝒈 𝒎−𝟑) 
𝝈 Turbulent Prandtl-Smidth number (𝒎𝟐𝒔−𝟏) 
𝝉∗
′  Shear stress related to grains (𝑷𝒂) 

𝝉∗,𝒄𝒓
′  Critical shear stress related to grains (𝑷𝒂) 

𝝉∗ Shear stress (𝑷𝒂) 
𝝉∗,𝒄𝒓 Critical shear stress (𝑷𝒂) 

𝝂 The kinematic viscosity (𝒎𝟐 𝒔−𝟏) 
𝝋𝒃𝒍,𝒊 Non dimensional bed load sediment transport for grain 

class 𝒊 
(−) 

𝝋𝒔𝒔,𝒊 Non dimensional suspended sediment transport for 
grain class 𝒊 

(−) 
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Chapter 3: Application 
Input 

LISEM needs a minimum of 24 maps depending on the input options selected in the interface such as 
special surfaces, sediment modelling, 2-layer sediment transport and the use of grain size distributions. 
In theory these maps can be derived from 6 base sources: 

o Rainfall 
o Topography 
o Land use/cover 
o Soil type 
o Infrastructure 

Most sources of data such as remote sensing, and public databases in both vector and raster form, can 
be transformed to usable input for the LISEM model. The usage of the PCRaster GIS, which is helpful 
with this process, will be described later. In this section all input maps, and their required formats will be 
described. 

The spatial input data for LISEM can be structured as follows: 

1. Topography related maps 
2. Rainfall and snowmelt maps 
3. Surface cover maps 
4. Soil surface maps 
5. Infiltration related maps 
6. Erosion/deposition related maps 
7. Channel maps 
8. Tile drainage maps 
 

9. Topography related 
Maps   

General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable 
and Unit 

DEM Digital Elevation Model of the catchment 𝒙 ∈ ℝ 𝒛 (𝒎) 

Gradient The local slope of the cells 𝒙 ∈ ℝ, 𝒙 > 𝟎 𝑺 (𝒎 𝒎−𝟏) 

LDD Local drainage direction map 𝒙 ∈ ℕ; 𝟎 < 𝒙 < 𝟏𝟎 (−) 

Outlet Main outlet location within the catchment 𝒙 ∈ {𝟎, 𝟏} (−) 

Points Output locations for hydrograph 𝒙 ∈ ℕ (−) 

Watersheds Watershed numbers  𝒙 ∈ ℕ (−) 

 

Rainfall and Snowmelt Files General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and 
Unit 

Rainfall (ASCII) ASCII file with rainfall intensity 𝒙 ∈ ℝ, 𝒙 > 𝟎 𝑹 (𝒎𝒎 𝒉𝒓−𝟏) 
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Snowmelt (ASCII) ASCII file with Snowmelt intensity 𝒙 ∈ ℝ, 𝒙 > 𝟎 𝑹 (𝒎𝒎 𝒉𝒓−𝟏) 

RainfallID Map with rainfall zones 𝒙 ∈ ℕ (−) 

SnowmeltID Map with snowmelt zones 𝒙 ∈ ℕ (−) 

 

Soil Surface Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and Unit 

RR Surface Roughness 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑹𝑹 (𝒄𝒎) 

N Manning’s surface roughness coefficient 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒏 (−) 

Stoniness Fraction of cell covered by stones 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝟏 𝒇𝒔𝒕𝒐𝒏𝒆 (−) 

Crust Fraction of cell covered by crust 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝟏 𝒇𝒄𝒓𝒖𝒔𝒕 (𝒎𝒎 𝒉𝒓
−𝟏) 

Compacted Fraction of cell that is compacted 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝟏 𝒇𝒄𝒐𝒎𝒑 (−) 

Hard Surface Fraction of cell with hard surface 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝟏 𝒇𝒉𝒂𝒓𝒅 (−) 

 

Surface Cover Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology  
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and Unit 

Units Classification of land use  𝒙 ∈ ℕ  (−) 

Cover Fraction covered by vegetation 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝒇𝒗𝒆𝒈 (−) 

LAI Leaf Area Index 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑳𝑨𝑰 (𝒎) 

Height Vegetation height 𝒙 ∈ ℝ, 𝟎 <  𝒙 𝒉𝒗𝒆𝒈 (𝒎) 

Road Width  Average width of roads along the cell length 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝑪𝒙𝒚 𝒘𝒓𝒐𝒂𝒅 (𝒎) 

Grass strips Fraction of cell covered by grass strips 𝒙 ∈ ℝ, 𝟎 <  𝒙 < 𝟏 𝒇𝒈𝒓𝒂𝒔𝒔 (−) 

Canopy 
storage 

Maximum canopy storage 𝒙 ∈ ℝ, 𝟎 <  𝒙 𝑺𝒎𝒂𝒙 (𝒎𝒎) 

House Cover Fraction of cell that is covered by houses 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝒇𝒉𝒐𝒖𝒔𝒆 (−) 

Roof storage  Maximum roof storage in a cell 𝒙 ∈ ℝ, 𝟎 <  𝒙 𝑺𝒎𝒂𝒙,𝒓𝒐𝒐𝒇 (𝒎𝒎) 

Drum storage  Fraction of cell with hard surface 𝒙 ∈ ℝ, 𝟎 <  𝒙 𝑺𝒎𝒂𝒙,𝒅𝒓𝒖𝒎 (𝒎𝒎) 

 

Erosion Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and 
Unit 

Cohesion Soil cohesion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

CohesionExtra Extra soil cohesion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

Aggregates Aggregate stability for splash erosion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑨𝒔 (−) 

D50 Median grain diameter 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝟓𝟎 (𝝁𝒎) 

D90 90 percent grain diameter 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝟗𝟎 (𝝁𝒎) 

Material Available material for erosion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑴𝒎 (𝒌𝒈 𝒎−𝟏) 

MixingDepth Sediment mixing depth for deposited erosion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒉𝒔𝒎 (𝒎) 

 

Slope Stability Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 
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Map Name Description Range Variable and 
Unit 

Top Later Slope Stability 

SoilDensity Density of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝆𝒔 (𝒌𝒈 𝒎
−𝟑) 

SoilIFA Internal friction angle of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝓 (𝒌𝒈 𝒎−𝟏) 

SoilRockSize Effective grain size for debris flow material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝒆𝒇𝒇 (𝒎) 

FailureMask Mask that indicates possible failure locations 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 - 

BedRock layer 

SoilDensity Density of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝆𝒔 (𝒌𝒈 𝒎
−𝟑) 

SoilIFA Internal friction angle of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝓 (𝒌𝒈 𝒎−𝟏) 

SoilRockSize Effective grain size for debris flow material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝒆𝒇𝒇 (𝒎) 

FailureMask Mask that indicates possible failure locations 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 - 

Entrainment 

SoilDensity Density of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝆𝒔 (𝒌𝒈 𝒎
−𝟑) 

SoilIFA Internal friction angle of slope material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝓 (𝒌𝒈 𝒎−𝟏) 

SoilRockSize Effective grain size for debris flow material 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝒆𝒇𝒇 (𝒎) 

Seismic Trigger 

PGA Peak Ground Accaleration Map 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒂 (𝒎 𝒔𝟐) 

PGATiming Timing for peak ground accaleration 𝒙 ∈ ℝ 𝑻𝒂 (𝒎𝒊𝒏) 

 

 

Infiltration Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology  
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and Unit 

Ksat Crust Saturated Conductivity for crusted soil 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔,𝒄𝒓𝒖𝒔𝒕 (𝒎𝒎 𝒉𝒓
−𝟏) 

Ksat Compact Saturated Conductivity for compacted soil 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔,𝒄𝒐𝒎𝒑 (𝒎𝒎 𝒉𝒓−𝟏) 

Ksat Grass Saturated Conductivity for grass strips 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔,𝒈𝒓𝒂𝒔𝒔 (𝒎𝒎 𝒉𝒓
−𝟏) 

Green & Ampt and Smith & Parlange 1st layer 

Ksat Saturated Conductivity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔 (𝒎𝒎 𝒉𝒓
−𝟏) 

Psi Average suction at wetting front 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝍 (𝒄𝒎) 

Thetas Porosity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒔(−) 

Thetai Initial moisture content 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒊 (−) 

Thetar Residual moisture content 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒊 (−) 

Depth Depth to bottom of layer 1  𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛 (𝒎𝒎) 

Green & Ampt and Smith & Parlange 2st layer 

Ksat Saturated Conductivity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔 (𝒎𝒎 𝒉𝒓
−𝟏) 

Psi Average suction at wetting front 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝍 (𝒄𝒎) 

Thetas Porosity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒔(−) 

Thetai Initial moisture content 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒊 (−) 

Thetar Residual moisture content 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟏 𝜽𝒊 (−) 

Depth Depth to bottom of layer 2 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛 (𝒎𝒎) 

SWATRE 

Profile Table (ASCII) Table with soil profiles - (−) 

Properties (ASCII) Table with physical data of soil types - (−) 
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Profile soil ID for the soil profile 𝒙 ∈ ℕ (−) 

Profile Crust ID for the crusted soil profile 𝒙 ∈ ℕ (−) 

Profile Compacted ID for the compacted soil profile 𝒙 ∈ ℕ (−) 

Profile Grass ID for the grass strips 𝒙 ∈ ℕ (−) 

Initial suction Initial matrix potential of all layers 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒉 (𝒄𝒎) 

Repellency Gridcells included in water repellency 𝒙 ∈ {𝟎, 𝟏} (−) 

Ksat subtraction 

Ksat Saturated Conductivity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔 (𝒎𝒎 𝒉𝒓
−𝟏) 

 

Channel Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology  
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and 
Unit 

Channel LDD Local drainage direction 𝒙 ∈ ℕ; 𝟎 < 𝒙 < 𝟏𝟎 (−) 

Channel Width The width of the channel 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑩𝒄𝒉 (𝒎) 

Channel Side angle The angle of the channel side 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 ≤ 𝟗𝟎 𝒂𝒄𝒉 (−) 

Channel Gradient The local slope of the cells 𝒙 ∈ ℝ, 𝒙 > 𝟎 𝑺 (𝒎 𝒎−𝟏) 

Channel N Manning’s surface roughness coefficient 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒏 (−) 

Channel Cohesion Soil cohesion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

Channel Material Available material for erosion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑴𝒎 (𝒌𝒈 𝒎−𝟏) 

ChannelMixingDepth Sediment mixing depth for deposited erosion 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒉𝒔𝒎 (𝒎) 

Channel Ksat Saturated Conductivity 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑲𝒔 (𝒎𝒎 𝒉𝒓
−𝟏) 

Flooding 

ChannelDepth Channel depth 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛𝒄𝒉 (𝒌𝒈 𝒎−𝟏) 

Barriers Flooding barriers height 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛𝒃 (𝒎) 

ChannelMaxQ Maximum discharge trough channel 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑸𝒎𝒂𝒙 (𝒌𝑷𝒂) 

ChannelLevee Channel levee height 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛𝒍𝒆𝒗𝒆𝒆 (𝒌𝒈 𝒎−𝟏) 

H Initial Initial flood waterheight 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒉𝒊 (𝒎) 

FloodZone Maximum possible flooding extent 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 −(−) 

 

Surface Flow Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology 
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and 
Unit 

Flow Barriers 

DemBarriers Barriers added to elevation model 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

FlowBarrierIndex Cell-Boundary based flow barriers index in table 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

MaxVolume Maximum flow volume in cell 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

Flow Limiting  

ChannelDepth Channel depth, causes channel overflow 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

ChannelLevee Levee depth, added to channel depth 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒄𝒐 (𝒌𝑷𝒂) 

ChannelMaxVol Maximum flow volume for channel 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑨𝒔 (−) 

ChannelConnected Mask indicating connection between surface and 
channel 

𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝟓𝟎 (𝝁𝒎) 

Forced Conditions 
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ForcedFVolume Forced fluid volume in cell (-1 is inactive) 𝒙 ∈ ℝ − (𝒎𝟑) 
ForcedSVolume Forced solid volume in cell (-1 is inactive) 𝒙 ∈ ℝ − (𝒎𝟑) 
ForcedSDensity Forced density of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝆𝒔 (𝒌𝒈 𝒎

−𝟑) 

ForcedSIFA Forced internal friction angle of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝓 (𝒌𝒈 𝒎−𝟏) 

ForcedSRockSize Forced affective grain size of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝒆𝒇𝒇 (𝒎) 

Initial Conditions 

InitiationTime Initiation moment for initial volumes 𝒙 ∈ ℝ − (𝒎𝒊𝒏) 

InitialFVolume Initial fluid volume in cell 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 − (𝒎𝟑) 
InitialSVolume Initial solid volume in cell 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 − (𝒎𝟑) 
InitialSDensity Initial density of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝆𝒔 (𝒌𝒈 𝒎

−𝟑) 

InitialSIFA Initial internal friction angle of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝝓 (𝒌𝒈 𝒎−𝟏) 

InitialSRockSize Initial affective grain size of solid volume 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑫𝒆𝒇𝒇 (𝒎) 

 

Tile Drainage Maps General 
Required 

General 
Optional 

Hydrology 
Required 

Hydrology  
Optional 

Sediment 
Required 

Sediment 
Optional 

Map Name Description Range Variable and 
Unit 

LDD TileDrain Local drainage direction 𝒙 ∈ ℕ; 𝟎 < 𝒙 < 𝟏𝟎 (−) 

Sink Sink, connection to overland flow 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑨𝑺𝒊𝒏𝒌 (𝒎𝟐) 

Width Width of the tile drainage pipes 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒘𝒕𝒅 (𝒎) 

Height Heights of the tile drainage pipes 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒉𝒕𝒅 (𝒎) 

Depth Depth of the tile drainage pipes below surface 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒛𝒕𝒅 (𝒎) 

Gradient Gradient of the tile drainage pipes 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝑺 (𝒎 𝒎−𝟏) 

N Manning’s surface roughness coefficient 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 𝒏 (𝒌𝒈 𝒎−𝟏) 

Map Details 

Several maps have a special function within the model: 

DEM/Gradient 

The digital elevation model is not directly used when the 1 dimensional kinematic wave is used. The 

gradient map is then used directly. This allows users to define their own gradient for flow. When 

flooding is activated, or the 2 dimensional kinematic wave is used, the hydraulic energy gradient is 

calculated by using the DEM. 

LDD/Channel LDD/Tiledrain LDD 

Three LDD’s maps can be provided. One for the entire catchment, one for the channel, and one for the 

tile drainage system. All of these systems use a kinematic wave, which has a constant flow direction 

which can be determined beforehand. Important is that these maps also function as the main mask of 

these systems. Any cell that has a value for the channel LDD, should, for example, also have a value for 

all other maps that are related to the channel. When a model run is started, LISEM will check all cells for 

this requirement, and will stop the simulation when it encounters a Missing Value (MV) combined with a 

non-MV LDD value.  
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Within the rectangular maps, modelling is thus only done for those cells for which the catchment LDD 

map does not have a missing value assigned. While the catchment LDD map is not used in the 2D 

kinematic wave model, it is thus still required.  

Other files that follow specified non-map formats are: 

Rainfall and Snowmelt  

Rainfall can be provided in either one of three options: 

1. Homogenous rainfall intensity dependent on time. 

(ASCII) 

2. Region based homogenous rainfall intensity dependent on time.  

(ASCII + RainfallID map or Snowmelt ID Map) 

3. Full rainfall or snowmelt intensity maps, dependent on time  

(ASCII + Rainfall Intensity maps or Snowmelt Intensity Maps) 

For the first option, the file should be structured as follows: 

 

For the second option, the file should be structured as follows:  

 

For the third option, the file should be structured as follows:  

 

Description 

(time (min) ) (rainfall intensity (𝑚𝑚 ℎ𝑟−1)) 

… 

File 1  Example file for homogeneous rainfall 

Description (number of stations) 

station_1 

station_2 

… 

 

(time (min) ) (rainfall intensity station 1 (𝑚𝑚 ℎ𝑟−1)) (rainfall intensity station 2 

(𝑚𝑚 ℎ𝑟−1)) … 

(time (min) ) (rainfall intensity station 1 (𝑚𝑚 ℎ𝑟−1)) (rainfall intensity station 2 

(𝑚𝑚 ℎ𝑟−1)) … 

… 

File 2  Example file for id-based rainfall 

Description 

(time (min) ) (rainfall intensity or rainfall intensity map (𝑚𝑚 ℎ𝑟−1)) 

…. 

File 3 Example file for spatially distributed rainfall 
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In all cases, a rainfall intensity of 0 will be used for all locations, until another value is set. These values 

will then be used until the next value is presented. Rainfall data does thus not need to be given equally 

distributed over time. 

Soil profile and Properties (Swatre) 

The Swatre infiltration model needs a full description of the soil profile with its properties. These can be 

provided in a profile map and two separate ASCII files (Figure 10). 

 

The profile map contains the indices corresponding to the numbers in the profile.tab file. This file 

contains the layer depths and layer soil types in the following format:  

Figure 10 Swatre input data 

http://blogs.itc.nl/lisem/files/2013/05/infiltrationr.png
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Lastly there are the physical properties of the soil types. A file with these properties for a certain soil 

should have the following format:  

 

Thus containing a full description of the soil water retention function, and the hydraulic conductivity 
dependent on the hydraulic head. The Mualem/Van Genuchten equations (Mualem, 1976; Van 
Genuchten, 1980) can be used to predict these values.  

 (number of layers) 

 

 (Layer 1 ending depth (cm)) 

 (Layer 2 ending depth (cm)) 

 … 

(Soil Profile 1 Index)  

(SoilType1.tbl) 

(Ending depth of Soil type 1 (cm)) 

 

(SoilType2.tbl) 

(Ending depth of Soil type 2 (cm)) 

 

… 

 

(Soil Profile 2 Index)  

(SoilType3.tbl) 

(Ending depth of Soil type 3 (cm)) 

 

(SoilType4.tbl) 

(Ending depth of Soil type 4 (cm)) 

 

… 

File 4  Example file for spatially distributed rainfall 

(휃(ℎ))   (ℎ)   (𝐾(ℎ)) 

(휃(ℎ2))   (ℎ2)   (𝐾(ℎ2)) 

(휃(ℎ3))   (ℎ3)   (𝐾(ℎ3)) 

… 

 

File 5  Example file for soil specific soil water retention function and hydraulic conductivity 
dependent on hydraulic head 
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Options 
The number of input maps needed for a LISEM run depends on the selected options. Most of these 

options can be set from the user interface. Configuration of a LISEM model run can be saved and loaded 

in a .run file. This is an easy to edit ASCII file containing a line for every option, with the option name and 

its value. Default values are used to fill up any missing data in a .run file. The options can also be used as 

command line arguments when LISEM is used without user interface. For more information about this, 

see the section about running LISEM.  

Besides options about functionality, many options about technical parts of the model are available to 

users. Minimum time steps, courant factors and approximation methods are some of these options. In 

general, when not sure about the influence of an option on the model, it is best to use the default value 

for that option. The default values have been chosen in such a way that they should ensure optimal 

performance in a wide range of problems. Changing these values to outside their proper range can 

generate errors within the model, and lead to unrealistic behavior. 

Output 

The output that LISEM provides is completely determined by the options. By default LISEM only provides 

output maps at the end of the simulation. Time series can however also be obtained through the 

settings. The option CheckOutputMaps can be used to toggle each specific map. All maps use the same 

units as are used in this manual, unless otherwise specified. Tables of time series of discharge, sediment 

discharge and concentration at the outlet are by default provided in comma-delimited format, but both 

PCRaster format and SOBEK format can be chosen. The output folder and output map names can also be 

set by the options, but are given default names as is given in the general output options.  

 

A full list of the options within LISEM, the default values, the data type and valid data ranges, and the 

possible extra maps that are required for these options are given below:  

LISEM Options General Hydrology Sediment Output 

Variable Name (short description) Default Value Data Type and 
Unit/ Range 

Needed extra 
maps 

General input 
Work Directory - Text - 

Map Directory - Text - 

Include Rainfall - Text - 

Rainfall and Snowmelt 

Rainfall Directory - Text - 

Rainfall file - Text - 

Snowmelt Directory - Text - 

Snowmelt file - Text - 

General output 

Result Directory - Text - 

Main results file totals.txt Text - 

Filename point output hydrograph.csv Text - 

Report point output separate 0 Boolean - 

Timeplot as CSV 1 Boolean - 

Timeplot as PCRaster 0 Boolean - 

Report point output for SOBEK 0 Boolean - 

SOBEK date string 10\01\01 Date - 
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Rainfall map rainfall.map Text - 

Interception map interception.map Text - 

Infiltration map infiltration.map Text - 

Runoff map runoff.map Text - 

Runoff fraction map rofraction.map Text - 

Channel discharge map chandis.map Text - 

Erosion map detach.map Text - 

Deposition map depo.map Text - 

Soilloss map soilloss.map Text - 

Filename landunit output totlandunit.txt Text - 

WH max level map WHmax.map Text - 

Flood level map floodmax.map Text - 

Flood time map floodtime.map Text - 

Flood start time floodstart.map Text - 

Flood Max V floodmaxv.map Text - 

Channel Max Q channelmaxq.map Text - 

Channel Max WH channelmaxhw.map Text - 

Flood stats floodstats.csv Text - 

General time 

Begin time 0 𝒙 ∈ ℝ, , 𝟎 ≤ 𝒙 
(𝒎𝒊𝒏) 

- 

End time 100 𝒙 ∈ ℝ, , 𝟎 ≤ 𝒙  
(𝒎𝒊𝒏) 

- 

Timestep 0.15  𝒙 ∈ ℝ, , 𝟎 ≤ 𝒙  (𝒔) - 

Processes  

Include Rainfall 1 Boolean (Optionally 
RainfallID map) 

Include snowmelt 0 Boolean (Optionally 
SnowmeltID map) 

No Erosion simulation 0 Boolean D50, cohesion, 
Aggregates 

Include main channels 0 Boolean LDD Channel, 
Width Channel 

Include channel infil 0 Boolean Ksat Channel 

Include channel baseflow 0 Boolean - 

Kinematic wave 

Routing Kin Wave 2D 1 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Timestep Kin Wave 2D 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙 (𝒔) - 

Courant Kin Wave 2D 0.25 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

Processes 

Include tile drains 0 Boolean Tiledrain: 
LDD,Depth, Width, 
Height, Sink, 
Gradient, N 

Hard Surfaces 0 Boolean Hard surface 

Include road system 1 Boolean Road Width 

Include house storage 0 Boolean House cover 
(Optionally House 
Storage) 

Include raindrum storage 0 Boolean Raindrum storage 

Canopy storage 

Use canopy storage map 0 Boolean Canopy Storage 

Canopy storage equation 1 𝒙 ∈ {𝟏, 𝟐, 𝟑, 𝟒, 𝟓, 𝟔, 𝟕, 𝟖} (−) - 

Stemflow fraction 0.05 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

Canopy Openess 0.45 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

 

Include channel flooding 0 Boolean - 
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Include rainfall flooding 0 Boolean - 

Rainfall flooding gradient 0.01 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

Include levees 0 Boolean - 

Flooding options 

Minimum reported flood height 0.05 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (𝒎) - 

Flooding mixing coefficient 2.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

Flooding runoff partitioning 0.5 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙  (−) - 

Flooding 1D2D coupling 1 Boolean - 

Flood initial level map 0 Boolean - 

Flood method SWOF2D order 1 1 Boolean - 

Flood method SWOF2D order 2 0 Boolean - 

Flooding courant factor 0.4 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Flooding courant factor diffusive 0.2 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Flood max iterations 200 𝒙 ∈ ℕ (-) - 

Sediment transport options  

Grain size distribution type 0 𝒙 ∈ {𝟎} (−) - 

OF method (overland flow transport capacity method) 0 𝒙 ∈ {𝟏, 𝟐} (−) - 

River 2 layer sediment 0 Boolean D90 

River BL method 0 𝒙 ∈ {𝟎, 𝟏, 𝟐, 𝟑} (−) - 

River SS method 1 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Use grain size distribution 0 Boolean - 

Estimate grain size distribution 1 Boolean - 

Number of grain size classes (simulated) 0 𝒙 ∈ ℕ (-) - 

Read grain distribution maps 0 Boolean - 

Number of grain size classes (maps) 0 𝒙 ∈ ℕ (-) - 

Grain size class maps  Text - 

Use material depth 0 Boolean - 

Limit TC (limits transport capacity to sum of adjacent cells) 0 Boolean - 

Flooding options 

Flooding SWOF Reconstruction 3 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Flooding SWOF flux limiter 3 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Flooding SWOF scheme 1 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Sediment transport options  

Flooding SS method 1 𝒙 ∈ {𝟎, 𝟏, 𝟐, 𝟑} (-) - 

Flooding BL method 1 𝒙 ∈ {𝟏, 𝟐, 𝟑} (-) - 

Sigma diffusion 1 𝒙 ∈ ℝ, 𝟎 < 𝒙 (s) - 

Flooding options 

Flood limit max velocity 1 Boolean - 

Flood max velocity threshold 20.0 𝒙 ∈ ℝ, 𝟎 < 𝒙 
(𝒎 𝒔−𝟏) 

- 

Flood extreme value height 5.0 𝒙 ∈ ℝ, 𝟎 < 𝒙 (𝒎) - 

Flood extreme value difference 2.0 𝒙 ∈ ℝ, 𝟎 < 𝒙 (𝒎) - 

Flood calc as watershed 0 Boolean - 

Sediment transport options 

Flood sediment transport method 0 Boolean - 

Infiltration options 

Infil Method 1 𝒙 ∈ {𝟏, 𝟐, 𝟑} (−) - 

Include wheeltracks 0 Boolean - 

Include crusts 0 Boolean - 

Impermeable sublayer 0 Boolean - 

Include percolation 0 Boolean - 

Subsoil drainage 0 Boolean - 

Table Directory  Text - 

Table File  Text - 

SWATRE internal minimum timestep 0 𝒙 ∈ ℝ, 𝟎 < 𝒙 (s) - 

Matric head files  Text - 
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Geometric mean Ksat  Boolean - 

Use Water Repellency 0 Boolean - 

Water Repellency A (parameter for water repellency) 1.20 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Water Repellency B (parameter for water repellency) 0.3 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Water Repellency C (parameter for water repellency) 0.12 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Water Repellency D (parameter for water repellency) 1.00 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Rainfall Kinetic Energy equations  

KE parameters EQ1 (list of <Boolean value indicating 
use>,<parameter a>,<parameter b>,<parameter c>) 

