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33 SOIL EROSION AND ASSOCIATED SEDIMENT SUPPLY TO 

STREAMS:: A MODELLING STUDY 

Thiss chapter is based on: 

VanVan Dijk, P.M. and Kwaad, F.J.P.M. (1999). The supply of sediment to the river Rhine 
drainagedrainage network. The impact of climate and land use change on soil erosion and sediment 
transporttransport to stream channels. Report of the NRP project: the impact of climate change on the 
riverriver Rhine and implications for water management in the Netherlands. NRP project 952210. 
89pp. 89pp. 
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3.11 INTRODUCTIO N 

3.1.11 Research questions and background 

Waterr quality and in particular the suspended sediment load of the river Rhine is 
off  great importance for water management in the Nethedands. Deposition of 
fine,fine, contaminated sediments in embanked floodplains, in the lower delta area 
andd in harbours depends on the suspended sediment input through the river 
system.. Environmental change is expected to have significant effects on the 
dischargee regime of the river Rhine (Kwadijk, 1993; Middelkoop, 1998; Kwadijk 
andd Middelkoop, 1998) and carried suspended sediment (Van der Drif t and 
Kwaad,, 1995; Asselman, 1997 and 1999). 

Inn the framework of the Netherlands National Research Programme on Global 
Ai rr Pollution and Climate Change, research is being carried out which aims at 
assessingg the impact of climate change on the hydrologie regime of the river 
Rhinee and its sediment budgets. Concerning the sediment budget, major 
questionss in this research are: 

a)) what are the sediment source areas in the Rhine basin, 

b)b) how much sediment enters the stream channels, 

c)) what is the fate of the sediment after it has entered the channel network, 

d)d) what are the answers to these questions under changed environmental 

conditions? ? 

Withinn the research project, different sub-projects were defined. The subproject 
inn this thesis deals with the supply of sediment from the hillslopes to the stream 
channelss in the Rhine basin, and refers to the research questions a, b and d. A 
separatee sub-project (lc) was set-up to examine the fate of the sediment once it 
hass entered the alluvial system (question c, Asselman, 1999). 

Thee sediment delivery system is a major research subject nowadays, in which a 
lott of questions are still left unanswered. Walling (1990) puts the subject into 
perspectivee in a book chapter called 'Linking the field to the river'. He indicates 
thatt there are many uncertainties surrounding the modelling and prediction of 
sedimentt delivery, and quotes U.S.-researchers Meade and Parker (1986): 
"predictingg how much of the eroded soil wil l be delivered eventually to the 
channell  of a neighbouring stream still remains difficult" . This latter conclusion 
wass drawn even though the methods for estimating on-site erosion are quite 
extensivee in the United States. Essentially, the problem is that there is rather 
limitedd knowledge about the sediment delivery system. Very few studies provide 
detailedd field data of sediment movement in the landscape. Detailed sediment 
yieldd data, especially of first and second order streams, combined with data on 
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locall  erosion rates, are needed to achieve a better understanding of the delivery 
processess and to provide the necessary input and output data for model 
developmentt and validation. 

Mostt modern distributed models addressing the sediment budget are physically 
basedd event models, which can be applied to small catchments up to a few km2 

inn size. To use such models, input data with high spatial resolution are required 
(i.e.. cell sizes between 10 and 100 m). With respect to small catchments, there 
aree numerous uncertainties when trying to predict the hillslope sediment supply 
andd the suspended sediment load of the river. For very large river basins like that 
off  the Rhine ( > 160,000 km2), many more uncertainties exist. This is mainly due 
too problems of data availability and model complexity. In general, the spatial data 
availablee for large areas have a lower resolution and are often of poor quality 
comparedd to the data of small areas, which eventually can be obtained by 
fieldwork.fieldwork. For large basins, the researcher is often dependent on existing data. 
Concerningg temporal or spatio-temporal data the same is true. It is inconceivable 
too collect data of rainfall events over the entire Rhine basin to run a model with. 
Evenn if the high resolution data are available, it wil l be impossible to use a highly 
detailedd physical model for the entire Rhine basin, because of technical 
(computer)) limitations and unacceptably long running times. Thus, both spatially 
andd temporally, data wil l have to be aggregated to some extent. In this project, 
thee maximum resolution that could be achieved and handled is 1 km2 spatially 
andd 1 month temporally. This puts constraints on the type of model which can 
bee used for quantification of sediment supply to the drainage network. 
Therefore,, in this study much attention is paid to the approach, and in particular 
onn the question how to translate coarse resolution data into parameter values 
whichh are relevant at the hillslope scale where the supply processes are active. 

3.1.22 Sediment supply from the hillslope; a conceptual model 

Thee rivers' sediment is supplied by downslope movement of loose soil material 
onn valley side slopes with or without the assistance of overland water flow within 
thee basin. Examples of sediment producing hillslope processes are soil erosion 
byy overland flow and rain splash, landslides, earthflows and the dispersed clay 
travellingg towards the stream in subsurface flow (Van den Broek, 1989). Another 
partt of the suspended sediment load of the river derives from channel processes 
likee bed and bank erosion. 

Thee sediment supply to rivers varies in space and time for the same reasons as 
thee water supply, but the variability for sediment is larger due to fluid and/or 
gravityy force thresholds for downslope movement and due to the discrete 
characterr of mass movement events (Bridge, 1996). A part of the supplied 
sedimentt travels at the speed of the fluid and only settles in places where 
turbulencee intensity is low (e.g. lakes, reservoirs, flood plains and harbours). The 
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suspendedd load reaching the Dutch border through the Rhine amounts to about 
3.22 Mt per year and consists mainly of clay, silt and very fine sand 
(Rijkswaterstaat,, 1992). 

Thiss study only considers the supply of sediment from the hillslope, and in 
particularr sediment transported by overland flow. Channel bed and bank erosion 
aree not dealt with here, as the channel processes are considered by sub-
projectt 2c (Asselman, 1999). In terms of quantity, soil erosion on hillslopes is 
oftenn thought to be the primary source of suspended sediment in the river (Graf, 
1971;; Richards, 1982; Knighton, 1984). However, there are uncertainties in this 
assumption,, as the contribution of channel bed and streambank erosion may be 
significantt too in some locations (Duijsings, 1985; Walling, 1990). Another 
suspendedd sediment source is the wastewater emission of the Potassium Mining 
Industryy in France (Van der Drif t and Kwaad, 1995), which will not be 
consideredd in this study. 

Nott all sediment that is produced on hillslopes by soil erosion reaches a branch 
off  the permanent stream network and is subsequently transported out of the 
catchment.. Part of the sediment is stored on the hillslopes and part is stored 
withinn the alluvial system. Thus it is not possible to predict basin suspended 
sedimentt yield solely from erosion rates in the river basin. Upscaling of the rate 
off  soil erosion to basin sediment yield involves taking into account both colluvial 
andd alluvial sediment storage (Figure 3.1). In this study, the assessment of 
colluviall  storage is one of the central themes. A conceptual model for the 
deliveryy of mobilised sediment to the nearest stream channel can be summarised 
ass follows. Everywhere in the basin erosive forces can mobilise sediment, the 
amountt of sediment depending on: 

 erosivity of rainfall and overland flow 

 soil erodibility 

 vegetation cover and land use practices 

 relief. 

Subsequendy,, the locally mobilised sediment is transported. However, during 
transportt part of the sediment is redeposited before reaching the stream channel, 
soo erosion rates are not equivalent to sediment supply rates. The ratio between 
thee two is called the delivery ratio for the hillslope, which is determined by the 
followingg factors: 

 the proximity of sediment source to the stream (Heathwaite et al., 1990) 

 the character of the terrain along the route towards the channel (roughness 
andd slope) 



Introduction Introduction 71 1 

 grainsize distribution of the mobilised sediment because transport by 
overlandd flow is a size-selective process (Reid and Dunne, 1996) 

 the availability of a transporting medium for the sediment (i.e. overland flow) 

AA model for estimating sediment supply from hillslope to stream channel should 
addresss these factors. 

Hillslope e 

Streambank k 

SedimentSediment yield 
atat basin outlet 

Channel l 

Streambank k 

<^ ^ 

Sedimen tt  productio n 

HillslopeHillslope sediment supply 

Channell erosion and transport Upstream Upstream 
sedimentsediment input 

v v 
Channell and floodplain storage 

FigureFigure 3.1. Flowchart of hillslope sediment supply and the fate of delivered sediment in 
channels.channels. Processes are noted as ovals, storage elements as rectangles and transfers as arrows 
(After:(After: Reid and Dunne, 1996). 

3.1.33 Starting points for  the quantification of sediment supply 

Thee present study is concerned with the estimation of present-day sediment 
supplyy and that under changed environmental conditions. A number of starting 
pointss were defined to increase the feasibility of the project: 

 hillslope sediment supply for the entire Rhine basin will be quantified using a 
simple,, fully distributed model which uses readily available spatial and 
temporall  data 

 the model must be consistent with the conceptual model put forward above 
andd by Van Dijk in Asselman et al. (1997) 

 the spatial and temporal data requirements of the model must harmonise with 
thee available data 
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 the model will only estimate the contribution of soil erosion to the sediment 
loadd in the drainage system; other sources are not considered 

 the model must be suitable for climate/land use scenario calculations (it must 
containn parameters which are sensitive to changes in rainfall/temperature). 

Theree were no field campaigns to collect data for model input. Only existing 
dataa were used. The evaluation of the modelling results is also based on existing 
dataa obtained either from literature or research institutions. 
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3.22 T H E RHINE BASIN AND BASIC DATA 

3.2.11 General 

Thee Rhine basin upstream of the Dutch border comprises an area of about 
165.0000 km2 of which 63% is located in Germany, 17% in Switzerland and 14% 
inn France. The main tributaries xof the Rhine are the Aare, Neckar, Main and 
Mosell  (Figure 3.2a). Climate is mosdy temperate and mean annual precipitation 
variess between 600 mm in the lower parts and 2500 mm in the Alps 
(CHR/KHR,, 1976). During the summer, large part of the river discharge derives 
fromm snowmelt in the Alps in the southern part of the basin. In wintertime, the 
centrall  part of the basin contributes most water due to soil saturation, while in 
thee Alps discharges are low due to storage of precipitation as snow. For a 
descriptionn of the physiography, geology, pedology and climate in the Rhine 
basin,, the reader is referred to Van der Drif t and Kwaad (1995). Kwadijk (1993) 
andd Van Deursen (1999) studied and modelled the hydrologie regime. Asselman 
(1997,, 1999) examined the dynamics of the suspended sediment load in the river 
Rhinee and its main tributaries. The following sections describe the relevant items 
availablee in the project database and their sources. 

figurefigure 3.2. The Rhine basin upstream of the Dutch border (a) and the Digital Elevation 
ModelModel (DEM) of the Rhine basin (b). 
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3.2.22 Relief 

AA digital elevation model (DEM) was provided by the United States Geological 
Surveyy (USGS). I t has a resolution of 30*30 seconds and was converted to a grid 
withh a 1 km2 cell size (Figure 3.2b). This DEM was used for the delineation of 
thee borders of the Rhine basin and its subbasins and for the derivation of a local 
drainagee direction network (Wesseling et a l, 1997). It also played a role in the 
estimationn of slope angles (section 3.3.2). 

3.2.33 Soil 

Forr soil information, use was made of the digital Soil Map of the European 
Communities,, Version 2 (CEC, 1985; INRA/JRC, 1992; King et al., 1994). The 
databasee contains many attributes; in the present study, use is made of the 
topsoill  texture and the soil name according to FAO terminology at sub-group 
level.. Figure 3.3a shows the topsoil texture in five texture classes as defined in 
Tablee 3.1. 

TableTable 3.1. Topsoil texture classes. 

Texturee class Coarse (1) Medium (2) Med./Fine (3) Fine (4) Very fine (5) 
Clay%% 9 17.5 20 48 80 
Silt%% 8 34 70 26 10 
Sandd % 83 485 10 26 10 

3.2.44 Land use 

AA land use map, containing eight classes, was provided by the CHR/KHR 
(1976).. This map aggregates all agricultural land use, including crops, pasture and 
meadow,, into one class. This is not satisfactory because soil erosion is highly 
dependentt on the type of agricultural land use. Therefore, land use statistics of 
administrativee regions ('Kreisen') were used to split agricultural land use into 
severall  sub-classes. The entire basin contains 432 administrative regions (Figure 
3.3b);; the average size of the regions is 373 km2. The administrative database 
containss the areal coverage of all kinds of land use for each region. Land use 
statisticss for the years 1990-1995 were used according to the procedure 
describedd below. Al l grid cells with land use class 'agriculture' were given a 
randomm number between 0 and 1. Next, the random numbers were replaced by 
cropp type in such a way that the total number of cells with a certain crop type 
agreess with the area given in the land use statistics. For instance, if in a certain 
administrativee region agricultural land consists for 35% of grass, 40% of cereals, 
andd 25% maize, the random numbers of grid cells in this region were changed as 
follows.. Al l grid cells with a random number between 0 and 0.35 were classified 
ass grass, all cells with numbers between 0.35 and 0.75 were classified as cereals, 
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thee numbers between 0.75 and 1.0 were ascribed to maize. The thus modified 
landd use map has twelve classes and discriminates between forest, grass land, 
maize,, cereals, beets, potatoes, pulse crops, vineyards, open water, towns/urban 
areas,, bedrock and glaciers. The operations were carried out using the PCRaster 
softwaree (Van Deursen, 1995; Wesseling et al, 1996). 

Withh this method, some error is introduced, because the spatial pattern of 
agriculturall  land use types is not random. Within the agricultural area, most fields 
cann be occupied with either maize, beets, potatoes or cereals. However, pasture 
iss often found at specific sites, e.g. along rivers and on steeper slopes. Vineyards 
alsoo have preferred locations in the landscape. The method described above does 
nott take this into account. 

FigureFigure 3.3. (a) Soil texture classes, based on the Soil Map of the European Communities 
(INRA/JRC,(INRA/JRC, 1992). 0 = not defined, 1 = coarse...5 = very fine (see Table 3.1); 
(b)(b) administrative regions in the Rhine basin. 

3.2.55 Drainage network 

AA map of the permanent stream network was created from the 'Gewassemetz' 
off  the Hydrological Adas of Germany (1979). This fairly detailed paper map was 
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scannedd and converted to the proper co-ordinates using 65 control points. This 
mapp does not cover the entire Rhine basin (Figure 3.4). Therefore, a drainage 
networkk derived from the DEM was used to fill  up the missing parts. The DEM 
couldd have been used to derive the drainage network for the entire basin. 
However,, the map from the Hydrological Atlas is supposed to represent the 
permanentt channel network more accurately than the DEM-derived network 
does,, because the Rhine basin contains an extensive dry valley system. These 
valleyss are periglacial relic forms from the Pleistocene and have no permanent 
channels.. Only during high magnitude/low frequency rainfall events do these 
valleyss act as drainage ways for surface runoff water (Kwaad, 1993). Still, they are 
incorrectlyy classified as channels when using the DEM. This is also the case in 
somee limestone areas, which in fact have very few surficial drainage channels. 

Thee final drainage network map was compared with stream channel information 
onn 1:25 000 maps. Though the position of the streams is not exact, the map 
appearedd to be rather accurate (see section 3.3.2). Furthermore, assuming the 
1:255 000 maps to show the first-orders streams, it appears that in most cases 
first-orderfirst-order streams are missing. 

3.2.66 Climate 

Pointt  data 

Precipitationn and temperature data were obtained from the German and Swiss 
Meteorologicall  offices. For the monthly average, minimum and maximum 
temperatures,, data are available from 6 French, 34 German and 72 Swiss meteo-
stations;; for precipitation, data from 6 French, 34 German and 90 Swiss meteo-
stationss were used. The time series (1961-1990) of all point data were aggregated 
too long-term monthly average values, as this is the basic time framework used by 
thee sediment supply model (see section 3.3.1). 

Interpolatio n n 

Forr each of the meteo-input variables, 12 maps were created, one for each 
averagee month, by interpolation of the point data using universal kriging. Both 
precipitationn and temperature are strongly related to elevation (see for instance 
Figuree 3.5 for the relationship between temperature and elevation of all Swiss 
meteo-stationss used in the database). Switzerland and Austria were treated 
separatelyy from the rest of the basin, because the semi-variograms for the alpine 
regionn deviated strongly from those of the other parts. In the Alps, elevation was 
usedd as the trend variable for temperature and precipitation. In the German and 
Frenchh part of the basin, both elevation and geographic latitude were used as 
trendd variables for temperature, while for precipitation only elevation was used. 
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1000 km 

FigureFigure 3.4. Drainage network as taken from the paper map of the Hydrologischer Atlas der 
BundesrepublikBundesrepublik Deutschland (1979). 
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Thuss for each month and each meteo-input variable 2 semi-variograms were 
determinedd using the GStat software (Pebesma, 1996; Pebesma and Wesseling, 
1998).. As an example, Figure 3.6 shows the result of the interpolation for 
precipitationn in November, February, May and August. 
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FigureFigure 3.6. Long-term average precipitation for the months November, February, May and 
AugustAugust in the Rhine basin based on data of 130 meteo-stations over the period 1961-1990. 
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3.33 M E T H O D S 

3.3.11 The sediment supply model 

Modell  selection 

Today,, there are many quantitative simulation models of overland flow and soil 
erosion.. Examples of distributed models that can be applied to catchments are 
LISEM,, EUROSEM, AGNPS, KINEROS, SWRRB, SWAT and WEPP. These 
modelss have all in common that they simulate catchment response to single 
rainfalll  events or daily rainfall. Furthermore, since most of them contain detailed 
processs descriptions, the data input requirements are rather high. It is impossible 
too run such models with the Rhine basin data. Only one model was found in the 
literaturee which agreed reasonably well with the available data: GAMES, the 
Guelphh model for evaluating effects of Agricultural Management systems on 
Erosionn and Sedimentation (Dickinson et al., 1986; Dickinson et al., 1992). 
Therefore,, the concepts of this Canadian model were used for the estimation of 
sedimentt supply to the drainage network of the river Rhine. 

GAMESS was developed from the starting point that sediment source areas do 
nott necessarily coincide with major soil erosion areas, due to variations in the 
capacityy of different parts of the basin to transport particulate materials 
(Dickinsonn et al., 1986). The model was designed for a seasonal time frame and 
consistss of two major components: a) a sediment production module based on 
thee USLE and b) a module that accounts for sediment storage on the hillslope 
throughh a delivery ratio expression. GAMES predicts sediment loads attributable 
too ril l and interrill erosion only. I t was not designed for the prediction of stream 
orr gully erosion. The model was calibrated for catchments up to 30 km2, which 
weree divided into landcells of various shapes and sizes (approx. between 0.01 
andd 1 km2 with 0.25 km2 as an average estimate). 

Inn the present project, the basic ideas of GAMES were used, not the computer 
programm itself. Several equations were taken from other models as well, 
includingg (R)USLE, SWRRB, SWAT and Rhineflow. The thus developed model 
wil ll  be referred to as the Rhine model for evaluating effects of Environmental 
Changee On Delivery of Eroded soil to Streams (RECODES). The model was 
writtenn in the PCRaster dynamic modelling language (Van Deursen, 1995; 
Wesselingg et al., 1996). This package allows the user to completely incorporate 
thee model in a raster Geographical Information System. 

Deliveryy rati o module 

Thee basic idea of GAMES is that the delivery ratio DR from one location to 
anotherr (i.e. field to field or field to stream) is inversely related to the travel time 
off  overland flow (t): 
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DRDR <*  1 /1 oc v / / (3 j j 

inn which v is the average velocity of overland flow between the two locations 
(m/s)) and / is the length of the flow path (m). The shorter the distance and the 
fasterr the flow, the more eroded sediment wil l be delivered. The average 
overlandd flow velocity can be estimated using the Manning equation modified 
forr overland flow: 

r 2/Y /2 2 

vv = (3.2) 
n n 

inn which r is the depth of overland flow (m), s is the slope angle (%), n is 
Manning'ss roughness coefficient in s/m1/3. Under a seasonal time frame, the use 
off  absolute water depths in the velocity expression is not adequate. Therefore, in 
GAMESS this term is replaced by a hydrologie coefficient (Hc) which reflects a 
location'ss ability to generate surface runoff during a characteristic event within 
thee selected time frame (Clark, 1981; Dickinson and Rudra, 1990). For more 
detailss about the hydrologie coefficient: see section 3.3.2. 

Thus,, the delivery ratio in GAMES depends on the following factors: 

•• the distance between sediment source and channel 

•• slope and roughness of the flow path 

•• the availability of surface runoff 

Thee final expression for DR reads: 

DRDR = a 
'H,s'H,s1/21/2^^fi fi 

nn I 
00 < DR < 1 (3.3) 

inn which a and /? are empirical parameters of about 9.53 and 0.79 respectively 
(Dickinsonn et al.,1986). The delivery ratio varies during the year due to variations 
inn the generation of surface runoff (Hc) and due to agricultural practices, which 
affectt the surface roughness and crop cover (both reflected in n). In RECODES, 
thee delivery ratio is modelled on a monthly basis. Spatial variations are the result 
off variations in all four factors in (3.3). Details about their assessment can be 
foundd in section 3.3.2. 

Clearly,, GAMES fits rather well to the conceptual model for the present 
sub-projectt (section 3.1.2). A shortcoming is the fact that grain-size is not 
explicitlyy considered in the delivery ratio expression. 
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Sedimentt  production module 

Thee sediment production module of GAMES is based on the USLE 
(Wischmeierr and Smith, 1978). For RECODES, the German equivalent of the 
USLEE was used , which is called ABA G (Allgemeine Bodenabtragsgleichung; 
Schwertmannn et al., 1987) and equations from the Revised Universal Soil Loss 
Equationn (RUSLE; Renard et al., 1991). The USLE is an erosion model designed 
too predict the long-term average annual soil losses from specified field areas 
underr specified cropping and management systems. It applies to the field-scale 
andd quantifies the net soil loss of isolated slope segments; it does not estimate 
depositionn (like at the toe of concave slopes). As such, the USLE cannot be 
appliedd to large areas for the prediction of sediment delivery to streams or 
sedimentt yields of rivers. However, it is suitable as production module in 
GAMES.. According to the USLE, average annual sediment production (A) is 
equall  to: 

AA = RKCLSP (3.4) 

where:: A is annual soil loss in t ha"1, R is the annual rainfall/runoff erosivity 
factorr in kj mm m"2 h"1, K is the soil erodibility factor in (t h a "1 ) / ^ mm m"2 h1) , 
CC is the cropping and management factor (-), LS is the topographic factor (-) and 
PP is the erosion control practice factor (-). 

Theree is considerable evidence that soil erosion varies from month to month due 
too variations in rainfall and runoff, land use, soil management practices and soil 
erodibilityy (e.g. Imeson and Vis, 1984; Wall et al., 1988; Imeson and Kwaad, 
1990;; Dickinson and Rudra, 1990; Boardman, 1993; Van Dijk and Kwaad, 1996). 
Thiss was also recognised by the developers of the USLE. They realised that soil 
losss depends on the particular stage of growth and development of the vegetal 
coverr at the time of rain. Boardman (1993) also emphasised the importance of 
rainfalll  timing. Highly erosive periods are expected when severe rain falls on 
unprotectedd soil. Therefore, in order to determine a proper annual C-factor 
value,, detailed temporal information on rainfall and cropping stages during the 
yearr must be combined (Wischmeier and Smith, 1978). Knowing this, and as the 
detailedd temporal information is needed anyway, it is much more natural to 
estimatee the USLE-factors on a monthly basis and determine the long-term 
averagee monthly soil loss. With appropriate selection of parameter values, this is 
possible.. Equation (3.4) can then be rewritten as: 

AAmm — R m Km
 S"m LS *m (3.5) (3.5) 
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I nn this equation, the subscript m denotes monthly variation. Soil losses and 
rainfalll  erosivities are now monthly sums instead of annual sums. Furthermore, 
thee C-factor is replaced by the soil loss ratio (sir) which is defined as the ratio of 
soill  loss from an area under a specific cover and management practice to the soil 
losss from the same area under a clean-tilled continuous fallow condition. Soil 
losss ratios are tabulated for the different stages of various cropping systems 
(Wischmeierr and Smith, 1978; Schwertmann et al., 1987). 

Withh respect to the sediment production module, RECODES varies /?, K and sir 
inn time. These factors definitely show the strongest temporal variations. Erosion 
controll  practices are not considered because of lacking information and they are 
assumedd to play no significant role (P = 1). The methods used to determine the 
separatee USLE-factors for the Rhine basin are described in section 3.3.2. 

Hillslop ee sediment delivery 

Thee monthly sediment delivery, SD in t ha"1 month"1, from each cell to the next 
celll  downstream is calculated by multiplying Am with the local delivery ratio: 

SDSDmm=DRA=DRAmm (3.6) 

Hillslopee sediment supply to the streams is now determined by accumulating the 
celll  SD-values in the drainage direction until a stream channel is reached (see 
sectionn 3.3.2). 

3.3.22 Assessment of the model parameters 

Overview w 

Ann overview of the model parameters and the sources from which they are 
derivedd is shown in Table 3.2. For each model parameter, a raster map was 
created.. The spatial resolution of the data set (1 km2) gave rise to problems with 
thee determination of several parameters, like slope angle and the distance to the 
streamm channels. Furthermore, it should be realised that sediment delivery often 
occurss within the gridcell, instead of between gridcells as in the original GAMES 
model.. According to the drainage network map of the Rhine basin, about 56% 
off  the grid cells contain a stream. Most problems were solved by using additional 
informationn from the literature. 

Thee methods used to derive the input maps needed to run RECODES are 
describedd below. 
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TableTable 3.2. Overview of model parameters ofRECODES. 

Symboll  Description Derivedd from Method/Model D/S* * 
LS LS 

s s 

I I 

K K 

R R 

sir sir 

H, , 

« « 

DR DR 

A A 

SD SD 

Topographicc factor 

Slopee angle 

Distancee to channel 

Soill  erodibility factor 

Erosivityy factor 

Soill  loss ratio 

Hydrologiee coefficient 

Roughnesss coefficient 

Deliveryy ratio 

Soill  loss 

Sedimentt delivery 

Relief f 

Relief f 

Drainage e 
network k 
Soil;; Land 
use;; Climate 
Climate e 

Landd use 

Landd use; 
Soil;; Climate 
Landd use 

All l 

All l 

Al l l 

DEM;; Richter (1965) 

DEM;; Richter (1965) 

Hydrll  Atlas BRD (1979); 
DEM M 
Texture;; Organic matter; 
Snoww melt 
Sauerbornn (1994); Asselman 
(1997);; ABAG; Rhineflow 
ABAG;; GAMES 

SWRRB;; Curve Number; 
Rhineflow;; GAMES 
Phillipss (1989); LISEM 

GAMES S 

USLE;ABAG;RUSLE E 

GAMES S 

S S 

S S 

S S 

D D 

D D 

D D 

D D 

D D 

D D 

D D 

D D 

**  Treated as a static (S) or dynamic parameter (D) in RECODES 
ABAG:: Schwertmann etal. (1987); Rhineflow: Kwadijk (1993), Van Deursen (1999); GAMES: 
Dickinsonn and Rudra (1990); SWRRB: Arnold et aL (1990); LISEM: De Roo et al (1995); 
USLE:: Wischmeier and Smith (1978); RUSLE: Renard etal. (1990). 

Slopee length 

Thee effect of topography on sediment production in the USLE is accounted for 
byy the LS-factor. The effect of slope length is expressed in the L-factor and 
calculatedd using (Schwertmann et al., 1987): 

LL = 

I 2 22 J (3.7) (3.7) 

inn which: lc is the contributing slope length in horizontal projection in m (not the 
distancee parallel to the landscape), and y is a slope length exponent depending on 
slopee gradient (Table 3.3). The contributing slope length is defined as the 
horizontall  distance from the origin of overland flow to the point where either 
thee slope gradient decreases enough that deposition begins or runoff becomes 
concentratedd in a defined channel (Wischmeier, 1976; Wischmeier and Smith, 
1978).. Concentration of overland flow usually occurs in less than 120 m. In 
manyy cases, this value is a practical limi t for the contributing slope length, 
althoughh longer slope lengths up to 300 m are occasionally found (Renard et al., 
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1991a).. The contributing slope length is one of the most difficult USLE-
parameterss to assess. Its definition implies that it is virtually impossible to simply 
derivee slope length values from a DEM, even if the DEM is highly detailed. A 
solee DEM does not tell where deposition of sediment or runoff concentration 
occurs.. In fact, lc is also difficult to estimate in the field, because signs of runoff 
concentrationn are often removed by soil tillage. Beside the fact that lc is difficult 
too make operational, the effect of slope length on erosion rates is not as evident 
ass the equation suggests. Traditionally, models assume erosion rates to increase 
inn downslope direction with increasing distance from the point of origin of 
overlandd flow. However, research has shown that this is not always true; the 
increasee often only takes place within the upper slope segments, while further 
downslopee an alternation of erosion and sedimentation occurs 
(Svetlitchnyi,, 1997). 

TableTable 3.3. Slope length exponent y as a function of slope angle. 

Slopee angle (%) 
Exponentt Y 

<0.5 5 
0.15 5 

0.6-1.0 0 
0.2 2 

1.11 -3.4 
0.3 3 

3.55 - 4.9 
0.4 4 

>5.0 0 
0.5 5 

I tt is clear that the database does not provide any opportunity to properly map 
thee L-factor. Therefore, the contributing slope length was set to a fixed value of 
1000 m, for the entire basin. The value of 100 m is roughly based on published 
slopee length data, which typically vary between 50 and 300 m. Govers (1991) 
foundd an average of 149 m on 86 fields. Auerswald and Schmidt (1986) mention 
valuess ranging between 67 m for steep slopes (21-25%) and 200 m for gende 
slopess (1-2%). In Van Dijk (De Roo et al., 1995) slope lengths vary between 40 
andd 220 m with an average of 110 m. It was decided to use a value below the 
averagess reported above, because a) lc is the projected horizontal distance, while 
thee reported values are distances parallel to the slope, and thus longer and b) the 
contributingg slope length is always less than the real length of a slope. Indeed, 
1000 m is a rough estimate, which must be kept in mind when interpreting the 
calculationn results. Renard et al. (1991b) argue that "the considerable attention 
paidd by many researchers to the L-factor is not always warranted, because soil 
losss is less sensitive to slope length than to any other USLE-factor". In practical 
terms,, die decision to set lc to 100 m means that sediment production in the 
modell  always refers to the net soil loss from a 100 m slope segment. This 
sedimentt is subject to transport and part of it wil l be deposited on its way to the 
streamm channel according to (3.3). 
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Slopee angle 

CalculationCalculation of the S-factor 

Thee slope steepness factor, S, reflects the influence of slope angle on sediment 
production.. The S-factor is calculated using an equation proposed by Nearing 
(1997): : 

5 — L 5 +
11 + g2.3-6.1sinO

inn which 4> is the slope angle in degrees. This equation follows the RUSLE 
relationshipss (Renard et al., 1991a and b) for slopes up to 22%, but also fits 
existingg data for slopes greater than those from which the RUSLE equations 
weree derived (Nearing, 1997). Moreover, the equation of Nearing has the 
advantagee that it is a single, continuous function while the RUSLE uses two 
functions,, one for slopes less than 9% and another for slopes greater than that. 

DerivationDerivation of the sfope map (the KJiewe-method) 
Predictedd soil loss in the USLE is much more sensitive to variations in slope 
anglee than in slope length. Thus, special attention must be given to obtaining 
goodd estimates of slope steepness (Renard et al., 1991b). However, because of 
thee 1 km2 grid cell size used in the database, true slope angles cannot be derived 
directlyy from the digital elevation model. This seriously hampers the derivation 
off  the 5-factor. A tentative solution to this problem was found: the 
representativee 'within-grid cell' slope angles were approximated by linking the 
DEM-derivedd slope map to a slope map published by Richter (1965). 

Thee slope map of Richter is based on relief energy analyses of topographic maps 
1:255 000 of Germany. For each square kilometre, the difference between the 
lowestt and highest point was determined from the 5 m contour line intervals. In 
total,, 248000 values were recorded. Richter (1965) then converted this 
informationn to slope angles representing the slopes within the km2, by applying 
thee relief energy to half of the diagonal of the cells as the horizontal distance 
(~(~ 0.7 km). His final map classifies these slopes into four categories. Richter 
(1965)) refers to Kliewe (no publication specified) for the procedure of 
convertingg relief energy to representative slope angles in the km2-squares. 

Thee following procedure was followed to establish a map with slope angles 
representingg average field conditions in the Rhine basin. Slopes angles as 
computedd from the DEM were classified in such a way that the slope class 
boundariess coincide with those of Richter's map. Then, regression between the 
slopee class boundaries of both maps was carried out. The result was used to 
computee a modified slope map on the basis of the DEM. This modified map is 
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supposedd to represent the average of the slope angles within a raster cell. In 
Figuree 3.7, the DEM-derived slopes are compared with the modified slope map. 

ValidationValidation of the Kliewe-method for the estimation of slope angles 
Thee quality of the 'within-grid cell' slope map depends for a large part on the 
qualityy of the slope map of Richter. An important question is: how well does the 
Kliewe-methodd estimate the average slope angles within the grid cell? In order to 
answerr this question, the following analysis was carried out on the basis of 
topographicc maps 1:25 000: 

•• 1 km2 squares on topographic maps were selected 

•• Within each square, the relief energy was determined (maximum minus 
minimumm elevation) and divided by half the diagonal; this gives the average 
internall slope angle according to the Kliewe-method 

•• Within the same square, on each of 9 regularly spaced points (3x3 grid), the 
locall slope angle was determined on the basis of the contour line information 

•• The average of the 9 points was determined to yield the average internal slope 
anglee of that square; this gives the validation slope angle. 

FigureFigure 3.7. Slope angles as derived from the DEM (a) and slope angles based on both the 
slopeslope map of Richter (1965) and the DEM (b). 
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Thee relief in each square was classified to one of five basic relief types, in order 
too find out whether the method's accuracy is related to relief type. These basic 
relieff  types are shown in Figure 3.8. Of course, none of these pure types actually 
existt in the natural landscape. The classification is based on the closest match. 
Thee procedure was carried out for 19 squares. In one square, the estimate on the 
basiss of 9 points was compared with a similar estimate using 16 points (4x4 grid). 

Thee results for the 19 squares are shown in Figure 3.9. It is clear that the Kliewe 
methodd gives reasonable absolute approximations of the average slope angle in 
thee squares. The label numbers on each data point in the figure indicate the relief 
typee within the square. The Kliewe method strongly overestimates the slope 
anglee for relief type 4. The others are much better estimated, though in general 
typee 3 and 5 are underestimated by the Kliewe method and type 1 is slighdy 
overestimated.. Regression analysis yielded the following results: 

a)) y = 0.66x + 2.31 R2 = 0.66 , all observations 

b)) y = 0.87x R2 = 0.55, all observations, forced through the origin 

c)) y = 0.97x + 0.88 R2 = 0.83, relief type 4 excluded 

d)d) y = 1.07x R2 = 0.81, relief type 4 excluded, forced through the origin 

Straightt sloped 

Narroww incision 

Dissected d 

Terraced d 

Widee incision 

FigureFigure 3.8. Belief types for classifying relief in the analysed squares (the classification also 

appliesapplies to inverse relief types, except for their names). 
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Thoughh the explained variance of the others are higher, equation (b) was used to 
correctt the modified slope map, because there was no reason to exclude the 
observationn for relief type 4 and secondly, regression (a) would have resulted in 
slopee angles of at least 2.31° even in known flat areas. This is not realistic. 
Moreover,, field observations showed that the slope angles estimated with the 
Kliewee method were in general too high. Regression equation (b) corrects the 
slopee angles in the right direction. The standard error of the x-coefficient in 
equationn (b) is 0.08. The standard error of the slope-estimate is 3.0°. 

Inn one location, the method of estimating the average slope was repeated with 16 
observationss in the square instead of 9. The results were very similar: the average 
slopess were 3.33 (n = 9) and 3.26 (n=16). 
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FigureFigure 3.9. Slope angles as determined from the relief energy (the KJiewe-method) compared 
withwith the validation data. 

Erosivit yy of rainfal l and runoff , includin g snowmelt 

AnnualAnnual rainfall-runoff erosivity 

Wischmeierr and Smith (1978) found the average annual soil loss A to be 
proportionall  to fl r, the rainfall-runoff erosivity factor. The /?r-factor is the sum of 
thee product of rainfall energy and maximum 30-minute intensity of all events 
duringg a year and can be computed rather accurately from detailed precipitation 
timeseries.. Asselman (1997) prepared an annual fi r-map for the Rhine drainage 
basin.. This map is based on data collected by Sauerborn (1994). These data 
containn summer and winter precipitation as well as #r-values for 50 locations in 
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thee German part of the Rhine basin. The analysis of Asselman (1997) showed 
thatt the Kr-factor of these locations could best be predicted using summer 
precipitationn (Ps in mm), according to: 

RRrr=QA92P=QA92Pss - 21 .906 (3.9) 

withh Rr in kj mm m2 h"1. This equation explained 72% of the variance in the 
data.. For about 280 other locations in the Rhine basin, Asselman (1997) 
collectedd summer precipitation values from the literature and from data provided 
byy the Deutsche Wetter Dienst and the Schweizischer Meteorologische Anstalt. 
Thesee were converted to annual /^-values using (3.9). The rainfall erosivity 
valuess were interpolated using universal block kriging, with relief as additional 
variable. . 

Thiss Rr-map was further processed for application in RECODES. Two major 
extensionss are: 

•• The rainfall-runoff erosivity factor was calculated per month (the required 
timestepp to run RECODES) 

•• The monthly rainfall-runoff erosivity factor was corrected for effects of snow 
coverr and snowmelt runoff erosivity 

Thesee extensions are discussed below. 

Month/))Month/)) rainfall-runoff erosivity 

Rainfalll erosivity shows a strong seasonal variation in the Rhine basin. Figure 
3.100 shows the distribution of the Rr-factor per month for Bavaria 
(Schwertmannn et al., 1987), Northrhine-Westfalia (Sauerborn, 1994) and Belgium 
(Bollinnee et a l , 1980). The months May through September show much higher 
rainfalll erosivity values than the other months. Maps of the monthly rainfall-
runofff erosivity were created (/?m) by using the average percent distribution as 
shownn in Figure 3.10. So only one average distribution was applied to the Rr-
factorr for the entire basin, though in reality different areas have different 
distributions.. However, the number of available distributions is insufficient to 
applyy stratification. Moreover, the available distributions all show a rather similar 
temporall pattern. 

EffectsEffects of snowfall, snow cover and snowmelt runoff on the erosivity parameter 

Forr some parts of the Rhine basin, the map of Asselman (1997) overestimates 
thee 7?r-factor, particularly in the highest parts of the Alps because here even 
summerr precipitation falls as snow. Snowfall hardly contributes to the erosivity. 
Also,, the presence of a snow cover prevents eventual rainfall to exert its full 
forcee onto the ground surface. Using the Rhineflow model, the spatial 
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distributionn of snowfall and snow cover was calculated for each month. In 
situationss where rain falls on a snow-covered soil, the /?r-factor is set to zero. 
Furthermore,, precipitation falling as snow was assumed not to contribute to the 
erosivity. . 

FigureFigure 3.10. Monthly rainfall erosivity expressed as percentage of the annual value for three 
areas:areas: Northrhine-Westfalia (Sauerborn, 1994), Bavaria (Schwertmann et al, 1987) and 
BelgiumBelgium (Bollinne et al, 1980). The average distribution is used in the model. 