1,28.300,0.520,0.042 Numbers - 

KE parameters EQ2(list of <Boolean value indicating 

use>,<parameter a>,<parameter b>,<parameter c>) 
0,8.950,8.440 Numbers - 

KE parameters EQ3(list of <Boolean value indicating 

use>,<parameter a>,<parameter b>,<parameter c>) 
0,7.600,0.220 Numbers - 

KE time based 0 Boolean - 

Grass strips 

Include grass strips 0 Boolean Grass strip map 

Grassstrip Mannings n 0.1 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Water/Sediment buffer options 

Include buffers 0 Boolean Buffer map 

Buffers impermeable 0 Boolean - 

Sediment bulk density 1400 𝒙 ∈ ℝ, 𝟎 ≤
𝒙(𝒌𝒈 𝒎−𝟑) 

- 

Include Sediment traps 0 Boolean -Buffer map 

Calibration options (multiplication factors) 

Ksat calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

N calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Theta calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Psi calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Channel Ksat calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Channel N calibration 1.0 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Splash Delivery Ratio 0.1 𝒙 ∈ ℝ, 𝟎 ≤ 𝒙(−) - 

Timeseries output options 

Runoff maps in l/s/m  Boolean - 

Timeseries as PCRaster  Boolean - 

Erosion map units (0/1/2)  Number - 

Regular runoff output  Boolean - 

Output interval  Number - 

User defined output  Boolean - 

Output times (list of integer values, indicating timestep 
numbers, at which the output timeseries should be 
printed) 

 Text - 

CheckOutputMaps 
(List of comma separated Boolean values 
(0 or 1) to indicate the output of timeseries of the following 
map types)  

0,0,0,0,0,0,0,0, 
0,0,0,0,0,0,0,0 

Text - 

OUTRUNOFF (Timeseries filename runoff) ro Text - 

OUTCONC (Timeseries filename concentration ) conc Text - 

OUTWH (Timeseries filename waterheight) wh Text - 

OUTRWH (Timeseries filename runoff height) roc Text - 

OUTTC (Timeseries filename transport capacity) tc Text - 

OUTEROS (Timeseries filename erosion) det Text - 

OUTDEPO (Timeseries filename deposition) dep Text - 

OUTVELO (Timeseries filename runoff velocity) velo Text - 

OUTINF (Timeseries filename infiltration) inf Text - 

OUTSS (Timeseries filename surface storage) sstor Text - 

OUTCHVOL (Timeseries filename channel volume) chvol Text - 

OUTTILED (Timeseries filename tile drain. disch.) Qtile Text - 



Lisem Documentation & Manual  Second Draft ITC 

 

 
108 

 

OUTHMX (Timeseries filename flood height) hmx Text - 

OUTQF (Timeseries filename flood discharge) qf Text - 

OUTVF (Timeseries filename flood velocity) vf Text - 

OUTHMXWH (Timeseries filename maximum flood height) hmxwh Text - 

OUTSOILLOSS (Timeseries filename soil loss) sl Text - 

 

Meanings of Integer Values 

General Hydrology 
Routing Kin Wave 2D  
1 – One dimensional kinematic wave 
2 – Two dimensional kinematic wave  
        (bilinear interpolation method) 
3 – Saint venant flow (boundary cell flux 
method) 
Canopy storage equation 
1 – Crops  
2 – Pinus    
3 – Douglas  
4 – Olive 
5 – Eucalypt 
6 – Broadleaved forest 
7 – Bracken 
8 – Clumped grass 
Rainfall Kinetic Energy Equations  
1 – 𝐾𝑒 = 𝑎 (1 − 𝑏 𝑒

−𝑐∗𝐼) 
2 – 𝐾𝑒 = 𝑎 + 𝑏 𝐿𝑜𝑔(𝐼) 

3 – 𝐾𝑒 = 𝑎 𝐼
𝑏 

Rainfall Kinetic Energy Equations  
1 – Green & Ampt 
2 – Smith & Parlange 
3 – Swatre 
 
Flooding 
Flooding SWOF Reconstruction 
1 – MinMod 
2 – Van Leer 
3 – Van Albeda 
Flooding SWOF flux limiter 
1 – Rusanov 
2 – HLL 
3 – HLLC 
Flooding SWOF scheme 
1 - MUSCL 
2 - ENO 
3 - WENO 
 

Sediment 
OF method 
0 - Govers 
1 – Harisine & Rose 
River BL method  
0 – Govers 
1 – Van Rijn Simplified 
2 – Van Rijn Full 
3 – Wu, Wang & Jia 
River SS method 
1 – Van Rijn Simplified 
2 – Van Rijn Full 
3 – Wu, Wang & Jia 
 
Flooding BL method  
0 - Govers 
1 – Van Rijn Simplified 
2 – Van Rijn Full 
3 – Wu, Wang & Jia 
Flooding SS method  
1 – Van Rijn Simplified 
2 – Van Rijn Full 
3 – Wu, Wang & Jia 
Grain size distribution type  
0 – LogNormal Distribution 
Erosion Map Units  
1 – ton/ha 
2 – kh/m2 
3 – kg/cell  
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Example datasets 
Together with the OpenLISEM software and documentation, several example datasets are provided. 

These datasets serve several functions: 

1. Test scenarios for the functionality of OpenLISEM. 

2. Visualization, the datasets are used as example data in the tutorials in this document 

3. Example data. Learning to make a dataset for OpenLISEM can be aided by investigating several 

existing datasets. 

4. Educational material. The datasets are used in the exercises at the end of this document. 

Several of the mentioned datasets are freely available online, other are available under licence, and 

others have part of them available for educational usage only.  

St. Lucia – Fully available under licecnce from Charim project (charim.com) – Hydrology, Erosion, Flash 

Flooding 

Ganspoel – Fully available for educational use – Hydrology, Erosion 

Acheron – Fully available under licence from r.avaflow (ravaflow.com) – Landslide Runout 

Dijkring 41 – Fully available under licence from dutch government – Fluvial Barrier Breach Flooding 

Hyothetical Lake – Fully available – Landslide-Lake interaction and wave behavior 

SlopeFailure Tests – Fully available – Slope failure 

Scaletta Catchment – Partly available for educational usage – Multi-Hazard (Hydrology, Erosion, Flash 

Flooding, Slope failure, Debris flow/shallow landslide runout) 

  



Lisem Documentation & Manual  Second Draft ITC 

 

 
110 

 

St. Lucia Flash Flood & Soil Erosion 
The Caribbean island of St. Lucia is a densely vegetated tropical island with several urban areas. The 

entire island, along with the island of Dominica, Granada and several others were the topic of a hazard 

and risk assessment in 2014 for the world-bank funded CHARIM project. In this project, the flash flood 

risk analysis was performed using OpenLISEM. For all the island, detailed datasets are available on their 

website ( http://www.charim.net/ ) 

An example of the available data for, for example, the Dominica island is shown below. Besides this, 

elevation model, elements-at-risk, and extensive soil information is available. 

       

Part of the ST. Lucia island is used as example dataset for the OpenLISEM Model (see figure ..) Here, a 

semi-urban region has been selected of 3 km2. The area is mainly covered by tropical forest, small 

buildings and mixed farming. The soil are clay-dominant, and feature low infiltration rates. 

 

Together with the spatial data, a full weather analysis was performed based on 30 years of weather 

data. A general extreme value distribution was fit thorough the rainfall record to produce an intensity-

duration-frequency distribution. This lead to the production of 4 design storms with return periods of 

5,10,20 and 50 years. Below the flood depth results for a 5 year return period storm are shown. 

http://www.charim.net/
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Ganspoel Erosion  
This small agricultural area in Belgium was part of an erosion project for the local government. The area 

features some small roads and buildings, but is mainly covered by agricultural fields that are bare during 

winter. This lead to large amounts of erosion. The dataset is provided 10 meter spatial resolution and 

comes with several rainfall events. The simulated erosion and deposition patterns are a combination of 

splash and flow erosion on the sloping agricultural fields. 

             

Acheron Landslide 
The Acheron rock avalanche is a prehistoric event that occurred approx. 1100 years BP in Canterbury, 

New Zealand. It is characterized by an estimated volume of 6.4 million cubic metres and a travel 

distance of approx. 3.55 km. The flow path displays a sharp bend, and lateral spreading to some 

tributary valleys was limited. This example is used to test r.avaflow for rock avalanches, exploring the 

complementary function for stopping and the sensitivity of the model results to selected input 

parameters.  
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DijkRing 41 Fluvial Flood 
This area in the Netherlands is named a dijk “ring” since it is enclose by a barrier, protecting the low-

lying area from fluvial flooding. The area is located between two rivers, the Maas and Waal, which are 

part of the Rijn basin in North-Western Europe. Most of the area is agricultural land, with several small 

villages (<20000 p). On the hills east of the dijkring is the city of Nijmegen. For the area, a digital 

elevation model of 5 meters, 20 and 40 meters spatial resolution is provided. These are based on 

elevation data from the Dutch government, which is freely available at 0.25 meters spatial resolution. 

The rivers have been estimated using depth measurements, and river flow heights are based on a 

governmental flood scenario. The flooding originates in the north-east part of the dijkring and will, after 

several hours, fill the entire region. 

        

 

Hypothetical Lake 
This dataset shows a hypothetical dam-lake where either a spontaneous wave or landslide entry can be 

simulated. The resulting wave will lead to water flowing over the dam, reflection of the waves on the 

lake sides allows for validation of the flow scheme in OpenLISEM. 
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SlopeFailure Tests 
A 2D analysis of the effect of different slope stability methods on the predicted failure volumes has been 

performed. Four elevation curves were created, based on typical slope shapes: concave, convex, and 

concave-convex. The equations and shaped of the slopes are provided in figure7. 
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An overview of two-dimensional failure volume predictions are shown in figure 8. Results are provided 

for the four types of slope surface, and using the iterative slope failure method, the improved slope 

failure method, the random ellipsoid sampling method and the finite element modelling method. 

The two-dimensional results show significant differences between estimated failure volumes for 

different methods. The possible failure volumes as indicated by the random ellipsoid sampling method 

show the instable regions, and provide an indication of failure probability. These results overlap with the 

indicated movement of the finite element model. The iterative slope failure method shows significant 

differences with the previously mentioned methods. While the starting point are estimated well, the toe 

of the predicted failure volume lies to high on the slope. The added weight from upslope instabilities 

does not transfer downslope. In the case of random ellipsoid sampling, forces are summed to estimate 

the total safety factor of an ellipsoid failure volume. Thus, upslope weight can compensate for 

downslope stability. This leads to the typical rotations shapes in the failures. Similarly, in the finite 

element method, displacements propagate downslope through increased stress. In the case of the 

Figure 7 Elevations of the test slopes 
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iterative slope failure method, this effect is missing entirely. Despite this absent effect, general 

predicted volumes are close to the finite element and random ellipsoid sampling results. The Iterative 

slop failure method with upslope forcing is better able to capture the effect of upslope forcing. Using 

this method, the predicted failure volumes continue into the stable downslope areas to create a more 

rotation landslide. This increases the accuracy of the prediction in the sense that it improves likeness 

with the random ellipsoid sampling results. The necessity of including an upslope forcing effect depends 

on the type of slope investigated. In the case of the first test slope, with a concave-convex shape, the 

difference is minimal. For other types, where there is a larger amount of upslope instability, increasing 

the propagation of the effect. 

The iterative cell-based approach automatically shapes with the terrain surface. Obstacles in bed rock 

elevation or changes in material properties organically affect the resulting failure surface. Furthermore, 

when compared with the infinite slope model, the iterative approach can provide more natural failure 

depths, when shallow slope failure accurate, and can, in case of significant instabilities, include the total 

amount of soil in the slope failure. Finally, the iterative approach changes the terrain surface in such a 

way that the soil depth remains a continuous pattern, allowing for better runout predictions. When the 

infinite slope method is used, and failure depth is limited to either none or all of the soil, extreme local 

changes in soil depth are the results, which can lead to unnatural simulations of runout for the water-

solid mixture that is released. 
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Scaletta Catchment 
For this study, the Scaletta catchment, a 4.3 Km2 area between St. Stefano Briga and Fiumedinisi has 

been selected as study site. A landslide inventory for the event is available, based on areal images 

(Lombardo et al., 2014). A total of 395 shallow landslides took place during or directly after the event in 

the selected area. Landslides in the neighboring catchment consisted mostly of the layer of weathered 

surface material, between 0.5 and 2.5 meters in depth (Lombardo et al., 2015). The location, elevation 

model, landslide inventory, land use types and soil types are provided in figure 5. The coastal region is 

characterized by steep slopes, and three small channels that enter the sea. Infrastructure is 

predominantly present near the coast, where a string of buildings  extend parallel to the highway. The 

latter is partly tunneled, rests above the surface, and does not actively block any flow. Land use types 

consists predominantly of shrubs/sparse forest together with regions of agriculture. Small patches of 

forest are present in the inland regions. Soil is predominantly colluvial in nature and consists of sandy 

soils upstream, and clayey soils near the coast. These are the result of pedogenetic processes taking 

place on a medium to high metamorphic parent rock primarily consisting of paragneiss to micaschists 

and phyllites to meta-arenites (Cama et al., 2015). Their weakening, transport and deposition in the 

form of unstable unconsolidated soils is further facilitated by a long history of compressional and more 

recent extensional tectonic regimes (Somma et al., 2005).  
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The described methods will be applied to recreate the initiation and runout of the debris flows that 

were caused by the 1 October, 2009 convective storm hitting the south-eastern part of Sicily, Italy. This 

event had a maximum rainfall intensity of 120mm/hour and a return period of 1 in 30 years (Aronica et 

al., 2011). Rainfall data for the S. Stefano and Fiumedinisi rainfall stations is shown in figure 4, being 

provided by the local administration (http://www.osservatorioacque.it/). The event predominantly 

caused landslides, debris flows and debris flooding surrounding St. Stefano Briga and Fiudmedinisi, for 

which statistical analysis has been done (See also: Lombardo et al., 2016; Trigila et al., 2015). 

Furthermore, debris flow simulations have been performed for small villages that were hit by debris 

flows during this event (Lupiano et al., 2016; Stancanelli et al, 2013).  
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Slope Failure  

The resulting slope failure patterns show decent correlation with the landslide inventory. Individual 

landslides are in numerous cases predicted with high accuracy. Moreover, general patterns and areas of 

high risk are well estimated. In terms of number of landslides, 341 out of the 395 landslides overlap with 

substantial slope failure. Considering number of initiation areas, slope failure is over-estimated with 591 

predicted landslide locations with substantial volume. However, there are numerous small failure 

locations located on the edges of the channels. While reports indicate that numerous of these failures 

took place, they are not included in the inventory. One of the possible reasons for this could be the 

intense debris flood that left deposits on the channel sides, making it harder to map small slope failure 

events. Thus, while predictions for single landslides can still increase in accuracy, general patterns of 

slope instability in the catchment are well predicted. 
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Many factors might be the cause of inaccuracies in predicting landslide locations. Primarily, the digital 

elevation model and estimations of soil depth appear to influence the location of slope failure in the 

performed simulations. In the case of  relatively small shallow landslides, high spatial detail is required 

for accurate slope failure estimations. For both the calculation of slope, and in estimating soil depth, the 

quality of the elevation model determines the level of detail. In our study case, limited knowledge was 

available on the spatial distribution of soil depth. This could be responsible for most of the incorrect 

estimation of slope failure. Furthermore, landslides are complex processes where sub-surface structural 

details are important. These details, often formed by the morphological history of an area, can 

determine spatial patterns in slope failure. In the case of the Scaletta area, knowledge on subsurface 

structure was not available, limiting the accuracy of the model. 

In the case of prediction-based runout simulations, debris flow initiation is determined by predicted 

slope failure. Therefore, correlation with the landslide inventory is highly bound by the accuracy of the 

slope failure predictions. The runout patterns of predicted slope failure show reasonable correlation 

with the landslide inventory. General patterns in runout distance and debris flow density throughout the 

catchment are well predicted. Furthermore, several debris flows are predicted with relatively high 

accuracy. 

A close up of some of the resulting patterns is provided in figure ,, 

 

Finally, a 3D overlay o the debris flow runout patterns on a digital elevation model with satellite images 

is shown in figure .. 
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Chapter 4: Running LISEM 
To create a database for the LISEM model, and run it, some external applications are needed.  

These applications are: 

 The PCRaster package 

 Nutshell for PCRaster 

The process of installing and using these applications will be described within this section. 

PCRaster 
The LISEM model uses the map format from the free open source PCRaster GIS for input and output 

maps. This python based GIS system, which has a strong focus on spatial-temporal modelling, is 

developed in Utrecht University (PCRaster, 2015).  

Installation 

To install the PCRaster package, a free pre-compiled distribution can be downloaded. Both the 

distribution of the PCRaster package, the source code and the documentation of the GIS can be found 

on their website: http://pcraster.geo.uu.nl/   (2015) 

After downloading, unzip the files into the desired folder (usually “C:/Program Files/PCRaster” but any 

folder will work, as long as other applications that use PCRaster know where to find it).  

To use the program from the command prompt under windows, the windows PATH variable must be set 

to include the directory chosen in the previous step. This can be done in the “advanced system settings” 

under the advanced tab. Here the option environment variables is present. At the end of this variable, 

the installation folder can be included, with a closing semicolon. This step is not needed when using 

PCRaster from the Nutshell application. 

In order to use the PCRaster python module, the PYTHONPATH variable must also be set. This 

environment variable should include the “/python” folder within the installation directory. 

PCRaster consist of a python library, and stand-alone executables. 

The included executables that will be used when preparing a LISEM database are: 

 aguila Map display application 

 asc2map Converts ascii files to PCRaster maps 

 map2asc Converts PCRaster maps to ascii files 

 pcrcalc Main computational program of PCRaster 

 mapattr Creates new maps, edit location attributes 

 resample Resamples single or multiple maps (patching or rescaling) 

Usage 

There are three ways to use the PCRaster package and its functionality for spatial-temporal raster 

modelling. 

http://pcraster.geo.uu.nl/
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1. Python, with the PCRaster python libraries 

2. Command prompt, with the PCRCalc executable 

3. Nutshell, a free UI based PCRaster helper application (also uses the pcrcalc executable) 

Python usage is not required for the creation of a LISEM database. The focus of the rest of this section 

will therefore have a focus on the usage of the pcrcalc executable. 

Creating New Maps 

The mapattr application that is provided with the PCRaster package, allows users to create empty new 

PCRaster maps with any number of rows or columns. Use the following code 

mapattr newmap.map 

This will open a dialog, where the user can choose all necessary options for the creation of a new map. 

When the map already exists, a dialog will be opened were attributes of the map can be altered. When 

creating or changing a map, these options can also be directly provided in the following way: 

Mapattr –s –r 100 –c 200 –S –l 20 –x 0 –y 0 newmap.map 

 

With 

 -s   - Create map without dialog menu 

 -r  - Number of rows 

 -c  - Number of columns 

 -<data type> - Choose from –B (Boolean), -N (nominal), -O (Ordinal), -S (Scalar), -D, 

     (Directional) or –L (Local drainage direction). 

 -l  - Cell length 

 -x  - X coordinate of upper left corner 

 -y  - Y coordinate of upper left corner 

Calculations  

The PCRcalc executable can process virtually any equation, and combine several maps into new data. 
Reading table data for entire maps is also supported, and the creation of LDD maps from a DEM can be 
done with a single function. Examples of this are: 
 
pcrcalc Ldd = lddcreate(dem*mask, 1e20,1e20,1e20,1e20) 

 

pcrcalc dem = dem + barrierheight 

 

pcrcalc a = b + ((c * d)/(e))^(f – g) 

 
The first of these lines creates a LDD map, which is further discussed in the section about topography 
preparation, and the second line adds a barrierheight map to the digital elevation model. The third line 
shows some of the possible operators. All common operators (addition ( + ), subtraction ( - ), 
multiplication ( * ), division( / ) and powers( ^ )) are present in the PCRaster scripting language and can 
be interpreted by the pcrcalc executable. There is also support for if ( if(statement,if true,if false) 
)statements. When used with only 2 arguments ( if(statement,if true) ), missing values will be 
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substituted when the Boolean statement is false. Note that function parameters can often be given as a 
spatial map, or as a single value. When a single value is given, this will be interpreted as a uniform map 
with this value. A full documentation of the functions that are included in the PCRaster GIS, and the 
workings of the PCRcalc executable can be found in the PCRaster manual. 
 
A strong emphasis on datatypes is given within the PCRaster package. There are 7 data types: 

Scalar Any value 

Nominal Integer without order 

LDD Local drainage map 

Boolean 0 (false) or 1 (true) 

Ordinal Integer with order 

Directional Between 0 and 2 𝜋 

 

To indicate the absence of data, the Missing Value (MV) indicator is used within PCRaster. Conversion 

between data types can be done in the following way: 

pcrcalc map = scalar(map)  

This would convert the map to the scalar data type.  

The process of creating maps can also be done using the model scripts in PCRaster. Using the bindings 

section and the initial section of this code, a list of calculations can be saved and many maps can be 

reported within a single script file. The PCRaster model scripts can perform dynamic models. In order to 

prepare a PCRaster database, this functionality will however not be used. An example of such a script 

file is given in File 6. 
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A full PCRaster model script contains 5 sections: 

Binding- This provides the option to load pre-calculated maps, and other data such as tables. 

Areamap- (optional) Here the name of the main computational mask should be provided. 

Timer- (optional) When the dynamic section is used, the timesteps are derived from this section. It 

should contain the initial time, the end time and the timestep. All these values should have identical 

units. 

#comments start with a number sign 

 
#! --matrixtable –lddin 

# matrixtable allows to read 2D tables  

# lddin is set for correct behavior of the LddCreate() function 

 

#first section of the script, load maps and data 

binding 

 

#load maps into memory 

dem = dem.map; 

unit = unit.map; 

 

#load a table into memory 

unittbl = unitbase.tbl; 

 

#load a mask of the catchment 

mask =mask.map; 

#areamap section, a map which indicates size, and cells for which 

calculations are done 

areamap 

mask.map; 

#timer section of the script, sets timesteps for dynamic section,  

timer 

0 1 1 

#NOT USED! 

#second section of the script, which allows the user to report new maps. 

initial 

#statements without “report” save the map to memory 

 

#correct topo for local depressions 

report Ldd = lddcreate (dem*mask, 1e20,1e20,1e20,1e20); 

report outlet = pit(Ldd); 

#sine gradient, with a minimum slope of 0.001 

report grad = max(sin(atan(slope(dem*mask))),0.001); 

 

#use a soil properties table to find ksat from land use units 

report ksat = lookupscalar(unittbl, 2, unitmap) * mask; 

#dynamic stage of pcraster script  

dynamic 

#NOT USED! 

File 6 Example file for a PCRaster script that loads 2 maps and 1 table, and writes 4 maps 
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Initial- this section allows the user to report maps and do initial calculations. Without “report” maps are 

loaded into memory. 

Dynamic- This section is called for every timestep. Report statements will automatically report maps as 

timeseries. Timeseries follow a specific format which is discussed in the section about displaying maps. 

Converting Maps 

The GDAL geospatial conversion library contains support for PCRaster maps, and the nutshell application 

can be linked to the GDAL executables.  When directly using GDAL, the following commands can be 

used: 

Gdal_translate -of  PCRaster  in.tif out.map            (to PCRaster map) 

Gdal_translate -of  GeoTiff  in.map out.tif            (from PCRaster map)  

Most GIS software packages furthermore support ASCII file format, which can be directly converted to 

PCRaster maps with the asc2map and map2asc executables. These programs, which have built in 

support in Nutshell, can be used as follows: 

asc2map -- clone clone.map  -a -m -9999 asciimap.txt  output.map            (to PCRaster map) 

map2asc -- clone clone.map –a -m -9999  map.map output.txt                    (from PCRaster map) 

With 

 -m -The missing value indicator 

 -a -Read and write ascii files from and for ARCGIS 

Here the clone map will determine the data format and dimensions of the output map. The dimensions 

of this map should be identical to those of the ASCII map.  

Displaying Maps 

To display PCRaster maps, timeseries of maps,or simple timeseries, the aguila application can be used. 

This automatically comes with the PCRaster package and can be called from both python and the 

command prompt. Aguila automatically detects the data type of any map and displays it accordingly.  

To open a single map: 

aguila map.map    (regular view) 

aguila -3 map.map + dem.map    (3D view draped over the digital elevation model provided in dem.map) 

The user interface of aguila is given in figure 11. 
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Important functionality of aguila is the free movement (slide and scale) of the map. The coloring and 

other display options such as contour lines can be chosen when double-clicking the legend. The three 

buttons below the main menu allow to see the temporal evolution of a pixel, see the current value of 

any pixel and change the spatial scale of the display. 

Time series of maps within PCRaster always follow a similar format. The extension of the files should be 

a three digit number indicating the timestep. The file name without extension should furthermore have 

an 8 character length, which is filled with zeros. For example 

Rain00000.001 

Rain00000.002 

… 

When Timeseries are read with aguila, it will automatically detect this, and provide options for 

animating trough all maps from the time series. A specific temporal range can be selected with: 

Aguila  -timesteps=[1,5,2] rain 

This would display the rain timeseries from the first trough the fifth timestep, with increments of 2 

timesteps (meaning timestep 1,3,5).  

Non-spatial timeseries within PCRaster have a simple 2-column format, with the first column the time 

and the second column the value. The time series format with header is given in file 7. 

Figure 11 The aguila application displaying three different map types. From left to right: Scalar, LDD, Nominal. 
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Nutshell 
Nutshell is a free PCRaster helper application developed by V. Jetten. All tasks for and around PCRaster 

are implemented within the Nutshell user interface. While the LISEM model can be fully used without 

this application, it is highly recommended for it makes the usage of PCRaster and the creating and 

editing of a LISEM database significantly easier.  

Installation 

Nutshell can be downloaded from https://sourceforge.net/projects/nutshellqt/. 

The downloaded zip package can be extracted anywhere. After doing so, the Nutshell application must 

be pointed towards the PCRaster directory. Open the nutshell executable and go to the file->options 

dialog, which is displayed in figure 12. 