Meltingg is another effect of snowmelt on erosion. There have been some 
attemptss to translate the erosivity of snowmelt runoff into an equivalent of the 
USLEE ^-factor. Hayhoe et al. (1995) give an overview of the proposed snowmelt 
runofff  erosion indices. They found that the /?-adjustment proposed by Zachar 
(1982)) is physically consistent with the rainfall erosivity estimates because it 
incorporatess an estimate of both rate and volume of runoff. Moreover it is suited 
forr use with winter soil erodibility adjustments. Hayhoe et al. (1995) adapted the 
methodd of Zachar (1982) and used the following formulation to compute the 
snowmeltt runoff erosivity: 

* , = • • 

mrk mrk 

10 0 
(3.10) (3.10) 
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wheree Rs is snowmelt runoff erosivity (kj mm m 2 h"1), m is the rate of thawing of 
snoww in a 20-days period (mm day"1), r is snowmelt runoff (cm) and k is the 
runofff  coefficient. 

SimulationSimulation of snowmelt runoff 

Thee incorporation of the approach described above in RECODES requires 
estimationss of snowmelt runoff. In the Rhineflow-1 model, the calculations of 
snowfall,, snow cover and snowmelt were based on a temperature-index method 
usingg only the monthly-average temperature. Snowfall and snowmelt were both 
triggeredd at 0 °C (Kwadijk, 1993; Van Deursen, 1998). This approach yields 
ratherr good simulation results for the Alpine region, but is not suitable for areas 
wheree snowfall periods do not last for several months and where temperatures 
fluctuatefluctuate more often around 0 °C within a month. Van Deursen (1998) proposed 
twoo adaptations for the Rhineflow-2 model: 

•• Simulation of snowfall and snowmelt based on both minimum and maximum 
temperaturee for each timestep. Snowfall is triggered by minimum 
temperature,, and the fraction of precipitation falling as snow equals the 
fractionn of the temperature-interval between rninimum and maximum 
temperaturee that is below this 'snowfall trigger temperature' 

•• Simulation of snowmelt based on both minimum and maximum temperature 
forr each timestep. The maximum temperature triggers snowmelt. Snowmelt is 
decreasedd for the fraction of the temperature that is below this 'snowmelt 
triggerr temperature'. 

Usingg these concepts, snowfall, snow cover and snowmelt calculations can be 
carriedd out for the entire basin. The approach of Van Deursen (1998) was 
implementedd in RECODES. This snow-module was calibrated by tuning the 
snowmeltt rate parameter (SMR). The snowfall and snowmelt trigger 
temperaturess (see Van Deursen, 1998) were not used for calibration and 
assumedd to be 0 °C. SMR was chosen such that the calculated period, during 
whichh the surface has a snow cover, agreed best with snow cover data from the 
Rheinatlass (CHR/KHR, 1976). The final map of the period with snow cover is 
shownn in Figure 3.11. According to the Rheinadas, the highest parts of the Black 
Forestt have a snow cover during 120-160 days. The model result is 5 months 
(aboutt 150 days). For larger parts of the Black Forest, somewhat lower in 
elevation,, the period is 80-120 days according to the Rheinadas. The model 
computess 3-4 months (90-120 days). So for the Black Forest, the results are 
satisfactorily.. The Rheinatlas also gives data for the Hunsriick, east of Trier. For 
thiss area, the period of snow cover calculated by the model is slighdy too high: 
maximumm 4 months in the highest locations according to the model, and 
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2-33 months according to the Rheinatlas; 1-2 months over larger areas (model) 
andd 20-40 days (Rheinadas). 

Also,, the percentage of annual precipitation falling as snow could be checked 
withh information from the Rheinadas. For the Black Forest (30-40% on the 
higherr parts) and the Hunsriick (25-30% on the higher parts), the snowfall 
fractionn was modelled very well. For the Alps, the Rheinadas gives information 
forr several elevation intervals. Here, the model underestimates the snowfall 
fractionn in most cases (Table 3.4). 

FigureFigure 3.11. The modelled period in which the surface has a snow cover in months per year. 

TableTable 3.4. Snowfall fractions (%) for several elevation intervals in the A.lps according to the 
CHR/KHRCHR/KHR (1976) and as simulated by the snowmodule ofRECODES. 

Elevatio nn (m ) 
Atla s s 
Model l 

200 0 
5 5 

10 0 

600 0 
14 4 
12 2 

1000 0 
25 5 
19 9 

1400 0 
39 9 
28 8 

1800 0 
52 2 
42 2 

2200 0 
67 7 
52 2 

2800 0 
80 0 
64 4 

3200 0 
90 0 
81 1 

3600 0 
100 0 
97 7 
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Soill  erodibilit y 

Soill  erodibility is a term, which is used to describe the relative inherent resistance 
off  a soil to the forces of detachment, entrainment and transport resulting from 
raindropp impact and shear of surface flow. In the USLE, soil erodibility is 
expressedd by the AT-factor, which is defined as the rate of soil loss per unit 
rainfalll  erosivity as measured on a unit plot (Wischmeier and Smith, 1978). As a 
consequence,, its units are (t h a "1 ) / ^ mm m"2 h"1). K is primarily determined by 
soill  texture, with high-sand and high-clay content soils having lower values and 
high-siltt content soils having higher values. Other soil conditions that affect the 
AT-factorr are organic matter content, soil structure and permeability. 

AA AT-map for the Rhine basin was prepared based on soil texture and organic 
matterr content (Figure 3.12). A multiple regression equation was used to 
computee K from the clay and silt fraction (Figure 3.13). The equation is based on 
AT-dataa of Richter (1991) and explains 94% of the variance. The AT-values were 
correctedd for the organic matter content. The organic matter content of soils 
underr forest was assumed to be three times higher than under other land use, as 
reportedd by Van der Drif t and Kwaad (1995). In the resulting AT-map (Figure 
3.12),, high values often coincide with the occurrence of loess because of the 
highh silt content of loess soils. 

Soill  erodibility is known to show a distinct seasonal variability (Imeson and Vis, 
1984;; Wall et al., 1988). In RECODES, sou erodibility is only varied in time due 
too snowmelt processes. During periods of snowmelt in winter and spring, the K-
factorr was found to be up to 4.5 times higher than the annual average (Hayhoe 
ett al., 1995; Wall et al., 1988). Wall et al. (1988) give a table with ratios of 
seasonall  to annual soil erodibilities during winter/spring thaws for several soil 
textures.. These values were used and translated to the five texture classes in the 
Rhinee soil database (Table 3.5). 

TableTable 3.5. Ratio of seasonal to annual soil erodibilities (Kratio)for the five soil texture classes 
inin the Rhine soil database (Derived from WalletaL 1988). 

Texturee class Coarse (1) Medium (2) Med./Fine (3) Fine (4) Very fine (5) 
KKrntinrntin 4.5 1.44 1.25 1.17 1.05 

Duringg periods of snowmelt, the annual AT-value was multiplied by the Kratio. The 
timetime fraction in a month during which snowmelt occurs (M7} r) was calculated as: 

MaxT-SMT MaxT-SMT 
MTf,.MTf,.  = (3.11) 

**  MaxT-MinT  [  J 
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FigureFigure 3.12. The soilerodibility factor (K). Units are (t ha'1)/(kj mm m2 h') , 
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K-facto rr  (Richter ) 
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FigureFigure 3.13. The K-factor as published by Richter (1991) compared with the computed 
K-factor,K-factor, predicted on the basis of the silt and clay content. 
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inn which MaxT is the monthly mean maximum daily temperature (°C), MinT is 
thee monthly mean minimum daily temperature (°C) and SMT is the snowmelt 
triggerr temperature (°C). 

Finally,, the AT-factor is computed as: 

KK = Kratio MTfr Ka +Ka(\- MTfr) (3.12) 

inn which Ka is the annual AT-factor. 

Cropp and management effect 

Landd use affects soil erosion in many ways. In the USLE, the C-factor measures 
thee combined effect of all interrelated cover and management variables. The C-
factorr is the ratio of soil loss from land cropped under specified conditions to 
thee corresponding loss from clean-tilled, continuous fallow. I t is usually 
expressedd as an annual value for the particular cropping and management 
system.. Soil loss ratios (sir) express a similar ratio for a short time period within 
whichh cover and management is assumed to be uniform. To compute the C-
factor,, these soil loss ratios are weighted according to the distribution of the 
erosivityy (R) during the year. For instance if monthly s/r-values are known: 

12 2 

m=iy m=iy 
slrslrmm - ^ 

R R 
(3.13) (3.13) 

with:: slrm is the soil loss ratio of month m (-), Rm/R is the fraction of the rainfall 
erosivityy factor in month m to the annual value and C is the annual crop and 
managementt factor (-). For the monthly application of the USLE, C can simple 
bee replaced by slrm and (3.13) can be neglected (see equation 3.5). The main 
problemm is to obtain the monthly soil loss ratios for each land use type. 
Schwertmannn et al. (1987) presented tables with soil loss ratios of six stages 
duringg the year for several cropping systems. The timing of each stage is also 
tabulatedd and refers to the average situation of Bavaria. These tables were used 
too determine monthly soil loss ratios. If a month is entirely within one phase, 
thenn the appropriate sir is assigned to that month; if there is more than one crop 
phasee in a month, the sir for the month is obtained by weighting the sir for each 
phasee according to the duration of each phase in the month. The resulting slrm 

valuess for each land use type are shown in Table 3.6. For forest, vineyards and 
pasture/meadoww constant values are used as no monthly information was 
available. . 

Monthlyy maps of soil loss ratios are now created by linking the land use map to 
thiss table. The soil loss ratios for arable land use types vary strongly in time. In 
general,, high values coincide with summer crops especially in the early growing 
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seasonn (Figure 3.14), low values with forests and grass surfaces. The spring peaks 
aree mainly due to the effect of seedbed preparation, which makes the sou more 
vulnerablee to erosion compared to chiselled or ploughed surfaces. The tables 
weree based on the Bavarian situation, but Schwertmann et al. (1987) suggest they 
cann be applied outside Bavaria as well. 

TableTable 3.6. Monthly soil loss ratios for several land use types. 

Month h 
Forestt Vineyard Grass 

Landd use 
Cerealss Maize Beets 

N N 
D D 

J J 
F F 
M M 
A A 
M M 
J J 
J J 
A A 
S S 
O O 

0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 
0.005 5 

0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.2 2 

0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 

0.314 4 
0.232 2 
0.232 2 
0.232 2 
0.242 2 
0.188 8 
0.010 0 
0.010 0 
0.011 1 
0.017 7 
0.070 0 
0.280 0 

0.38 8 
0.32 2 
0.32 2 
0.32 2 
0.32 2 
0.53 3 
0.94 4 
0.45 5 
0.10 0 
0.08 8 
0.08 8 
0.38 8 

Potatoess Pulse 
crops* * 

.44 4 

.38 8 

.32 2 

.32 2 
32 2 
85 5 
85 5 
25 5 
03 3 
03 3 
03 3 
17 7 

0.32 2 
0.32 2 
0.32 2 
0.32 2 
0.32 2 
0.64 4 
0.80 0 
0.23 3 
0.07 7 
0.07 7 
0.20 0 
0.38 8 

Other r 
crops* * 

0.38 8 
0.32 2 
0.32 2 
0.32 2 
0.32 2 
0.53 3 
0.94 4 
0.45 5 
0.10 0 
0.08 8 
0.08 8 
0.38 8 

0.314 4 
0.232 2 
0.232 2 
0.232 2 
0.242 2 
0.188 8 
0.010 0 
0.010 0 
0.011 1 
0.017 7 
0.070 0 
0.280 0 

**  the sir of pulse crops is set equal to that of maize; the sir of 'other crops' 
off  cereals. The category 'other crops' consists mainly of clover, lucerne and 

iss set equal to that 
oill  seeds. 

AA  M J 

month h 

FigureFigure 3.14. Course of soil loss ratios throughout the year for three selected crops. 

Theree are some land use types for which littl e information is available 
concerningg sir or C. For these, soil loss ratios were estimated on the basis of 
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comparisonn with similar land use types or assumptions were made based on 
expertise. . 

Forr instance, vineyards were not included in the tables of Schwertmann et al. 
(1987).. On the basis of judgement in the field in several vine-producing areas, 
andd on the basis of information of Richter (pers.comm.) a conservative value for 
thee soil loss ratio was chosen (0.2). However, the actual soil loss ratio for a 
vineyardd is very much depending on the presence of cover crops, grass, straw or 
thee stone content of the soil. Therefore, the few published C-values vary 
considerably:: Kertész and Richter (1997) mention a value of 0.4, Roose (ISSS, 
1996)) reports a C of 0.2 for vineyards and orchards with cover crops and 0.9 if 
theyy are clean tilled. In Richter (1991) a range of 0.2 to 0.6 is mentioned. 

Forr pulse crops no values from literature are available, but it can be assumed that 
thesee crops do not protect the soil surface very well from raindrop impact. 
Therefore,, their soil loss ratios are assumed to be equal to those of maize. 
Finally,, there is the category 'other crops'. An inventory showed that the 'other 
crops'' consists mainly of clover, lucerne and oilseeds. Their soil loss ratios are 
probablyy similar to those of cereals. Therefore, the average soil loss ratio of all 
cerealss is assigned to this category. 

Transportt  distance 

DerivationDerivation of the transport distance from the drainage network map 

Thee delivery ratio, according to equation (3.3), strongly depends on the distance 
overr which the sediment has to be transported. This distance is expressed by the 
/-parameter.. For each location in the basin, a travel direction for overland flow 
existss depending on the surface morphology (including micro-, meso- and 
macrorelief).. Somewhere, the runoff will enter the permanent drainage network. 
Thee length of the flow path from any location to its drainage channel is related 
too the drainage density. The higher the drainage density, the shorter the average 
distance.. The travel path and the corresponding distance can be estimated from 
aa detailed digital elevation model combined with a map of the drainage network. 

Evidently,, a cell size of 1 km2 is not sufficient to do so, because in many cases 
streamss are present within the raster cell. Therefore, the drainage network map 
forr the Rhine basin (see section 3.2.5) was resampled to a 1 ha cell size and 
streamss were thinned using the Arc/Info GRID software. Then the shortest 
distancee of each of these cells to a stream was determined using the Euclidean 
distancee function. The resulting map was resampled back to 1 km2 cells. To each 
11 km2 cell, the average distance to the stream of all 100 included smaller cells was 
assigned.. Figure 3.15a shows the resulting map. The average transport distance is 
5655 m. The variations, however, are considerable; extremely high values up to 
77 km are found in some limestone areas which have no surficial drainage system. 
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Inn RECODES, the within-cell path length (Figure 3.15b) in combination with a 
locall  drainage direction map (LDD-map) is used. The LDD-map connects cells 
accordingg to the drainage direction until the stream channel is reached. Further 
transportt is governed by the alluvial system and not considered in RECODES. 
Figuree 3.16 shows an example of the transport distance and direction for a small 
partt of the Rhine basin. 

FigureFigure 3.15. Distance to stream channels (a) and within-cell distance to stream channels or 
nextnext downstream cell (b). 

ValidationValidation of the transport distance map 
Somee comments have to be made about the above-described method. The 
drainagee network map does not include all first-order streams. This implies that 
thee transport distance will  be overestimated to some degree. The overestimation 
mayy partly be counteracted, because: 

•• the use of the Euclidean distance function, leads to an underestimation of the 
distance,, because it estimates the shortest distance path, not considering 
surfacee morphology effects 

•• the channels in the resampled drainage network map (cell size of 1 ha) are 
madee up by full cells of 100 m in width (which in general is far too much); 
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thiss will  shorten the calculated average distance within the square kilometre 
slighdy. . 

Thee systematic error in the calculated transport distance can be determined by 
analysingg the drainage pattern on detailed topographic maps. Here, it is tried to 
validatee the average transport distance in the model's database using stream 
networkk information from topographic maps 1:25 000. 

FigureFigure 3.16. Transport distance and direction in a part of the Rhine basin. The grey scale 
indicatesindicates the distance to the river (darker means further away). Cells with a black square 
containcontain a channel. 

Fromm eleven 1:25 000 topographic maps in the Rhine basin, all streams where 
digitisedd (Figure 3.17) using Arc/Info. The maps were converted to the database 
co-ordinatee system using the Arc/Info p ro ject and transform commands. The 
resultingg line coverages were converted grids with cell sizes of 20x20 m and 
100x1000 m. Again using the Euclidean distance function, the shortest path from 
anyy cell to the nearest stream was determined for both resolutions. Finally these 
distancess were averaged over two subsets of each digitised map (parts a and b). 
Thee result is a validation dataset of 22 numbers. For the same areas, the average 
distancee from the /-map was determined (the values to be validated). 

Thee results are summarised in Table 3.7. Figure 3.18 shows the relationship 
betweenn the distances derived from the digitised maps and the distances derived 
fromm the scanned drainage network map of the Hydrological Adas of Germany 
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(1979).. The correlation between the model's input and the validation data is 
satisfyingg (r = 0.87). As expected, the distances in the database of the model are 
overestimated.. In 20 out of 22 cases, the distances from the model's database are 
larger.. This is mainly due to the absence of many first-order streams in the 
scannedd map. The overestimation seems to increase with decreasing drainage 
densityy (Figure 3.18). Still, the amount of data does not provide sufficient 
evidencee to apply a non-linear relationship between the distance estimations of 
bothh sources. 

FigureFigure 3.17. Digitised streams from 1:25 000 topographic maps. 
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Therefore,, a simple correction factor of 0.78 was applied to the transport 
distancee map shown in Figure 3.15. This factor is based on a linear regression 
analysiss forced through the origin. The encircled datapairs in Figure 3.18 were 
leftt out of the regression analysis. They correspond to very long transport 
distancess for which sediment supply rates are negligible, while they would affect 
thee result of the regression rather strongly. With respect to the accuracy of the 
sedimentt supply calculations, it is more important to have accurate estimations 
off  the /-parameter for the short distances than for the longer distances. 

TableTable 3.7. Transport distances derived from topographic maps 1:25 000 and from the model's 
database database 

Topogr. . 
mapp name 

Dieuze e 
Eppingen n 
Gauaschach h 
Kaifenheim m 
Manderscheid d 
Moutier r 
Oberkirch h 
Sinsheim m 
Thannau u 
Wiesentheid d 
Wohlen n 

Transportt distance 
20x20mm cell size e 

(m),, 1:25 000 map s s 
100x100mm cell size 

Transport t 
1 1 

distance e 
Model'ss input data 

(m) ) 

partt a part b map part a Part b map Part a part b map 
475 5 
303 3 
681 1 
354 4 
382 2 
466 6 
199 9 
287 7 
368 8 
355 5 
484 4 

418 8 
246 6 
720 0 
376 6 
277 7 
437 7 
179 9 
248 8 
451 1 
276 6 
511 1 

445 5 
273 3 
703 3 
365 5 
328 8 
447 7 
188 8 
267 7 
407 7 
318 8 
491 1 

468 8 
288 8 
666 6 
347 7 
367 7 
450 0 
185 5 
269 9 
352 2 
346 6 
467 7 

408 8 
235 5 
706 6 
368 8 
266 6 
423 3 
166 6 
237 7 
430 0 
268 8 
487 7 

433 3 
261 1 
684 4 
357 7 
315 5 
434 4 
175 5 
255 5 
390 0 
308 8 
477 7 

524 4 
327 7 

1441 1 
663 3 
471 1 
583 3 
285 5 
374 4 
418 8 
558 8 
710 0 

457 7 
332 2 

1428 8 
721 1 
450 0 
612 2 
329 9 
338 8 
418 8 
453 3 
727 7 

493 3 
320 0 

1425 5 
691 1 
459 9 
596 6 
307 7 
357 7 
418 8 
502 2 
719 9 

Thee validation data build on the 20x20m cells are very similar to those based on 
thee 100x100m cells. There is a small, but systematic difference in the calculated 
distancess between the two: on average, the distances calculated from the maps 
withh the 20x20m cells are 3.4% higher. 