 

Within this dialog, three directories need to be set. The first two should point to the PCRaster 

installation directory, where both pcrcalc.exe and aguila.exe should be located. The third directory 

should point to the installation directory of Nutshell, where the mapedit executable is located by 

default. 

Usage 

The user interface of Nutshell consists of three main parts, as is displayed in figure 13: 

Description 

(number of columns) 

column 1 description  (usually time) 

column 2 description (for example rainfall) 

… 

 

(value column1)  (value column2)  … 

(value column1)  (value column2)  … 

(value column1)  (value column2)  … 

… 

File 7  Example file for a non-spatial PCRaster timeseries. 

Figure 12 The file->options dialog within Nutshell 

https://sourceforge.net/projects/nutshellqt/
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 The command window 

 The model Editor (script editor) 

 The explorer window 

 

Note that the working folder of the explorer window and the command window are not the same. The 

explorer window is controlled from the file structure on the bottom left of the interface, while the 

working folder of the command window is displayed on top. The current explorer directory can easily be 

set as the command window directory by pressing the button left from the displayed directory. 

The explorer window provides an easy method of displaying both regular PCRaster maps and time series 

of maps with Aguila. Double clicking any recognized map or timeseries of maps will automatically open 

this in Aguila. Timeseries of maps are furthermore displayed in blue, with only the first map of the 

timeserie visible within the explorer structure. When two files are selected, of which one is the digital 

elevation model, a single button press opens both maps in 3D drape style. 

The model editor shows a currently opened PCRaster script file. These script files can be run by the 

pcrcalc application by using the play, pause and stop buttons at the top of the model editor. 

Database structure 
Usually a database for the LISEM model consist of four folders: 

Command window 

Explorer  

Model editor 

Figure 13 The nutshell user interface and its three main windows 
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Directory Function 

<catchment name>/maps A folder containing all input maps 

<catchment name>/rainfall A folder containing all rainfall files 

<catchment name>/run A folder containing the different .run files 

<catchment name>/res01 Results folder, when running multiple scenarios, multiple result 

folders can be created 

 

These directories can be set in the LISEM interface and thus the run file, or directly in the run file. All 

maps will then be automatically searched for in the maps folder, rainfall files within the rainfall folder 

and results will be written into the specified result folder.  

Data Sources 
Spatial modelling of land surface processes requires detailed spatial data to describe the surface, 

subsurface and atmospheric behavior. When input data is of low quality, modelling output tends to 

decrease in quality. In this section, an overview of several free data resources is provided. While open 

access data generally has lower quality than alternatives, it can be useful to fill missing pieces in a 

dataset, or perform simulations at a courser resolution. More-over, open access data initiatives have 

increased the availability of highly detailed data in recent years. 

Elevation Data 

Elevation data is the backbone of modelling any land surface processes. Gravity drives almost all 

dynamic aspects on the earth’s surface. Several freely available sources for elevation data exist. 

ASTER GDEM3 - The aster satellite is a multispectral satellite with global coverage. Based on stereo-

imaging, a global elevation model was developed at 30 meters resolution. While elevation data 

generally is accurate, data is stored in integer values. This has negative consequences for hydrological 

modelling, since this works best with a smooth terrain (accurate slope values). For more information on 

this, see the section on preparing elevation data. 

SRTM NASA V3 - The shuttle radar topography mission uses active remote sensing using radar 

wavelengths to find elevation data for the earth. This product has global coverage and a spatial 

resolution of 30 meters. 

Links:  
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https://earthexplorer.usgs.gov/    https://scihub.copernicus.eu/dhus/#/home 

Light Detection and Ranging of Laser Imaging Detection and Ranging – This source of high quality data 

uses laser pulsing techniques to determine distance. Data like this is costly to acquire but is generally of 

high quality. Free data using this technique might be found on:  

http://www.opentopography.org/  

 

Stereo-Imaging - Stereo-Imaging can provide high-quality elevation data. When multiple images are 

available from different perspectives, a three dimensional surface can be recreated. The images can 

come from satellite, plane, or drone sources. Manually flying drones and using the images to create an 

elevation model can be a highly accurate source of elevation data. Numerous software packages exist 

that convert image series into elevation data: Erdas Imaging, ENVI, PCI Geomatica, and several QGIS and 

ArcGIS plugins. A free and open-source alternative is the ofreo toolbox: https://www.orfeo-toolbox.org/  

National Datasets – Many countries, states or provinces provide their own elevation datasets with high 

quality. Some examples of this are provided below. 

Examples:  

The Netherlands – 0.25m resolution - http://www.ahn.nl/index.html  

Belgium – 0.25m resolution - https://overheid.vlaanderen.be/producten-diensten/digitaal-

hoogtemodel-dhmv  

Germany – 200 m (10m at cost) resolution - 

http://www.geodatenzentrum.de/geodaten/gdz_rahmen.gdz_div?gdz_spr=eng&gdz_akt_zeile=5&gdz_

anz_zeile=1&gdz_user_id=0  

United Kingdom – 1m resolution - https://data.gov.uk/dataset/lidar-composite-dsm-1m1 

 

A full collection of national, or province based high quality datasets can be found here: 

http://www.opendem.info/opendemsearcher.html  

https://earthexplorer.usgs.gov/
https://scihub.copernicus.eu/dhus/#/home
http://www.opentopography.org/
https://www.orfeo-toolbox.org/
http://www.ahn.nl/index.html
https://overheid.vlaanderen.be/producten-diensten/digitaal-hoogtemodel-dhmv
https://overheid.vlaanderen.be/producten-diensten/digitaal-hoogtemodel-dhmv
http://www.geodatenzentrum.de/geodaten/gdz_rahmen.gdz_div?gdz_spr=eng&gdz_akt_zeile=5&gdz_anz_zeile=1&gdz_user_id=0
http://www.geodatenzentrum.de/geodaten/gdz_rahmen.gdz_div?gdz_spr=eng&gdz_akt_zeile=5&gdz_anz_zeile=1&gdz_user_id=0
http://www.opendem.info/opendemsearcher.html
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Land Use Data 

National Datasets - Government agencies tend to maintain detailed datasets for land use. Always check 

your national database for publicly available datasets. 

Classification of Sattelite Images – There are several freely available multispectral satellite image 

sources. Based on these, an unsupervised or supervised classification can be performed. An overview of 

satellite image sources is provided below 

 Spatial resolution Acquisition time Bands 

Sentinel 10 m 2015 - .. 13 

Landsat 1,2,3,4,5 30 m 1972 - .. 4-8 

Landsat 7,8 20 m 1999 - .. 13 

Aster 30 m 1999 - .. 5 

 

Links:  

 

     
https://earthexplorer.usgs.gov/    https://scihub.copernicus.eu/dhus/#/home 

Open Street Maps – As an alternative to google maps, Open street maps provides a large amount of 

building, infrastructure and land use data. When available, open street maps includes freely available 

national datasets. Within GIS systems such as QGIS, plugins such as OSMDownloader can be used to 

automatically import data in separate shape files. 

https://earthexplorer.usgs.gov/
https://scihub.copernicus.eu/dhus/#/home
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Manual classification – Since high-resolution areal imagery is available globally in many map softwares, 

mapping infrastructure or land use types can be done manually. By selecting groups of pixels that are 

within a known class, spectral angles or spectral grouping can be used to create classes within the 

spectral space. 

 

Source: http://vision.gel.ulaval.ca/~jflalonde/cours/4105/h15/tps/results/projet/SASOJ/index.html 

An example of a classification of sentinel 10-m resolution data using 9 spectral bands is shown below. 

http://vision.gel.ulaval.ca/~jflalonde/cours/4105/h15/tps/results/projet/SASOJ/index.html
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Soil Class Data 

National Soil Class Maps – Many countries and continents have issued work on national soil 

classifications for estimation of agricultural potential and erosion hazard. For many countries, these 

maps are publicly available. As an example, the soil class for the European continent is freely accessible 

here: https://esdac.jrc.ec.europa.eu/content/soil-atlas-europe Classifications can either follow USGS, 

FAO or other classification systems. Typically, for modelling of land surface processes, physical soil 

properties are at least required. These can be based on literature data for soil texture classes. USGS 

texture maps are therefore highly usefull.  

 
USGS classification within a texture triangle. source: USGS 

SoilGrids – The SoilGrids initiative has developed a global dataset of soil physical characteristics and 

chemical composition. The dataset was developed based on large numbers of national and regional soil 

classification maps and measurements, which were combined into an automated learning algorithm. 

The spatial resolution of the data is 200 meters, and the data provides additional information on soil 

depth, origin, texture and chemical content. 

https://www.soilgrids.org  

https://esdac.jrc.ec.europa.eu/content/soil-atlas-europe
https://www.soilgrids.org/
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Rainfall Data 

Weather Re-Analysis – The NOAA produces a numerical re-analysis product of the global atmosphere 

based on all available measurements and the best ensemble predictions of the earth’s weather patterns. 

The detailed information can be downloaded freely and used as input for spatial simulations. Besides 

rainfall this product provides numerous other atmospheric variables such as reference evaporation, 

pressures, moisture content and others. 

https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/reanalysis 

Satellite Products - Satellite rainfall estimations are much easier to use and provide detailed spatial and 

temporal estimates of rainfall. The spatial resolution is 5 kilometers and 1.5 hours. The quality of the 

estimates differ for each satellite product. When local rainfall stations are available, rescaling the 

precipitation data from satellite products is advised. 

TRMM - https://pmm.nasa.gov/data-access/downloads/trmm 

 

https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/reanalysis
https://pmm.nasa.gov/data-access/downloads/trmm
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Source: https://pmm.nasa.gov/TRMM/realtime-3hr-7day-rainfall 

GPM - https://pmm.nasa.gov/data-access/downloads/gpm  

 

Synthetic storms – IDF curves can be found scattered throughout the internet for different regions of 

the world. These curves can be used to generate synthetic rainfall storms. Some other nations provide 

pre-made synthetic storms. As an example, the United States provide four synthetic rainfall shapes that 

characterize most storms in their continent. 

The Natural Resources Conservation Service (NCRS) created four design storms (Akan & Houghtalen, 

2003). These storms provide 6 minute interval dimensionless cumulative rainfall (Figure 18). The data 

for these distributions is provide in Appendix C. By multiplying cumulative rainfall with the total rainfall 

of the desired storm, and the time by the length of the storm, a dimensional weather event can be 

created. Note that LISEM uses rainfall intensity, which can be calculated from the differences in 

cumulative rainfall between timesteps. 

Locations other than North-America ideally need other rainfall distributions. When enough weather 

data is available, a custom synthetic rainfall event can be created from daily rainfall values by using the 

Gaussian shapes. An online synthetic rainfall distribution generator can be found here: 

http://www.hydrocalc.com/scs_rain/scs_rain.html. 

https://pmm.nasa.gov/TRMM/realtime-3hr-7day-rainfall
https://pmm.nasa.gov/data-access/downloads/gpm
http://www.hydrocalc.com/scs_rain/scs_rain.html
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Preparing Data 
Within this section, the preparation for all input data categories will be described. Furthermore, all 

options that need to be set will be described. These categories are:  

Input data category Needed base maps 

Topography Digital Elevation model 

Rainfall Rainfall 

Land use/cover Land use unit map and use property table 

Soil type Soil use unit map and soil property table 

Infrastructure Land use unit map 

Figure 58 The NCRS dimensionless cumulative rainfall events 
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At the end of this section, a full PCRaster script for the automatic creation of all the input maps from the 
required base maps. Within this section, it is assumed that the base maps are available have been 
converted to PCRaster format. 

Preparing Topography 

From the digital elevation model, several topography related maps can be created. A first necessary step 

is the creation of a local drainage direction map. This map links cells by providing each cell with a local 

drainage direction (Figure 14). The value 5 is reserved for pits (catchment outlets).  

 

DEM Land Use Soil Types Rainfall 

Land Use 
Vegetation (NDVI) 
Urban elements 

Soil Texture 
Classes 

Soil Depth 

Rainfall ‐Stations 

Maps 

Corrected 
Elevation 
Channel Dim. 
Channel Loc. 

Random Roughness 
Manning’s N 
Vegetation Cover 
Vegetation Height 
Canopy Storage 
Litter Storage 
Building Cover 
Road Cover 
Rain Drums 
Crusted Fraction 
Compacted Fraction 

Ksat 
Psi 
ThetaR 
ThetaI 
ThetaS 
Cohesion 
Internal Friction Angle 
Grain size 
Rock size 
Density 
Aggragate Stability 

Rainfall Maps Elevation 
Gradient 
LDD 
Channel LDD 
Channel Gradient 
Channel Width 
Channel Depth 

Base 
Map 

Extra 
Info 

Resulting 
Maps 

Figure 64 Local drainage directions 
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The creation of a Local drainage direction map can be done with the following code: 

ldd.map = lddcreate(dem*mask, 1e20,1e20,1e20,1e20) 

The lddcreate() function contains five arguments: 

DEM  -The digital elevation model (𝑚). Missing values will not be assigned a direction  

  Multiply the DEM by a mask to only create LDD values within the mask! 

Outflowdepth -Maximum local depression outflow depth (𝑚) 

CoreVolume -Maximum local depression volume (𝑚3) 

CoreArea -Maximum local depression area (𝑚2) 

Precipitation -Maximum rainfall (𝑚𝑚) needed to fill local depression. 

When one of the maximum values is reached for a pit, the pit will not be removed. The pit and local 

depression properties are defined in Figure 15. 

 

     
By choosing an arbitrary high value (such as 1e20) for the 2nd trough 5th argument, the entire dem will be 

connected into one catchment. By decreasing for example the “maximum local depression outflow 

depth”, local depressions above a certain depth can be kept. Important to note is that the pit removal is 

only temporarily applied in order to create the LDD map. The function lddcreatedem() takes identical 

arguments, but applies the pit removal to the elevation map. 

The output of both the lddcreate() and lddcreatedem() functions is furthermore influenced by a global 

variable. When –lddin is specified, only a single catchments may end at the DEM boundary. When –

lddout is specified, the subcatchment process for catchments at the boundary of the DEM is done 

identical to the process for normal subcatchments. 

To create a channel LDD, a channel mask is needed. This can be created with three methods: Digitizing, 

Stream order and flow accumulation. Digitizing can be done with a vector GIS package. After the channel 

route is traced, this path can be converted to raster format. 

To create a mask by minimum stream order, use the following code: 

streamorder.map = streamorder(ldd.map) 

The resulting stream order map indicates for each cell, how many confluences have, at least, preceded 

the current cell within all branches. The first cell in a local drainage direction link thus always has a 

stream order of 1. An example of a streamorder map and a derived channel mask are given in figure 16. 

Figure 15 Pit and core (local depression) definition and visualization 
(PCRaster documentation) 
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Another method of creating a channel mask is by using accumulated flux. To create a mask by 

accumulated flux, use the following code: 

accuflux.map = accuflux(ldd.map,1) 

This map represents the water volume that passes through a cell, when 1 mm of rainfall falls on every 

cell, and all water is routed through the local drainage direction To Afterwards, obtain a channel mask 

by setting an appropriate threshold. This threshold should result in a channel map compareable to the 

real route. This can be checked with aerial photographs. An example of an accumulated flux map and a 

derived channel mask are given in figure 17. 

 

To create a channel local drainage direction, the obtained mask must be in the correct format. All non-

channel cells should contain a missing value indicator, and the channel cells should contain a 1. To do 

this use the following code: 

chanmask.map = scalar(if(chanmask.map,1.0)) 

Then use the lddcreate function on the masked DEM: 

Figure 76 A streamorder map and a mask indicating where streamorder is higher than 4. 

streamorder.map chanmask.map 

Figure 17 An accumulated flux map, and a mask indicating where accumulated flux is higher than 3000. 

accuflux.map chanmask.map 
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channelldd.map = lddcreate(dem*chanmask, 1e20,1e20,1e20,1e20) 

Preparing Rainfall 

Rainfall data can be prepared in three ways: uniform timeseries, Station based timeseries, map time 

series. For all methods, a temporal distribution of rain must first be obtained. When no high-resolution 

products are available, a synthetic rainfall distribution can be used.  

While the format for a uniform timeseries is relatively simple, the other methods require some GIS 

work. Station based rainfall can be prepared when both the station locations are known, and the rainfall 

intensity for each station is known. An example of both the Rainfall.txt and the ID.map are given in 

figure 19. 

 

The areas in the ID map can be dependent on the DEM, or each pixel can be assigned to the closest 

rainfall station. To create an ID map from a map with rainfall stations, the following code can be used: 

id = spreadzone(points,0,friction) 

Rainfall.txt 

ID.map 

Rainfall file            

station_1     
 

      

station_2     
 

      

station_3     
 

      

station_4     
 

      

station_5     
 

      

station_6     
 

      

station_7     
 

      

station_8     
 

      

station_9     
 

      

station_10    
 

      

0 0 0 0 0  0 0 0 0 0 0 

5 12.4 11.94 11.89 11.82  12.06 0 0 11.38 0 7.2 

10 24.8 23.88 23.78 23.64  24.12 9.91 12.06 22.77 23.88 7.2 

15 37.2 23.88 35.67 35.46  36.18 9.91 12.06 34.15 35.82 7.2 

25 74.4 11.94 71.35 70.92  72.36 29.74 36.18 68.31 59.7 7.2 

35 136.39 11.94 59.46 130.02  60.3 49.57 60.3 56.92 59.7 7.2 

     
 

      

 
Figure 19 Example files for station based rainfall 



Lisem Documentation & Manual  Second Draft ITC 

 

 
139 

 

 

 

The spreadzone() fuction contains three arguments, of which two are used: 

 Points  - A boolean map containing the locations of the rainfall stations 

 Friction  - The friction map 

The friction acts as a multiplier when the algorithm tries to determine the shortest distance from a cell 

to each rainfall station. With a uniform friction map of 1, each cell is assigned to the closest rainfall 

station. When the slope is used as friction, topography based rainfall zones can be creat 

From the same information (rainfall stations and rainfall intensity for each station) spatial rainfall maps 

can also be made by the user through, for example, inverse distance interpolation.  

rain = inversedistance(mask, rainst,order,0,0) 

The inversedistance() function contains five arguments, of which three are used: 
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Mask  - A mask indicating where a value should be assigned 

Rainst  - A map containing MV (missing values) except on the locations of rainfall  

    stations. There the rainfall intensity should be present. 

Order  - The order of the interpolation (usually 2) 

𝑓(𝑥) = ∑𝑤𝑖 ∗ 𝑓𝑗  

𝑤𝑖 =

1
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑛

∑
1

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑛 

𝑤𝑖 are the distance based weights 

F(x) is the interpolated function 

Fi is the function value at point i 

 
 

 

Preparing Land Use/Cover 

To prepare the land use properties, a land use type unit map and a land use properties table are needed. 

Using the following code, a unit map can be uses to read a table for an entire map: 

--matrixtable    (global option that allows the use of 2-dimentional tables) 

propertymap = lookupscalar(property.tbl, column,unit.map) 
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With 

 Property table - 2D table of soil properties. Row represents land use type, Column   

     represents variable. 

 Column  - The column which is read from the table (determines the read property). 

 Unit map - The soil type unit map. 

Example data is given in figure 20. The land use properties for a collection of land uses are furthermore 

provided in Appendix A. 

 

To calculate the maximum canopy storage, which is required for interception, the leaf area index is 

needed. While data is available for many vegetation types, equation 19 can also be used. 

𝐿𝐴𝐼 =
𝑙𝑛(1 − 𝐶𝑜𝑣𝑒𝑟)

−0.4
 

When the LAI is calculated, one of the equations for maximum canopy storage from the theory can be 

used. Note that for vegetation properties, these need to be calculated per square meter, and do not 

need to be corrected for the fraction of the cell that is actually covered by the vegetation. LISEM 

corrects for area fractions itself.  

Preparing Soil Properties 

(note that the file only  
contains data, and not the 
text) 

nr Random  
Roughn
ess 

Manning's  
n 

Plant 
Height 

Cover 

 
cm - m - 

 0 1 2 3 4 

Densely Vegetated Farming 1 1.0 0.03 1.0 0.8 

Eroded Agricultural Land 2 0.7 0.03 0.5 0.5 

Flatland Intensive Farming 3 1.0 0.03 1.0 0.8 

Grasslands 4 0.5 0.10 0.2 1.0 

Grasslands and Open Wood 5 0.5 0.10 0.2 1.0 

Intensive Farming (25% Forest) 6 1.0 0.05 1.0 0.8 

Mangrove 7 1.0 0.10 5.0 0.9 

Mixed Farming 8 1.0 0.10 5.0 0.9 

Natural Tropical Forest  9 1.0 0.10 5.0 0.9 

Plantation Forest  10 1.0 0.10 5.0 8.0 

Rock and Exposed Soil  11 0.5 0.01 0.0 0.0 

Rural Settlement 12 0.5 0.05 5.0 0.1 

Scrub Forest 13 1.0 0.10 5.0 0.9 

Urban Settlement 14 0.5 0.05 5.0 0.1 

Water 15 0.1 0.05 5.0 0.9 

 
Figure 20 Example files for land use/cover 

landuse.map 

Landuse.tbl 
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To prepare the soil properties, a soil type unit map and a soil properties table are needed. Similar to the 

land use properties, the lookupscalar() function can be used to create maps with soil properties. An 

example of soil property data is given in figure 21. The soil physical values in the table come from a 

software package SPAW (Saxton et al., 2005).  Saxton and Rawls (2006) created pedotransfer functions 

for all soil samples in the USDA databases, to transform texture information to soil physical parameters. 

The software package can be found on http://hydrolab.arsusda.gov/SPAW/Index.htm. Besides their 

data, median grain sizes are needed. These can be estimated from the USDA soil classification (USSCS, 

1975). The data for a small collection of soils, together with needed grain sizes, are furthermore 

provided in Appendix A. 

 

 

Preparing Soil Water Content 

(real file only 
contains data) 

 ksat porosity psi 

 mm/h cm3/cm3 cm 
text class 0 1 2 3 
C 1 2.5 0.5 50.0 
CL 2 4.2 0.5 50.0 
L 3 18.5 0.5 40.0 
S 4 112.0 0.5 20.0 
SaCL 5 7.0 0.4 35.0 
SaL 6 80.0 0.5 40.0 
Si 7 42.0 0.5 40.0 
SiC 8 13.0 0.6 40.0 
SiCL 9 25.0 0.5 40.0 
SiL 10 17.4 0.5 40.0 
Water (W) 20 0.0 0.0 0.0 
Urban (A) 21 0.0 0.2 40.0 
Salt pans (m) 22 0.0 0.4 40.0 
Rock/outcrops  23 0.0 0.1 40.0 

soilunit.map soil.tbl 

Figure 21 Example files for soil properties 

http://hydrolab.arsusda.gov/SPAW/Index.htm
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While OpenLISEM can be used to simulate ground water flow for a period before an event, sometimes it 

is easier to provide an initial soil water content, and start the simulation at the starting point of the 

event. Several approaches can be taken to acquire an estimate of ground water content for the initial 

state of a simulation. 

Preparing Soil Depth 

Soil depth input is a crucial parameter for the OpenLISEM model. It is highly influential in especially 

slope stability and failure predictions. Since soil parameters are assumed homogeneous for the top layer 

of material on the slope, the depth is a highly sensitive input for the safety factor equation. A second 

important influence is found in infiltration potential. OpenLISEM input uses a soil depth and volumetric 

relative water content. Thus, by altering the soil depth, the infiltration potential is altered. In reality, 

spatial soil depth patterns are unknown, and detailed measurements of this parameter are not 

common. There are several approaches that can be taken to predict soil depth patterns spatially for use 

in OpenLISEM. 

Homogeneous/large-scale estimations 

Homogeneous soil depth can be chosen for rough estimation of the land surface processes. These 

homogeneous values can be based on several measurements or visible depth of the weathered material 

(visible depth of weathered material above bed rock can be visible in the case of landslides). The exact 

depth that provides good representative behavior in the OpenLISEM is difficult to estimate and must 

therefore be based on calibration and validation.  

In the case of large scale area, a homogeneous depth value might be improved by using large-scale 

estimations. Besides national databased of soil depth patterns, a global dataset is provided by the 

soilgrids.org website. 

      

For larger areas, this dataset provides a good indication of absolute soil depth. Generally, the depth is 

elevation, slope and accumulated area depended, but is in reality based on automated learning 

algorithms. However, the spatial resolution of this dataset is 200 meters. It thus does not react to 

individual streams, channels and slopes.  

Soil Depth Equation 



Lisem Documentation & Manual  Second Draft ITC 

 

 
144 

 

Several equations exist based on considerations of the processes involved in rock weathering, soil 

production, and soil transport. Typically, weathering increases soil depth, after which transport takes 

place driven by gravity and hydrology. Physical laws in slope stability indicate that the possible stable 

depth of soil increases with gentler slopes. Then, erosive processes accumulate near channels, flood 

plains and lower elevation. All of these considerations have led to a variety of soil depth equations in 

literature. Below are several examples from soulnier et al. (1992). 

 

ℎ𝑠𝑜𝑖𝑙 = ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛 + (ℎ𝑠𝑜𝑖𝑙𝑚𝑎𝑥 − ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛) ∗
𝑧−𝑧𝑚𝑖𝑛

𝑧𝑚𝑎𝑥−𝑧𝑚𝑖𝑛
 31 

ℎ𝑠𝑜𝑖𝑙 = ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛 + (ℎ𝑠𝑜𝑖𝑙𝑚𝑎𝑥 − ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛) ∗
𝑠−𝑠𝑚𝑖𝑛

𝑠𝑚𝑎𝑥−𝑠𝑚𝑖𝑛
 32 

ℎ𝑠𝑜𝑖𝑙 = ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛 + (ℎ𝑠𝑜𝑖𝑙𝑚𝑎𝑥 − ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛) ∗
𝐴𝐶−𝐴𝐶𝑚𝑖𝑛

𝐴𝐶𝑚𝑎𝑥−𝐴𝐶𝑚𝑖𝑛
 33 

ℎ𝑠𝑜𝑖𝑙 = ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛 + (ℎ𝑠𝑜𝑖𝑙𝑚𝑎𝑥 − ℎ𝑠𝑜𝑖𝑙𝑚𝑖𝑛) ∗
𝐷𝑖𝑠𝑡𝑐ℎ𝑎𝑛−𝐷𝑖𝑠𝑡𝑐ℎ𝑎𝑛𝑚𝑖𝑛

𝐷𝑖𝑠𝑡𝑐ℎ𝑎𝑛𝑚𝑎𝑥−𝐷𝑖𝑠𝑡𝑐ℎ𝑎𝑛𝑚𝑖𝑛
 34 

The input requirements for these equations are much easier to obtain when compared to spatial soil 

depth data. The minimum and maximum soil depth in the area is needed. The other parameters are all 

based on elevation model calculations. Examples of the results of these equations are shown in figure .. 

Statistical Soil Depth Modelling 

Within the extent of the chosen study site, there was no spatial data concerning soil depth. Soil depth 

forms one of the most vital parameters in the case of shallow landslides, and a spatial estimate had to 

be made (Kuriakose et al., 2009). Several soil depth measurements were available. Soil depth was 

further estimated based on the interpretation of photographs of landslide scars after the event. Spatial 

soil depth was estimated using the method described by Kuriakose et al. (2009). In this method, variable 

such as slope, profile curvature, distance form channel, wetness index and distance from coast are 

statistically related to the measured soil depth. This statistical model is then used to provide an 

estimation of soil depth in the entire catchment. For our case, the final statistical model took the form of 

equation 23. 

𝑆𝐷 = 𝐼𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡 +  𝑎 ∗ 𝑑𝑐𝑜𝑎𝑠𝑡+𝑏∗𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙+𝑐 ∗ 𝑠+𝑑 ∗ 𝑐  23 

Where SD is the soil depth (m), a,b,c,d are calibration constants (-), dcoast is the distance to the coast 

(m), dchannel is the distance to the nearest channel (m), s is the slope of the surface (-) and c is 

the profile curvature of the surface (m−1). 

Based on the statistical correlation, the values for the calibration constant are provided in table 3.  

Table 3 The calibration constants derived from the statistical correlation of soil depth to topographical parameters. 

intersect 2.37 

a 0.01 

b 0.12 

c 1.03 

d 2.73 
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The final fitted relationship between predicted and estimated soil depth has a slope of 0.92 and R2 of 

0.21. Due to the low number of available soil depth estimations, the R2 is relatively low. However, the 

trend line between predicted and measured soil depth gives a slope of 0.92, which confirms the 

expected trend.  

The resulting average soil depth of the study catchments is 1.29 meters. The spatial distribution of soil 

depth is shown in figure 6. Schiliro et al, (2015) have used the soil depth model by Saulnier et al. (1997) 

which relates soil depth to slope, and depends on the maximum and minimum soil depth as parameters. 

The results from these calculations show similar trends as the results from equation 23. However, 

besides our higher spatial resolution, statistical correlation uses a higher number of variables to predict 

soil depth and can therefore account for a greater variability. Because of this, predicted soil depth is 

used.

 

Figure 6 Predicted soil depth in the catchment. 

 

Physically Based Soil Depth Estimation 

Physically based soil depth modelling allows for the estimation of spatial soil depth patterns using soil 

dynamic equations. An example of this equations is given in the work of Ruette et al. (2013).  

The soil production is equal to equation .. 

𝑄𝑠 = 𝑑𝑥 ∗ 𝑑𝑥 ∗ 𝑄𝑠,𝑟 ∗ 𝑒
−
𝑧

𝑧0  35 

Then, diffusive dynamics of the soil material is described by equation .. 
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𝑄𝑠 = 𝑘(
𝑑

𝑑𝑥
(
𝑑𝑧

𝑑𝑥
∗ 𝑧3) +

𝑑

𝑑𝑦
(
𝑑𝑧

𝑑𝑥
∗ 𝑧3)) 36 

Finally, the hydrology-related erosion is provided by equation .. 

𝑄𝑠 = −𝑑𝑥 ∗ 𝑑𝑥 ∗ √
𝐶𝐴

𝐶𝐴𝑚𝑎𝑥
  37 

The final set of equations required a digital elevation model, and two constants, Qs,r  (soil weathering 

rate) and k (diffusive transport coefficient). 

 

 

Preparing Infrastructure 

Infrastructure within LISEM usually consists of three different types: Buildings, Roads and Bridges or 

culverts. Often, polygon maps of buildings are available. With a vector gis, building cover can be 

calculated by rasterizing the map with a very fine resolution, and then resampling this to model 

resolution. 

Roads usually are part of the land use map. Within LISEM, roads should however be provided separately. 

A cell containing a road should have the land use next to this road as a dominant land use type, and the 

road should be set in the roadwidth map. This way, the dominant land use type can be used for 

infiltration and runoff on the areas within the cell that do not contain road. 
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To find any culverts or bridges, the overlap of roads and channels can be used. 

pcrcalc culvert.map = if(roads.map gt 0 and scalar(lddchan.map gt 0) scalar(1), 0); 

To apply culverts to the channel, either the channel width can be changed, or the channelmaxq can be 

set. 

2010 Modelled density 2020 
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Full PCRaster Script 

To decrease preparation time and repeated work, the same PCRaster script can generally be used when 

preparing a database. A full example script is provided in Appendix D. Note that for this script to work, 

the necessary base maps, which are read in the binding section, should be present in the same folder. 

Some values within this script are furthermore catchment dependent and should be chosen based on 

the users research area. 
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User Interface 
The LISEM user interface contains five main sections:  

1. Main menu 
2. Settings 
3. Maps 
4. Simulation output 
5. Simulation maps 

Main Menu  

The main menu of the LISEM user interface is always visible at the top of the application (Figure 22). 

 

The functions of the buttons are (in order) : 

Reset – This button resets all settings to default values 

Load run file  – Here the user can load a run file, and all settings are set according to the file 

Save run file – Here the user can save the run file, which will either prompt a save dialog, or 
save onto the previously loaded run file 

Save run file as – Here the user can save the run file as a new file 

Screendump – Saves a screendump of the current page in the results directory 

Screendump Series – Saves a screendumps of the model performance for every timestep 

Select font – Here the user can select a custom font 

Increase font size – Here the user can increase font size 

Decrease font size – Here the user can decrease font size 

Start model run – Starts the model run 

Pause model run – Pauses the model run. When Start model run is pressed after this, no 
changes to the settings are used, since the previous model run is continued.  

Stop model run – Stops the model run,there is no option to continue after this 

Lastly, the bottom bar within the user interface displays the current progress of the model run: The 
current timestep, the total timesteps needed to complete the model, and the percentage of timesteps 
that is performed (Figure 23).

 

Figure 22 Settings page within the LISEM user interface 

Figure 23 Progress bar within the LISEM user interface 
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Settings 

The main page within the LISEM user interface presents all the simulation options, directories and 
output options (Figure 24). 

 

The main fields within this page are: 

Input – Here the user can provide directories used to find the run file, maps, rainfall files, and to 
write output maps. 

Simulation times – Here the user can define the begin time and end time in minutes, and the 
timestep in seconds. 

Ouput – Here the user can define the names for all the output files, and the formats of these 
files. 

Maps and Map series – Here the user can set the output names for maps, and in the tab “Time 
Series” the option to write timeseries for specific variables is present. 

Process Options – Here all simulation settings can be provided.   

Figure 24 Settings page within the LISEM user interface 
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Maps 

The second page within the LISEM user interface allows users to set all the input maps (Figure 25). 

 

The main fields within this page are: 

Input maps – Here all the file names for input maps can be provided. Double clicking a file name 
prvides a file seletion dialog, to select a file within the maps directory. This directory is provided 
in the setting page. 

 

  

Figure 25 The Maps input page within the LISEM user interface 
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Simulation Data 

The third page within the LISEM user interface allows users to see the output data during the simulation, 
including a sedimentograph/hydrograph (Figure 26). 

 

The main fields within this page are: 

Size – This is were general simulation data is displayed such as catchment size, cell size, and 
simulation time. 

Water – In this section, the mm equivalent water volume for most of the hydrological processes 
is given (Rainfall, interception, infiltration, surface storage, runoff, peak runoff, etc.. ).  

Sediment – The distribution of sediment over the sediment cycle is given for both overland flow, 
and channel flow/flooding.  

Catchment Outlet – Total outlet discharge and total soil loss for the catchment are given here. 

Subcatchment  – Here, the cumulative outlet discharge and cumulative soil loss for a specific 
outlet are displayed. The active outlet can be chosen at the left bottom corner (info field). 

Hydrograph/Sedimentograph – Here the hydrograph of one of the main outlets is shown. The 
active outlet can be chosen at the left bottom corner (info field). Rainfall will also be displayed in 
this graph. When sediment is modelled, the sedimentograph axis will be separately on the right. 
A textual overview of the graph information is displayed below the graph in table form. 
  

Figure 26 The simulation data page within the LISEM user interface 
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Simulation Output Maps 

Here the spatial output of several variables is displayed (Figure 27). 

 

The main fields within this page are: 

Hydrograph – A small version of the hydrograph is provided here, but shows identical data to 
the hydrograph on the simulation data page. 

Overlay Information – Here the user can set the transparency of the overlay maps. Possible 
overlay maps are: Buildings, Roads and channels. 

Hydrological Information – Here the user can choose a main variable to be displayed in the 
main map display. The spinbox value determines the maximum value to be displayed. A value of 
0 means that the maximum of the map will be used as a maximum display value. 

Map Display – Here the main chosen parameter is displayed. The user can freely drag and zoom 
in on this map.  

 

  

Figure 27 The page with simulation output maps within the LISEM user interface 
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Profile Tool 

OpenLISEM features a profile tool to visualize simulation details along a user-defined profile. 

To use this tool, select the profile button in the top menu, and make a profile path using the left mouse 

button. When done, press the right mouse button, and a pop-up window will show an elevation profile 

with flow and possible slope failure. Below will be a profile of flow depth and velocities. Finally, a text 

box features a table with the distances along the profile and all mentioned simulation variables. 
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3D Display 

For a more intuitive look on flood patterns, slope failures and catchment details, the 3D interface can be 

used. During a simulation, press the “activate 3D interface” button. After several simulation steps, the 

3D tab will be activated. The controls are based on mouse movement, and keyboard input. The w-a-s-d 

buttons control movement, and looking direction is based on the mouse movements. Due to the wide 

variety of computers OpenLISEM is used on, the amount of details in the display can be altered on the 

left side. Objects such as trees, grass, houses and roads can be turned off and on, and their density and 

draw distance can be changed. Be careful when changing these options, since setting quality to high 

might crash your computer. Finally, light directions and color can be changed. The lighting determines 

the hill shading of both the surface and water reflection. The atmospheric background image can be 

altered by replacing the skybox image file in the OpenLISEM glresources folder. 
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Command Line 
The LISEM model can be fully run from any command line application. To load a .run file with the lisem 

executable, use the following command: 

lisem  -b –ni –no –r runfilename.run –c options     

-r REQUIRED  Provide the runfile name (including full path and extension) 

-b  Optional Use LISEM in batch mode with interface 

-ni Optional Use LISEM without interface 

-no Optional Use LISEM with only error output 

-c Optional Provide options, these will overwrite those from the run file. 

   Options should have the following format 

   [<option name>=<Value>;<option2 name>=Value2>;…] 

   The option name should be an exact copy of the name provided within this 

   document, which is identical to the name in the run file. 

   For example: -c [SwitchChannel=0;SwitchNoErosion=1] 

   This would turn off the usage of a channel and the usage of erosion. 

All options, settings and map names can be set with the “-c” argument.  

This method of running the LISEM model allows users to quickly implement multiple LISEM runs for, for 

example, calibration.  
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Ouptut Interpretation 
Some examples of output data and how they can be interpreted are given in this section. 

One of the primary outputs of LISEM is the discharge. An example of a discharge graph for a small 

catchment is given in figure 28. 

 

From the hydrograph, catchment properties that define its reaction to rainfall can be derived, such as 

the delay time. Useful channel data such as maximum discharge and total discharge can furthermore be 

read. Both the sediment discharge and sediment concentration are also present within this graph.  

Different catchment shapes lead to different hydrograph shapes. This depends on the length to width 

ratio, the size and the amount of obstacle, routing and roughness of the surface. Typically, longer 

catchments produce flatter hydrographs and take longer to return to base flow. On the other hand, 

round catchments show more peaks and return to base flow faster since all water arrives 

simultaneously. 

Figure 28 A discharge, sediment concentration and sediment discharge graph for the main outlet of a small 
catchment. 
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When complicated catchments are simulated, hydrographs become a combination of different 

branches. In case of flooding, the interactions can become more difficult to predict. 

 

The default 1 dimensional kinematic wave usually is the best option for modelling overland flow. For 

some catchments, the 2 dimensional equation performs significantly more realistic. Runoff values for a 

5-year storm for the same catchment for both the 1 and 2 dimensional kinematic wave are provided in 

figure 29 and 30. 
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As is visible, the southern part of the catchments generates high amounts of runoff. However, when 

flowing the direction of the main channel, it passes through a region with a high infiltration capacity. 

Since the LDD routes water through the width of a single cell, the infiltration potential lacks the 

possibility to infiltrate this stream. This should be an indication that the 2 dimensional kinematic wave 

could provide more realistic behavior. When this equation is used, the flow naturally spreads over the 

width of multiple cells, allowing for more infiltration. Eventually, when a significant region is saturated, 

the stream will reach the main channel. 

Another important output of the LISEM model is the erosion map (Figure 31).   

Figure 29 LISEM discharge values using the 1 dimensional kinematic wave. 

Figure 30 LISEM discharge values using the 2 dimensional kinematic wave. 
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As is visible in the map, erosion has predominantly occurred on the steeper slopes. The suspended 

sediment then is predominantly deposited near the central channel, which leaves the catchments on the 

north-east side. 

Lastly, flood depth and velocity form an important result of the LISEM model. An example of the 

flooding values are provided in figure 32.  

Figure 31 LISEM erosion values using Govers for overland flow transport capacity.. 
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These maps show that, near the central part of the catchment, flooding takes place along the channel. 

The highest flood depths are present in the northern part of the map. This is caused by discharge from 

multiple sub-catchments joining the channel around this region, causing channel overflow. Flooding 

velocity is predominantly directed perpendicular to the channel. This means that water is still spreading 

from the channels. In some places, flood water furthermore flows to areas of with lower potential 

gravitational energy. 

  

Figure 32 LISEM flood level and flood velocity using the Saint Venant equations. 
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Compiling Lisem 
 

Required Software 
 

OpenLISEM is written in C++ 11, a fast, lower-level language that allows high amounts of optimization 

and control. The development is done using the QT Creator software, since the interface is built using 

the qt libraries. The source code can be edited using other tools, but development is aimed at the use of 

qt creator. The qt software package and qt libraries can be found on their website:  

https://www.qt.io/ 

A project file can be prepared using cmake. Cmake is available from their website: 

https://cmake.org/  

Finally, the code can be downloaded using github, the code tracking software on which OpenLISEM is 

available. Using github can only be done when an account has been made. Github comes with a 

windows application. 

https://github.com/  

A good tool that streamlines the use of github in windows is TortoiseGit  

https://tortoisegit.org/  

MingW64-A version of the gcc compiler for windows in 64 bits. 

http://mingw-w64.org/doku.php    

For a working windows version, 64 bits, with posix threads (x86_64-5.3.0-release-posix-seh-rt_v4-rev0), 

see: 

https://sourceforge.net/projects/mingw-

w64/files/Toolchains%20targetting%20Win64/Personal%20Builds/mingw-builds/5.3.0/threads-

posix/seh/  

Required Libraries 
 

OpenLISEM used several external libraries to improve the software. All of these are open source and can 

be compiled for free. Several offer  

BOOST –  

“Boost provides free peer-reviewed portable C++ source libraries. We emphasize libraries that work 

well with the C++ Standard Library. Boost libraries are intended to be widely useful, and usable across 
a broad spectrum of applications. The Boost license encourages both commercial and non-commercial 

use.“ 

https://www.qt.io/
https://cmake.org/
https://github.com/
https://tortoisegit.org/
http://mingw-w64.org/doku.php
https://sourceforge.net/projects/mingw-w64/files/Toolchains%20targetting%20Win64/Personal%20Builds/mingw-builds/5.3.0/threads-posix/seh/
https://sourceforge.net/projects/mingw-w64/files/Toolchains%20targetting%20Win64/Personal%20Builds/mingw-builds/5.3.0/threads-posix/seh/
https://sourceforge.net/projects/mingw-w64/files/Toolchains%20targetting%20Win64/Personal%20Builds/mingw-builds/5.3.0/threads-posix/seh/
http://www.boost.org/users/license.html
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QWT –  
“The Qwt library contains GUI Components and utility classes 

which are primarily useful for programs with a technical 

background. Beside a framework for 2D plots it provides 

scales, sliders, dials, compasses, thermometers, wheels and 

knobs to control or display values, arrays, or ranges of type 

double.” 

FERN –  

“Fern is a set of software components targeted at scalable geocomputing. One major 

component is the Fern.Algorithm library, containing configurable generic algorithms that 

scale to all processors in a shared memory architecture.” 

 

QT –  

“Create fluid, high-performance and intuitive UIs, applications, and embedded devices – with the 

same code base for all platforms.” 

 

DOXYGEN – 

“Doxygen is the de facto standard tool for generating documentation from annotated 

C++ sources, but it also supports other popular programming languages” 

 

GDAL –  

“GDAL is a translator library for raster and vector geospatial data formats that is released 

under an X/MIT style Open Source license by the Open Source Geospatial Foundation. As a 

library, it presents a single raster abstract data model and single vector abstract data 

model to the calling application for all supported formats.” 

 

OPENGL –  

The Industry's Foundation for High Performance Graphics FROM GAMES TO VIRTUAL REALITY, 

MOBILE PHONES TO SUPERCOMPUTERS 

 

WARNING: Manually compiling all the OpenLISEM dependencies requires large amounts of work. If 

compiling on windows, please contact the development team to receive pre-made packages with all 

compiled external libraries. If compiling on another platform, we would love to hear about your 

experiences. 

Compilation Guide 
Step 1: Create an account on Github and Sourceforge. 

http://trac.osgeo.org/gdal/wiki/FAQGeneral#WhatlicensedoesGDALOGRuse
http://www.opensource.org/
http://www.osgeo.org/
http://www.gdal.org/gdal_datamodel.html
http://www.gdal.org/ogr_arch.html
http://www.gdal.org/ogr_arch.html
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https://github.com/  https://sourceforge.net/projects/lisem/  

Step 2: Install Github/CMake/QTCreator/Qt/Ming-W64 

Install all the mentioned software to be able to compile OpenLISEM 

Step 3: Download Source code of OpenLISEM 

Use the following git command to clone the code repository to a local branch 

git clone ssh://<login_name>@git.code.sf.net/p/lisem/lisem lisem 

 

Step 4: Prepare external libraries. 

Download and extract all external libraries to an easy folder. Or, contact the development team for a 

folder containing all pre-compiled external libraries. 

Step 5: Create project using CMake 

Open the OpenLISEM source folder using CMake. When prompted for a compiler, select MinGW-64. 

Set CMAKE_BUILD_TYPE to release, so that the created executable will ignore debugging processes. 

Set all required library folders to the right locations. Or, if you have contacted the development team 

and have received the 3RD_PARTY_ROOT folder, make sure the windows variables contain the 

3RD_PARTY_ROOT folder. 

 

Finally, press configure and generate to create the project files. 

https://github.com/
https://sourceforge.net/projects/lisem/
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Step 6: Load created project using QT Creator 

Open the Application.CMAKE in the code folder with QT Creator. 

Step 7: Set up Compiler 

In the Qt compiler settings, press manage kits, and select the MingW-64 compiler and debugger. 

 

Step 8: Compile 

Build the project and run OpenLISEM! 
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Code Schematic 
 

OpenLISEM is developed in c++ and therefore uses object-oriented programming where usefull. The 

code is distributed into several different sections, each section concerning a different generic task. 

A full code overview schematic is provided on the next page. 

The meaning of colors is shown below 

 

 

Main Model Class Flow Processes Physical Processes Calculation Framework 

Common/OS Interface Output  3D interface 
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Interface 
The interface of OpenLISEM is developed using the user interface tools from Qt. The ui_full/lisem.ui file 

contains the exact layout, which is automatically rewritten as a separate class that calls the appropriate 

functions to set up the interface. 

 

The main program cycle around the interface is schematically shown in figure .. 

After the Operating System calls the main function, the application window is opened, and a loop is 

started. This loop is the main user interface loop provided by qt, which checks for interactions and deals 

with them. If needed, the model is started, or the application is closed on request of the user. 
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Model 
The model is started based on the user input and, while the user interface thread runs, starts a new 

loop. This model loop iterates through time to solve all processes in the landscape and iterates until the 

end of the simulation is reached. At the end of each timestep, the interface thread is asked to update 

the data in the displays. 

 

Flow calculations 
The flow calculations are done in the following order. The timestep is determined before the 

momentum source terms. While this can sometimes lead to small errors in behavior, this allows us to 

manage map calculations much more efficiently (see the section on spatially dynamic timestep). 
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Multithreading 
The threading functionality in OpenLISEM is used for segments of map calculations, and reporting maps 

to disk. A schematic overview of the thread pool code and the relevant functions called by the model are 

shown below. The thread class waits for work, and only exits its loop when the application closes. At the 

start of the application, one thread is set up for each core. The threadpool distributes work over these 

thread. The model calls the threadpool with a pointer to a generic function, which is then called by the 

thread. 

 

 

The interactions between the model class and the multithreading code is schematically visualized in 

figure .. At the end of each timestep, a report thread is started which writes all output maps to disk. 

Since disk storage tends to be slow compared to memory interaction, this allows the application to 

calculate the new timestep while old maps are written to disk. For simulated processes, the threadpool 

is used to distribute the work over the cores. 
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Map calculations are distributed over equal segements (see example below). To correctly simulate flow, 

the lines between individual segments are called separately, so that no memory is written to at the 

same time. 
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Common Problems 
Masking 
A common issue in OpenLISEM is the masking of input maps. The LDD map in the OpenLISEM input 

functions as a mask. This means that all other maps must have a value at any location where the LDD 

map has a value. If this is not the case, an error message will appear at the start of the model run: 

 

 

In order to prevent this from happening, it is crucial that all input maps share the same extent, 

resolution, cell size and referencing. PCRaster calculations automatically generate maps with these same 

properties. Other GIS systems have several tricks to obtain maps with identical referencing and extent. 

Within QGIS, first create a mask map which is the basis for the area that you want to simulate.  

 

Then, when generating new maps, use the raster calculater. Here, select the mask map and select “use 

current extent”. With this option selected, the newly calculated map will be identical in extent and 

referencing as the mask map you created. 

 
 

When outputting shapefiles, first create an empty map using the raster calculator. Then, select the 
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Elevation Model Quality 
Elevation model input is crucial for the OpenLISEM model. The quality of this input determines largely 

the quality of the simulation output. Here, we will review some ways to detect issues with the elevation 

model and what can be done to improve results. 

Data collection artifacts 

In the St. Lucia dataset, the elevation model was acquired using LiDar flights. Induvidual tiles were 

generated in this process. In the results, the tiles were combined, but small artifacts remain. In the 

elevation model, these are hard to notice, but the slope map (calculated using slope(dem.map)) and the 

profile curvature map (calculated suing profcurv(dem.map)) show increasing lines through the 

catchment.  

 

Removing artifacts like these can be done by smoothing part of the map to make a more gradual 

transition on those locations. 

Rounded values 
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Several elevation data sources (such as aster stereo-sattelite global products) use integer data for 

storage of elevation. However, this can create significant errors in flow calculations. A whole-number 

elevation model was used to calculate the following slope map. In the more steep areas, the effect is 

hard to notice, and flow simulations are highly approximate of the normal simulation. However, in flat 

areas, the slopes are highly influenced by the rounded numbers. Slopes are located in specific lines, and 

areas between slope lines are flat (see image below). 

 

Below are flow simulation results with and without rounded numbers. The left image shows the normal 

simulation. On the right, flow is significantly altered by the erroneous slopes in flat areas. 
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Vegetation 

When elevation model is of high spatial resolution and based on optical methods such as stereo-images 

or Lidar, artifacts can arise from object such as vegetation. Below is an example of drone-image based 

elevation data, which includes an unfiltered section of data. 

 

It is difficult to see the effect from a color-scaled elevation model. Therefore, a hillshade can be used to 

detect such artifacts. Below, the presence of vegetation is clearly visible. 

 

When modelling flow, this rough elevation data will obstruct natural flow and lead to inaccurate 

predictions. Numerous local depressions between vegetation will be filled up with large amounts of 

water, and flow will be much slower when compared to a simulation with terrain elevation data.  

Converting a surface elevation model to a terrain elevation model can be done using filtering algorithms 

in software such as SAGA GIS, QGIS, ARCGIS or special elevation model software such as PIX4D or the 

Points2Grid tool of the OpenTopography team. A simple fix to this problem can be made in PCRaster by 

using the windowaverage() function to smoothen the Digital Surface Model (DSM), and approximate a 

Digital Terrain Model (DTM). While this removes the effect of vegetation artifacts on the flow 

simulation, the elevation data loses a lot of detail. An example of a smoothened terrain model is shown 

below. 
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Pit Removal 

Another frequent issue with elevation model is the presence of local depressions (pits). These obstruct 

flow and store large amounts of water during a simulation. An example of this is visible in a flash flood 

simulation in the Fella Basin in Northern Italy. The elevation model has a spatial resolution of 20 meters 

(see image below). Because of the resolution, the channel, which has a lower elevation than the 

surrounding cells is sometimes not picked up by the data. 

 

The effect of this, particularly at 80 meters resolution is visible in the flash flood depths that are 

predicted. 

 

A possible fix for this problem can be altering the dataset by using a channel at these locations. Channels 

are connected due to their network input, and do not depend on the elevation model. Another option is 

to simulate at a higher spatial resolution.  

Drainage networks 
Drainage networks are used for a variety of purposes in the preparation of a lisem dataset. Soil depth 

modelling, estimating channel locations, channel properties and having a quick look at flow paths in 

your area are all done using this functionality.  
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Within pcraster, drainage networks can be created using the lddcreate() function, which takes several 

parameters. The values of these parameters can be crucial in how you structure your dataset. Below, we 

will go over some of the frequent problems that users face when using the lddcreate() function. 