Roughnesss of path to channel 

Duringg transport, overland flow encounters resistance, which affects the velocity 
andd the transport capacity of the flow. In (3.3), Manning's n is used to describe 
thee hydraulic roughness. For overland flow conditions, an estimation of 
Manning'ss n can be made by evaluating the irregularity of the surface, the 
presencee of obstructions to overland flow and vegetation characteristics 
(Phillips,, 1989; ISSS, 1996). A simple model based on these factors is shown in 
Tablee 3.8 (Phillips, 1989). 

Thee parameters (nl, n2, v3, and n4) were estimated on the basis of land use, soil 
tillagee and growth stages of the crops. From this it is clear that Manning's n is a 
dynamicall  parameter. Especially, the degree of surface irregularity and vegetation 
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coverr is variable in time. For South Limburg, The Netherlands, De Roo et al. 
(1995)) presented tables of the course of vegetation cover (v3) throughout the 
yearr of different land use types. Parameter nl was estimated on the basis of 
knowledgee of timing and the character of tillage operations. Using the tabulated 
parameters,, Manning's n was modelled on a monthly basis (PCRaster script: see 
Vann Dijk and Kwaad, 1998b). The roughness coefficient for forests was not 
takenn from Table 3.8, but modified. For forests, the sediment production is very 
low,, because of the low soil loss ratio. According to the table of Phillips, the 
deliveryy ratios will  also be very low because of the high roughness of the forest 
floor.floor. However, as the transport phase in forests will be following (semi-) 
permanentt drainage ways, the roughness of the forest floor is not very 
representative.. Therefore, the Manning's coefficient for forests is changed and 
equalss 0.085 as annual average. So in the model, forests will , in general, have low 
sedimentt production but they can have an effective delivery system. 

Inn general, high values of Manning's n are related to grass surfaces, while lower 
valuess correspond with arable land use, in particular maize, potatoes and cereals. 

n n 
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FigureFigure 3.18. The relationship between transport distances derived from the scanned drainage 
networknetwork map of the Hjdrological Atlas of Germany (1979) and the distances derived from 
digitisingdigitising streams of topographic maps 1:25 000. 
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TableTable 3.8. Factors that determine the Manning roughness coefficient (Phillips, 1989). 

nn = nl + n2 4- v3*n4 
DegreeDegree of irregularity of the surface (n1) 

Minorr 0.001 - 0.013 Minor irregularities; a few rises and dips 
Moderatee 0.014 - 0.025 Frequent rises and dips; significant depressions and small 

ridgess may exist 
Severee 0.026 - 0.050 Very irregular. Many rises, dips, small depressions and 

ridges;; or furrows perpendicular to flow 
ObstructionsObstructions (n2) 
Negligiblee 0.000 - 0.010 A few scattered (debris, stumps, exposed roots, ogs, isolated 

boulders);; occupy < 5% of area 
Minorr 0.011 -0.048 Occupy 5 - 15% of area 
Appreciablee 0.049 -0.076 Occupy 15 - 50% of area 
VegetationVegetation cover (v3) 

Proportionn 0.000 -1.000 Proportion of ground vegetated 
HeightHeight and characteristics of vegetation (n4) 
Smalll  0.001 - 0.025 Flexible, supple vegetation; flow depth 2 to 3 times plant 

height t 
Mediumm 0.026 - 0.063 Flow depth 1 to 2 times plant height; or 2 to 3 times for 

densee woody or stemmy plants 
Largee 0.064 - 0.126 Depth of flow more than half plant height, or forest if 

hydraulicc radius > 0.6 m 
Veryy large 0.127 - 0.252 Depth of flow less than half plant height; heavy timber stand 

withh flow below branches 
Extremee 0.253 - 0.504 Dense vegetation with heavy litter in full foliage; maximum 

flowflow contact with branches and foliage 

Occurrencee of overland flow 

Surfacee runoff (Qs) is that part of the runoff which travels over the ground 
surfacee and through channels to reach the basin outlet (Chow, 1972). Overland 
floww is the part of the surface runoff that flows over the land surface toward 
streamm channels. Of course, overland flow cannot be modelled physically when 
usingg a monthly time step and a grid cell size of 1 km2. GAMES uses a relative 
value,, Hc, which is proportional to the fraction of Qs to rainfall (P): 

HHcc=^=^ 0<HC<1 (3.14) 

HHcc is a relative value expressing a cell's ability to generate surface runoff 
(Dickinsonn and Rudra, 1990). It represents the availability of a transporting 
mediumm for the sediment. For the estimation of Qs, GAMES uses the curve 
numberr (CN-) method as developed by the USDA-SCS (Chow, 1972). The CN-
methodd is based on the concept of limited recharge capacity of a basin, related to 
antecedentt moisture conditions and physical characteristics of the basin. The 
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factorr time is not explicitly considered. The CN-method predicts surface runoff 
ass a non-linear function of rainfall and a retention parameter s: 

QQss =
 {P-°-2s)\ P>0.2s 

PP + 0.8s (3.15) 
QQss = 0, P<0.2.s 

where:: Qs is surface runoff or excess rainfall (mm), P is rainfall (mm), and s is the 
rechargee capacity of the basin (potential maximum retention in mm). On the 
basiss of a multiple correlation model the following expression for s was derived: 

55 = 25.4 looo_10 0 
CN CN 

(3.16) (3.16) 

inn which CN is a dimensionless curve number depending on soil type, land use 
andd antecedent soil water state. Curve numbers have been tabulated by SCS for 
variouss combinations of land use type and soil group, at three levels of 
antecedentt soil moisture content: low, average and high (AMC 1, 2 and 3 
respectively).. Table 3.9 gives the CiV-values at AMC-2 for each of the land use 
typess in the available database. 

TableTable 3.9. Curve numbers at AMC-2 (CN^for the land use types in the Rhine database. 

Landd use 

Forest t 
Vineyard d 
Pasture/Meadow w 
Cereals(exceptt maize) 
Mai2e e 
Beets s 
Potatoes s 
Pulsee crops 
Otherr crops 
Roads/buildings s 
Openn water 
Bedrock/unproductive e 
Glaciers s 
Unknown n 

Hydrological l 
A A 
25 5 
58 8 
39 9 
63 3 
67 7 
67 7 
67 7 
63 3 
63 3 
74 4 
98 8 
77 7 
74 4 
48 8 

soill  group 
B B 
55 5 
72 2 
61 1 
75 5 
78 8 
78 8 
78 8 
75 5 
75 5 
84 4 
98 8 
86 6 
84 4 
66 6 

C C 
70 0 
81 1 
74 4 
83 3 
85 5 
85 5 
85 5 
83 3 
83 3 
90 0 
98 8 
91 1 
90 0 
77 7 

D D 
77 7 
85 5 
86 6 
87 7 
89 9 
89 9 
89 9 
87 7 
87 7 
92 2 
98 8 
94 4 
92 2 
82 2 

Fourr hydrologie soil groups are distinguished on the basis of infiltration and 
waterr transmission features of the soil: 
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Groupp A Low runoff potential. Soils with high infiltration and transmission 
ratess even when thoroughly wetted and consisting chiefly of deep, well to 
excessivelyy drained sands or gravels. 

Groupp B Soils having moderate infiltration and transmission rates, consisting 
mainlyy of moderately deep to deep, moderately well to well drained soil with 
moderatelyy fine to moderately coarse textures. 

Groupp C Soils having slow infiltration and transmission rates, consisting 
chieflyy of soils with a layer that impedes downward movement of water, or 
soilss with moderately fine to fine texture. 

Groupp D High runoff potential. Soils having very slow infiltration and 
transmissionn rates, consisting clay soils with a high swelling potential, soils 
withh a permanent high water table, soils with a claypan or clay layer at or 
nearr the surface, and shallow soils over nearly impervious material. 

Onn the basis of the soil texture information of the Soil Map of the European 
Communitiess (INRA/JRC, 1992) a map with hydrologie soil groups was 
constructedd for the Rhine basin (Table 3.10). Then, in combination with the land 
usee map and Table 3.9, a CTV-map was derived for AMC-2 (Figure 3.19). 

TableTable 3.10. Determination 

Texturee class 
Hydr.. soil group 

ofof hydrologie soil groups on 

Coarsee Medium 
A A B B 

Med./Fine e 
C C 

thethe basis 

Fine e 
C C 

ofof soil texture class. 

Veryy fine 
D D 

Nott defined* 
A A 

**  Urban areas, open water, histosols 

Arnoldd et al. (1990) give equations to determine s at any soil moisture level 
betweenn the wilting point and saturation. This modification of the CN-method, 
whichh is used in many basin scale models like SWRRB, SWAT, MATSULA and 
SWIM,, was implemented in RECODES. I t allows to model Hc dynamically 
throughoutt the year as a function of fluctuations in the soil water content. The 
calculationn procedure is as follows (some equations are written down slighdy 
differentt from those presented by Arnold et al., 1990): 

stepp a: The CiV-values at AMC-1 and AMC-3 are calculated using: 

CAT,, = - 1 6 . 91 \ + \.35CN2 -0.013SCNJ +0.0001 \11CN\ (3.17) 

and d 

CiV 3=C^ 2e( ) 0 0 0 6 7 2 9 ( 1 0 0-^ )) (3.18) 

stepp b: S] and S3 are derived from (3.16) 

stepp c: the retention parameter s at the actual moisture conditions is equal to: 
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ss = s 
rr SW_ 

vv SW + w0e
w^AWC-SW) 

(3.19) (3.19) 

withh s the retention parameter (mm) at SW. SW the actual free soil water (mm) 
overr a soil depth of 1 m for all soils except Lithosols (0.1 m) and Rendzinas 
(0.33 m). SW is equal to the actual water content minus the water content at the 
wiltingg point (WP). AWC is the available water capacity over the considered soil 
depthh (mm) and is determined from the water content at field capacity minus 
WP.WP. w0, w2 are shape parameters which are calculated using (3.20) through (3.22): 

 , „ , _ 
w00 = AWC (3.20) 

l - * 33 ls\ 

ww = y L_ 0 21) 
UL-AWCUL-AWC ( J 

inn which UL (in mm) is the free soil water content over the considered soil depth 
whenn all pore space is filled (or the porosity minus WP), and wj is: 

UL UL 
Wii  = UL (3.22) 

Mapss of AWC and UL were derived from the FAO soil subgroups using the 
worldd dataset of derived soil properties published by Batjes (1997). Using (3.19), 
thee retention parameter s varies non-linearly between dry conditions at the 
wiltingg point (s = sj) and wet conditions at field capacity (s — s3). 

stepp d: The value of s at water content SWis used to compute Qs with (3.15). 

stepp e: Finally, Hc is derived from (3.14) 

Despitee its empirical nature, the CTV-method is quite reliable and was also 
successfullyy tested for Germany (Lut2, 1984; Grunwald, 1997). Besides, its 
modestt input requirements agree very well with the available data for the Rhine 
basin. . 

Thee actual soil water state was calculated on a monthly basis using the Rhineflow 
modell  (Kwadijk, 1993; Van Deursen, 1995). Rhineflow calculates the soil water 
contentt (SW) by accounting for monthly precipitation, snow storage, snowmelt, 
drainagee to ground water, runoff and actual evapotranspiration. For a detailed 
descriptionn of Rhineflow, see Kwadijk (1993) and Van Deursen (1999). 
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FigureFigure 3.19. Curve numbers at average moisture conditions (AMC-2). 

3.3.33 Model implementation 

Thee general structure of RECODES is shown in Figure 3.20. Basically, 
RECODESS extends the monthly water balance routines of Rhineflow with the 
GAMES-equations.. RECODES uses long-term monthly average climate input 
data.. This is due to the fact that the USLE-approach does not allow for 
predictionss of soil loss in individual months or years in a time series. As a 
consequence,, RECODES has 12 time steps and the output applies to long-term 
averagee monthly sediment production and supply. This is a major difference 
withh Rhineflow, which uses the actual time series. 

3.3.44 Field observations 

Duringg the project, some areas in the Rhine basin were visited and specific 
locationss were classified for their sediment supply potential according to the 
proceduress set out by Coleman and Scatena (1986). This method considers the 
factorss land use, topography, soil erodibility and possibilities for delivery to 
streams,, according to an ordinal score system. The method was applied to a 
numberr of locations in: 
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•• the area between the Mosel and the Rhine between Mainz and Koblenz 

•• the catchment of the Elsenz in the Neckar basin 

•• the surroundings of Wohlen in the Swiss middle mountains 

•• the Alsacian vineyards 

Thee method, very roughly, gives an impression of the sediment supply potential 
off landscape units. The results cannot be used for model validation because the 
methodd is too qualitative. Still, the field work provided much information (e.g. 
concerningg the USLE L-factor, slope angles, soil loss ratios for vineyards, 
transportt distances, possibilities of sediment production in forests, sediment 
storagee in first order stream channels, etc.), which has been used to re-consider 
choicess of model parameters and process-descriptions. 
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START T 

CLIMAT E E 

INITIALIZ E E 

>> RhineFlow (RF) storage layers 
(snow,, soil, groundwater) 

>> RECODES static parameters: 
(slopee angle, LS-factor, transport distance (/), 
roughnesss parameters n2 and n4) 

Timee loop 

>> Read P and T (RF) 
>> Snow cover module (RF) 
>> Rainfall/runoff erosivity (R-factor) TT = t +At 

W A T E R R 
B A L A N C E E 

>> Pot. and actual evaporation (RF) 
>> Soil water storage (RF) 
>> Hydrologie coefficient (ZQ 

SEDIMENT T 
PRODUCTION N 

>> determine soil loss ratios (sir) 
>>  determine effect snowmelt on K 
>>  apply ABAG, USLE, RUSLE 
>A=f(R,slr,K,LS) >A=f(R,slr,K,LS) 
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SEDIMENTT SUPPLY 

>> Manning's n 
>>  apply GAMES Z>/?-equation 
>DR=f(Hc,s,n,l) >DR=f(Hc,s,n,l) 
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Yes s 

Endd of simulation 
No o 

END D 

FigureFigure 3.20. Flow chart of RECODES. 
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3.44 SENSITIVIT Y ANALYSI S 

3.4.11 Introductio n 

AA sensitivity analysis of a quantitative model is used to examine the effects of 
variationss in model input and parameter values upon model behaviour and 
outputt (Howes and Anderson, 1988; De Roo, 1993). The technique is especially 
usefull  to evaluate the behaviour of more complex models for which the 
relationshipss between model input and output are not linear. It can be used to 
exploree whether a mathematical model is potentially suitable for use in real-
worldd applications. A result of a sensitivity analysis can be that the model is 
extremelyy sensitive to a highly uncertain input variable. In such cases the model 
needss modification (De Roo, 1993). 

3.4.22 Methods 

Basically,, the procedure of the sensitivity analysis consists of running a set of 
simulations,, in which for each simulation one of the model variables is changed 
byy a fixed amount. In this chapter, the sensitivity of model output, due to 20% 
changess in input, positive and negative, is evaluated. In total 16 variables were 
studied.. The four USLE-parameters (Ktslr,R,LS) were grouped to one variable as 
theyy are all linearly related to soil loss (and to sediment supply). For instance an 
increasee of 20% in the ^-factor (or any other USLE-parameter) wil l cause 
erosionn and sediment supply to increase with 20%. With respect to precipitation-
relatedd variables, two simulations were carried out: a) one with 20% changes in 
onlyy the amount of precipitation (P) and b) a second one with 20% changes in 
bothh P and the rainfall erosivity (R) simultaneously. The second one is more 
realisticc as a change in precipitation amount wil l affect the rainfall erosivity. The 
temperature-variabless were treated differently. A change of 20% in the 
temperaturee is undefined, because the reference temperature is vague. Instead, 
changess of plus and minus 3 °C has been applied (this number was arbitrary 
chosen). . 

Thee model sensitivity is evaluated on the basis of the modelled erosion, the 
hydrologiee coefficient and the sediment supply for the Mosel and Neckar basins. 
Thee results are presented as the change (in %) compared to the control run in 
whichh all variables have their standard values: 

00 = ^ Z ^ 1 0 0 (3.23) 

wheree 5 0 is the simulation with the variable 20% increased or decreased, S0 is 
thee control run and C is the change. In the bar graphs that follow, the variables 
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havee been sorted on the basis of an absolute sensitivity index (7), which 
combiness the results of the two simulations for each variable: 

ƒƒ = •' 
\c \c +20 0 +\c +\c -201 1 

(3.24) (3.24) 

3.4.33 Results 

Erosion n 

Forr both basins, the modelled erosion is most sensitive to the slope angle(/ = 
24.8%)) followed by the combined effect of increasing precipitation amount and 
rainfalll  erosivity (21.8%), the USLE-parameters (20%), the temperature (11%) 
andd finally the precipitation amount (Figure 3.21). The effect of P on erosion in 
thiss analysis is due to the erosivity of snowmelt runoff. A change in precipitation 
amountt modifies the amount of snowfall and subsequently the amount of 
snowmeltt runoff and erosion. However, this effect is of minor importance 
comparedd to the effect of rainfall erosivity (the effect of P+R is only slighdy 
strongerr than a single USLE-variable, like R). The effect of T on erosion due to 
snowmeltt is more important than the effect of P, especially in the Mosel basin. A 
decreasee of temperature causes an increase of snowfall in the winter and, as a 
result,, more snowmelt runoff and related erosion. Under present day climate 
conditions,, erosion due to snowmelt runoff is of littl e importance in the Mosel 
basin,, but a decrease of temperature of 3 °C would make it a significant erosional 
process. . 
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FigureFigure 3.21. The sensitivity of calculated erosion to changes in model parameters in the basins 
ofof the Neckar (a) and the Mosel (b). 
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Hydrologi ee coefficient 

Thee hydrologie coefficient is influenced by all the variables and parameters 
whichh are used to calculate the water balance of the soil and surface runoff. 
Precipitationn and evaporation are determining processes, but soil properties and 
soill  coverage are even more critical. The hydrologie coefficient is highly sensitive 
too variations in the values of the curve numbers at AMC-I I (/ = 43%), which 
includee features of the soil and vegetation. The response of Hc to a 20% change 
inn the curve numbers varies between 30 and 60% in the two analysed basins. The 
HHcc of the Mosel basin is clearly more sensitive to changes in the //„-related 
parameterss than the Neckar basin (Figure 3.22). The hydrologie coefficient is 
alsoo sensitive to the precipitation amount (/ = 20%), the Thorntwaite coefficient 
aa (17%) and the temperature (16%). 
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FigureFigure 3.22. The sensitivity of the hydrologie coefficient to changes in modelparameters in the 

basinsbasins of the Neckar (a) and the Mosel (b). 

Sedimentt  supply 

Figuree 3.23 shows the results of the sensitivity analysis for the modelled 
sedimentt supply. The model is not very sensitive to the variables i, CP, AWC and 
UL.UL. The most important variables are: s, P+R, T, CN2 and the USLE-variables. 
Thee model sensitivity to the transport distance and the Manning's roughness 
coefficientt are equal and moderate. 

Thee effect of temperature on modelled sediment supply is much stronger for 
decreasingg temperatures than for increasing temperatures, especially for the 
Mosell  basin. This is due to the fact that the importance of erosion due to 
snowmeltt runoff increases with decreasing temperatures. Under present-day 
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climatee conditions, this process is of minor importance in the Mosel basin, 
wheree in general the erosion and sediment supply rates are low, partly due to 
unfavourablee conditions for the generation of overland flow and relative low soil 
credibility.. A colder climate induces an erosive process, which has more 
potentiall  for delivery of sediments to streams than rainfall has in the Mosel 
basin.. However, as temperatures are expected to increase in the next century 
(sectionn 3.7), the supply conditions will  generally become less favourable and 
erosionn due to snowmelt runoff wil l remain a process of littl e importance. 

variable e variable e 

FigureFigure 3.23. The sensitivity of calculated sediment supply to changes in model parameters in the 

basinsbasins of the Neckar (a) and the Mosel (b). 

3.4.44 Discussion and conclusions 

Thee modelled sediment supply is most sensitive to the variables slope angle, 
precipitationn amount and erosivity, curve numbers and temperature, and to the 
USLE-factors. . 