 

  

 

Sub-Catchment detection 

When analyzing a larger area, it can be usefull to identify smaller sub-catchments. The sub-catchment 

are separated by watershed boundaries, and can be easily simulated individually. In the example below, 

a ldd network was created with the following command:  

lddcreate(dem.map,1e6,1e6,1e6,1e6) #! –lddin 

From the resulting map, a catchment map was made using the command: 

catchments(ldd.map,pits(ldd.map) 

The resulting map is shown below, and contains uniquely numbered areas for each individual sub-

catchment. Here, the catchment sizes, and thus amount of sub-catchments are determined by the set 

core volume, overflow lever, pit level and core area. 

 

An important trick here is the  #! –lddin setting, which makes sure that outlets at the coast are also 

collected into larger catchments. The effect of this  
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A disadvantage of this is that flow accumulation maps show high values along the coast, since the 

network is forced to move along the coast line towards the nearest outlet. 

 

Without this option however, outlets at the coast become messy, and any small outlet at the coast will 

become a new catchment. 

 

 

Channel Definition 
When trying to automatically define a channel, either the accumulated flux map (created using 

accuflux(ldd.map), or streamorder (created using streamorder(ldd.map) map can be used. An example 

of these maps is shown below. 
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In either case, a threshold value can be set to generate a mask of pixels with a large amount of flow 

accumulation. Generally, these pixels are an accurate approximation of channel locations. However, 

checking this against satellite images is always usefull. In case of wrong estimates, or manually made 

channels, custom channel masks can be made. 

 

When selecting a threshold, make sure it generates a channel mask that is appropriate for modelling. 

Below, the left mask is a correct one, and the right one contains a variety of problems. 

 

Three of these problematic areas are highlighted below 
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In the following area, there is a large section of channel where two streams are parallel and in adjacent 

cells but do not join. This is typically not an accurate representation of reality, and provides weird 

behavior since flood water will immediately enter the next channel. Furthermore, there are several 1-

cell side branches to the main channel branch. These do not create problems necessarily, but are 

generally useless and lead to a harder time analyzing the data. 

 

The example below shows other issues, mainly with outlet definition. Here, small local depressions lead 

to large amounts of unrealistic pits in the channel network. To solve this, the channel network can be 

created using the following statement: 

Lddchan.map = lddcreate(-chanmask * accuflux.map,1e31,1e31,1e31,1e31).  

Since the accuflux allways increases, -accuflux always decreases, which makes sure the pit in the channel 

network is located at the actual outlet. 

 

 

Units 
Make sure that the maps you input in OpenLISEM are in the right unit. OpenLISEM does not check this, 

and will assume that maps are in the desired unit. The unit can be checked in the map section in the 

OpoenLISEM interface. Behind the map description is the unit. 

 

Another issue is input maps with zero values. Not all parameters can be set to zero. For example, 
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random roughness, mannings N and soil cohesion can not be set to zero. Check this if you see weird 

behavior in the model. 

Numerical Settings 
Generally, the numerical settings of the model do not need to be changed, and OpenLISEM wil 

automatically adapt timesteps for the type of behavior that exists within the simulation. However, users 

can set the minimum timestep to speed up the simulation, and adapt the courant factor. If you don’t 

know what these settings do, it might be wise not to change them. The location of these settings can be 

found under surface flow settings in the interface. It is best to keep the courant factor between 0.05 and 

0.35, and the minimum timestep between 0.01 and 0.5, depending on the type of flow simulated. 
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Frequently Asked Questions 
 

What spatial resolution should I choose? 
The spatial resolution of a simulation is an important choice that needs to be decided early-on in the 

modelling process. 

 

 

How large or small can my simulated area be? 
The maximum size of the simulated area is not determined by rules in the model. Instead, it is limited to 

what your hardware is capable of. Since OpenLISEM uses all variables each timestep, every parameter 

and variable are kept in memory at any moment. This means that for OpenLISEM to run, your hardware 

must be able to provide sufficient memory. The amount of memory required for OpenLISEM are a 

product of the spatial extent and cell size. Data is stored in double accuracy (8 bytes per number), and 

typically, a multi-hazard simulation requires several hundred maps to be in memory at the same time. 

The minimum size of an area is similarly not limited by the model. Instead, the cell size should be at least 

large enough to work with the assumptions of the model. In practice, this means that cell sizes above 

tenths of centimeters should provide good results. In theory, centimeter scale simulations are possible, 

but the equations in the model are not typically derived with this scale in mind. While water flow will 

behave normally at this scale, debris flow equations might show awkward behavior. If this is the case, 

consider re-scaling the simulation. 

Do I need to simulate a catchment? 
No, but depending on the scenario, it can be highly appropriate to simulate an area using the watershed 

boundary. The simple reason for this is that within a watershed, all regions converge to a single outlet 

area. To accurately simulate the behavior at the outlet, the entire watershed is thus required. Wether or 
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not water from one edge of the catchment influences the simulation depends on the process that is 

being simulated. Generally, the rule should be, if there are hydrological processes that originate in an 

upstream area, either simulate them, or make sure their effect are in another way implemented in the 

model.  

 

Example 1: Flash flooding. In such a process, catchment scale hydrology determines the behavior and 

should most likely be included in the simulation. When not simulated, hydrology might be over-

simplified or water that adds to the flood intensity might be missing. 

Example 2: Dam Break Flooding. Here, catchment simulation might not be required. If the dam-break 

happened during a dry period and infiltration can be ignored, water flow can be simulated without 

simulating the surrounding catchment. 

Example 3: Slope Failures. In this case, It depends on the type of slope failure and the resulting behavior. 

When ground water flow causes the failure, it is wise to include the direct upslope areas. The entire 

catchment is not required for accurate simulation, and a section of the slope is enough. However, when 

runout of slope failures combines with hydrological processes in a stream, simulation of the catchment 

is required to estimate water flow and dilution of the slope material. Another option here is to include 

river flow based on a rough-scale simulation or measurements of discharge. Then a slope section can be 

simulated together with a river section, where incoming discharge is set up in OpenLISEM as a boundary 

condition. 

Can I combine simulations at multiple scales? 
Yes, but it required manual work to connect the output from one simulation to the output of another 

simulation. 

How do I calibrate/validate OpenLISEM? 
Calibration of OpenLISEM has to be done manually. The model output can be compared with 

measurements. Particularly, clear catchment output variables make validation more easy, since 

comparing this gives an indication about the entire simulation. Particularly, catchment discharge or river 

flow heights can be used. Other options are landslide inventories. These can be used to compare slope 

failure or runout. In case of sediment processes, sediment concentrations can be measured and used for 

validation. 

Why does OpenLISEM require so much data? 
OpenLISEM tends to require more input data than other models with similar application. The main 

reason for this is that the development of OpenLISEM is not focused on simplifying the process of 

simulating. OpenLISEM is a research model and allows users to specify the full extent of input required 

for all the solved equations. While other models may simplify input by using assumptions and empirical 

relationships from literature, OpenLISEM expects the user to do this themselves. While OpenLISEM will 

not simplify input for you, you can simplify it yourself using the pcraster script functionality. Generally, 

only 4 or 5 maps are required to derive a full OpenLISEM database.  

A second reason for the input complexity of OpenLISEM is the complexity of the land surface processes 

in reality. Unfortunately, modelling these processes with highly approximated catchment data can not 

lead to reliable and accurate results. With calibration, most types of dataset can be made to perform 
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reasonable. However, when a different event is simulated, re-calibration is immediately required. When 

a quality database is made to describe an area, robust, reliable and accurate simulations tend to results. 

Thus, detailed input data is frequently required to acquire good simulation results. 

Does OpenLISEM simulate rock falls/snow avalanches? 
OpenLISEM uses the two-phase mass movement equations from pudasaini et al. Their applicability for 

rock falls is theoretically possible, but investigate the literature for more details on how appropriate this 

can be. Snow avalanches might show similar generic behavior (gravity driven and yield-stress containing 

movement), however, processes that are not included in OpenLISEM are influential in the dynamics of 

snow avalanches. Thus, using the implemented equations for this purpose would not be advised. 

Can I calculate risk using OpenLISEM? 
In short, Yes, by using the output maps and calculating damage yourself. OpenLISEM will not perform 

the final damage calculations itself. Since damage curve are dependent on hazard type, type of element-

at-risk and much more, implementing this in the model would be pointless. Instead, we advise users to 

create a simple pcraster script to combine the hazard-exposure and intensity maps from OpenLISEM and 

estimate damage and finally risk themselves using this script. 

Can I run OpenLISEM on Linux/Mac? 
Not on the native operating system. It is possible within a virtual machine. In principle, all dependencies 

and code of OpenLISEM are portable to linux mac or even mobile operating systems. Thus, if required, 

compilation should be possible. 

OpenLISEM does not start? 
OpenLISEM tends to work on almost all versions of windows. There are several known exceptions to 

this. 

Graphics card/drivers – The latest version of OpenLISEM features a 3D display using OpenGL 4.0. If your 

device has old graphics hardware or doesn’t have the latest drivers that support OpenGL 4.0, the 

software might not start. In this case, a separate executable can be downloaded from the website, 

which ignores the total 3D display aspect. Using this version, all other features of the model are 

available. 

Screen Resolution – OpenLISEM requires at least a screen resolution of 1024x786. Below this resolution, 

problems will occur. A solution in this case is either updating the resolution of your monitor, or running 

OpenLISEM using the command prompt, although this is not advised for beginning users. 

Experience other problems? Please contact the development team through the website and we will try 

to help! 

How do I create figures from OpenLISEM results? 
As a primary tool for visualization of results, aguile, the pcraster visualization program is available. This is 

automatically used from the nutshell user interface. When there is a need for more sophisticated 

figures, GIS programs can be used. While ArcMap can be used to import maps using the gdal import 

tool, we advise the use of QGIS, since it has seamless integration with every gdal map format, including 

PCRaster. Upon opening a .map format raster map, the used will be asked for the reference system. This 
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is cause by the .map format, since it does not save the reference system, but only the location within a 

projected reference system. Thus, always remember the projected coordinate system that you were 

working with, in order to correctly display maps later in a GIS. An example of importing a map in QGis 

and ArcMap is provided below. 

Select the map, press right mouse button, and choose properties. Then under the second tab, select the 

render type as hill shade for a digital elevation model. 

 
The resulting map should look something like this. 

 

Then, for example when visualizing flow import a flow map, go to the payer properties, and then select 

singleband pseudocolor as the render type. This allows you to set a custom color pattern. 

 

Under the color section, select a color ramp, and press classify at the bottom. 
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You can set the minimum and maximum displayed values to highlight specific types of flow. 

In order to make areas without flow transparent (overlay the flow on the hillshade elevation model), 

select the top color (which gives the color for value 0) and make the opacity 0 percent. 

 

The resulting map should look like the following image: 

 

To add other elements, or export the map, create a new composition in the composition manager. 
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Here, a legend, scalebar and north arrow can be added (as example). The resulting image is shown 

below. 

 

Finally, the export options allows you to export the created map to any image file type, and determine 

resolution and size of the image. Here, you can set the dpi (density per inch) which is required for many 

types of printing. 
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Chapter 5: Exercises 
Exercise 0: Model Setup 
 

 Exercise on Model Setup 

Introduction 

Together with this exercise page, the dataset for the Scaletta catchment debris flood event should be 

available. You can either use your own version of the database that you created during the last lecture, 

or you can use the provided database. 

For this exercise, you will need nutshell, PCRaster and OpenLISEM. 

Exercises 

Setting up the Scaletta debris flood model 

In this exercise, we will make the model setup. This is a combinations of folder locations, settings, and 

parameters. The combination of this can be saved in a .run file. This allows you to quickly re-run a 

simulation, or change minor settings. Follow the steps below to set up the simulation: 

 Create a folder where all the data is. Include a maps/, run/, result/ and rainfall/ folder. 

 Open the OpenLISEM interface.  

 Press the save-as button ( )to save the empty run file in the run/ folder 

 Then load this saved run file using the load button ( ). 

 When changing settings, don’t forget to save ( ) them. 

 

 Load the relevant folders in the OpenLISEM interface 

 Select the ‘include rainfall’ option and select a rainfall file 

 

 In the Simulation times section, set the timestep (usually identical to the gridcell size). Set the 

begin and ending simulation time (unit is minutes). If your rainfall file starts at a certain 

moment, start your simulation at that same moment.  The end of the simulation should be after 

the end of the event. Usually, two times the length of the rainfall event is a good initial guess. 
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However,  this depends on the nature of the event and the shape of the catchment. Usually, set 

it too long at first (several days) since you can, at any moment stop the simulation. Output maps 

and files are written to disk every timestep. 

 

 Check the ‘include channel/river’. This allows you to select ‘allow Flooding’ option. Select this 

also. 

 

 To include urban elements, select the relevant options in the urban elements section. 

 

 Select ‘Include erosion processes’ to simulate soil erosion and deposition with defeault settings. 

This also activates the ‘sediment’ options tab. Go to this tab. 

 

 For the simulation of solid phase dynamics, slope stability, and slope failure, check the relevant 

boxes. Generally, a maximum SF for failure should be 1.0, and the resulting SF after failure 

should be around 1.1 ~ 1.2 

Note: Without erosion, slope stability, slope failure and solid phase dynamic can not be 

simulated. Similarly, slope failure requires slope stability, and slope stability requires solid phase 

dynamics. 

 

 In the surface flow tab, you will find the options for initial and forced fluid-solid conditions. For 

now, keep these unchecked 
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 Select the right infiltration model. We will use Green and Ampt infiltration. Check in the 

‘impermeable lower soil boundary’ option to indicate that there will be no groundwater 

percolation below the provided soil layer. 
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 In the calibration tab, you will find a lot of calibration parameters. When simulating slope failure 

based on slope stability, check ‘assume initial stability’ if there should be no failure at the start 

of the simulation.  

 

 In the main interface page, you will find Maps and map series. Under spatial totals, the names of 

output maps are provided. Generally, keep these as the default values are. 
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 Under time series, you can select if, and how often, you want OpenLISEM to output timeseries 

of maps. For now, you can leave this empty. 

 

 Based on all the selected options, OpenLISEM will try to find a whole list of maps in the specified 

maps folder. Under the main maps database tab ( ) 

you can find the list of required maps. It is generally easiest to give the maps their default name, 

and not change anything in OpenLISEM. However, you can load another map name if you want. 

 

 

 

Running the Scaletta debris flood model 

 Running, pausing and stopping the simulation can be done with the main simulation buttons: 

 

Once started, the simulation tab ( ) is updated every timestep. 

Furthermore, the progress of the simulation in percentages and timesteps is displayed at the bottom of 

the OpenLISEM user interface. 

 

Within the simulation tab, water and sediment source, sink and storage terms are displayed.  
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Outflow data is provided in graph and table format 

 

The displayed outflow point (if there are multiple) can be set in the info section. When 0 is chosen, the 

total outflow is provided. 
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A spatial display is provided. This display is updated every timestep. With the cursor, local values can be 

investigated, together with the elevation. 

 

Different maps can be selected in the map type section. On top of this, the buildings, roads, channels 

and flow barriers can be drawn on top of the display. 

 

To alter the coloring, select a min and max value. The map will be colored between these values. 

Drawing a 3D version of the catchment 
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 Press the ‘activate 3D interface’ button in the main interface, while the model is running.  

 

The button will turn red while loading, and green when it is done loading. When done loading, the 3D 

tab is activated. Within this tab, a 3D version of the catchment and current flow is displayed. To control 

the view, press control view, and then press shift to active mouse controls. The position can be changed 

with w (move forward), a (move left), d (move right) and s (move back). 

On the left, there are options for displaying trees, grass, buildings, roads and clouds. Drawing distance is 

the maximum distance at which a certain object is drawn. The increment is the spacing between 

automatically placed objects. Note that selecting these options can significantly slow down the 

simulation, and the 3D display. The actual speed depends on the processor, graphics card, and 

catchment size. 
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Exercise 1 : Weather Analysis 
 

Exercise on Rainfall analysis 

Introduction 

Together with this exercise page, several files should be obtianed. 

 Exercise weather analysis.xls  

 RainfallStations.map Dem.map Rainfall.map 

 Rainfall.tbl 

The spreadsheet is for the first 4 exercises. The .map and .tbl files are for the last exercises. 

Exercises 

Data Analysis  

The data for this part is found in the first tab: Data Exercise 

1. Create a new column with the time between the previous and current rainfall tip, call it DT 

2. Based on DT, detect when a new rainfall event has started. 

3. For each event, find the cumulative rainfall, and duration of the event 

Data Analysis 

The data for this part is found in the second tab: Event Exercise 

1. Plot the provided rainfall event. How many peaks are there? 

2. Find the cumulative rainfall that fell during this event. 

3. We want to fit a Johnson SB curve through the rainfall curve 

a. Create a new column with the values of the Johnson Curve based on 3 parameters. 

b. Calculate the fit of the curve based on the total squared difference. 

c. Manually vary the parameters, or use the Excel Solver plugin to find the best fit of the 

Johnson SB Curve 

 

Return Period Analysis 

The data for this part is found in the third tab: Gumbel Exercise 

4. Using the yearly maximum hourly rainfall intensities, fit a gumbel distribution 

5.  

a. What is intensity of a rainfall event with a 100 year return period? 

b. What is the return period of a rainfall event of 250 mm during a single day? 

i. Challenge: Use the inverse function for the Gumbell distribution. 

IDF-Curves 

The data for this part is found in the fourth tab: IDF Curve Exercise 

1. Create sets of rainfall for 5, 10, 20, 40, 80 and 160 minutes. 
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2. Using these sets, create 6 different Gumbell distributions. 

3. Finally, Use these distributions to plot the IDF-Data 

i. Challenge: Fitting lines through the IDF-Data can be done by using a relationship 

like I = A*T^c  

with I intensity, T duration, and A and c are constants 

Spatial rainfall 

For this part of the exercises, you need PCRaster and Nutshell 

1. Have a look at RainfallStations.map and Rainfall.map, what is contained in the maps? 

2. Create a rainfall map with zones based on nearest-distance. 

a. Have a look at the pcraster function spread()  (see manual) 

3. Create a rainfall map with zones based on terrain. 

a. Have a look at the pcraster function spread()  (see manual) 

4. Create inverse distance interpolated rainfall maps 

a. Can be done manually with spread, or with the pcraster function 

inversedistanceinterpolation() (see manual) 

5. What factors can determine which rainfall regions are most appropriate 

Advanced: 

6. Create an automated script to create rainfall maps for every row in the rainfall table. 

a. Hint: PCraster can run scripts, a basic script is provided. Within the dynamic section (see 

manual), use functions such as LookupScalar() (see manual) 
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Exercise 2A : Hydrology 
 

Exercise on Hydrology 

Introduction 

Together with this exercise page, several files should be obtianed. 

 A folder called StLucia_FlashFlood containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell and PCRaster 

Exercises 

General questions 

1. After 5 mm of rainfall, and no outflow, how high is the water on a surface with a 45 degree 

inclination? 

2. What is the effect of this decrease on other hydrological processes?  Hint: infiltration and flow 

3. For what reasons isn’t it usefull to include evaporation in a simulation of 1 event? 

4. How does infiltrated water eventually leave the catchment? 

 

Infiltration with Green and Ampt 

With the Green and Ampt approximation, we 

can estimate the infiltration rate based on the 

depth of the wetting front and soil moisture 

content of the rest of the soil. The equation 

is: 

𝑓 = −𝐾𝑠 ∗ (
𝜓(𝜃𝑠−𝜃𝑖)

𝐹
+ 1)  

f   the infiltration rate (m s-1) 

휃𝑖   the soil moisture content (-) 

휃𝑠   the saturated moisture content (-) 

Zf   the depth of the wetting front (m) 

ψ   the matric pressure at the wetting front 

(m)  

𝐾𝑠 the saturated hydraulic conductivity (m s-

1) 

1. Calculate the infiltration rate when Ks 

= 0.025 ψ = 0.4 Zf = 0.1 휃𝑖 = 0.3 휃𝑠 = 

0.4 
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2. For the St. Lucia catchment, calculate the infiltration rate if the wetting front is equal to 0.05 

meters.   

3. If the rainfall is constant (Rainfall = P), there is a turning point in the behavior of the infiltration. 

Before the time 𝑡𝑝, infiltration is limited by the rainfall, after time 𝑡𝑝, infiltration is limited by the 

soil (Image 1) 

Solve the infiltration rate equation to find 𝑡𝑝 

Hint: at 𝑡𝑝, the infiltration rate is equal to the rainfall intensity 

 

 

Basic hydrological modelling 

With this exercise, we will run the St Lucia catchment with OpenLISEM. 

Open lisem.exe and press the load icon. 

Navigate to Lucia.run. 

Make sure all the directories are set to the correct folders. 

Press play and have a look at the map display 

4. Have a look at the water height map. At the start of the simulation, water heights are 0, while 

rainfall is falling. What is the cause of this? 

5. After a while, rainfall will cause surface pounding. However, water heights differ for most parts 

of the area. What are the causes of this? What land use types could typically cause decreased or 

increased surface water height? 

Let the simulation complete. Have a look at the final numbers in the interface.  

6. What percentage of the total incoming water has infiltrated? 

7. What percentage of the total incoming water has moved out of the catchment? 

8. What percentage of the total incoming water has been stored elsewhere? 

 

Runoff Ratio 

The runoff ratio is defined as the ratio between total outflow of water, and the total incoming water 

(total precipitation). 

1. What is the runoff ratio for the simulated event? 

2. Increase the initial soil moisture to 90 percent of the pore volume. Run the simulation again. 

How has the runoff ratio changed? 

Part of watershed management is often decreasing the runoff ratio of a catchment. 

3. Areas of forest influence the simulation through several parameters, which parameters are 

these? 

4. By changing Manning’s Coefficient and the Saturated conductivity of the soil, can you decrease 

the runoff ratio of the catchment? 
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Exercise 2B : Hydraulics 
 

Exercise on Hydraulics 

 

Exercises 

These exercises are about differential equations, and manipulating them to get usable results! 

Differential Equations 

The gravitional acceleration of a free falling object can be calculated with newtons equations: 

𝑚
𝑑2𝑥

𝑑𝑡2
= −𝑚𝑔  with g = 9.81 and m the mass 

 

1. Solve this differential equation 

2. If we assume the initial velocity is 0, and the initial height is 1000 meters, fin the final 

formula for the location of the object. 

3. How long does it take before the object hits the ground? 

Differential Equations 2 

The gravitional acceleration of a free falling object can be calculated with newtons equations: 
𝑑2𝑥

𝑑𝑡2
= −𝑔  with g = 9.81 

The drag force provided by the air is proportional to the squared velocity. Thus, we have the 

following differential equation for the forces on a free-falling body 

𝑚 ∗
𝑑2𝑥

𝑑𝑡2
= −𝑚 ∗ 𝑔 + 𝑘 (

𝑑𝑥

𝑑𝑡
)2 

 

𝑤𝑖𝑡ℎ 𝑥 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛,𝑚 𝑡ℎ𝑒 𝑚𝑎𝑠𝑠, 𝑔 𝑡ℎ𝑒 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑐𝑐𝑎𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛, 𝑎𝑛𝑑 𝑘 𝑡ℎ𝑒 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

Or, in terms of velocity 

𝑚 ∗
𝑑𝑣

𝑑𝑡
=  −𝑚 ∗ 𝑔 + 𝑘 (𝑣)2 

 

1. What is the terminal velocity? (hint: the total acceleration must be zero then) 

 

This differential equation can be solved with a solution such as 

  

𝑣(𝑡) =  𝐴(1 − 𝐵𝑒𝑐∗𝑡) 

 

2. If you start with a velocity of 0, what is the solution of the differential equation 

 

Differential Equations 3 (Challanging) 
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The differential equation for a mass-spring system is given by the following equation: 

 −𝑘 ∗ 𝑥 = 𝑀  ∗
𝑑2𝑥

𝑑𝑡2
 

Now we will add a friction force −𝑓
𝑑𝑥

𝑑𝑡
. Here, f is the friction coefficient, and 

𝑑𝑥

𝑑𝑡
 is the velocity. 

1. Why is this a logical form for a friction force?  

2. What is now the final differential equation? 

In order to solve this differential equation, try the following solution: 

𝑥(𝑡) = 𝐴𝑒−𝑏𝑥(𝐶𝑆𝑖𝑛(𝐷𝑥) + 𝐸𝐶𝑜𝑠(𝐹𝑥)) 

3.  What is now the solution for the dampened motion of the spring? 

 

Total Derivatives 

As you have seen in the lecture, the rate of change of a variable is usually influenced by both advection 

and by the local processes. For this reason, the total derivative D is often used in physics (note the D and 

d difference) 

𝐷ℎ

𝐷𝑡
=
𝑑ℎ

𝑑𝑡
+
𝑑𝑥

𝑑𝑡
(
𝑑ℎ

𝑑𝑥
)              (1 − 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒) 

Where
𝐷ℎ

𝐷𝑡
 is the total rate of change in variable h,  

𝑑ℎ

𝑑𝑡
 is the local rate of change because of time, 

𝑑𝑥

𝑑𝑡
 is the 

local velocity, 
𝑑ℎ

𝑑𝑥
 is the local gradient in a property. 

Imagine a boat, measuring the temperature of the ocean. Due to it being night, the temperature of the 

water drops with 1 degree each hour. Furthermore, the boat is moving towards deeper water, where 

the temperature is colder. Each kilometer, it measures 0.1 degree colder water. The boat is moving with 

10 km/hour. 

1. What is the total rate of change in the measured temperature? 

 

Hydrostatic Pressure 

 

The full navier stokes equations with pressure and viscosity terms are given below 
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One famous equation in ocean and atmosphere science describes the vertical change in 

pressure. In order to find this equation, the navier stokes equations can be used.  

There are several assumptions that allow you to find the equation. 

 

1. What are these assumptions? (Hint: think of the vertical pressure increase in a still-standing 

ocean)  

2. The answer to question 1 is given below, if you did not find them, why do these assumptions 

work? 