Thee slope angle is a variable, which is possibly prone to systematic errors in the 
availablee database and thus may cause systematic under-, or overestimations of 
thee sediment supply. Especially if the slope angles are overestimated, the 
overestimationn of sediment supply is high. With respect to absolute estimates of 
sedimentt supply rates, the variable 'slope angle' is a major source of uncertainty. 

Precipitationn amounts, rainfall erosivity and temperatures are supposed to be 
ratherr accurate model inputs. Although the model is fairly sensitive to these 
variables,, they are not considered to be an important source of uncertainty. 
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Thee curve numbers, which depend on soil features, soil moisture and land use, 
aree strongly affecting the modelled sediment supply. The CW-method is 
thoroughlyy tested and has proved its value, especially in US-models. The 
accuracyy of the method for European conditions is less established, but there are 
severall  European studies which have proved its value (e.g. Lutz, 1984). Thus, the 
validityy of the CTV-method in RECODES strongly depends on the quality of the 
modelledd soil moisture dynamics. The Rhineflow routines, which are used for 
thiss purpose in RECODES, are quite crude. This is unavoidable on spatial scales 
likee this. Moreover, Rhineflow was designed to properly model river discharges, 
andd for this purpose the crude approach regarding soil moisture is sufficiently 
adequate.. The Rhineflow routines have sufficient quality to show the major 
spatiall  patterns of soil moisture regimes. The resolution is restricted to the 
resolutionn of the basic soil map (section 3.2.3) as several relevant variables used 
inn these routines are derived from this map (e.g. CN2, AWC, and UL). This also 
countss for the USLE ^-factor. Therefore, the minimum size of the areas over 
whichh model output must be aggregated is therefore connected to the size of the 
soill  mapping units (SMU's) in the soil map. 

Finally,, the analysis shows that the model output is only moderately sensitive to 
thee variations in the transport distance (/). However, the uncertainty in the 
estimationn of this input parameter is supposed to be rather high. Therefore, the 
uncertaintyy in the model output due to error in / may still be significant. 
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3.55 MODELLIN G RESULTS FOR PRESENT CLIMAT E CONDITION S 

3.5.11 Spatial patterns in sediment production and supply 

AA sediment production (or erosion) map, based on the USLE is shown in Figure 
3.24a.. Though this map is highly speckled due to land use effects, several 
primaryy production areas can be identified: 

•• the Swiss middle land, including large parts of the Aare basin 

•• the southern Rhine valley along its steep edges, especially between Basel and 
Strasbourg,, including parts of the Black Forest, Alsace and Vosges 

•• the central and downstream part of the Neckar and the Main basin with 
agriculturall land use and highly erodible soils 

•• between Mainz and Landau, west of the Rhine 

•• the downstream part of the Mosel basin 

•• the loess area between the rivers Lippe and the Ruhr. 

FigureFigure 3.24. Annual average sediment production (a) and hillslope delivery ratios (b) for 
present-daypresent-day climate and land use conditions according to RECODES. 
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Loww sediment production mosdy coincides with forested areas and pasture, 
typicall  sandy or clayey soils, flat areas (e.g. the Rhine rift valley itself) or a 
combinationn of these. Figure 3.24b shows the average annual delivery ratio of 
individuall  cells (equation 3.3). In this map, the pattern of the hydrological soil 
groupss is reflected (low values corresponding to coarse textured soils). However, 
landd use effects give the map a speckled character, particularly in areas with soils 
havingg a high surface runoff potential. The map with sediment supply to the 
streamm network is shown in Figure 3.25a. Evidendy, only producing areas can 
supplyy sediment to streams. The delivery ratio concept does not really alter the 
overalll  picture of suspended sediment sources. Still, locally there are differences 
inn the pattern between production and supply of sediment. A clear example is 
thee area immediately south of Mainz, where production is high but supply is 
stronglyy restricted by the low drainage density (long transport distance). 

FigureFigure 3.25. Modelled annual sediment supply to the Rhine basin drainage network (a) and 

thethe boundaries of the main subbasins within the Rhine basin (b). 

Tablee 3.11 aggregates the modelling results for major subbasins. The location of 
thee basins is shown in Figure 3.25b. The area draining into the river Rhine itself 
(andd not through a major tributary), was divided into five sections. In the 
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southernn part of the Rhine basin, a distinction has been made between areas 
upstreamm and downstream of the large lakes lying at the foot of the Alps. These 
lakess are thought to trap most of the sediment supplied in their upstream area. 
Thee subdivision allows us to take this effect into account when relating sediment 
supplyy to sediment yield (see section 3.6.5). Table 3.11 is ordered in upstream 
direction.. The table gives production and supply both as averages (per km2) and 
ass totals for the subbasins. 

TableTable 3.11. Modelling results of sediment production and supply per subbasin. 

BASIN N Area a 
km2**  1000 

Average e 
prod. . 
t/km2/y y 

Averagee Total 
supplyy prod. 
t /km2/yy Mt/y 

Total l 
supply y 
Mt/y y 

Areal l 
del.. ratio 

(-) ) 
Rhinee 1 11.3 79.4 27.4 0.90 0.31 0.34 
Lippee 4.8 104.0 43.7 0.50 0.21 0.42 
Ruhrr 4.5 84.6 33.4 0.38 0.15 0.39 
Siegg 2.9 55.0 20.6 0.16 0.06 0.38 
Lahnn 5.9 133.4 64.2 0.79 0.38 0.48 
Mosell  28.5 81.6 33.3 2.33 0.95 0.41 

SoarSoar 7.1 52.2 21.2 0.37 0.15 0.41 
OtherOther 21.5 91.4 37.3 1.96 0.80 0.41 

Nahee 4.2 106.0 36.1 0.44 0.15 0.34 
Mainn 27.4 135.0 64.2 3.70 1.76 0.48 

Regnit^Regnit ̂ 7.4 68.7 28.3 0.51 0.21 0.41 
OtherOther 20.0 159.7 77.6 3.19 1.55 0.49 

Rhinee 2 3.0 134.2 36.9 0.40 0.11 0.28 
Neckarr 14.5 132.4 77.2 1.92 1.12 0.58 
Rhinee 3 8.7 143.8 73.6 1.25 0.64 0.51 
1111 4.6 254.4 118.4 1.16 0.54 0.47 
Rhinee 4 7.5 312.8 186.6 2.33 1.39 0.60 
Rhinee 5 14.4 185.2 106.1 2.67 1.53 0.57 

RhineRhine (UL) 11.7 162.0 91.2 1.90 1.07 0.56 
OtherOther 2.7 286.2 171.0 0.77 0.46 0.60 

Aaree 17.4 224.9 127.4 3.92 2.22 0.57 
Aare(UL)Aare(UL) 12.4 199.0 110.8 2.46 1.37 0.56 

OtherOther 5.1 289.9 167.7 1.47 0.85 0.58 
Thurr 1.7 202.3 121.4 0.35 0.21 0.60 
Entir ee basin 161.3 143.9 72.7 23.2 11.7 0.51 
Downstreamm of Alps 137.2 137.4 67.7 18.8 9.3 0.49 

Resultss indicate that the subbasin average sediment production and supply is 
highh in the mountainous regions, though not highest in the Alps (e.g. Aare (UL), 
Rhinee 5 (UL)), because here soil erodibility is often low (due to stoniness) and 
landd use is dominated by pasture and forest. In addition, in places with having 
permanentt snow, sediment production is very low. Besides the Aare, Rhine 5 
andd Thur basins, high specific production is computed for the Rhine 4, 111, 
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Rhinee 3, Main, Lahn and the Neckar basins (Table 3.11 and Table 3.12). Low 
specificc production is found for the Saar, Sieg and Regnitz basin (the latter two 
aree subbasins of the Mosel and the Main respectively). Also the Mosel basin as a 
wholee has low erosion rates. Concerning specific sediment supply, the picture is 
similar,, some slight changes in the ranking occur (Table 3.12). The total subbasin 
sedimentt supply is depending also on basin size. High values are calculated for 
thee Aare, Main, the upstream Rhine basins and the Neckar. Due to its large size, 
thee Mosel basin also appears in the ranking list of total supply. 

Tablee 3.11 also gives subbasin delivery ratios, being the modelled supply over 
modelledd production. The total sediment production for the entire basin is 
estimatedd to be 23 Mt/year, while total supply to the drainage network amounts 
approximatelyy 11.7 Mt/year (~ 50% of the production). Thus according to these 
calculations,, about half of all hillslope sediment production is delivered to stream 
channels. . 

TableTable 3.12. The most important subbasins with respect to specific sediment production and 

supplysupply and total sediment supply, sorted from high to low specific sediment production. 

Spec.Prod. . 
Rhinee 4 
111 1 
Aare e 
Thur r 
Rhinee 5 
Rhinee 3 
Main n 
Rhinee 2 
Lahn n 

Spec.Supply y 
Rhinee 4 
Aare e 
Thur r 
111 1 
Rhinee 5 
Neckar r 
Rhinee 3 
Main n 
Lahn n 

Tot.. Supply 
Aare e 
Main n 
Rhinee 5 
Rhinee 4 
Neckar r 
Mosel l 
Rhinee 3 
111 1 
Lahn n 

3.5.22 Temporal patterns in erosion and sediment supply 

I nn order to show some modelled variations in sediment supply within the year, 
thee monthly results of the basins of the Neckar, Mosel and Aare (UL = 
upstreamm of the large lakes, see Figure 3.25) are discussed and compared. 
Becausee of the large differences in climate, land use and physiography between 
thesee basins, this comparison illustrates the different processes governing the 
sedimentt supply system. Figure 3.26 shows the monthly sediment production 
(erosion),, areal hillslope delivery ratio and sediment supply respectively. 
Particularlyy in the Aare (UL) and Neckar basin, there are large temporal 
variations.. The discussion below therefore focuses on these two basins. 

Inn the Neckar basin, there are two clear periods of low sediment production: in 
thee winter in January and February and in the summer in July, August and 
Septemberr (Figure 3.26). The first low is due to low rainfall erosivity, which 
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causess littl e erosion even though most fields are bare. In higher elevations in the 
mid-winter,, there is a snow cover protecting the soil surface. The second low in 
thee production is due to the high protection of the soil surface by crops in mid 
andd late summer. Moreover, the sediment which is eroded in this period is not 
effectivelyy delivered to the streams (Figure 3.26b and c). The supply conditions 
aree poor due to the presence of fully developed crops and vegetation (high 
Manning'ss roughness coefficient) and due to falling soil moisture levels (lowering 
thee hydrologie coefficient). For the Mosel basin, the story is more or less the 
samee although the effect of a snow cover in the winter period is almost absent. 

Bothh periods of low production and supply can also be recognised in the Aare 
basin.. However, the winter low is much more pronounced and the summer low 
muchh less, compared to those in the Neckar basin. The strong reduction of 
winterr erosion and supply in the Alpine part of the Aare basin is due to the 
overrulingg importance of snowfall and snow coverage, preventing erosion to 
occur.. The reduction in erosion and supply during the growing season is not as 
importantt as in the Neckar basin, because arable fields are much less abundant 
andd because melt water runoff, as a transporting medium, is available even 
duringg the summer. 

Lookingg now at the periods with higher sediment production and supply, a small 
peakk in the production in March just after the mid-winter low in the Neckar and 
thee Aare (UL) basins can be identified. This peak is much more pronounced in 
thee sediment supply curves, because the higher production coincides with very 
goodd delivery conditions as a result of high soil moisture levels, snowmelt runoff 
andd bare fields. In the Mosel basin snowmelt processes hardly play a role. While 
thee two other basins showed a distinct increase in erosion in March, this peak 
doess not occur in the Mosel basin (Figure 3.26a). Then, there is a second 
productionn peak, the most important one, in May and June. In the Neckar and 
Mosell  basins, the rise of the curve in May is due to the combined effect of 
stronglyy increasing rainfall erosivity and the large increase of the seedbed 
preparedd area, while in the Alpine part of the Aare basin intense snowmelt also 
playss an important role. In May, the supply conditions are good. During June, 
thee rainfall erosivity remains high and most crops are only moderately 
developed.. Nevertheless, the conditions for delivery are already getting worse; 
sedimentt supply reduces slighdy due to the crop growth and reducing soil 
moisture.. During the months July, August and September, the arable land is 
highlyy protected by crops, and the average soil moisture levels are progressively 
decreasing.. As a result, possibilities for the supply of sediment to stream 
channelss are rather limited. Finally, there is a third smaller peak in the late 
autumn/earlyy winter months (October, November and December). This peak is 
duee to harvest, which reduces the protection of soil surface and decreases the 
Manning'ss roughness coefficient. 
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FigureFigure 3.26. The simulated temporal patterns of erosion (a), delivery ratios (b) and sediment 

supplysupply (c)for three subbasins within the Rhine basin. 
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So,, in the Neckar and Mosel basins, the variations are mainly due to the 
dynamicss of the agricultural system and to variations in rainfall erosivity, while in 
thee Alpine part of the Aare basin snowfall, snow cover and snowmelt are 
stronglyy affecting the temporal pattern of sediment supply to stream channels. 
Thesee processes tend to increase the amplitude of both the highs and the lows of 
thee erosion and sediment supply curves during the year. 

Thee average erosion rates and the delivery ratios are considerably lower in the 
Mosell  basin than in the two others. Also, the amplitude of the lows and highs 
aree less. There are several reasons for this. In the Mosel basin, the areas with 
strongg relief are often occupied by forests and often consist of sandy soils with 
loww runoff potential and low erodibility. The main agricultural regions are 
locatedd in relatively flat areas. This configuration explains the low erosion and 
sedimentt supply rates calculated by the model. Accumulation of snow and 
seriouss snowmelt runoff occurs in only very small parts of the Mosel basin, 
whichh are mainly under forest. In the Neckar basin, the arable fields are often 
foundd on moderately steep slopes with highly erodible loess soils. Moreover, in 
thee Neckar basin the percentage agricultural land as well as the percentage of 
soilss with high erodibility is higher than in the Mosel basin. The high erosion and 
sedimentt supply rates in the Aare (UL) basin can be attributed to the positive 
effectt of its strong relief, both with respect to erosion as to sediment delivery. 
Evenn though there is much less arable land, the modelled erosion and sediment 
supplyy is high because of the influence of relief. 

Thee dynamics of the hydrological coefficient for the entire basin is shown in 
Figuree 3.27. The figure shows the effects of snow cover in the Alps, and the 
effectss of decreasing soil moisture levels during the summer. Low values are 
foundd for coarse textured soils in all seasons. 
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FigureFigure 3.27. The hydrologie coefficient in the months November, February, May and August. 
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3.66 M O D E L EVALUATIO N 

3.6.11 Introductio n 

Whatt can be said about the quality of the modelling results presented in the 
previouss section? The modelling results of RECODES, like all models, contain 
errors.. These may be due to model errors and to errors in the model input data. 
Thee quality assessment of RECODES consists of a critical evaluation of: 

•• the model itself 

•• the model input 

•• the model output 

Thiss section deals with the model evaluation by treating these three items either 
qualitativelyy or if possible quantitatively. Concerning the model itself, attention will 
bee paid to omitted or neglected processes and model errors in a qualitative 
mannerr (section 3.6.2). The accuracy/validity of some individual model input 
parameterss has been discussed in section 3.3.2. In section 3.6.3, the uncertainty 
inn the model output due to the uncertainty in some input parameters is 
determined.. Finally, the model output will be evaluated in two parts. The first part 
evaluatess the calculated erosion rates (section 3.6.4), the second part compares 
sedimentt supply rates with sediment yields at six locations in the Rhine basin 
(sectionn 3.6.5). 

3.6.22 Omitted sediment supply processes and model error 

Thiss study deals with the contribution of soil erosion to the sediment supplied to 
streamm channels in the Rhine basin. The focus is on soil erosion, because this 
processs is thought to be the main source for the river's suspended sediment. 
Thiss means, however, that other supply processes have not been considered (see 
alsoo section 3.1.2). The modelled sediment supply will therefore deviate from 
actuall sediment supply. The importance of other processes will spatially vary. 
Exampless of omitted processes are mass movements and the supply of sediment 
inn subsurface flow. Furthermore, the hydrologie coefficient is not related to a 
productionn term, only to the delivery ratio. During the transport phase additional 
erosionn may take place. However, this erosion is not accounted for by the model, 
ass the delivery module only deals with the transport of the produced sediment. 
Thiss implies that the model neglects sediment produced by erosional 
phenomena,, such as ephemeral gullies. 

Particularlyy for the Mosel basin, there is evidence that other processes than soil 
erosionn by overland flow deliver substantial amounts of sediment to the drainage 
network.. The calculated sediment supply for the Mosel basin (Cochem) is less 
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thann the sediment yield of the river. The modelling results for the Mosel basin 
showw low to moderate erosion and supply rates compared to other subbasins 
(seee also Table 3.11), while the specific sediment yield of the Mosel is higher 
thann average. According to Asselman (1997) the sediment yield in the Mosel 
increasess in downstream direction, suggesting high supply rates in the 
downstreamm part of the river, which is characterised by sharp channels incisions 
andd steep slopes. Probably large part of this sediment does not derive from soil 
erosion,, but from channel bank erosion (Duijsings, 1985; Dedkov and 
Moszherin,, 1992), mass movements (Richter, 1982) and subsurface flow (Van 
denn Broek, 1989). 

Thee GAMES model, which was used in RECODES, is supposed to credit the 
mainn factors that determine sediment supply to stream channels. However, it 
doess not consider the effects of grain-size. This is supposed to be a rather 
importantt factor due to size selection during the transport of the sediment from 
sourcee to stream channel. Still, if the model could deal with grain size selection, 
thee soil data would still be insufficiently detailed to justify the incorporation of 
suchh a module. 

Thee way RECODES deals with overland flow is also an aspect which has to be 
considered.. Implicitly , because of the use of the USLE, Hortonian overland flow 
dominatess sediment production. On the other hand, the transport of the 
producedd sediment in the model is more related to saturation overland flow, as 
thee hydrologie coefficient is depending on the soil water storage. This means 
thatt in periods with high production (summer) the availability of a transporting 
mediumm is limited, while in periods with low production the opposite is true. It 
seemss a littl e artificial to have one type of overland flow taking care of the 
productionn process and the other taking care of the transport. However, the 
resultt is that in summer time low quantities of water carry large sediment loads 
andd loose much of it on their way to the channel, while in wintertime the 
oppositee situation occurs. This agrees quite well with our experience in the field 
(seee section 2.1; Kwaad, 1991). 

Finally,, the calibration parameters of GAMES must be considered. So far, 
RECODESS used values for or and J3 of about 9.53 and 0.79 respectively. These 
valuess were reported by Dickinson et al. (1986) on the basis of a calibration 
proceduree using sediment yield data of several Canadian catchments. Whether 
theyy may be applied to the Rhine basin as well is quite uncertain. Recalibration is 
thereforee desirable. Ideally, recalibration should be done on the basis of long-
termm sediment yield data of small catchments in the Rhine basin, for which 
channell  erosion/storage can be neglected (first and second-order catchments). 
However,, as the spatial resolution of the model parameters is rather limited, 
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modell  predictions only start to make sense when aggregated over larger areas 
(seee also section 3.6.3). Recalibration was therefore not possible. 

3.6.33 Uncertainty analysis 

Introductio n n 

Thee results of model calculations contain error, caused by errors in the input 
dataa and by inaccurate or invalid process descriptions (model error). If a model is 
usedd to answer research questions, the model calculations should be 
accompaniedd by an estimation of their uncertainty (e.g. Kros et al., 1998), for 
instancee by presenting their prediction intervals instead of only a single (mean) 
value.. If uncertainty is not considered, model predictions may lead researchers 
andd policy makers to draw wrong conclusions (Tiktak, 1999). This section deals 
withh the uncertainty assessment of the sediment supply model RECODES. 

Inn the present model study, at the scale of the Rhine basin, most input maps 
weree derived from general information sources of either unknown or poor 
quality.. Therefore, the uncertainty in the model output, due to the uncertain 
input,, may be significant and cannot be ignored. Most of the model parameters 
aree derived from the Digital Elevation Model (DEM), the Soil Map of the 
Europeann Communities or the land use map, or from combinations of these. In 
manyy cases, pedotransfer rules have been used or continuous parameters have 
beenn derived from categorical maps of soil type or land use type using lookup 
tables.. In particular, the soil map and the land use map are rather generalised. As 
aa result, the spatial variation in soil and land use related variables is 
underrepresentedd in the maps used for modelling. The use of pedotransfer rules 
andd lookup tables increases the uncertainty in the input parameter values further. 

Thee error in parameters which are derived from the DEM, like slope angle, is 
mainlyy related to the DEM's low spatial resolution. There is a considerable gap 
betweenn the spatial resolution of the basic data and the scale at which the supply 
processs takes place (the hillslope scale). For instance, in almost any existing 
erosion/deliveryy model, slope angle is needed as input. With the available data, 
slopee angles at the scale of the hillslope are unknown. Another example related 
too the spatial resolution is the fact that buffer zones along stream channels 
cannott be identified. These zones may be important sinks for sediment. 
However,, research of Bach et al. (1994) has shown that in most cases water 
enterss these zones at point inlets due to concentration of overland flow on the 
hillslope.. As a result, there was no remarkable effect of vegetative filter strips on 
inputt to streams. Concerning the assessment of the model input parameters, 
mostt problems related to the spatial resolution have been tackled using 
additionall  information from literature (see section 3.3.2). Still, the coarse spatial 
resolutionn probably is an important cause of the uncertainty in the model output. 
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Heree a limited assessment of the propagation of input error of a few selected 
parameterss is presented. Because of time constraints in the project, a more 
extensivee uncertainty analysis could not be achieved. In order to obtain an idea 
aboutt the magnitude of the effects of uncertain input on model output, a Monte 
Carloo simulation approach was used. Model error is not quantified, simply 
becausee we are not able to do this at this early stage in modelling large river 
basinss sediments budgets. Still, this error source may be equally important or 
evenn more. Section 3.6.2 discussed model error qualitatively. 

Methods s 

I nn a Monte Carlo simulation, many equally probable realisations of the model 
inputt parameters are simulated, and for each set of realisations the model is run. 
Thee uncertainty in the output can then be derived from the variability in the 
outputt of all Monte Carlo runs (Kros et al, 1998). In order to create the set of 
realisationss of the input parameters, information is required about the errors 
associatedd with the input parameters. An error propagation analysis can only 
yieldd sensible results if the input errors have realistic values (Heuvelink, 1998). 
Unfortunately,, map accuracy information is rarely available. This is particularly 
truee for regional-scale assessments (Tiktak, 1999), like this Rhine basin study. 
Thee correct specification of the input errors of RECODES is very difficul t For 
thee uncertainty assessment in this study, a number of input parameters was 
selectedd to which the model output is known to be highly sensitive, either with 
respectt to the general level of the computed sediment supply figures, or with 
respectt to their temporal/spatial distributions. For these parameters, the error 
assessmentt was based partly on real data, partly on maps, and partly on 'expert 
judgement'. . 

Thee parameters, which were selected for the uncertainty analysis, are: 

•• The transport distance, / 

•• The slope angle, s, and slope factor, S 

•• The rainfall erosivity factor, R 

•• Soil loss ratios, sir 

Forr each of these parameters, the sediment supply model was run 100 times 
usingg one set of realisations of a parameter. Parameters were not simultaneously 
varied,, except for the slope angle and slope factor because these are perfecdy 
correlated.. The cross-correlation between all other parameters errors was set to 
zero.. This is a clear simplification. Of /, s and 5, 100 realisations were produced. 
Thee parameters R and sir vary during the year; so for these, 100 maps were 
createdd per month (thus 12 times 100 maps). 
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Thee errors, which were applied to each of the parameters, are shown in Table 
3.13.. In most cases, a coefficient of variation (CV) is specified, which means that 
thee applied absolute error is proportional to the parameter values in the map. 

TableTable 3.13. Error specification and source. 

Parameter r 
I I 

S,s S,s 
R R 

sir sir 

CV CV 
--
0.5 5 
0.3 3 

0.2 2 

Variance e 

81000 m2 

--
--

--

Source e 
Basedd on digitised maps scale 1:25 000 

Basedd on the validation study (section 3.3.2) 
Basedd on the kriging variance of the precipitation and on 
thee standard error of regression equation (3.9) 
Basedd on the study of Wendt et al. (1986) 

Thee parameter realisations were simulated by sampling randomly from a normal 
distributionn around the mean of the input parameter. Temporal (for R and sir) 
andd spatial autocorrelation (all parameters) in the parameter errors was assumed 
too be absent. 

Results s 

UncertaintyUncertainty of cell output 
Concerningg the model output, the analysis is restricted to the modelled sediment 
supply.. First the uncertainty in the output at the scale of the individual cells is 
examined.. The following graphs show the results of 5000 cells in the Rhine 
basin,, which were selected randomly. 

Figuree 3.28 shows the relative uncertainty of the calculated sediment supply by 
meanss of the coefficient of variation (i.e. CV, the standard deviation divided by 
thee average of the 100 simulations for the 5000 cells). Figure 3.28a shows that 
thee uncertainty due to R and / are of the same order of magnitude. However, the 
coefficientt of variation for / is far more variable and higher in cells with low 
sedimentt supply, while for cells with higher sediment supply CV is lower than 
thatt of R. The coefficient of variation of R varies between 0 and 0.4, and has an 
averagee of about 0.2, also with higher variation in cells with lower supply. Figure 
3.28bb shows the results of the other two parameters. Evidendy, with the 
specifiedd input errors, the highest uncertainty in the model calculations is related 
too topography, i.e. the estimated slope angles. The coefficient of variation mainly 
rangess between 0.2 and 1.0 for cells with low sediment supply and between 0.3 
andd 0.7 at higher supply. The CV due to error in the soil loss ratios is relatively 
low,, often below 0.1. 

Thus,, looking at the relative uncertainty of the calculated sediment supply, the 
resultss for cells with a low supply potential can be highly sensitive to errors in 
thee input parameters, in particular the transport distance and the slope angle. 
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FigureFigure 3.28. The variation in the model output for 5000 raster cells based on 100 model runs, 
duedue to variations in jour input parameters. 

Thee coefficient of variation occasionally rises to levels above 1.0. For cells with 
higherr supply potential, the uncertainty in the model output is more stable, in 
generall  a littl e lower, but still considerable. For these cells, the slope angle and 
S-S- factor cause the highest uncertainty in the model output. 

Thee distribution of the model output per cell is approximately normal for the 
1000 simulations. As 95 per cent of the area under a normal curve lies within two 
standardd deviations of the mean, the prediction limits (at p = 0.95) can be 
estimatedd (Figure 3.29). The absolute error in the model output increases with 
increasingg cell supply, as might be expected. The shape of the relationship is 
cone-likee for all of them; quite narrow cones for sir and LS, s, a wider cone for R 
andd a very wide cone for /. The graphs show that the prediction limits of the 
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modelledd cell's sediment supply can reasonable well be estimated as a fraction of 
thee mean (Table 3.14). 
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FigureFigure 3.29. Uncertainty in cell output due to error in the four examined parameters. The 
regressionregression lines are the estimated prediction limits mentioned in Table 3.14. 

TableTable 3.14. Estimated prediction limits (y) atp — 0.95, using linear regression, (x is the cell 
averageaverage sediment supply). 

Parameter r Predictionn limits at p = 0.95 K' K' 
I I 
S,s S,s 
R R 
sir sir 

yy  =  x  ±  0.28 x 

yy  =  x  ±  0.94 x 

yy  =  x  ±  0.38 x 

yy  =  x  ±  0.13 x 

0.7 3 3 

0.9 2 2 

0.9 1 1 

0.9 2 2 
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Thesee results show that the uncertainty of the modelled sediment supply figures, 
att the scale of the individual cells, is considerable. This is clear even though the 
analysess are concerned with only a few selected parameters for which the 
specifiedd input errors are fairly uncertain. Kros et al. (1998) came to a similar 
conclusion:: ".... fine scale predictions of regional scale models yield inaccurate 
results".. Thus, a model like RECODRS can not be used to evaluate the sediment 
supplyy situation at the scale of 1 km2 The chance that the field situation differs 
stronglyy from the model predictions is too big. Of course, the model was not 
designedd for fine scale predictions. It is supposed to yield sediment inputs to the 
riverr Rhine drainage network, in order to increase the understanding of the 
sedimentt regime of the river Rhine and to be able to estimate effects of climate 
changee on these matters. Therefore, it is relevant to know the accuracy of the 
modell  for larger areas than a single cell. 

UncertaintyUncertainty of aggregated model output 

Thee model output was aggregated according to the subbasin areas as presented 
inn Figure 3.25b. The output of the Monte Carlo simulations was used to calculate 
thee total sediment supply for these areas. An example of a result is shown in 
Figuree 3.30. 

Transportt distance, June 

yy a 0.035x 
R22 = 0.64 

55 10 15 20 25 30 

averagee basin sediment supply (t/km2) 

FigureFigure 3.30. The uncertainty in the model output for the month June, resulting from 

uncertaintyuncertainty in the l-parameter. Each dot represents a subbasin in the Rhine drainage basin (see 

FigureFigure 3.25b). 
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Forr the month June, the figure shows the prediction limits at p = 0.95 for the 
uncertaintyy due to the /-parameter input error. This time the uncertainty refers to 
thee aggregated output of all major subbasins (N=20) and not to single cells. 
Tablee 3.15 summarises similar results for the months November and June for 
thee four selected input parameters. 

TableTable 3.15. Estimated prediction limits (y) at p = 0.95, using linear regression. X is the 
modelledmodelled sediment supply aggregated for subbasins (N = 20, see Figure 3.25b). Rfad carefully 
thethe corresponding text. 

Parameter r 
/ / 
S,s S,s 
R R 
sir sir 

November r 
Predictionn limits 
yy = x  0.020x 
yy = x  0.064x 
yy = x  0.031x 
yy = x  0.022x 

R2 2 

0.65 5 
0.67 7 
0.71 1 
0.69 9 

June e 
Predictionn limits 
yy = x  0.035x 
yy = x  0.075x 
yy = x  0.035x 
yy = x  0.025x 

R2 2 

0.64 4 
0.51 1 
0.48 8 
0.51 1 

Thee results show that by aggregating the model output to large areas, most of 
thee uncertainty disappears. The prediction limits, based on error of individual 
parameters,, vary between 2 and 8 percent of the average. There are, however, 
twoo reasons why this analysis may underestimate the uncertainty. The first 
reasonn is also applicable to the analysis of uncertainty in single cell output: 
correlationn between errors in variables was not considered except for the evident 
casee of slope angle and the USLE 5-factor. Ignoring correlations between errors 
inn variables wil l lead to an invalid output distribution, because the assumption of 
independencee neglects the probability of simultaneous occurrence of extreme 
valuess of input parameters (Kros et al., 1998). The second reason, which is most 
importantt in this case, is related to spatial autocorrelation of the input errors. In 
thiss analysis, the input error was spatially uncorrelated, thus sometimes positive 
andd sometimes negative. The effects of these errors on the output wil l therefore 
disappearr in case of block-aggregation of the model output. Kros et al. (1998) 
alsoo describe the other extreme: "blind adaptation of 'perfect spatial correlation' 
wil ll  lead to overestimation of the uncertainty in block-aggregated values, since 
noo averaging within blocks takes place in a single realisation". 

Thus,, the uncertainty in aggregated model output can only be approximated by 
applyingg realistic estimates of autocorrelation in the input errors (Kros et al., 
1998;; Heuvelink and Pebesma, 1999). This would strongly improve the value of 
thee uncertainty analysis. At the same time, it is clear that for this study realistic 
estimatess of autocorrelation in the input errors are not easily obtained. Another 
optionn -in the absence of realistic estimates- is to apply different autocorrelation 
structuress in order to test the sensitivity of the model to this kind of 
assumptions.. These exercises are laborious and large computer resources are 
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required.. They are beyond the scope of this thesis. Still their importance is 
recognisedd and it is obvious that further studies need to address these issues. 

Conclusion n 

RECODESS was designed to estimate the supply of sediment to the drainage 
networkk in the Rhine basin through the process of soil erosion, with the aim to 
understandd more about the regime of suspended sediment loads in the Rhine 
andd its main tributaries. The uncertainty analysis of the RECODES model shows 
thatt the model is not accurate at fine spatial scales. Model output should not be 
evaluatedd at the scale of the individual raster cell (1 km2); results should be 
evaluatedd for larger areas, by aggregating raster cells. The accuracy of the model 
predictionss for larger areas is higher than for individual cells, but the correct 
quantificationn of the prediction errors is hampered by insufficient knowledge 
aboutt autocorrelation in the uncertain input and cross-correlation between the 
inputt variables. Moreover, the specification of input errors is a difficult task for 
manyy parameters the model uses, as litde is known about the quality of the basic 
maps.. The higher the necessity of an uncertainty analysis, the more uncertain its 
result. . 

Largee part of the uncertainty in the model predictions is due to errors in 
morphometricc parameters as these were derived from low spatial resolution data, 
whichh do not reflect the situation on the hillslope scale. The errors affect the 
absolutee sediment supply figures. These morphometric parameters, however, are 
relativee insensitive to climate change. Therefore, the estimated relative change in 
sedimentt supply due to climate change (see section 3.7) as calculated by the 
modell  is expected to have less uncertainty. 

3.6.44 Validation of erosion rates 

Introductio n n 

Howw well do the sediment supply figures generated by RECODES compare 
withh observed ones? In order to validate the output of RECODES, long-term 
supplyy data from many locations along riverbanks are needed. No such data 
weree found in literature. Therefore, validation of the sediment supply estimates 
iss impossible. Another option is to split up the sediment supply estimates into 
estimatess of erosion and hillslope delivery ratios and then validate these 
separately.. The advantage of this approach is that it better traces the sources of 
thee deviations between the model and reality. Unfortunately, the number of 
existingg field data on sediment delivery ratios for the hillslope is very small. 
Erosionn data do exist, but they always apply to small spatial units, which cannot 
bee identified with sufficient accuracy in the model's database. Thus, validation of 
modelledd erosion using point data is not possible as well. However, erosion or 
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sedimentt supply for specific individual locations is not the interest of the present 
study.. It is far more important to know whether the general levels of the 
calculatedd erosion and sediment supply rates are accurate at a regional scale. 

Therefore,, instead of validation on the basis of point data, a 'categorical 
validationn method' was chosen. This method is based on grouping published 
erosionn rates according to the corresponding land use, soil and measuring scale. 
Thee resulting average erosion rates are then compared with the modelled erosion 
ratess for each group. This method is a rather general approach, which traces the 
existencee of systematic errors in the level of the calculated erosion rates. It 
shouldd be noted that the term validation in this context does not refer to the 
Validity'' of the representation of the real system. Here the appropriateness of 
thee model to generate long-term erosion rates at the regional scale is determined. 
Thiss 'validation' consists of answering the question: how well do measured 
erosionn rates confirm the model output? 

Methods s 

Publishedd data on measured erosion rates were collected. Data were used if they: 

•• referred to at least one full year and preferably to more years (data on 
individuall events were not considered) 

•• were expressed per unit surface or could be translated to this 

•• were collected in western Europe (mainly GerrAany, Switzerland, Belgium, 
Unitedd Kingdom, France, and The Netherlands), excluding the 
Mediterraneann countries as the conditions there differ too much from those 
inn the Rhine basin. 

Wee did not restrict ourselves to the area of the Rhine basin, because this would 
leavee out too many valuable field-scale erosion studies from Belgium and the 
UK. . 

AA starting point for the data collection was provided by Asselman (1997) who 
madee an inventory of published erosion rates for locations in or close to the 
Rhinee basin. Data of other erosion studies were added. Furthermore, of each 
erosionn study the following information was specified: 

•• soil texture (4 classes): sandy, loamy/silty, clayey, not specified 

•• land use (6 classes): bare soil, arable land (not spec), cereals, row crops 
(maize,, beets, potatoes), vineyard, forest/pasture 

•• measuring scale (3 classes): plot, field/slope, small catchment 

•• the measuring period and the number of measuring years 

•• measuring method 

•• the range of annual erosion rates 

•• the average annual erosion rate 
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Ass a next step, the tabulated records were aggregated to groups with similar land 
use,, soil texture or measuring scale. For each group, the average annual soil 
erosionn rate was calculated. These group averages were determined by weighing 
eachh individual study according to the number of years that the measurements 
lasted,, up to a maximum of 5. In this way, annual erosion rates derived from 
long-termm measurements have more influence on the group average than results 
fromm short measuring campaigns. Long-term annual average erosion rates 
derivedd from Cs-137 measurements or from colluvium studies were weighted 
withh a factor 5. In some publications, the results of the measurements were only 
givenn as a range of annual erosion rates. For these studies, the average rate was 
approximatedd by: 

^=An i nn + A m a X ^ A m l n (3.25) 

Thus,, instead of taking the average of the minimum and maximum value, the 
averagee erosion rate is supposed to be closer to the minimum of the range. This 
assumptionn is based on publications by Evans (1995) and Boardman (1998), who 
showedd that measured erosion rates are positively skewed distributed. In case an 
erosionn rate was derived from (3.25), its weight was divided by two, because of 
higherr uncertainty. 

Inn total, 69 annual average erosion rates were tabulated; 48 of these were based 
onn continuously monitoring the soil loss from plots, fields or small catchments 
duringg specified periods. Many of these annual average values are the result of 
severall  years of measurements (the average is approximately 4 years), carried out 
onn one or more (sometimes many) plots or fields. Six erosion rates were derived 
fromm colluvium studies or Cs-137 measurements. These values are representative 
off  average erosion rates over the last 30-40 years. Finally, of 15 annual erosion 
ratess found in publications, the measuring period was not specified. These were 
treatedd as though they were derived from 1 year of measurements (weighing 
factorr = 1). In case erosion rates were mentioned without information about 
theirr origin, they were not considered. 

Thee following publications have been used for this analyses: Alström and 
Bergmann (1990), Becht (1989), Boardman (1998), Boardman and Favis-Mortlock 
(1998),, Boardman et al. (1990), Bollinne (1974), Botschek (1991), Clemens and 
Stahrr (1994), Colborne and Staines (1985), De Roo et al. (1995), Dikau (1986), 
Duysingss (1985), Evans (1995, 1998), Govers (1991), Jung and Brechtel (1980), 
Kertészz and Richter (1997), Kuron et al. (1956), Kwaad (1994a), Ludwig et al. 
(1995),, Macar (1974), Monnon (1978), Morgan (1985, 1986, 1995), Pissart and 
Bollinnee (1978), Prasuhn (1991), Preuss (1977), Quine and Walling (1991), 
Richterr (1982), Richter and Negendank (1977), Schaub and Prasuhn (1993), 
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Schwingg (1978), Seiler (1983), Vandaele and Poesen (1995), Van der Zijp (1993, 
1994),, Van Dijk and Kwaad (1996) and Vavruch (1987, 1988). 

Results s 

TheThe literature data 
Thee results of the literature study are presented in Table 3.16, grouped by land 
usee type, soil texture, and measuring scale. The table gives the average annual 
erosionn rate per category, the number of records within each category and the 
totall  weight of these records (according to the rules described above). The 
higherr the weight, the more firm the basis of the corresponding erosion rate in 
Tablee 3.16. 

Theree are a number of interesting results to be highlighted from this literature 
inventory.. First, the character of the erosion studies themselves: most studies 
deall  with erosion on arable land with loamy/silty (in most cases loess-derived) 
soils.. The littl e data that exist on erosion by overland flow in forests and grassed 
surfacess justify the emphasis on arable land. Furthermore, most erosion studies 
aree carried out on either the plot or field/slope scale. However, many plot 
studiess are carried out on fallow land, often with the intention to determine the 
USLEE if-factor, while on the field/slope scale the measurements apply to the 
commonn agricultural practises with cropped fields. 