 

𝑑𝜌

𝑑𝑡
= 𝜌 (

𝑑𝑢

𝑑𝑥
+
𝑑𝑣

𝑑𝑦
+
𝑑𝑤

𝑑𝑧
) 

𝑑(𝜌𝑣)

𝑑𝑡
= (𝜌𝑢

𝑑𝑣

𝑑𝑥
+ 𝜌𝑣

𝑑𝑣

𝑑𝑦
+𝜌𝑤

𝑑𝑣

𝑑𝑧
) +

𝑑𝑃

𝑑𝑦
+ 𝜇 (

𝑑2𝑢

𝑑𝑥2
+
𝑑2𝑣

𝑑𝑥2
+
𝑑2𝑤

𝑑𝑥2
) +⋯ 

𝑑(𝜌𝑢)

𝑑𝑡
= (𝜌𝑢

𝑑𝑢

𝑑𝑥
+ 𝜌𝑣

𝑑𝑢

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑥
+ 𝜇 (

𝑑2𝑢

𝑑𝑥2
+
𝑑2𝑣

𝑑𝑥2
+
𝑑2𝑤

𝑑𝑥2
)

+⋯ 

𝑑(𝜌𝑤)

𝑑𝑡
= (𝜌𝑢

𝑑𝑤

𝑑𝑥
+ 𝜌𝑣

𝑑𝑤

𝑑𝑦
+𝜌𝑤

𝑑𝑤

𝑑𝑧
) +

𝑑𝑃

𝑑𝑧
+ 𝜇 (

𝑑2𝑢

𝑑𝑥2
+
𝑑2𝑣

𝑑𝑥2
+
𝑑2𝑤

𝑑𝑥2
) − 𝜌 ∗ 𝑔

+⋯ 

Mass Conservation 

M
o

m
en

tu
m

 C
o

n
servatio

n
 

Storage Term Advective (movement) Terms 

Storage Term 

Storage Term 

Storage Term 

Advective Terms 

Advective Terms 

Advective Terms 

Viscosity 

Viscosity 

Viscosity 

Pressure 

Pressure 

Pressure Gravity 
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The assumptions are that all velocities are 0, all time-derivatives are 0 and there is no horizontal 

pressure gradient (x- and y- direction do not count). 

 

3. Now, find the hydrostatic balance, relating the vertical increase in pressure within a fluid to the 

gravity. 

 

 

Manning’s Law 

The final approximation of water flow we found was the kinematic wave: 

 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the friction force (N) 

𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑦is the gravitational force (N) 

 

 

With n manning’s N (-) 

𝑢 the velocity (m/s) 

H the flow height (m) 

Manning’s law for flow velocity is 

 𝑢 = ℎ
2

3
√𝑆

𝑛
 

with S the slope 

1. Solve the kinematic flow approximation for flow velocity u, and compare this with manning’s 

law for overland/channel flow velocity. 

 

 

  

0 = (𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 − 𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑦) 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = m ∗ 𝑛
2 ∗
𝑢2

ℎ
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Exercise 3 : Flooding 
 

Exercise on Flash Flooding 

Introduction 

Together with this exercise page, several files should be obtianed. 

 A folder called StLucia_FlashFlood containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell and PCRaster 

Exercises 

Dem analysis 

Within the Netherlands, many areas are protected by rivers through so called levee rings (Dijk Rings). 

These close levee structures make sure there are no significant weaknesses in the defence against 

water. For one of these rings, the elevation model is included in Dijkring41/ 

Have a look at the 5 meter, 20 meter and 40 meter resolution elevation model.  

1. What spatial resolution would be best for modelling a levee break flood here? 

a. Take into account the amount of calculation, and the realism of the simulation 

The government has simulated this area with a resolution of 80 meters, due to the size of 

the area and the number of different scenarios. With more detailed simulations, the 

simulation time increases quadraticly. 

2. Create a slope and curvature map for the 20 meter dem. Can you see the location of the 

levees 

3. The water level of the river at a certain moment is 3 meters above sea level. If there would 

have been no levees, what would be the flood extent? 

4. Create a mask of the levee’s. (hint: select regions with specific slope, that have a large size). 

 

Modelling Flash Floods 

Have  a look at the StLucia_FlashFlood/ folder. Open Lisem and then load the run-file located in this 

folder. 
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1.  Use pcraster to calculate all of the hydrology related maps (slope, ldd, accumulated flux, 

wetness index) 

2. Create a flood suspectibility map based on the wetness index. 

Due to the used network, flow patterns are not like flooding. 

Create a new flood suspectibility map. This time, use the windowedaverage() function. 

3. Run the flood simulation with OpenLISEM. Investigate the results. What type of flooding 

takes place? where is the damage located? What are the primary causes of the flooding? 

4. How much area of buildings experienced flooding above 10 cm? 

5. Use the calibration menu in lisem to alter infiltration rates and mannings N values. Based on 

the results, what would be a approach to decreasing flood extent with land use change? 

6. Turn on the baseflow option and run the simulation again. What is the effect of existing 

baseflow on the flood? 

Modelling multiple return periods 

Have  a look at the StLucia_FlashFlood/ folder. Open Lisem and then load the run-file located in this 

folder. 

Within the StLucia_FlashFlood/rainfall/   folder, there are multiple rainfall files. These are the result of a 

20-year data Gumbel analysis and a subsequent Johnson SB Curve fit. Run the 5, 10, 20 and 50 year 

return period storms. 

1.  Calculate the total flooded area above 10 cm of water depth for each return period. How 

strong is the increase in flooded area? 
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2. Create a flood probability map. Here also, use a threshold of 10 cm’s of water depth as 

minimum depth for floods. 

Modelling barriers 

Have  a look at the StLucia_FlashFlood/ folder. Open Lisem and then load the run-file located in this 

folder. Use nutshell to add some barriers to the elevation model in order to protect the main 

infrastructure 

1. With the barriers added to the elevation model, run the flood simulation again. How many 

barriers do you need to protect the main road of the island? 

 

Another tactic is to create a small barrier at a topographical obstacle, effectively creating a 

small reservoir. This reservoir can be filled, and acts as a buffer.  

2. Find a suitable location to create a reservoir, and run the simulation again. Is the reservoir 

effective? 

Hurricane caused flooding usually is of a magnitude that the hazard cannot be avoided! 

Modelling levee-break flood  

Have  a look at the DijkRing41_Flood/ folder. Open Lisem and then load the run-file located in this 

folder.  

This catchment simulates fluvial flooding through a levee break. Here, we want to analyze the arrival 

time of the flood water. 

Run the simulation. When finished, open the floodtime.map in the results folder. 

1. How long does it take for the flood water to reach the other side of the levee ring? 

2. Expect the escape time for inhabitants to be 30 minutes (unrealistically optimistic).  What 

part of the levee ring can escape before the flood arrives. 

3. How could an early warning system for such a flood be designed? 

4. There are several obstacles that block the flood water within the levee ring. What are these 

obstacles? Why is it important that these are in fact higher in elevation? 
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Exercise 4 : Erosion 
Introduction 

Together with this exercise page, several files should be obtianed. 

 A folder called StLucia_FlashFlood containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

 

 

For this exercise, you will need nutshell and PCRaster 

Exercises 

Running an erosion/deposition simulation 

Have  a look at the StLucia_FlashFlood/ folder. Open Lisem and then load the run-file located in this 

folder.  Sediment processes are activated in the run file. 

 

5. Run the simulation with sediment. 

6. In the output menu, activate the time-series maps option. Output the 

velocity,concentration, soil loss and water height maps.  
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7. Have a look at the culvert location in the catchment, and plot the sediment concentration 

over time. (right click the legend, and press ‘show timeseries’) 

How much sediment passed through the culvert during the simulation. 

8. Look at the animation of the soil loss results. At the start of the simulation, which erosion 

process is dominant? After how long does the other type of erosion start? What determines 

the locations where this second type of erosion takes place? 

 

Running an erosion/deposition flood simulation 

Have  a look at the StLucia_FlashFlood/ folder. Open Lisem and then load the run-file located in this 

folder.  Load a new rainfall file for the simulation. Pick the 5-year return period storm. Furthermore 

select “include channel flooding” to activate channel flooding. 

1. Run the simulation. How do the soil loss patterns differ from the previous simulations? 

2. Explain the deposition patterns after the flood? 

3. In the output menu, activate the time-series maps option. Output the velocity,concentration, 

soil loss and water height maps.  

4. Have a look at the velocity timeseries. When is the flood velocity the highest? 

5. Are there regions where there is deposition first, and erosion later?  

Explain this with the velocity timeseries. 
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Exercise 5 : Ground Water Flow 
 

Exercise on Groundwater 

Introduction 

Together with this exercise page, several files should be obtained. 

 A folder called Sicily_DebrisFlood containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell and PCRaster 

Exercises 

Creating a simple ground water model 

Today we will create a simple groundwater model. A folder for a catchment we will later work more on 

has been included as Sicily_DebrisFlood/ All the maps required for a simple groundwater model are in 

there. 

PCRaster can run scripts, which combine many calculation statements into on file. Go into nutshell and 

make sure you are in the right folder. In the top menu in nutshell, Click the “create empty script” button, 

and then “save as”. Give your script an appropriate name such as “groundwater.mod”. 

 

Your empty script should look like this: 

Create empty script     Save as 
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The PCRaster script consists of several sections, which each have their own function. 

The binding section is where you read maps that are used as input. 

              For example, ‘DEM  = elevation.map;’ will allow you to use DEM as a variable in 

              calculations, and it will contain elevation.map 

 

The areamap section is where you give a map that functions as a mask for the calculations.  

 For example, if your data is a catchment, there is a lot of empty room in the map. No 

              need to calculate there! 

The timer section is where you provide three numbers: initial timestep, final timestep, timestep 

increment. So ‘1 11 2;’ means timesteps 1 ,3,5,7,9,11 are calculated. When you don’t provide a 

timer section, only the initial section will be performed, and not the dynamic section. 

The Initial section is a section with initial calculations that are performed once, and at the start 

of the run. 

The Dynamic section is a section with calculations that are repeated for every timestep. 

             For example, the statement “dem = dem + 2;” will increase your elevation model with 

             2 meters every timestep. 

 When you write code that is not correct, or some map file is missing, and you run the model, 

 Nutshell will tell you where things went wrong, and provide an error message. 

1. Write in the binding section: ‘DEM = dem.map;  ‘   . Now run the model. 

2. Now remove the semicolon at the end of the statement and run again. What happens? 

Since there is no semicolon, pcraster thinks the statements continues on the next line. This is 

not the case, since it finds the word areamap, and then it produces an error. Semicolons are 

required after every statement. 

1. Put back the semicolon. Similarly to the first line, also load the maps for initial soil 

moisture content (thetai.map), saturated soil moisture content (thetas.map), the soil 

depth (soildepth.map) and the saturated hydraulic conductivity (ksat.map) 
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2. In the areamap section, put ‘mask.map’. Run your model inbetween to make sure there 

are no errors. 

3. Finally, add the following four lines to the initial section 

SD = SD/1000.0;   ## soil depth from mm to meters 

KSat = KSat/1000.0;  ## saturated conductivity from mm/hour to meters per hour 

H = ThetaI * SD;   ## effective water height 

report SoilHi.map = H;  ## report this map to disk 

 

Explain what these four lines are doing. 
There should be a new map in your folder called SoilHi.map. Have a look at it. What 
does this map contain? What is the unit of this map? (meter? Millimeters?) 
 

Your model should now look like this: 

  

 Now, we have to start changing the water height H in the dynamic section. 

 A common approach is as follows 

 

 Dynamic 

############################################## 

# Model: simple slope based groundwater flow              # 

# Author: Bastian van den Bout        # 

############################################## 

 

binding 

 

SD = soildepth2.map;    ## input soil depth, soildepth.map in mm 

ThetaS = thetas.map;    ## porosity of the soil (-) 

ThetaI = thetai.map;    ## initial soil moisture content of the soil (-) 

ThetaR = thetar.map;    ## porosity of the soil (-) 

KSat = ksat.map;    ## saturated hyraulic conductivity of the soil (mm/h) 

DEM = dem.map;    ## elevation model (m) 

 

areamap 

mask.map;    ## mask indicates the area for calculation 

 

timer 

1 10 1;     ## start timestep, final timestep, increment 

 

initial 

 

SD = SD/1000.0;   ## soil depth from mm to meters 

KSat = KSat/1000.0;  ## saturated conductivity to meters per hour 

H = ThetaI * SD;   ## effective water height 

report SoilHi.map = H;  ## report this map to disk 

 

dynamic 
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1. Calculate slope 

2. Calculate discharge 

3. Subtract outgoing discharge from water height 

4. Add incoming flux to water height 

5. Make sure the water height is above residual content, and below saturated content. 

What to do with water above saturation? Just assume runoff leaves the 

catchment! 

 For this exercise, you will need to have a good look at the pcraster manual. 

 Here are several functions you will definitely need: 

 Shift(map,nr north, nr west)  - shifts the contents of a map in a certain direction 

 Cover(map1, map2)  -covers any missing value cells in map1, with values in 

                                                                         map2 

 Min(a,b) and max(a,b)  -gives the largest or smallest value between a and b 

 If(condition, a,b)  - if condition is true, gives a, if false, gives b 

    Example: if(DEM gt 100,1,0); gives 1 when DEM is above 

    100, and 0 when DEM is below 100. 

Using these two functions you can calculate the slope of the hydraulic height: 

Sx = -(cover(shift(DEM + H,0,1),DEM) - cover(shift(DEM + H,0,-1),DEM));  ## slope in x-direction 

Sy = -(cover(shift(DEM + H,1,0),DEM) - cover(shift(DEM + H,-1,0),DEM));  ## slope in y-direction  

 

1. Explain the way the slope in x- and y- direction are calculated! 

2. Why are they calculated separately? 

 

3. Now finally, complete the model using the script we made so far, and the pcraster 

manual! 

A final, working version of the model is provided on the next page. You can have a look for help, but try 

to create the model yourself, since model writing is a very useful skill! 

With the working script, we can estimate groundwater movements in a catchment. 

Assume thetai.map describes the water content at a certain moment. We want to know the soil water 

content two weeks later. During these two weeks, there was no more rainfall.  

1. Use to model to calculate the soil moisture content two weeks later! 
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 ############################################## 

# Model: simple slope based groundwater flow # 

# Author: Bastian van den Bout # 

############################################## 

 

binding 

 

DT = 6;      ## timestep in hours 

SD = soildepth2.map;    ## input soil depth, soildepth.map in mm 

ThetaS = thetas.map;    ## porosity of the soil (-) 

ThetaI = thetai.map;    ## initial soil moisture content of the soil (-) 

ThetaR = thetar.map;    ## porosity of the soil (-) 

KSat = ksat.map;    ## saturated hyraulic conductivity of the soil (mm/h) 

DEM = dem.map;    ## elevation model (m) 

 

Thetareport = thetaim.map;   ## bind output map 

Hreport = SoilH.map;    ## bind output map 

Hinitial = SoilHi.map;    ## bind initial output map 

 

areamap 

mask.map;    ## mask indicates the area for calculation 

 

timer 

1 100 1;     ## start timestep, final timestep, increment 

rep = 1, 1 + 1..endtime;  ## report every timestep 

 

initial 

 

SD = SD/1000.0;   ## soil depth to meters 

KSat = KSat/1000.0;  ## saturated conductivity to meters per hour 

H = ThetaI * SD;   ## effective water height 

report SoilHi.map = H; 

 

Q = scalar(0.0);   ## total discharge 

Qx = scalar(0.0);   ## x direction discharge 

Qy = scalar(0.0);   ## y direction discharge 

Sx = scalar(0.0);   ## x direction slope 

Sy = scalar(0.0);   ## y direction slope 

 

dynamic 

Sx = -(cover(shift(DEM + H,0,1),DEM) - cover(shift(DEM + H,0,-1),DEM));   ## calculate slope 

Sy = -(cover(shift(DEM + H,1,0),DEM) - cover(shift(DEM + H,-1,0),DEM));   ## calculate slope 

Qx = DT * KSat * Sx * H;   ## calculate groundwater discharge 

Qy = DT * KSat * Sy * H;   ## calculate groundwater discharge  

 

Qx = if(Qx gt 0.0,1.0,-1.0) * min(0.3 * H,abs(Qx));   ## limit by available water 

Qy = if(Qy gt 0.0,1.0,-1.0) * min(0.3 * H,abs(Qy));   ## limit by available water 

H = H + min(0.0, -abs(Qx) -abs(Qy));   ## subtract outflow 

 

H = H + abs(min(0.0,cover(shift(Qx,0,1),0.0)));   ## add inflow x direction 

H = H + abs(max(0.0,cover(shift(Qx,0,-1),0.0)));   ## add inflow x direction 

H = H + abs(min(0.0,cover(shift(Qy,1,0),0.0)));   ## add inflow y direction 

H = H + abs(max(0.0,cover(shift(Qy,-1,0),0.0)));   ## add inflow y direction 

 

H = max(ThetaR * SD,min(ThetaS * SD,H));   ## if oversaturation, remove 

 

H = windowaverage(H,celllength() * 2.0);    ## take spatial average of 2 cells width to smoothen dem errors 

 

report (rep) Hreport = H;      ## reports map in SoilH.map 

report (rep) Thetareport = max(ThetaR,min(ThetaS,H/SD));  ## reports map in SoilH.map 
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Exercise 6 : Slope Stability 
 

Exercise on Slope Stability 

Introduction 

Together with this exercise page, several files should be obtianed. 

 A spreadsheet file called slopestability.xslx 

 A folder called Sicily_DebrisFlow containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell and PCRaster, and a spreadsheet editor 

Exercises 

A 2D Slope Stability Exercise 

In this exercise, we are goging to use excel to find the safety factor of a failure volume. In the image 

below, the soil description is provided. Cell sizes are 5 meters, and there is a soil layer (top) and bedrock 

layer (bottom). The failure volume (red) has been determined through ellipsoid sampling, and has been 

cut off at the bed rock interface.  

 

The soil physical parameters are homogeneous for the entire slope. In the excel file, the elevation, soil 

depth, failure surface depth, and soil physical parameters have been prepared. Open this file. 

The infinite slope stability equation is given below: 

 

𝑆𝐹 =
𝑐′ + 𝑐 + (𝛾 − 𝑚𝛾𝑤) 𝑧 𝑐𝑜𝑠(𝛽)

2 tan(𝜙′)

(𝛾 + 𝑚𝛾𝑤) 𝑧 𝑠𝑖𝑛(𝛽) cos(𝛽)
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9. The safety factor equation is the ratio between two terms. Which one Is the force capacity, 

and which one is the force demand? 

10. The force capacity and demand use different apparent weights. One adds the water 

pressure, the other subtracts it. Why is this? 

11.  Calculate, for each cell, the force capacity and force demand based on the infinite slope 

model. 

12. Calculate the average safety factor. 

You can also calculate the safety factor for each local cell. 

13. Are all cells in the ellipsoid failure volume unstable? 

14. Why are the unstable cells located mostly up-slope? And the stable cells downslope? 

In order to get the slope to be stable, the slope could be strengthened with man-made 

structures. 

15. How much do you need to artificially increase cohesion to gain stability? 

Move to the second page in the excel file. Here, you will again calculate the safety factor, but now using 

bishops method! The equation for bishops method is given below. 

 

Where u is the width of a slice, W is the weight of the soil,  

16.  First provide a cell with an initial guess of the safety factor. 

17. Calculate the safety factor for the failure volume. 

18. Keep changing the initial guess to the outcome of the calculation, until both are the same. 

19. What is the final safety factor according to this method? How could you explain the 

difference? 

Sub-Catchment slope stability in Sicily 

We are now going to apply slope stability analysis to a sub-catchment of the Scaletta catchment in Sicily. 

For this study case, all the maps have been prepared. During the last lecture, we estimated initial soil 

moisture for this sub-catchment using a pcraster model. 

𝑆𝐹 the safety factor (-),𝛾 the soil density (𝑘𝑔 𝑚−3),𝛾𝑤  the density of water (𝑘𝑔 𝑚−3), z  the soil 

depth(m), 𝛽  slope of the soil section (-), c the cohesion of the soil (kPa), 𝑐′ the apparent cohesion 

of the soil (Pa)and 𝜙′ internal friction angle of the soil(-). Here the apparent cohesion consists of 

additional root cohesion and a matric suction term.  

Not a closed-form solution (FS on both sides of equation); requires 
iterative approach 
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The simulated event is a 2009 convective storm with extreme rainfall intensities, leading to many debris 

flows, and debris flooding downstream. 

Open the .run file in lisem and press ‘run’ and press pause after the first timestep. 

1.  Have a look at the ‘safety factor’ map in the interface, what do you see? 

2. Currently, slope failure is turned off, only stability is calculated. What would be the effect of 

allowing slope failure? Is this realistic? 

3. Go into the calibration settings, and press “assume initial stability’. Now, the safety factor at the 

start of the simulation is automatically calibrated to be stable, while increasing weight still 

decreases the safety factor. 

4. Run the simulation again, and have a look at the ‘safety factor’ map again. Are these results 

more realistic? 

In the interface, there is an output menu. Here you can specify time-based output. Select the safety 

factor to be written to disk every 5 timesteps.  

5. Run the simulation and look at the timeseries of maps for the safety factor. 

6. How strong is the decrease in safety factor with respect to time? 

7. Would there be any change in safety factor without infiltration? (hint: not all water is in the soil) 

Is the effect of this other factor important? 

8. Calculate the total final area of slope failure in the sub-catchment. 

Go into the interface again, into the erosion settings, and press “simulate slope failure”. This tells lisem 

to simulate slope failure, and start with shallow landslides/debris flows on the surface. For now, we will 

ignore the surface flow results. 

9.  Run the simulation again, and have a look at the final failure depths. What is the total volume of 

solids that is released during the event? 

10. Use the calibration settings to alter soil depth, cohesion, and the internal friction angle of the 

soils. To which parameter is the simulation the most sensitive? 
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Exercise 7 : Slope Failure 

Exercise on Slope Failure 

Introduction 

Together with this exercise page, several files should be obtained. 

 A folder called SlopeFailure_Tests containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

A folder called Scaletta_DebrisFlow containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell and PCRaster, and OpenLISEM 

Exercises 

Slope failure with and without forcing 

In this exercise we will look at a part of the scaletta catchment in Northern Italy. Have a look at the  

 

The scaletta debris flow event has completely different dynamics and a different model setup when 

compared to the Acheron landslide. Instead of providing an initial release volume, slope stability is 

modelled, leading to slope failure, and in turn leading to mass movements.  

Open the run file for this simulation with OpenLISEM.  
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1. Go into the erosion options and uncheck ‘simulate slope failure’. Run the simulation now 

(without slope failure) and have a look at the unstable regions first.  

2. What is the lowest safety factor? What is the soil depth and slope there? How much has the 

safety factor decreased due to infiltration? 

3. Estimate the released volume by assuming half of the soil failes for every unstable cell. 

4. Check the option ‘simulate slope failure’ and run the simulation. 

In the display look at the failure depth, your results should look like this 

 

5. Compare the failure with the inventory, how is the accuracy? 

6. Alter the internal friction angle and cohesion of the material to see if you can improve the 

accuracy. What are your final values for soil cohesion and internal friction angle? What do these 

values say about the model assumptions or the input data? 

 

7. Check the option ‘assume initial stability’ under the calibration settings. 

now, at the start of the simulation, all pixels are automatically calibrated to be at least stable. In 

this way, rainfall can trigger failures during the simulation. Run the model with this setting. 

When do the failures occure? 

8. Output a time series of safety factors. Run the model again and look at the decrease in safety 

factor due to rainfall. Which parameters determine how fast the safety factor decreases? 

 

Deep slope failure 

In this exercise we will look at deep slope failure on different types of surfaces. 

In the folder SlopeFailure_Test, several elevation model based on different typical slope shapes are 

provided. There is a single run file which can be loaded for the settings. To run the different slope 

shapes, select the elevation model maps. 
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1. Load the run file and run the model without upslope forcing. What kind of failure shape do you 

see? If it is unclear, use the profile tool in OpenLISEM to get an idea of subsurface patterns.  

2. When is this type of behavior realistic? 

3.  Now also select upslope forcing and run the model again. Your results should look like the 

following image: 

 

What is the effect of upslope forcing on the failure shapes? 
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Exercise 8 : Mass Movements 
 

Exercise on Slope Stability 

Introduction 

Together with this exercise page, several files should be obtained. 

 Two folder called Sicily_DebrisFlow and Acheron_Landslide containing 

  A folder called maps, with all the map data 

  A folder called rainfall, with a rainfall file 

  A folder called res, empty, but which will contain model results 

For this exercise, you will need nutshell, PCRaster and OpenLISEM. 

Exercises 

Acheron Landslide 

The Acheron landslide dataset consist of the elevation model, soil physical parameters, and initial 

release heights for the ancient Acheron landslide. This landslide is estimated to have taken place about 

900 years ago due to a seismic trigger.  

 

Source: r.avaflow.org 

Open the run file with OpenLISEM. Initial conditions for fluid and solid flow are an option within the 

OpenLISEM interface. IF you go to the surface flow settings, the option ‘include initial fluid/solid 

conditions’ is checked. In this case, OpenLISEM reads 5 maps: initialfvolume.map (the initial fluid 
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volume) initialsvolume.map (the initial solids volume in the flow), and three maps for the physical 

properties of the solid/fluid mixture. These are then used to set the initial flow conditions. 

1.  Have a look at the initial volume of water and solids. Calculate the ratio of water/solids. 

This ratio is based on the estimated saturation level of the material at the time of failure. 

2.  Run the simulation. When finished, have a look at the resulting maps: 

maxdebrisflowheight.map and finalsv.map. What do you see on these maps? 

Maxdebrisflowheight.map uses a minimum solid concentration value to determine what flow is 

considered a debris flow. Keep this in mind when analyzing model results. 

3. Create a mask of debrisflowheight.map. Not every debris flow height usually counts as impact. 

Below a depth of 10 cm, natural areas experience barely any impact. Use an appropriate 

minimum flow height in creating the mask. 

4.  Compare your created mask with the  

For accuracy calculation of landslide impact or deposits, you can use either the percentage accuracy, or 

cohens kappa. Imagine the following table, where a and b are two masks. 

Total: 50 

B 

Yes No 

A 

Yes 20 (a) 5 (b) 

No 10 (c) 15 (d) 

 

Here the simple accuracy is the total amount of agreed observations (Yes-Yes and No-No) devided by 

the total: Accuracy = (a + d)/total = (20 + 15)/50 = 0.5.  

Cohens kappa takes into account the probability of accidentally correct values. 