Thee scale at which the measurements were carried out appears to influence the 
measuredd soil loss. If all data are considered, the average soil loss decreases from 
11.66 t /ha/y on the plot scale to 4.5 and 2.2 t /ha/y on the field and small 
catchmentt scale respectively (Table 3.16). This comparison, however, is not fair 
becausee many plot scale studies were carried out on fallow land, which has 
higherr soil loss rates. After selecting only arable land use types, excluding fallow 
land,, forest/grass and vineyards, there still is a scale effect though less 
pronouncedd (Table 3.16): 5.7 (plot), 4.1 (field/slope) and 2.6 (small catchments). 
Notee that the value for small catchments is based on a rather limited amount of 
studies. . 

Inn general, the erosion rates are high on arable land, particularly on fields with 
roww crop like maize, beets or potatoes. On these fields, the average erosion rate 
iss twice that of cereals. The soil loss from fallow fields is almost four times that 
off  cropped land. It must however be realised that all the records for fallow land 
weree derived from plot scale measurements, at which measured soil loss rates 
seemm to be relatively high (see above). 

Thee effect of soil texture is evident for the clayey soils, which show lower 
erosionn rates than sandy and loamy soils. It is surprising that the average annual 
erosionn rate for the sandy soils is higher than for the loamy soils (mainly loess 
soils).. However, the reliability of the erosion rate for sandy soils is questionable 
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ass is apparent from the low cumulative weight of the relevant studies. More data 
aree needed to establish a proper average for these soils. 

TableTable 3.16. Averages of measured erosion rates derived from the literature. The erosion rates of 
thethe different studies are aggregated to categories of measuring scale, land use type and soil 
texture.texture. For explanations: see text. 

Category y 

MeasuringMeasuring scale (all data) 

Plot t 
Field/slope e 
Smalll  catchment (< 20 ha) 

MeasuringMeasuring scale (only arable land)* 

Plot t 
Field/slope e 
Smalll  catchment (< 20 ha) 

LandLand use 
Grass/forest t 
Arablee land (all) 
Cereals s 
Roww crops (maize, beets, potatoes) 
Vineyard d 
Baree soil/ fallow land 

SoilSoil texture (only arable land)* 
Mixed d 
Sandy,, loamy sands 
Loamy/siltyy (including loess) 
Clayy loams, loamy clay 

Erosion n 
(t/ha/y) ) 

rate e 

11.6 6 
4.5 5 
2.2 2 

5.7 7 
4.1 1 
2.6 6 

0.5 5 
4.2 2 
3.2 2 
6.4 4 
2.6 6 

16.3 3 

4.7 7 
6.8 8 
5.0 0 
2.3 3 

No.off  records Cum. Weight 

30 0 
29 9 
5 5 

14 4 
23 3 
4 4 

4 4 
31 1 
6 6 
6 6 
5 5 

15 5 

8 8 
4 4 

20 0 
10 0 

72.5 5 
81.5 5 

12 2 

22 2 
71.5 5 

10 0 

6 6 
74.5 5 

14 4 
17 7 
9 9 

48.5 5 

22 2 
8 8 

50 0 
25 5 

**  data for fallow land, grass/forest and vineyards are excluded 

ErosionErosion rates from the literature versus the model 
Inn Figure 3.31, the average annual erosion rates as calculated by the model are 
comparedd with those from the literature data. The measured erosion rates always 
applyy to sloping land. Therefore, for the calculation of the average model 
erosionn rates, cells with slopes between 0 and 2% were excluded. In this way, the 
comparisonn is more fair, although the choice of excluded slope range remains 
arbitrary. . 

Assumingg the literature data to be the truth, the model does very well for the 
categoriess clayey and sandy soils and for cereals. The model underestimates 
erosionn from grass/forest surfaces slighdy. Erosion for the category arable land 
(alll  crops) is slighdy overestimated (12%); for silty soils and row crops the 
overestimationn is high: 55 and 81% respectively. Erosion in vineyards is strongly 
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overestimatedd (250%). The number of studies which were used to calculate the 
averagee erosion rates from vineyards is low and the result therefore fairly 
uncertain.. Moreover, as vineyards occupy less then 1% of the surface in the 
Rhinee basin, this eventual error will  not seriously affect the general figures for 
sedimentt supply. Still, on a regional scale in the wine-districts, the model may 
seriouslyy overestimate the sediment supply. 

f f 

11 4 

E E 

» » 

•• vineyards 

•• row crops /'' 

00 silty soils 

arablee land .. 

.«(cereals s 

00 'clayey soils 

'grass/forest t 

sandyy soils 

44 6 8 10 
literatur ee soi l los s data (t/ha/y ) 

FigureFigure 3.31. A\ comparison of the modelled erosion rates and erosion rates taken from the 

literatureliterature for several land use and soil texture categories. 

I ff  the deviation of the modelled erosion rates from the literature rates for the 
differentt land use categories are weighted according to their areal cover in the 
Rhinee basin, it appears that the deviation of the row crops is most important, 
followedd by the grass/forest, cereals and vineyards (Table 3.17). If only slopes 
greaterr than 2% are considered, these four land use categories cover 75% of the 
Rhinee basin area. By coincidence, the cumulative error in the modelled erosion is 
quitee small and amounts 0.18 t /ha/y (= 2.11 Mt/y over 119966 km2). This is due 
too the fact that the overestimations (row crops and vineyards) are compensated 
byy the underestimations (forest/grass and cereals). The net overestimation of the 
erosionn calculations equals 13% (the average erosion rate is 1.6 t /ha /y according 
too the model, while 1.4 t /ha/y was derived from literature). However, it should 
bee noted that the balance of the numbers in Table 3.17 is kept by the 
underestimationss in the category forest/grass. The average erosion rate derived 
fromm literature for this category is based on very few studies (see Table 3.16), 
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whilee the areal cover is more important than any other category. Thus, the 13% 
overestimation,, mentioned above, is rather uncertain. 

Thee literature information is most reliable for the arable land use categories. 
Therefore,, it is maybe better to compare the model and the literature for these 
categoriess (Table 3.18). For slopes greater than 2%, these three categories cover 
19%% of the Rhine basin area upstream of Lobith. For this area, the model 
overestimatess erosion with 36%. 

TableTable 3.17. A comparison of erosion rates derived from literature and those derived from the 
modelmodel for four land use categories. 

Landd use 

Roww crops 
Forest/grass s 
Cereals s 
Vineyards s 
Total" " 
Av.error r 

Erosion n 
literature e 
(t/ha/y) ) 

rate e 

(4) (4) 

6.4 4 
0.5 5 
3.2 2 
2.6 6 

Erosionn rate 
modell  (/4J 
(t/ha/y) ) 

11.6 6 
0.3 3 
3.1 1 
9.3 3 

AA=AAA=Am m 

(t/ha/y) ) 
-A -A 

+5.2 2 
-0.2 2 
-0.1 1 

+6.7 7 

Areaa (S) 
(km2) ) 

69855 (4.4%) 
902699 (56.4%) 
21450(13.4%) ) 

12622 (0.8%) 
119966(75%) ) 

AA*S AA*S 
(Mt/y) ) 

+3.63 3 
-2.08 8 
-0.3 3 

+0.85 5 
+2.11 1 
+0.18 8 

t /ha/y y 

TableTable 3.18. A comparison of total erosion for three arable land use categories, derived from 
literatureliterature and from the model. 

Landd use Erosion, literature (Mt/y) Erosion, model (Mt/y) 
Roww crops 4.5 8.1 
Cerealss 6.9 6.6 
Vineyardss 0.3 1.2 
Totall  erosion (Mt/y) 11.7 15.8 
Averagee erosion rate 3.9 5 3 
(t/ha/y) ) 

Conclusions s 

Thee conclusion can be that the erosion module of RECODES produces average 
erosionn rates that agree reasonably well with values found in the literature. In 
general,, the model seems to overestimate erosion on arable land, especially for 
roww crops. At present, a 'categorical validation' like this is the only way to get a 
gripp on the validity of this large-scale erosion model. Still, some reflections on 
thee applied method should be made: 

Thee method validates only average erosion levels, not the existing variations in 
timee and space. 



140 0 ChapterChapter 3 -A modelling study 

Thee method is most accurate for the categories of land use and soil texture 
whichh have received most attention in field erosion studies (i.e. arable land/loess 
soils).. For obvious reasons, there is littl e quantitative knowledge about erosion 
ratess for less erosive soil or land use conditions. Still, for validation purposes 
suchh data are indispensable. 

Finally,, erosion studies are very often carried out on locations, which are known 
too suffer from erosion. Thus, there is a fair chance that the erosion rates 
reportedd in literature are not representative for the categories they belong to. If 
so,, the literature erosion rates as presented in Table 3.16 are too high, and the 
overestimationn of erosion by the model is higher than reported in this chapter. 

3.6.55 Sediment supply versus the sediment yield of some river s 

Introductio n n 

AA separate study concerning the conveyance of supplied sediment through the 
alluviall  system of the Rhine basin is reported by Asselman (1999). She links the 
resultss of RECODES to sediment yields of the Rhine and its major tributaries. 
Forr a detailed examination of the relationship between sediment supply and 
sedimentt yield, the reader is thus referred to Asselman (1999). 

Thiss section also deals with sediment yields, but merely with the purpose to 
evaluatee the sediment supply figures produced by RECODES. In this study, one 
off  the starting points is that the river's suspended sediment load derives 
primarilyy from soil erosion by overland flow (see section 3.1.2). If this 
assumptionn is valid, it makes sense to compare the computed sediment supply 
withh measured suspended sediment yields. Though sediment yields cannot be 
usedd to validate the model, this comparison can increase the insight in the 
dynamicss of the river's suspended sediment load and in the validity of the 
computedd sediment supply. Do the sediment supply figures make sense? In 
orderr to answer these questions, modelled sediment supply was compared with 
suspendedd sediment yield measured at six sampling stations in the basin. The 
locationss of the stations and their upstream areas are shown in Figure 3.32. 

I nn Figure 3.33 modelled supply is compared with measured yield. The 
comparisonn is obscured to some extent by the fact that the time period covered 
byy the sediment yield data is not the same as the period used for the climate data 
inn RECODES. Moreover, it should be realised that the behaviour of the 
sedimentt yield depends not only on present-day sediment supply, but also on the 
erosionn history. RECODES simulates the sediment supply based on land use 
statisticss of the period 1990-1995. Though not taken into account here, the 
historicall  context of erosion is of great importance for understanding the 
sedimentt dynamics in rivers. 
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FigureFigure 3.32. The location and upstream areas of six sampling stations for suspended sediment 
inin the Rhine basin. 

Twoo important results are: 

•• The temporal pattern of sediment yield differs dramatically from that of the 
sedimentt supply. In most basins, distinct supply peaks occur in March (due to 
snowmelt)) and in May/June when high intensity rain falls on badly covered 
arablee fields. A smaller peak occurs in autumn. Low supply is calculated for 
thee mid-winter and the second half of the summer. However, in the Neckar 
(Rockenau),, Main (Kleinheubach) and Mosel (Cochem), the sediment yield is 
highestt during late autumn, winter and spring, and low in the summer 
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monthss (Figure 3.33). The supply and yield patterns in these areas are not in 
phase.. In the upstream areas of the sampling locations of Rees, Kaub and 
Maxau,, the sediment yield pattern is different due to the contribution of the 
Alpinee melt water. This effect is most pure for the Maxau station, which 
showss highest sediment yields in spring and early summer. However, also for 
thesee areas the supply peak does not coincide with the peak in the sediment 
yield. . 

•• In general, the modelled sediment supply is considerably higher than the 
sedimentt yield. For the location Cochem (Mosel basin) this is not the case. 
Thee difference between supply and yield is largest for the locations along the 
mainn river: Rees, Kaub and Maxau (Figure 3.33). 

Thesee findings are discussed below, in the two following sections. 

Comparisonn of the temporal patterns 

Despitee the uncertainties, which may be present in the model predictions, the 
modellingg results give indications of a typical temporal pattern in the sediment 
supplyy system, which differs strongly from that of the sediment yield. 

Thee monthly sediment yield pattern is governed largely by the discharge regime. 
Thee sediment supply pattern is determined largely by the course of the rainfall 
erosivity,, agricultural land use practices, basin moisture conditions and snowmelt 
processes.. At most sampling locations, highest sediment yields occur in the late 
autumn,, winter and spring. Sediment supply in their upstream areas is highest 
duringg the spring and the early summer. This suggests that large part of the soil 
material,, which is eroded during local summer storms, is stored in low-order 
streamm channels and remobilised in winter and spring during wet periods and 
highh discharges. This suggestion is not inconceivable: many low-order streams 
aree intermittent. As a consequence they can have abundant bank and bed 
vegetationn during summer months, which may trap the sediment. Prolonged 
dischargee of water in such channels only occurs in winter and spring. During 
thesee periods, the stored sediment will be flushed out of the low-order 
catchmentss and enter higher-order stream channels. Asselman (1997) compared 
thee timing of maximum erosion rates in a part of the Neckar basin with the 
timingg of maximum sediment transport of the Neckar. The results show that 
mostt sediment is transported in the winter months from December to March, 
whilee most erosion occurs in June-July and September-October. This agrees 
quitee well with the findings in this study. Schulte (1995) describes a similar 
storagee mechanism on the basis of analysis of sediment transport events during 
highh discharges in the Elsen2 catchment. According to the findings of Schulte, 
channell storage also occurs in higher-order rivers. The analysis revealed that 
duringg flood events in winter and early spring, a large proportion (sometimes 
overr 50%) of the sediment yield at the basin outlet derives from the channel bed 
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off  the Lower Elsenz. However, the level of the channel bed proved to stable 
overr the last century. This means that the contribution of channel bed sediment 
too the sediment yield consists of temporarily stored sediment. Probably, this 
sedimentt is produced very locally in low-order catchments during high-intensity 
rainfalll  events. The increased discharge in the sub-catchment has very littl e effect 
onn the discharge of the Elsenz itself. Once the minor flood from the sub-
catchmentt enters larger channels, the sediment is deposited because of the falling 
transportt capacity. This occurs mainly in low-flow sections near weirs. During 
higherr discharges in winter and spring, the accumulated sediment is carried away, 
especiallyy once the weir gates are opened (Schulte, 1995). This study and those 
off  Schulte (1995) and Asselman (1997), show that the river's suspended load 
cannott simply be regarded as limited by supply. At least not when seasonal 
patternss are considered. 

Th ee river's  sediment budget 

Above,, it was shown that within the year sediment supply to the drainage 
networkk and the sediment yield of the river are not in phase. Whether there is 
equilibriumm between the input and output of suspended sediment on the long 
term,, is a different question. Does the high winter and spring discharge remove 
alll  the sediment stored during the summer period? For this it is necessary to look 
att the absolute figures of the sediment supply and yield, again being aware of the 
uncertaintiess in the modelled sediment supply figures. 

Thee estimated annual supply values are in general higher than the measured 
yields.. On average, the amount of suspended sediment which passes the Rees 
Emmerichh sampling station near the Dutch border equals 3.2 Mt/y. This is 27% 
off  the computed amount of sediment supplied in the Rhine basin (11.7 Mt/y). 

Besidess measurement error in the sediment yield, this difference can have two 
causes: : 

•• the sediment supply can be overestimated by the model 

•• there are sediment sinks in the alluvial system in the Rhine basin 

Sedimentt sinks like floodplains, lakes, weirs and dams occur all over the Rhine 
basin.. Thus, sediment losses are to be expected. Asselman (1999) deals with this 
subjectt in more detail. However, as the sum of these losses is not yet known, it is 
difficultt to say whether the absolute sediment supply figures as produced by 
RECODESS are accurate, or over- or underestimations. Possibly, the model 
overestimatess the sediment supply to some extent. As mentioned in section 
3.6.4,, modelled erosion rates are probably too high. It is also possible that the 
modell overestimates the sediment delivery ratios (this subject is discussed 
furtherr in section 4.2). 
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FigureFigure 3.33. A. comparison between measured suspended sediment yields at six locations in the 

RhineRhine basin and modelled supply of sediment to the drainage network in the upstream area of 

thesethese locations. 
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Somee rough calculations are possible for some known sediment sinks in the 
Rhinee basin. Studies have shown that almost all the sediment in the Alpine 
streamss is trapped in the many large lakes in front of the Alps (Asselman, 1999; 
Vann der Drif t and Kwaad, 1995). After subtracting these losses from the 
modelledd supply, 9.3 Mt/y remains, which is still 2.9 times the sediment yield at 
thee Dutch border (Rees). 

Floodplainss are important sinks for sediment. The sediment losses can be 
considerablee for single flood events as shown by Schulte (1995) for the Elsen2 
catchment.. As deposition on floodplains only occurs during high discharge 
eventss with a relative low frequency, the long-term importance of this process is 
difficul tt to assess. An indication that floodplain sedimentation may also be 
significantt on the long-term is given by Von Gölz (1990), who studied the 
sedimentt yield dynamics in the Rhine section between Breisach and Iffezheim 
(upstreamm of Maxau, see Figure 3.32). This section of the river contains several 
damss and weirs. In periods with high discharge, mainly in the late spring/early 
summerr due to snowmelt in the Alps, excess water is redirected from the 
channelledd sections to the old river and large areas are flooded. Large amounts 
off  sediment can be deposited (see Figure 3.34). Moreover, the dams and weirs 
themselvess trap large amounts of sediment. These sediments are dredged 
regularly.. Von Gölz (1990) showed that about 40% of the total suspended load 
enteringg this Rhine section is deposited somewhere in between. Removing this 
losss from the sediment supply figure mentioned above (9.3 Mt/y) gives 7.7 Mt/y 
orr 2.4 times the sediment yield at Rees. Assuming the erosion rates to be 
overestimatedd by the model with 36% (see section 3.6.2), the value of 7.7 Mt/y 
becomess 4.9 Mt/y , which is 1.5 times the sediment yield at the Dutch border. 

Suspendedd sediment can also be deposited in the channel bed due to changing 
flowflow conditions. Initially, supplied sediment may be transported in suspended 
modee in streams with a high flow velocity, but a part may become bedload 
transportt when flow velocities reduce downstream. This change in transport 
mode,, when stream power decreases, is expected to happen especially with 
sedimentt supplied under high stress conditions (due to steep slopes and/or high 
rainfalll  erosivity). Sediment supplied to streams under low stress conditions, in 
undulatingg areas with highly erodible soils, is more effectively transported 
throughh the alluvial system. Under these conditions, a larger part of the sediment 
deliveredd to the streams remains in suspension, because a larger part of the 
grain-sizee selection has already taken place on the hillslope. 

Conclusion n 

Inn spite of the many uncertainties regarding the absolute levels of erosion rates 
andd sediment delivery ratios for the hillslope, the modelled sediment supply 
appearss to have reasonable levels. Still, large differences exist between the 
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modelledd amount of sediment supplied to the drainage network in the Rhine 
basinn and the sediment yields as measured in the major rivers. These differences 
applyy to both the amount of sediment and to the temporal patterns. In this 
chapterr it is shown that alluvial processes (like temporal and semi-permanent 
storagee of sediment) indeed play an important role in the basin. However, at 
present,, it is not possible to say which part of the difference can be explained by 
thesee alluvial processes and which part is caused by modelling errors. 

FigureFigure 3.34. Sedimentation in afloodplain forest near Rhinau (France). 
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3.6.66 Conclusions 

Fromm the evaluation of RECODES the following conclusions can be drawn: 

•• The most important "missing link" for the validation possibilities of 
RECODESS is field data on hillslope sediment delivery ratios. The availability 
off erosion data is much better and can be used to globally validate erosion 
calculations. . 

•• In general, the erosion module of RECODES produces average erosion 
rates,, which compare well with those derived from measurements. However, 
thee model seems to overestimate erosion on arable land, especially for row 
crops. . 