𝑃0 =
𝑎 + 𝑑

𝑡𝑜𝑡𝑎𝑙
 

𝑃𝑌𝑒𝑠 =
𝑎 + 𝑏

𝑡𝑜𝑡𝑎𝑙
∗
𝑎 + 𝑐

𝑡𝑜𝑡𝑎𝑙
 

𝑃𝑁𝑜 =
𝑐 + 𝑑

𝑡𝑜𝑡𝑎𝑙
∗
𝑏 + 𝑑

𝑡𝑜𝑡𝑎𝑙
 

𝑃𝑒 = 𝑃𝑌𝑒𝑠 + 𝑃𝑁𝑜 

𝐾𝑎𝑝𝑝𝑎 =  𝜅 =
𝑝0 − 𝑝𝑒

1 − 𝑝𝑒
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5.  Calculate the accuracy and Cohens kappa for the simulation. What could explain the difference? 

(hint: what happens if we took a large empty area with one landslide?) Which one is better to 

use? 

In order to increase the performance of the landslide simulation, there are several things that can be 

done: Change the flow properties, change the ratio between fluids/solids, alter the surface friction.  

For this landslide, we will change the ratio between released fluids and solids. 

6.  Alter the ratio of initial fluids/solids  while maintaining the same total initial height. Stay 

between a fluid/solid ratio of 0.1 and 0.4. Can you improve the simulation results? What are the 

effects of the additional fluids on the dynamics of the landslide? Is this realistic? 

Scaletta Debrisflow 

The scaletta debris flow event has completely different dynamics and a different model setup when 

compared to the Acheron landslide. Instead of providing an initial release volume, slope stability is 

modelled, leading to slope failure, and in turn leading to mass movements.  

Open the run file for this simulation with OpenLISEM.  

9. Go into the erosion options and uncheck ‘simulate slope failure’. Run the simulation now 

(without slope failure) and have a look at the unstable regions first.  

10. What is the lowest safety factor? What is the soil depth and slope there? How much has the 

safety factor decreased due to infiltration? 

11. Estimate the released volume by assuming half of the soil failes for every unstable cell. 

12. Check the option ‘simulate slope failure’ and run the simulation. 

13.  What is the maximum flow height? Where is this flow height reached? At what time is this flow 

height reached? 

14. Use the maxdebrisflowheight.map results to calculate cohens kappa and the accuracy for the 

simulation. There is a map of actual debris flows in inventorymask.map 

Instead of using estimated slope failure volumes, we can also use an initial release volume. 

1. Use the inventory.map to get the maximum and minimum elevation for every debris flow. (hint: 

use areamax() and areamin()) 

2. Assume that every cell within the 30 percent highest elevations of every landslide is part of the 

source area. Save the result as inventorysource.map. 

3. Create initialfvolume.map and initialsvolume.map based on the inventorysource.map. Make 

initialsifa.map (the internal friction angle), initialsdensity.map  and initialsrocksize based on the 

soil properties. Assume that 70 percent of the soil depth is released during the failure. 

Furthermore assume the soil is saturated during failure. 

4. Run the simulation with initial failure. 

We want to compare the model results with hydrology to those without hydrology. 

If you want to run the simulation without the calculation of hydrology, several steps need to be taken. 

15.  Create a rainfall file where there is no rainfall, and load this into the simulation. 

16. Uncheck the calibration option ‘assume initial stabilitity’. 

17. Run the simulation again 
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18. Finally, compare the model results with and without hydrology. What are the main differences 

in flow behavior? What causes this? 

Next, we will analyse the amount of material that flows downstream.  

1. Create a mask that indicates the areas that are not a sloped area where shallow landslides take 

place. 

a. Use accuflux to detect streams. 

b. Use spread() to create a map with distance from that stream network. 

c. Select all areas close enough to the steam network as non-‘sloped areas’. 

2. Run the simulation with hydrology.  

3. Calculate the total amount of solid material released 

4. Calculate the total amount of solids that are on the slopes at the end of the simulation. 

5. Calculate the fraction of the total released solids that leaves the sloped areas.  
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Exercise 10 : Prepare your own dataset 
Introduction 

Together with this exercise page, the base maps for an area in the debris flood catchment, should be 

included. 

 Two folder called DebrisFlood containing 

  rainfall.xls  - An exel file for rainfall values from the nearby station 

  dem.map  - Digital elevation model (derived from 2.0 meter LiDar) 

  landuse.map  - Lande use classes map 

  landuse.tbl  - Land use physical properties table 

  landuse_expl.tbl - Explenation of land use table 

  ndvi.map  - Normalized Differential Vegetation Index 

  soil.map  - The soil texture classification (according to usgs classes) 

  buildings.map  - The fraction of the cell that is covered by buildings 

  roads.map  - The fraction of the cell that is covered by roads. 

  Inventory.map  - The landslide inventory, landslides/debris flows numbered 

 

For this exercise, you will need nutshell, PCRaster and OpenLISEM. 

Exercises 

Building the debris flood dataset 

The main point of this exercise if for you to end up with a fully working and complete dataset for the 

OpenLISEM model, for the debris flood catchment. A list of tips and steps is provided below, to help you 

along.  

Tip: You can combine all your pc-raster commands that convert the base maps into a whole 

database, into one single pcraster script file. Read the base maps in the binding section, and do 

all the calculations in the initial section. This will allow you to quickly see what you did, repeat 

the calculations with small changes, and use the same calculations with maps of a different 

resolution, or another, but very similar area.  

If you feel confident that, based on your previous experiences and the PowerPoint lecture, you can 

create this, feel free to mess around, and start building. 

Steps: 

1. Script Creation: Start by creating a new script, and loading the base maps. 

 

2. Elevation model: Usually, it is best to create elevation-based maps first. Start out by calculating 

the slope, aspect, local drainage direction network etc.. 

For the gradient, make sure you calculate the sin() of the angle. (hint: sin(atan(slope(dem)))) 

For the LDD map, carefully choose your options in the lddcreate(..) function. Don’t forget to set 

the option #! --lddin at the top of the script. This makes sure the behavior is good at the coast. 

For visualization, you can create your own hill shade map using the following equation. 
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 𝐻𝑖𝑙𝑙𝑠ℎ𝑎𝑑𝑒 = cos(𝑍𝑒𝑛𝑖𝑡ℎ) ∗ cos(𝑆𝑙𝑜𝑝𝑒) + 𝑆𝑖𝑛(𝑍𝑒𝑛𝑖𝑡ℎ) ∗ sin(𝑆𝑙𝑜𝑝𝑒) ∗ cos (𝐴𝑧𝑖𝑚𝑢𝑡ℎ

− 𝐴𝑠𝑝𝑒𝑐𝑡) 

Source: 

http://edndoc.esri.com/arcobjects/9.2/net/shared/geoprocessing/spatial_analyst_tools/how_hi

llshade_works.htm 

 

3. Channel Detection: Based on the local drainage network, create an accumulated flux map. 

Compare this with google maps to automatically detect a channel network. 

Use a GIS to manually update the channel network if there are errors (due to man-made 

structures?) 

Finally, create the Outlet and Outpoint maps for OpenLISEM 

 

4. Rainfall: Rainfall data for the closest-by rainfall station has been provided in an excel file. The 

event we are going to simulate took place on 01 -10-2009. Look for the station of S.Stefano 

Briga. 

 

5. Soil Data: Soil physical parameters are estimated based on soil texture classes maps. In this 

step, we need to think about the infiltration model we want to use. Create a soildata.tbl file. 

Within this file you can put the soil physical properties for every soil class in the soil.map. 

Folllow the usgs conventional classification for soil texture. You can find a lot of standard values 

for Hydraulic Conductivity, matric suction, density, median grain size, cohesion, etc.. Note the 

units of the values you find, and make sure OpenLISEM reads the same unit, or convert to that 

unit. 

 

6. Soil Maps: Use the soil.map and soildata.tbl file to create all the maps for soil physical 

parameters. Usefull pcraster functions are tablelookupscalar(). Do not forget to put the ‘#! –

matrixtable’ option at the top of your script. This will set pcraster to read tables of any width 

and height. 

 

7. Soil Depth: We will try to spatially predict soil depth based on statistical analysis. The statistical 

analysis has been done based on four parameters: Distance from stream (includes quite small 

streams), Distance from coast, Slope, Curvature. Create the maps containing these variables. 

The analysis gave the following results: 

 

 

 

 

  

Use the following equation for the spatial soil depth (note that the calculations are in meter, and 

OpenLISEM needs mm units for soil depth). 

𝑆𝐷 = 𝐼𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡 +  𝑎 ∗ 𝑑𝑐𝑜𝑎𝑠𝑡+𝑏∗𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙+𝑐 ∗ 𝑠+𝑑 ∗ 𝑐  23 

intersect 2.37 

a 0.01 

b 0.12 

c -1.03 

d -2.73 

http://edndoc.esri.com/arcobjects/9.2/net/shared/geoprocessing/spatial_analyst_tools/how_hillshade_works.htm
http://edndoc.esri.com/arcobjects/9.2/net/shared/geoprocessing/spatial_analyst_tools/how_hillshade_works.htm
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Where SD is the soil depth (m), a,b,c,d are constants (-) derived from statistical analysis, dcoast 

is the distance to the coast (m), dchannel is the distance to the nearest channel (m), s is 

the slope of the surface (m m−1) and c is the profile curvature of the surface (m−1). 

 

 
Usually soil depth patterns are determined by complicated local processes. Thus, after the 

calculations, perform some spatial averaging to smoothen the errors. Take an averaging 

distance of 20 meters. 

 

8. Soil initial moisture (optional): Now that all of the soil physical parameters are known, we can 

use the groundwater script from one of the previous lectures to estimate the initial soil moisture 

content. Have a look at the rainfall.xls file to see how long you should run the groundwater 

model, and with how much initial water. The event we are going to simulate took place on 01 -

10-2009. Otherwise, you can take the initial soil moisture content as 90 % of the saturation 

level. 

 

9. Land Use Data: Land use has been classified before-hand based on sentinel and spot-4 satellite 

images. Note that the effect of buildings and roads on hydrology are done separately by 

OpenLISEM. The underlying surface cover could be any other lands use, such as bare, or grass. 

 

10. Land Use Maps: Use the landuse.map and landuse.tbl file to create all the maps for land cover 

physical parameters; rr.map, ch.map,  

 

11. Vegetation Cover: Several empricial relationships have been developed to relate vegetation 

cover as a fraction of the surface to the NDVI. In our case, we will use the common equation: 

𝑣𝑒𝑔𝑐𝑜𝑣𝑒𝑟 = 𝑒
−2.0∗𝑁𝐷𝑉𝐼
1−𝑁𝐷𝑉𝐼   

𝐿𝐴𝐼 =
ln(1 − 𝑣𝑒𝑔𝑐𝑜𝑣)

−0.4
  

Based on this formula, set the vegetation-cover related maps. 

Assume a linear relationship between root cohesion in the soil, and the vegetation cover. The 

maximum strength of root cohesion is 8 kPa. 

 

12. Initial flow conditions: If you want to simulate just the runout of the failure based on the 

inventory, we need to do some extra calculations. Based on the inventory, you can detect the 30 

% area of each landslide that has the highest elevation. Use this as the source area. Base your 

estimation of the initial fluid and solid release volumes on soil moisture content and soil depth. 

Use 50 percent of the total soil depth as release volume. Use the soil physical parameters for 
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the flow properties. 
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Exercise 11 : Calculating Risk 
Introduction 

In this exercise, we will use OpenLISEM output maps to estimate damage and finally calculate risk. 

To do this, we will utilize damage curves, set manual thresholds, and manipulate some maps using 

pcraster. 

Requirements: 

 Nutshell, PCRaster, OpenLISEM 

 A folder of example hazard maps: 

Flood_h.map - flood max depth (m) 

Flood_v.map  - flood max velocity (m/s) 

Flood_t.map - flood arrival time (min) 

Flood_d.map - flood duration (min) 

Debris_h.map - debris max flow height (m) 

Debris_c.map  - debris concentration during max flow height moment (m) 

Debris_v.map - debris flow max velocity (m/s) 

Total_h.map - total flow max height (m) 

Total_v.map - total flow max velocity (m/s) 

Total_t.map - total flow arrival time (m/s) 

Total_d.map - total flow duration (m/s) 

Buildings.map  - fraction of the cell covered by buildings 

roads.map  - width of the roads on a cell 

landuse.map - a land use map 

The land use values are shown in the following figure, which has an overview of the 

area. 
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Generally speaking, risk calculation can have three main uses.  

First, calculating current risk can have important benefits for stakeholders such as local authorities. 

When there is a spatial indication of risk, governing agencies can act to reduce this by adapting policies. 

Second, risk can be simulated under future scenarios. Since our earth’s surface is a dynamic system, risk 

can change over time. Particularly, human activity can change risk, either by altering exposure, the 

hazard, or the vulnerability. Scenarios are for example: changes in land use, risk reduction measures, 

climate change. 

Finally, a useful tool in risk analysis is the comparison of several future scenarios. By simulating scenarios 

with alternative mitigation measures, or several land use change scenarios, the most efficient policy can 

be determined. The results of such as comparison typically lead to decision making advice. Of course, 

the aim for a specific scenario could be balanced towards risk reduction, or financial feasibility, but the 

data of a comparative risk analysis is most useful in such a decision. 

In the following exercises, we will look at the mentioned aspects of risk calculation. 

Part 1 Potential Damage 

In this exercise, we will look at calculating damage from a specific potential event. As an example, the 

flood depth and debris flow height map and slope failures are shown below: 

 

 

Where the debris flow arrival time and flood duration are counted is determined by a flood height 

threshold and a debris flow concentration threshold. You can set the thresholds for the result maps in 

the interface as seen below. 

 

The total damage can be seen as the sum of damages to individual types of elements-at-risk. 

For this exercise, we divide the area into four types of elements 
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 Agriculture 

 Buildings 

 Roads 

 Forest 

To calculate the damage based on the debris flow and flood properties provided, a damage function is 

needed. These functions describe the relationship between hazard intensity, usually the flow depth or 

velocity, and the fraction of the costs of the object that need to be paid to repair. These relationships 

are generally based on large datasets of hazard damage in similar areas and can be very complex. For 

example, agricultural damage depends on cropping stage, season, type of crop and other factors. Flood 

damage might depend on electronics, sewers, flood velocity, depth, duration, arrival time and many 

other factors. In reality it is difficult to take into account all these factor. In this example, simplified 

damage curves are provided. 
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Impact 
Pressure 
(kPa) Buildings Agriculture Forest Roads 

0 0 0 0 0 

5 0.1 0.2 0.05 0 

10 0.15 0.4 0.1 0.2 

15 0.2 0.6 0.15 0.4 

20 0.3 1 0.2 0.6 

25 0.45 1 0.22 0.8 

30 0.55 1 0.25 1 

35 0.7 1 0.25 1 

40 0.9 1 0.25 1 

Flood 
Depth 
(cm) Buildings Agriculture Forest Roads 

0 0 0 0 0 

10 0.15 0.05 0.02 0.05 

20 0.18 0.1 0.04 0.15 

30 0.2 0.2 0.06 0.25 

40 0.25 0.3 0.08 0.35 

50 0.28 0.35 0.1 0.45 

60 0.35 0.4 0.1 0.45 

70 0.4 0.45 0.1 0.45 

80 0.45 0.5 0.1 0.45 

90 0.5 0.55 0.1 0.45 

100 0.5 0.6 0.1 0.45 
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In this example, use the following values for elements-at-risk per square meter: 

Buildings – 50 $/m2 

agriculture – 15 $/m2 

Roads – 25$/m2 

forest – 10$/m2 

1. Based on this data, calculate the total damage 

Hints: 

a. To estimate the damage function values, generate 8 maps based on the tables, for both debris 

flow and flood damage for each land use type. 

b. Calculate impact pressure using a density of 2000 kg/m3 and the combined debris flow height 

and velocity maps. 

Including human casualties is an even more challenging aspect of risk calculation for several reasons. 

The locations of humans can by highly variable, due to day/night, work, school or holiday dynamics. 

Furthermore, local inhabitants will move away from flooding or debris flow impact if they can. Finally, 

the value of a human life does not translate into financial damage directly.  

In order to estimate human casualties of debris flows in our area, assume 1 inhabitant per 10x10 meter 

of buildings, and assume that It takes 15 minutes to leave an area after the origination of a debris flow. 

Any human expose to over 1 meters of debris flow depth will count as a casualty. 

2. Estimate the number of casualties from debris flows based on the provided simulation results. 

 

Part 2 Total Risk 

In this part of the exercise, we will calculate total risk for a specific group of hazardous processes. 

In this example, you can calculate the total flood risk in the St. Lucia example. Within the dataset, there 

are several rainfall files. Each rainfall file has a different return period. Run a simulation using each of 

these rainfall files and save all the flood depth results to separate map files. 

You should now have flood depth maps for a 5, 10, 20 and 50 year event. 

For each of these events, calculate the total damage based on the flood depth. 

To make this step fast, put the calculations in a script. 

The following graph shows a common approach to estimating total risk: 
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The area under the line represents total annual risk and can be approximated by the different columns. 

Thus, our total risk can be calculated as: 

𝑅𝑖𝑠𝑘𝑡𝑜𝑡𝑎𝑙 =
1

𝑇5
∗ (𝑅5) + (

1

𝑇10
−
1

𝑇5
) ∗ (𝑅10) + (

1

𝑇20
−
1

𝑇10
) ∗ (𝑅20) + (

1

𝑇50
−
1

𝑇20
) ∗ (𝑅50)  

Calculate the total flood risk for the St. Lucia catchment. 

 

Part 3 Risk under mitigation measures 

In this exercise, you will look at the influence of policy on total flood risk in the St Lucia example.  

 

You are a local governing agency on the Island of St. Lucia, and you have been tasked with reducing total 

flood risk. Specifically, you have two tools at your disposal: Policy change on land use, limited funding 

for an engineering solution. 

Policy: You are allowed to convert any non-urban area to forests, limited to 500x500 meters. 

 

Engineering: You have a 100000$ budget for a flash flood barrier. You can build a 10 meter wide barrier. 

Each 10x10x1 meter block costs 1000$ Example: you can build a 200x10x5 meter barrier on any location 

not covered by current infrastructure. The barrier is allowed to exist above the channels. 

Based on these possible changes, develop a scenario that reduces total flood risk in the area. Do this 

exercise in a group, compare your results to see which approach works best. 

 

Hints: 

1. Run a normal simulation first to see the problematic areas in the catchment, and flood patterns. 

2. Think about your plans first, how could forest reduce flood risk? Where is this most efficient? 

3. Barriers do not alter flood volume, how can they reduce risk? What is an efficient way to achieve this? 

  

Annual Probability (1/T) 

D
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Exercise 11 : Numerical Methods 
Introduction 

In this exercise we will have a look at the methods that are available to numerically solve differential 

equation. Particularly, we will solve a simplified system that is analogous to one-dimensional water flow. 

Requirements:  

Excel spreadsheet editor 

Numerical.xlsl – a file that contains the example channel along which we will calculate flow 

 Numerical_Answers.xlsl – a file with the answers to the excel-exercises 

Part 1 Solving a spring-mass system  

A mass-spring system is shown in the following figure 

 

 

Given an initial velocity, and location relative to its balancing position, the mass will start to oscillate. In 

this exercise, we will solve the motion of the mass using numerical integration. 

𝐹 = −𝑘 ∗ 𝑥 

𝐹 = the force 

K = the spring constant 

x = the location with respect to the equilibrium position 

Since we know from newton 

𝐹 = 𝑀  ∗ 𝐴 

And the acceleration is identical to the second derivative of the location of the mass 

𝐴 =  
𝑑2𝑥

𝑑𝑡2
 

We can combine newtons second law of motion and hook’s law for the force exerted by a spring to form 

the following equation 
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−𝑘 ∗ 𝑥 = 𝑀  ∗
𝑑2𝑥

𝑑𝑡2
 

This equation, which is differential since it includes a derivative of the unknown variable x, described the 

movement of a mass-spring system.  

1. First, we will solve the equation analytically. Use the following general solution form to find 

coefficients for A,B and 𝜔 

x(t) =  𝐴𝑆𝑖𝑛(𝜔𝑡) +   𝐵𝐶𝑜𝑠(𝜔𝑡) 

 HINT: use x(0) = x0 and 
𝑑𝑥

𝑑𝑡
(0) = 𝑣0 (boundary conditions) 

 If needed, use the following sub-steps to solve this question: 

a.  Fill in the general form of x(t) in the differential equation, and take the second derivative on 

the right side. 

b.  Since the left and right side must be equal, find a value for 𝜔. 

c.  Using the boundary conditions eliminates large parts of the equation, allowing you to solve 

for A and B. Use both boundary conditions to create two equations for A and B 

d.  Finally solve these equations to find the values of A and B based on the x0 and v0  

 

Next, we want to solve the equation numerically. At any location x, the acceleration can be solved, 

which leads to a velocity, and the location can be updated. This process can be done repeatedly to 

predict the motion of the mass-spring system. Iteratively finding the acceleration, adding this to the 

velocity of the mass, and then altering the location is based on a linear advection of the mass. At a small 

moment in time, the velocity can be assumed to be approximately linear. Thus, adding the velocity (
𝑑𝑥

𝑑𝑡
) 

multiplied by the timestep allows for an estimation of the new location. 

𝑥(𝑡 + 𝑑𝑡) = 𝑥(𝑡) +
𝑑𝑥

𝑑𝑡
∗ (𝑑𝑡) 

And similarly for the new velocity: 

𝑑𝑥

𝑑𝑡
(𝑡 + 𝑑𝑡) =

𝑑𝑥

𝑑𝑡
(𝑡) +

𝑑2𝑥

𝑑𝑡2
∗ (𝑑𝑡) 

This process is visualized below. Here, a general function is approximated using a straight line. Note that 

the approximation does produce errors. Typically, these errors stack, and can become increasingly 

noticeable as time progresses. 
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The repeated process generally looks like this: 

 

Explicitly, the first couple of iterations use the following equations to solve the motion of the mass: 
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2.  Based on these equations, we can solve the mass-spring system numerically. Do this using excel 

or another software package. The sub-steps below will describe the solution using excel 

a.  Make several columns with the constants for the simulation, k (the spring constant) m (the 

mass) and dt (the timestep). Then create four columns with the appropriate variables for 

the simulation: t (the time) dx2/dt2 (the acceleration) dx/dt ( the velocity) and x (the 

location). The first row of these variables should be the initial conditions 

 

b. Now, fill in the second row with the equations. Each timestep, we add the timestep to the 

time. Use dollar signs to make sure dt is always read from the same cell. 

 
c. Next, calculate the accalareation based on the mass, spring constant, and location in the 

previous timestep. 

 
d. Now, calculate the new velocity by adding the acceleration multiplied with the timestep, to 

the velocity of the previous timestep. 
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e.  Finally, update the location of the mass by adding the velocity multiplied by the timestep to 

the previous location.

 
f. Finally, visualize the results of the simulation by displaying the column with time and column 

with location in a graph. 

  

To check the results, you can compare with the analytical solution. 

To check the accuracy, the following can be checked: Based on conservation of enery, the 

motion of the mass-spring system must oscillate between two constant points. In the example, 

these points are 1 and -1. As the simulation progresses, do these values stay the same? How 

about after weeks or years? 

3. The image below shows the errors that are produces using different timesteps in the numerical 

solution. Change the timestep used in the excel solution to find the influence of this on the 

errors produced. What would be a good balance between calculation speed and errors? 

 

       

 

So far we have been using an euler integration scheme. Which uses the acceleration and velocity to find 

a linear estimate of the new location in one attempt. Other, more accurate schemes, exist such as 
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Heun’s Method and Runga-Kutta-4. These schemes use more complicated estimates of the velocity at 

any point, and can take into account the acceleration more accurately. 

The equations for Heuns method use the average velocity at moment t and t + 0.5*dt, and are as 

follows: 

𝑥(𝑡 + 1) = 𝑥(𝑡) + 
𝑑𝑡

2
(
𝑑𝑥

𝑑𝑡
(𝑡) +

𝑑𝑥

𝑑𝑡
(𝑡 +

𝑑𝑡

2
) ) 

The equations for the runga kutta scheme are: 

x(t+dt) =  𝑥(𝑡) +
𝑑𝑡

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) 

𝑘1 =
𝑑𝑥

𝑑𝑡
(𝑥, 𝑡) 

𝑘2 =
𝑑𝑥

𝑑𝑡
(𝑥 +

𝑑𝑡

2
𝑘1, 𝑡 +

𝑑𝑡

2
) 

𝑘3 =
𝑑𝑥

𝑑𝑡
(𝑥 +

𝑑𝑡

2
𝑘2, 𝑡 +

𝑑𝑡

2
) 

𝑘4 =
𝑑𝑥

𝑑𝑡
(𝑥 + 𝑑𝑡 𝑘3, 𝑡 + 𝑑𝑡)  

 

 

4. Since errors propagate through the numerical solution, try to implement some more accurate 

schemes than the one we have been using so far.  

 

 

 

Part 2 Solving one-dimensional flow  
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In this exercise, we will use a simple numerical integration scheme to simulate flow on a continuous 

slope. First, open Excel and start a new sheet. 

 

𝜕ℎ

𝜕𝑡
+ 

𝜕(ℎ𝑢𝑥)

𝜕𝑥
=  0 38 

𝑢 =  
1

𝑛
√𝑆 𝑅

3

2  6 

Where the slope is the slope of the water surface on the elevation model: 

S =
𝑑(𝑧 + ℎ)

𝑑𝑥
 

 

In this sheet, prepare three columns, one containing elevation data, one containing flow height, another the cell size, then a column with flow velocities and finally a column that contains initial flow height. 

 

1. Simulate water flow over the elevation model using the diffusive flow equations. 

Follow the sub-steps below if required. 

Then in several new columns, calculate the slope 

 

Then, calculate the discharge based on the slope and the water heights (see diffusive flow equation). 
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Finally, based on incoming and outgoing discharges, you can calculate a new water height. 

 

Finally, repeat this process by copy-pasting the columns with calculations, so that each group of columns 

represents an individual timestep. 

Finally, visualize the flow heights along the slope at several moments in time using a graph: 

 

Here, the water flows downslope, and as the simulation continuous, the water spreads and flows 

downstream. 

2. Change the timestep in the simulation. What is the result of a large timestep? 

3. Try to create an obstacle on the slope, and see if your numerical scheme is able to fill up any 

depressions with water. If not, in the next exercise we will look at flux limiters, which greatly 

improve the stability of flow simulations. 
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Part 3 Flux Limiters 

As was visible in the previous exercise, numerical errors can lead to weird and explosive behavior when 

simulation water flow. In this exercise, you will implement a scheme with flux limiters to better predict 

water behavior. 

The flux limiter itself is based on the ratio of local derivatives: 

𝑟 =
𝑢𝑥+1 − 𝑢𝑥
𝑢𝑥 − 𝑢𝑥−1

 

An example of a flux limiter is the MinMod flux limiter, which uses the following equation 

𝜙 = max (0.0,min(1.0, 𝑟)) 

The scenario you will create is an area with two slopes, and a flat area in the middle. At the top of the 

two slopes, water is located at the start of the simulation. See the graph below for an example. 

 

Investigate how this new scheme performs. How large can the timestep be before weird behavior starts 

to exist. Are there still oscillations in the lake?  
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Appendix 
Appendix A Land Use/Soil Tables 
Land use and soil properties for several land use types. 

Land Use/Cover nr Random  
Roughness 

Manning's  
n 

Plant 
Height 

Cover 

  
cm - m - 

 0 1 2 3 4 

Densely Vegetated Farming 1 1.0 0.03 1.0 0.8 

Eroded Agricultural Land 2 0.7 0.03 0.5 0.5 

Flatland Intensive Farming 3 1.0 0.03 1.0 0.8 

Grasslands 4 0.5 0.10 0.2 1.0 

Grasslands and Open Wood 5 0.5 0.10 0.2 1.0 

Intensive Farming (25% Forest) 6 1.0 0.05 1.0 0.8 

Mangrove 7 1.0 0.10 5.0 0.9 

Mixed Farming 8 1.0 0.10 5.0 0.9 

Natural Tropical Forest  9 1.0 0.10 5.0 0.9 

Plantation Forest  10 1.0 0.10 5.0 8.0 

Rock and Exposed Soil  11 0.5 0.01 0.0 0.0 

Rural Settlement 12 0.5 0.05 5.0 0.1 

Scrub Forest 13 1.0 0.10 5.0 0.9 

Urban Settlement 14 0.5 0.05 5.0 0.1 

Water 15 0.1 0.05 5.0 0.9 
 

Soil Type 
(Saxtion et al., 2005) 

 ksat porosity psi 

 mm/h cm3/cm3 cm 

text class 0 1 2 3 
C 1 2.5 0.5 50.0 
CL 2 4.2 0.5 50.0 
L 3 18.5 0.5 40.0 
S 4 112.0 0.5 20.0 
SaCL 5 7.0 0.4 35.0 
SaL 6 80.0 0.5 40.0 
Si 7 42.0 0.5 40.0 
SiC 8 13.0 0.6 40.0 
SiCL 9 25.0 0.5 40.0 
SiL 10 17.4 0.5 40.0 
Water (W) 20 0.0 0.0 0.0 
Urban (A) 21 0.0 0.2 40.0 
Salt pans (m) 22 0.0 0.4 40.0 
Rock/outcrops  23 0.0 0.1 40.0 

 

Soil type Grain size (U.S. SCS, 1975) 

Very coarse sand 2.0-1.0 mm 

Coarse sand 1.0-0.5 mm 

Medium sand 0.5-0.25 mm 

Fine sand 0.25-0.10 mm 

Very fine sand 0.10-0.05 mm 

Silt 0.05-0.002 mm 

Clay <0.002 mm 
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Appendix B Manning’s N Values 
Manning’s N values for different land covers 
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Appendix C Synthetic Rainfall 
Standard 24-hour NRCS rainfall distributions 

6-minute interval    
time type I type Ia type II type III 

(hours) 24-hour 24-hour 24-hour 24-hour 

0.0 0.00000 0.00000 0.00000 0.00000 
0.1 0.00174 0.00224 0.00101 0.00100 
0.2 0.00348 0.00432 0.00202 0.00200 
0.3 0.00522 0.00628 0.00305 0.00300 
0.4 0.00697 0.00816 0.00408 0.00400 
0.5 0.00871 0.01000 0.00513 0.00500 
0.6 0.01046 0.01184 0.00618 0.00600 
0.7 0.01220 0.01372 0.00725 0.00700 
0.8 0.01395 0.01568 0.00832 0.00800 
0.9 0.01570 0.01776 0.00941 0.00900 
1.0 0.01745 0.02000 0.01050 0.01000 
1.1 0.01920 0.02276 0.01161 0.01100 
1.2 0.02095 0.02568 0.01272 0.01200 
1.3 0.02270 0.02872 0.01385 0.01300 
1.4 0.02446 0.03184 0.01498 0.01400 
1.5 0.02621 0.03500 0.01613 0.01500 
1.6 0.02797 0.03797 0.01728 0.01600 
1.7 0.02972 0.04095 0.01845 0.01700 
1.8 0.03148 0.04394 0.01962 0.01800 
1.9 0.03324 0.04695 0.02081 0.01900 
2.0 0.03500 0.05000 0.02200 0.02000 
2.1 0.03677 0.05315 0.02321 0.02101 
2.2 0.03858 0.05633 0.02442 0.02203 
2.3 0.04041 0.05954 0.02565 0.02307 
2.4 0.04227 0.06276 0.02688 0.02412 
2.5 0.04416 0.06600 0.02813 0.02519 
2.6 0.04608 0.06920 0.02938 0.02627 
2.7 0.04803 0.07240 0.03065 0.02737 
2.8 0.05001 0.07560 0.03192 0.02848 
2.9 0.05201 0.07880 0.03321 0.02961 
3.0 0.05405 0.08200 0.03450 0.03075 
3.1 0.05611 0.08514 0.03581 0.03191 
3.2 0.05821 0.08829 0.03712 0.03308 
3.3 0.06033 0.09147 0.03845 0.03427 
3.4 0.06248 0.09471 0.03978 0.03547 
3.5 0.06466 0.09800 0.04113 0.03669 
3.6 0.06687 0.10147 0.04248 0.03792 
3.7 0.06911 0.10502 0.04385 0.03917 
3.8 0.07138 0.10862 0.04522 0.04043 
3.9 0.07367 0.11229 0.04661 0.04171 
4.0 0.07600 0.11600 0.04800 0.04300 
4.1 0.07835 0.11969 0.04941 0.04431 
4.2 0.08070 0.12342 0.05084 0.04563 
4.3 0.08307 0.12721 0.05229 0.04697 
4.4 0.08545 0.13107 0.05376 0.04832 
4.5 0.08784 0.13500 0.05525 0.04969 
4.6 0.09024 0.13901 0.05676 0.05107 
4.7 0.09265 0.14310 0.05829 0.05247 
4.8 0.09507 0.14729 0.05984 0.05388 
4.9 0.09751 0.15159 0.06141 0.05531 
5.0 0.09995 0.15600 0.06300 0.05675 
5.1 0.10241 0.16059 0.06461 0.05821 
5.2 0.10487 0.16530 0.06624 0.05968 
5.3 0.10735 0.17011 0.06789 0.06117 
5.4 0.10984 0.17501 0.06956 0.06267 
5.5 0.11234 0.18000 0.07125 0.06419 
5.6 0.11485 0.18494 0.07296 0.06572 

12.2 0.69440 0.67148 0.69864 0.62670 

 

5.7 0.11737 0.18999 0.07469 0.06727 
5.8 0.11990 0.19517 0.07644 0.06883 
5.9 0.12245 0.20049 0.07821 0.07041 
6.0 0.12500 0.20600 0.08000 0.07200 
6.1 0.12761 0.21196 0.08181 0.07363 
6.2 0.13034 0.21808 0.08364 0.07530 
6.3 0.13317 0.22432 0.08549 0.07703 
6.4 0.13610 0.23064 0.08736 0.07880 
6.5 0.13915 0.23700 0.08925 0.08063 
6.6 0.14230 0.24285 0.09116 0.08250 
6.7 0.14557 0.24878 0.09309 0.08443 
6.8 0.14894 0.25490 0.09504 0.08640 
6.9 0.15241 0.26127 0.09701 0.08843 
7.0 0.15600 0.26800 0.09900 0.09050 
7.1 0.15966 0.27517 0.10101 0.09263 
7.2 0.16334 0.28287 0.10304 0.09480 
7.3 0.16706 0.29118 0.10509 0.09703 
7.4 0.17082 0.30019 0.10716 0.09930 
7.5 0.17460 0.31000 0.10925 0.10163 
7.6 0.17842 0.33142 0.11136 0.10400 
7.7 0.18226 0.35469 0.11349 0.10643 
7.8 0.18614 0.37876 0.11564 0.10890 
7.9 0.19006 0.40255 0.11781 0.11143 
8.0 0.19400 0.42500 0.12000 0.11400 
8.1 0.19817 0.43936 0.12225 0.11666 
8.2 0.20275 0.45168 0.12460 0.11943 
8.3 0.20775 0.46232 0.12705 0.12232 
8.4 0.21317 0.47164 0.12960 0.12532 
8.5 0.21900 0.48000 0.13225 0.12844 
8.6 0.22523 0.48904 0.13500 0.13167 
8.7 0.23185 0.49752 0.13785 0.13502 
8.8 0.23885 0.50548 0.14080 0.13848 
8.9 0.24623 0.51296 0.14385 0.14206 
9.0 0.25400 0.52000 0.14700 0.14575 
9.1 0.26233 0.52664 0.15020 0.14956 
9.2 0.27139 0.53292 0.15340 0.15348 
9.3 0.28119 0.53888 0.15660 0.15752 
9.4 0.29173 0.54456 0.15980 0.16167 
9.5 0.30300 0.55000 0.16300 0.16594 
9.6 0.31942 0.55564 0.16628 0.17032 
9.7 0.34542 0.56116 0.16972 0.17482 
9.8 0.38784 0.56656 0.17332 0.17943 
9.9 0.46316 0.57184 0.17708 0.18416 

10.0 0.51500 0.57700 0.18100 0.18900 
10.1 0.53220 0.58198 0.18512 0.19402 
10.2 0.54760 0.58685 0.18948 0.19928 
10.3 0.56120 0.59163 0.19408 0.20478 
10.4 0.57300 0.59635 0.19892 0.21052 
10.5 0.58300 0.60100 0.20400 0.21650 
10.6 0.59188 0.60576 0.20940 0.22272 
10.7 0.60032 0.61044 0.21520 0.22918 
10.8 0.60832 0.61504 0.22140 0.23588 
10.9 0.61588 0.61956 0.22800 0.24282 
11.0 0.62300 0.62400 0.23500 0.25000 
11.1 0.62982 0.62836 0.24268 0.25776 
11.2 0.63648 0.63264 0.25132 0.26644 
11.3 0.64298 0.63684 0.26092 0.27604 
11.4 0.64932 0.64096 0.27148 0.28656 
11.5 0.65550 0.64500 0.28300 0.29800 
11.6 0.66152 0.64889 0.30684 0.31430 
11.7 0.66738 0.65272 0.35436 0.33940 
11.8 0.67308 0.65651 0.43079 0.37330 
11.9 0.67862 0.66026 0.56786 0.41600 
12.0 0.68400 0.66400 0.66300 0.50000 
12.1 0.68925 0.66773 0.68196 0.58400 
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12.3 0.69945 0.67527 0.71304 0.66060 
12.4 0.70440 0.67910 0.72516 0.68570 
12.5 0.70925 0.68300 0.73500 0.70200 
12.6 0.71400 0.68665 0.74344 0.71344 
12.7 0.71865 0.69027 0.75136 0.72396 
12.8 0.72320 0.69386 0.75876 0.73356 
12.9 0.72765 0.69744 0.76564 0.74224 
13.0 0.73200 0.70100 0.77200 0.75000 
13.1 0.73625 0.70473 0.77796 0.75718 
13.2 0.74040 0.70838 0.78364 0.76412 
13.3 0.74445 0.71198 0.78904 0.77082 
13.4 0.74840 0.71551 0.79416 0.77728 
13.5 0.75225 0.71900 0.79900 0.78350 
13.6 0.75600 0.72245 0.80360 0.78948 
13.7 0.75965 0.72586 0.80800 0.79522 
13.8 0.76320 0.72926 0.81220 0.80072 
13.9 0.76665 0.73263 0.81620 0.80598 
14.0 0.77000 0.73600 0.82000 0.81100 
14.1 0.77329 0.73939 0.82367 0.81584 
14.2 0.77656 0.74277 0.82726 0.82057 
14.3 0.77981 0.74613 0.83079 0.82518 
14.4 0.78304 0.74948 0.83424 0.82968 
14.5 0.78625 0.75281 0.83763 0.83406 
14.6 0.78944 0.75613 0.84094 0.83833 
14.7 0.79261 0.75943 0.84419 0.84248 
14.8 0.79576 0.76271 0.84736 0.84652 
14.9 0.79889 0.76598 0.85047 0.85044 
15.0 0.80200 0.76924 0.85350 0.85425 
15.1 0.80509 0.77248 0.85647 0.85794 
15.2 0.80816 0.77571 0.85936 0.86152 
15.3 0.81121 0.77892 0.86219 0.86498 
15.4 0.81424 0.78211 0.86494 0.86833 
15.5 0.81725 0.78529 0.86763 0.87156 
15.6 0.82024 0.78845 0.87024 0.87468 
15.7 0.82321 0.79160 0.87279 0.87768 
15.8 0.82616 0.79474 0.87526 0.88057 
15.9 0.82909 0.79786 0.87767 0.88334 
16.0 0.83200 0.80096 0.88000 0.88600 
16.1 0.83489 0.80405 0.88229 0.88858 
16.2 0.83776 0.80712 0.88455 0.89110 
16.3 0.84061 0.81018 0.88679 0.89358 
16.4 0.84344 0.81322 0.88900 0.89600 
16.5 0.84625 0.81625 0.89119 0.89838 
16.6 0.84904 0.81926 0.89335 0.90070 
16.7 0.85181 0.82226 0.89549 0.90298 
16.8 0.85456 0.82524 0.89760 0.90520 
16.9 0.85729 0.82821 0.89969 0.90738 
17.0 0.86000 0.83116 0.90175 0.90950 
17.1 0.86269 0.83410 0.90379 0.91158 
17.2 0.86536 0.83702 0.90580 0.91360 
17.3 0.86801 0.83992 0.90779 0.91558 
17.4 0.87064 0.84281 0.90975 0.91750 
17.5 0.87325 0.84569 0.91169 0.91938 
17.6 0.87584 0.84855 0.91360 0.92120 
17.7 0.87841 0.85140 0.91549 0.92298 
17.8 0.88096 0.85423 0.91735 0.92470 
17.9 0.88349 0.85704 0.91919 0.92638 
18.0 0.88600 0.85984 0.92100 0.92800 
18.1 0.88849 0.86262 0.92279 0.92959 
18.2 0.89096 0.86539 0.92455 0.93117 
18.3 0.89341 0.86815 0.92629 0.93273 
18.4 0.89584 0.87089 0.92800 0.93428 
18.5 0.89825 0.87361 0.92969 0.93581 
18.6 0.90064 0.87632 0.93135 0.93733 

18.7 0.90301 0.87901 0.93299 0.93883 
18.8 0.90536 0.88169 0.93460 0.94032 
18.9 0.90769 0.88435 0.93619 0.94179 
19.0 0.91000 0.88700 0.93775 0.94325 
19.1 0.91229 0.88963 0.93929 0.94469 
19.2 0.91456 0.89225 0.94080 0.94612 
19.3 0.91681 0.89485 0.94229 0.94753 
19.4 0.91904 0.89744 0.94375 0.94893 
19.5 0.92125 0.90001 0.94519 0.95031 
19.6 0.92344 0.90257 0.94660 0.95168 
19.7 0.9 0.90511 0.94799 0.95303 
19.8 0.92776 0.90763 0.94935 0.95437 
19.9 0.92989 0.91014 0.95069 0.95569 
20.0 0.93200 0.91264 0.95200 0.95700 
20.1 0.93409 0.91512 0.95330 0.95829 
20.2 0.93616 0.91759 0.95459 0.95958 
20.3 0.93821 0.92004 0.95588 0.96085 
20.4 0.94024 0.92247 0.95716 0.96211 
20.5 0.94225 0.92489 0.95844 0.96336 
20.6 0.94424 0.92729 0.95971 0.96460 
20.7 0.94621 0.92968 0.96098 0.96582 
20.8 0.94816 0.93206 0.96224 0.96704 
20.9 0.95009 0.93442 0.96350 0.96824 
21.0 0.95200 0.93676 0.96475 0.96944 
21.1 0.95389 0.93909 0.96600 0.97062 
21.2 0.95576 0.94140 0.96724 0.97179 
21.3 0.95761 0.94370 0.96848 0.97295 
21.4 0.95944 0.94598 0.96971 0.97410 
21.5 0.96125 0.94825 0.97094 0.97523 
21.6 0.96304 0.95050 0.97216 0.97636 
21.7 0.96481 0.95274 0.97338 0.97747 
21.8 0.96656 0.95496 0.97459 0.97858 
21.9 0.96829 0.95717 0.97580 0.97967 
22.0 0.97000 0.95936 0.97700 0.98075 
22.1 0.97169 0.96154 0.97820 0.98182 
22.2 0.97336 0.96370 0.97939 0.98288 
22.3 0.97501 0.96584 0.98058 0.98392 
22.4 0.97664 0.96797 0.98176 0.98496 
22.5 0.97825 0.97009 0.98294 0.98598 
22.6 0.97984 0.97219 0.98411 0.98700 
22.7 0.98141 0.97428 0.98528 0.98800 
22.8 0.98296 0.97635 0.98644 0.98899 
22.9 0.98449 0.97840 0.98760 0.98997 
23.0 0.98600 0.98044 0.98875 0.99094 
23.1 0.98749 0.98246 0.98990 0.99189 
23.2 0.98896 0.98447 0.99104 0.99284 
23.3 0.99041 0.98647 0.99218 0.99377 
23.4 0.99184 0.98845 0.99331 0.99470 
23.5 0.99325 0.99041 0.99444 0.99561 
23.6 0.99464 0.99236 0.99556 0.99651 
23.7 0.99601 0.99429 0.99668 0.99740 
23.8 0.99736 0.99621 0.99779 0.99828 
23.9 0.99869 0.99811 0.99890 0.99914 
24.0 1.0000 1.0000 1.0000 1.0000 
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Appendix D Full PCRaster Script 
In this appendix, a full PCRaster script for the creation of a database for LISEM is provided. 

Note that all input maps must be present, and certain parameters are catchment dependent. 

#comments start with a hashtag 

 

#! --matrixtable --lddin 

 

########################################################################## 

# PCRASTER script for the generation of a LISEM input database # 

# Victor Jetten 17/05/10 # 

# Data for the GANSPOEL catchment # 

# DESIRE LISEM course # 

########################################################################## 

 

 

binding 

#################### 

### input maps ### 

#################### 

 

dem = gpdem.map; 

# digital elevation model, area must be <= mask 

unitmap = lur.map; 

# field id's 

 

texture = soils.map; 

# texture/soil map 

 

roads = roads.map; 

# road map, 20 = tarred road (8 m wide), 21 is narrow dirt road (4 m wide) 

 

chanmask= chanmask.map; 

# mask for channel maps 

#################### 

### input tables ### 

#################### 

unittblsoil = soil.tbl;  

# table with crop and soil parameters for each field id  

 

# unitbase table layout # 

#-------------------------# 

# 01 ksat (mm/h) 

# 02 porosity (cm3/cm3) 

# 03 psi initial (cm) 

# 04 initial moisture content (cm3/cm3) 

 

unittblsurface= surface.tbl;  

# table with crop and soil parameters for each field id  

 

# unitbase table layout # 

#-------------------------# 

# 05 RR (cm) 

# 06 Manning's n (-) 

# 07 surface cover (-) 

# 08 Crop height (m) 

# 09 cohesion sol (kPa) 

# 10 cohesion roots (kPa) 

# 11 aggregate stability (number) 

 

####################### 

### input constants ### 
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####################### 

 

Soildepth = 1000; 

d50 = 30; # median texture loess = 30 mu 

#channel properties: 

Chancoh = 10; # high cohesion, kPa 

Chanman = 0.2; # high man n, grass 

Chanside = 0; # rectangular 

Chanwidth = 2; # 2 meter 

RoadWidth = 6; # 6 meter 

ChanKsat = 20; # channel ksat for infil set to 20 mm/h 

 

##################### 

### output maps ### 

##################### 

 

# basic topography related maps 

Ldd = ldd.map; # Local Drain Direction 

area = area.map; # reference map for Lisem 

grad = grad.map; # max slope  

id = id.map; # pluviograph influence zones 

outlet = outlet.map; # location outlets and checkpoints 

 

# impermeable roads 

roadwidth = roadwidt.map; 

 

# crop maps 

coverc= per.map; 

lai= lai.map; 

cropheight= ch.map; 

grass= grasswid.map; 

# soil maps 

ksat= ksat1.map; 

psi= psi1.map; 

pore= thetas1.map; 

thetai= thetai1.map; 

soildep= soildep1.map; 

# maps for G&A 2nd layer 

ksat2= ksat2.map; 

psi2= psi2.map; 

pore2= thetas2.map; 

thetai2= thetai2.map; 

soildep2= soildep2.map; 

# surface maps 

rr= rr.map; 

mann= n.map; 

stone= stonefrc.map; # crusted fraction, only used when option chosen in LISEM 

crust= crustfrc.map; 

comp= compfrc.map; 

hard=hardsurf.map; 

bufferid = bufferid.map; 

buffervol=buffervol.map; 

# erosion maps  

cohsoil = coh.map; 

cohplant = cohadd.map; 

D50 = d50.map; 

aggrstab = aggrstab.map; 

 

# channel maps 

lddchan = lddchan.map; 

chanwidth = chanwidt.map; 

changrad = changrad.map; 

chanman = chanman.map;  
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chanside = chanside.map;  

chancoh = chancoh.map;  

chanksat = chanksat.map; 

 

mask=mask.map; 

 

initial 

 

 

###################### 

### BASE MAPS ### 

###################### 

# correct topo for local depressions 

report Ldd = lddcreate (dem*mask, 1e20,1e20,1e20,1e20); 

report outlet = pit(Ldd); 

# reference catchment boundaries, based on watershed from outlet  

# OBSOLETE report area = catchment(Ldd, outlet); 

# LDD is reference in later LISEM eversions 

# sine gradient (-), make sure slope > 0.001 

report grad = max(sin(atan(slope(dem*mask))),0.001); 

######################################### 

### MAPS WITH RAINFALL INFLUENCE ZONE ### 

######################################### 

 

report id = nominal(mask); 

# use spreadzone for thiessen polygons when more than 1 rainfall station 

####################### 

### LAND USE MAPS ### 

####################### 

 

# fraction soil cover (including residue) 

report coverc = lookupscalar(unittblsurface, 7, unitmap) * mask; 

# crop height (m) 

report cropheight = lookupscalar(unittblsurface, 8, unitmap) * mask; 

 

# LAI of plants inside gridcell (m2/m2) 

coverc = min(coverc, 0.95); 

lai = ln(1-coverc)/-0.4; 

report lai = if(coverc gt 0, lai/coverc, 0); 

# or read from table: 

#lookupscalar(unittbl, 9, unitmap) * mask; 

########################################################### 

### INFILTRATION MAPS for option one layer GREEN & AMPT ### 

########################################################### 

 

report ksat = lookupscalar(unittblsoil, 2, texture) * mask; 

report pore = lookupscalar(unittblsoil, 2, texture) * mask; 

report psi = abs(lookupscalar(unittblsoil, 3, texture)) * mask; 

report thetai = lookupscalar(unittblsoil, 4, texture) * mask; 

report soildep = scalar(200); 

 

report ksat2 = 0.9*lookupscalar(unittblsoil, 2, texture) * mask; 

report pore2 = lookupscalar(unittblsoil, 2, texture) * mask; 

report psi2 = abs(lookupscalar(unittblsoil, 3, texture)) * mask; 

report thetai2 = lookupscalar(unittblsoil, 4, texture) * mask; 

report soildep2 = scalar(Soildepth); 

 

############################# 

### SOIL SURFACE MAPS ### 

############################# 

 

# micro relief, random roughness (=std dev in cm) 

report rr = max(lookupscalar(unittblsurface, 5, unitmap) * mask, 0.01); 
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# Manning's n (-)  

# take from table 

#report mann = lookupscalar(unittbl, 6, unitmap) * mask; 

report mann = 0.051*rr+0.104*coverc; 

# or use simple regression from Limburg data: CAREFULL this is not published 

 

report crust=mask*0; 

# crust fraction map, SWATRE option 2 in LISEM. Note that this demands an extra  

# profile definition in PROFILE.INP and PROFILE.MAP 

report stone = 0 * mask; 

# stone fraction  

report comp = 0*mask; 

#fraction compacted 

report hard = 0*mask; 

#hard surface cells 

report roadwidth = scalar(if(roads eq 20, 4, if(roads eq 21, 8, 0)))*mask; 

# road width, 21 is tarred road = 8 m, dirt rods are 4 m wide 

 

report bufferid = 0*mask; 

report buffervol = 0*mask; 

 

 

###################### 

### EROSION MAPS ### 

###################### 

 

report D50 = 30*mask; 

report cohsoil = lookupscalar(unittblsurface, 9, unitmap) * mask; 

report cohplant = lookupscalar(unittblsurface, 10, unitmap) * mask; 

report aggrstab = lookupscalar(unittblsurface, 11, unitmap) * mask; 

 

###################### 

### CHANNEL MAPS ### 

###################### 

chanmask=chanmask/chanmask; 

report lddchan=lddcreate(dem*chanmask,1e20,1e20,1e20,1e20); 

report changrad=max(0.001,sin(atan(slope(chanmask*dem)))); 

report chancoh=chanmask*scalar(Chancoh); 

report chanman=chanmask*scalar(Chanman); 

report chanside=chanmask*scalar(Chanside); 

report chanwidth=chanmask*scalar(Chanwidth); 

report hmxinit.map=mask*0; 

report chanksat = chanmask*ChanKsat; 
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Appendix E Other Usefull Scripts 
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