•• The output of RECODES should not be evaluated at the scale of the 
individuall raster cell (1 km2); results should be evaluated for larger areas, by 
aggregatingg raster cells. 

•• The accuracy of the model inputs and their impact on model output accuracy 
iss difficult to assess, mainly because litde is known about the quality of the 
basicc maps. 

•• In general, the modelled sediment supply exceeds the sediment yields as 
measuredd in the major rivers. Though it is known that there are several 
importantt sediment sinks in the basin, we are not yet able to determine which 
partt of the difference can be explained by these alluvial processes and which 
partt is caused by modelling errors. 

•• Large part of the uncertainty in the model predictions is due to errors in 
morphometricc parameters, as these were derived from low spatial resolution 
data,, which do not reflect the situation on the hillslope scale. The errors 
affectt the absolute sediment supply figures. These morphometric parameters, 
however,, are relative insensitive to climate change. Therefore, the estimated 
relativerelative change in sediment supply due to climate change (see section 3.7) as 
calculatedd by the model is expected to have less uncertainty. 
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3.77 SEDIMEN T SUPPLY I N 2050 (SCENARIO CALCULATIONS ) 

3.7.11 The scenarios 

Climat ee scenarios 

Thee climate change scenarios used in this study are based on: 

•• a scenario for the emission of greenhouse gases 

•• a General Circulation Model (GCM). 

Thee emission scenario is used to calculate changes in global mean temperature. 
Thiss result is then used by the GCM to calculate monthly regional patterns of 
climatee change (temperature and precipitation). As emission scenario the 
IPCCC 92a scenario was used. This mid-range emission scenario represents the 
'bestt estimate', and assumes a global temperature increase of about 2 °C by 2100 
(IPCC,, 1996; Asselman, 1997). The regional climate change patterns were 
derivedd from the Hadley GCM (Mitchell et al., 1990); the resulting scenario is 
referredd to as the UKHI climate scenario. The scenario consists of changes in 
averagee monthly temperature (°C) and precipitation (%) for the years 2020, 2050 
andd 2100 on a grid of 0.5 to 0.5° longitude/latitude (Kwadijk and Middelkoop, 
1998).. This grid was projected on the Rhine basin. More details about the 
climatee scenarios can be found in Middelkoop et al. (1997). 

Clearly,, different emission scenarios and different GCM's will result in different 
climatee change scenarios for the Rhine basin. The modelled effects of climate 
changee on the sediment supply system, thus, are dependent on the choices made 
inn this respect. Precipitation is a poorly simulated variable in current GCM's. 
Whettonn et al. (1994) state that "it is not unusual for the change in precipitation 
givenn by two models (GCM's) under enhanced greenhouse conditions for a 
particularr region to differ in sign". Keeping this in mind, the results of the 
simulationssimulations presented in this section about climate change effects should he considered as 'what-

ifif  results and not as 'real'predictions. 

Landd use scenarios 

Thee land use change scenarios used for the Rhine basin were developed by the 
Winandd Staring Centre (Roetter and Van Diepen, 1994; Veeneklaas et al., 1994). 
Twoo scenarios were constructed: one only considers land use changes due to 
socio-economicc factors, disregarding climatic change (the Central Projection 
scenarioo or CP), the other includes the effects of climate change and is called 
Centrall Projection Climate change (CPC). Both scenarios focus on the year 
2050.. The scenarios suggest that the area of agricultural land will decrease due to 
higherr productivity (because of both higher temperatures and higher C 0 2 levels) 
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andd due to a stagnating demand for agricultural products (because of a low 
expectedd population growth). For several subbasins in the Rhine basin (see 
Figuree 3.25b), Table 3.19 summarises the main features of the two land use 
projectionss for 2050. The differences between the CP and CPC scenarios are 
small.. I t can be seen that the area occupied by forest, on average, increases with 
aboutt 10% while arable land looses 10%. However, this is not the case in the 
Alpinee area (basins Rhine 5, Aare, and Thur). Here the changes are much less; 
thee forest area hardly changes, and the area arable land decreases only very 
slightly.. The area occupied by meadow and pasture remains approximately equal 
inn the Rhine basin. 

TableTable 3.19. Land use scenarios for 2050. CP = Central Projection, CPC = Central 
ProjectionProjection Climate change. 

BASIN N 

Rhinee 1 
l ippe e 
Ruhr r 
Sieg g 
Lahn n 
MoselMosel Soar 

Other Other 
Nahe e 
Mainn Regnit^ 

Other Other 
Rhinee 2 
Neckar r 
Rhinee 3 
HI I 
Rhinee 4 
Rhinee 5 UL 

Other Other 
Aaree UL 

Othet Othet 
Thur r 
Entir ee basin 

FOREST T 
1990 0 

32.4 4 
19.4 4 
59.6 6 
62.8 8 
51.3 3 
41.6 41.6 
40.2 40.2 
49.9 9 
40.7 40.7 
35.8 35.8 
27.8 8 
37.8 8 
48.3 3 
45.5 5 
45.8 8 
21.1 21.1 
38.1 38.1 
27.4 27.4 
32.5 32.5 
21A 21A 
37.8 8 

CPC C 
42.0 0 
35.4 4 
62.3 3 
64.7 7 
61.7 7 
48.4 48.4 
49.9 49.9 
65.7 7 
59.6 59.6 
54.5 54.5 
43.4 4 
48.7 7 
58.1 1 
52.1 1 
50.6 6 
21.4 21.4 
41.4 41.4 
27.3 27.3 
32.7 32.7 
26.3 3 
46.9 9 

CP P 
42.8 8 
40.2 2 
63.5 5 
64.8 8 
60.7 7 
47.2 47.2 
48.5 48.5 
64.6 6 
57.8 57.8 
52.i 52.i 
40.9 9 
46.2 2 
54.8 8 
47.3 3 
48.7 7 
21J 21J 
41.2 41.2 
27.527.51 1 

33.4\ 33.4\ 
26.0 0 
45.8 8 

PASTURE/MEADOW W 
1990 0 

13.4 4 
16.0 0 
16.6 6 
20.8 8 
16.6 6 
22.5 22.5 
25.8 25.8 
12.2 2 
15.3 15.3 
12.7 12.7 
6.9 9 

18.9 9 
10.2 2 
8.9 9 

23.0 0 
31.1 31.1 
26.3 26.3 
34.3 34.3 
36.7 36.7 
50.1 1 
20.6 6 

CPC C 
11.4 4 
13.8 8 
13.9 9 
17.7 7 
13.8 8 
23.1 23.1 
25.2 25.2 
10.7 7 
15.9 15.9 
12.2 12.2 
6.5 5 

19.2 2 
9.9 9 
8.4 4 

23.2 2 
31.0 31.0 
25.2 25.2 
34.3 34.3 
37.0 37.0 
50.5 5 
20.0 0 

CP P 
11.4 4 
13.8 8 
13.9 9 
17.7 7 
13.8 8 
23.1 23.1 
25.2 25.2 
10.7 7 
15.9 15.9 
12.2 12.2 
6.5 5 

19.2 2 
9.9 9 
8.4 4 

23.2 2 
31.0 31.0 
25.2 25.2 
34.3 34.3 
37.0 37.0 
50.5 5 
20.0 0 

ARABLEE LAN D 
1990 0 

30.8 8 
55.5 5 
13.8 8 
8.9 9 

26.9 9 
30.8 30.8 
25.8 25.8 
31.3 3 
39.6 39.6 
43.4 43.4 
46.7 7 
34.5 5 
33.2 2 
24.5 5 
21.2 2 

7.7 7.7 
23.3 23.3 

7.8 7.8 
17.6 17.6 
9.6 6 

27.8 8 

CPC C 
21.4 4 
40.8 8 
10.9 9 
6.7 7 

17.2 2 
22.7 22.7 
16.2 16.2 
16.9 9 
19.4 19.4 
23.8 23.8 
28.8 8 
21.7 7 
22.5 5 
18.0 0 
14.4 4 
6.5 6.5 

18.3 18.3 
6.0 6.0 

13.0 13.0 
6.8 8 

17.8 8 

CP P 
20.6 6 
36.1 1 
0.7 7 
6.5 5 

18.1 1 
23.8 23.8 
17.6 17.6 
18.0 0 
21.1 21.1 
26.2 26.2 
31.3 3 
24.2 2 
25.8 8 
22.8 8 
16.2 2 
6.4 6.4 

18.6 18.6 
5.8 5.8 

12.4 12.4 
7.2 2 

18.9 9 

Thee scenario runs 

Inn this study, all the scenario calculations refer to the year 2050, because no land 
usee scenarios are available for 2020 and 2100. However, for the year 2050, three 
differentt climate change scenarios were run: a lower, a central and a upper 
estimatee of climate change. In this way, a range of possible changes in the 
sedimentt supply system can be assessed depending on the magnitude of the 
climatee change. For the lower estimate of 2050, the UKHI climate change 
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scenarioo of 2020 is used, while the upper estimate is based on that of 2100. 
Usingg both the CPC and CP land use scenarios, the scenarios ran with the model 
aree summarised in Table 3.20. 

TableTable 3.20. The scenario runs. 

Landd use 

1990 0 
CPCC 2050 
CPP 2050 

Climate e 
1990 0 
XX (section 3.5) 
--
X X 

Lowerr 2050 
X X 
X X 
--

Centrall  2050 
X X 
X X 
--

Upperr 2050 
X X 
X X 
--

3.7.22 Model parameters sensitive to climate 

Virtuallyy all factors which influence soil erosion and sediment supply are in some 
wayy affected by the climate and thus by climate change. However, some respond 
'immediately'' to changes, while others react much slower. For instance, 
topographicc factors like slope angle and the layout of the permanent channel 
networkk wil l not change significantly on the time scale of interest in this study 
(aboutt 60 years). These factors wil l therefore assumed to be insensitive to 
climatee change. The RECODES parameters, which are assumed to be sensitive 
too climate change for this scenario study, are summarised in Table 3.21. Two 
factorss that are very direcdy affected by the climate are the rainfall erosivity and 
thee hydrologie coefficient. Below a short description is given of the methods 
usedd to translate scenario information into the different parameters. 

Erosivit yy of rainfall-runof f and snowmelt runof f 

Thee R-factor depends both on rainfall amount and rainfall intensity: 

i=\ i=\ 

withh Eé being proportional to the total precipitation amount (P) and I30 being the 
maximumm 30-minute intensity (mm/h) of rainfall events i —\ to n. The rainfall 
intensityy of convective summer rains is related to the daily mean surface air 
temperature.. Therefore, the scenario precipitation as well as scenario 
temperaturee are needed to calculate the scenario /^-factors. The approach of 
Asselmann (1997) to assess the changes in the rainfall erosivity was adopted, only 
heree twelve monthly /?-maps are produced instead of one annual map. Again, 
snoww cover and snowmelt effects on the erosivity are taken into account. 
Asselmann (1997) used an equation of Klein Tank and Können (1993) to assess 
thee effect of a temperature change on the rainfall intensity: 
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'r=V : : 
cAT cAT 

(3.27) (3.27) 

inn which If is the 'future' maximum rainfall intensity (mm/h), Ip is the present 
maximumm rainfall intensity, c is a coefficient (0.073 "C"1) and AT is the change in 
thee daily mean surface air temperature (°C). Although the database contains no 
informationn on present-day rainfall intensities (Ip), an indication of these can be 
obtainedd by dividing the present-day /f-factors by the present-day precipitation. 
Thiss was done for each month: 

R R 
11 p,m + p 

p,m p,m 
(3.28) (3.28) 

p,m p,m 

inn which the p subscript refers to the present climate (1961-1990) and the m 
subscriptt to the monthly time frame. 

TableTable 3.21. Parameters o/RECODES, which are sensitive to climate change and accounted 
forfor in the model. 

Par r 
R R 

HHc c 

sir sir 

n n 

K K 

Description n 
Factorr for rainfall and 
snowmeltt runoff 
erosivity y 
Hydrologiee coefficient 

Soill  loss ratio 

Roughnesss coefficient 

Soill  erodibility factor 

Sensitivityy primarily due to 
Climate,, rainfall intensity 
andd amount, snowmelt 
runoff f 
Climate;; water balance 

Landd use 

Landd use 

Landd use 

Sensitivityy also due to 
--

Landd use 

Climatee (C02, temperature) 

--

Climate e 

Thee entire procedure for the assessing the monthly scenario R-factors is as 
follows: : 

•• The present-day rainfall intensity factor for each month is calculated with 
(3.22)) using climate data of the period 1961-1990 

•• The scenario rainfall intensity factor for each month is calculated with (3.27) 
usingg scenario data of temperature change 

•• The scenario monthly rainfall erosivity is calculated by multiplying the 
scenarioo rainfall intensity factor by the future monthly precipitation amount 

•• Finally, these /?-values are corrected for effects of snow cover and snowmelt 
usingg the scenario climate data. 

Thiss procedure was carried out for each of the climate scenarios. 



152 2 ChapterChapter 3 -A. modelling study 

Th ee hydrologie coefficient (Hc) 

Thee hydrologie coefficient is primarily determined by the water balance of the 
soil,, which is calculated using the modified Rhineflow model. Also land use 
changess affect the hydrologie coefficient via the curve number method. 

Thee effects of climate change on the water balance are evident and fairly direct. 
Changedd climate conditions affect the results of the water balance calculations 
duee to: 

•• changed inputs of precipitation 

•• changed evaporation amounts as a result of changed temperatures and 
changedd soil water storage 

Thiss affects the results of the curve number calculations because the retention 
parameterr s depends on the soil water content. 

Changedd land use also has an impact on Hc. It affects the evaporation in the 
Rhinefloww formulations. Secondly, the curve numbers depend on land use types. 
Ass a result, the parameters sj, wo and vt>2 (see section 3.3.2) are all affected. For 
eachh of the scenarios a set of maps of these variables was created and 
RECODESS was run using the scenario climate data. In this way, the hydrologie 
coefficientt under changed climate was assessed. 

Soill  loss ratios and surface roughness 

Inn the model, soil loss ratios and the Manning's roughness coefficient are direcdy 
dependingg on land use. The different land use projections thus were simply 
translatedd to new maps of the monthly soil loss ratios and the roughness 
conditions. . 

However,, this is not the only effect that plays a role: the course of the soil loss 
ratioss during the year for the different crops will be affected by climate change. 
Changingg C02-levels and temperature changes may alter the growing season for 
thee crops. For instance, the growing season might start earlier or germination 
ratess and crop growth rates may increase. These effects might reduce erosion 
ratess significantly, because they reduce the chance that higher erosive rains 
coincidee with the presence of bare or poorly covered soils in the early summer. 
However,, at present there is no reliable way of assessing the information 
necessaryy to quantify these effects on soil erosion. Existing crop growth models, 
whichh use C 0 2 and climate data, were developed to serve agronomists in 
predictingg crop yield, while for erosion assessment crop cover is needed. Thus, 
inn the present study, the effects of climate change on crop growth cycles are not 
considered,, though their relevance is recognised. 
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Soill  erodibilit y 

Thee effects of climate and land use change on the soil erodibility factor (K) can 
bee many, and depend on complex and dynamic interrelationships between soil, 
climate,, soil micro- and meso-fauna and vegetation. Therefore, assessing future 
soill  erodibilities is an extremely difficult task. 

Vann der Drif t and Kwaad (1995) studied the influence of latitude (macro 
climate),, slope aspect (micro climate) and land use on organic carbon content, 
macro-aggregatee stability and micro-aggregate stability of the topsoil. They found 
aa strong correlation between the stability of macro-aggregates and land use. In 
particular,, the aggregate stability of forest soils was considerably higher than 
thosee of agricultural soils. They concluded that an increase of temperature and 
moisturee deficit in the soil, and the projected land use changes, are likely to lead 
too an increase in organic carbon content and a better aggregation of the surface 
soil.. Nevertheless, in the coming century, changes in soil erodibility in the Rhine 
basinn wil l mainly result from changes in land use, rather than from changes in 
temperaturee and precipitation. The expansion of the forest area replacing 
agriculturall  land wil l dominate the changes in soil erodibility and lead to a 
decreasee of the area with erosion risk (Van der Drif t and Kwaad, 1995). The 
temperaturee changes as projected for the period until 2050 is not expected to 
significandyy affect the stability of the macro-aggregates. 

Inn the present study, the soil erodibility factor for forest soils is assumed to be 
lowerr than for other soils due to its higher organic matter contents (see also 
sectionn 3.3.2). Hence, scenario maps for soil erodibility were constructed based 
onn the projected changes in land use. 

Snowmeltt processes also influence future soil erodibilities. Following the 
proceduress as described in section 3.3.2, the effects of snowmelt are taken into 
accountt for each of the climate scenarios. 

3.7.33 Results of scenario calculations 

Basinn sediment supply 

CombinedCombined climate and land use changes 

I ff  the entire Rhine basin is considered, including the Alps, the model predicts a 
significantt increase of sediment supply in 2050. Compared to the level of 1990, 
thee predicted increase equals 5% for the lower, 12% for the central and about 
30%% for the upper estimate. There are, however, two reasons why the scenario 
resultss for the basin area excluding the Alps are emphasised: 

•• The large Swiss lakes trap most (or almost all) of the sediment supplied in 
theirr upstream area (Asselman, 1999). In this study, the interest focuses on 
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sedimentt that can be transported to the Dutch waters. What happens 
upstreamm of the Swiss lakes is not relevant in this respect. 
Upstreamm of the lakes, the effects of climate and land use change on the 
sedimentt supply system may be rather dramatic. However, the application of 
GAMESS and the USLE-approach to steep mountainous areas is dangerous, 
evenn if done with great care. 
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"Figure"Figure 335. The impact of climate and land use change on the supply of sediment to the river 
RhineRhine drainage network, according to the scenario calculations. The results apply to the entire 
RhineRhine basin excluding the basins Aare (UL,) and Rhine 5 (UL), see Figure 3.25b. Figure 
(a)(a) shows the absolute sediment supply estimates, while (b) shows the relative change compared 
toto the levels in 1990. 
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Figuree 3.35 shows the modelling results using both the available climate and land 
usee scenarios (UKHI and CPC), leaving out the Alpine area. If the area upstream 
off  the large lakes in Switzerland is excluded from the analysis, a decrease of 
sedimentt supply is predicted at least for the lower (-16%) and central estimates 
(-11%).. For the upper estimate, an increase of 8% is calculated. Therefore, 
accordingg to this scenario study, the amount of sediment that is potentially 
availablee for transport to the Dutch waters is likely to decrease slighdy. 

I nn large part of the Rhine basin, the projected land use changes cause sediment 
supplyy to decrease while the projected climate changes have the opposite effect. 
Thiss is shown in Figure 3.35, in the utter right bar which contains the modelling 
resultss of the CP land use scenario and the 1990 climate data. If only land use 
changes,, a decrease of sediment supply of 18% is predicted. The land use 
changess mainly reduce the erosion and sediment supply due to an increasing area 
withh forest at the cost of arable land. 

I ff  only the climate changes, thus the land use conditions remaining like in 1990, 
thee modelled sediment supply is higher than in 1990 for all three climate 
scenarios.. The increase equals 2%, 10% and 36% for the lower, central and 
upperr estimates respectively (Figure 3.35). 

Thee course of the supply of sediment during the year changes also according to 
thee scenario calculations (see Figure 3.36, in which again the contribution of the 
Alpss is left out). If the central estimate is considered, the most apparent changes 
are: : 

•• The slightly lower sediment supply in the period mid-summer until the early 
falll (August - November). This is mainly due to the fact that, under changed 
climatee conditions, the basin is dryer than before, because of the increasing 
evapotranspiration.. This is reflected in the value of the hydrological 
coefficientt (Figure 3.37). In addition, the increased rainfall erosivity is 
counterpartedd largely by the increased area occupied by forest. 

•• The increase of the sediment supply in January. This is due to the increasing 
winterr precipitation which, moreover, falls increasingly as rain and less as 
snoww because of the higher temperatures. Therefore the precipitation has a 
higherr erosivity. Furthermore, the importance of soil protection by a snow 
coverr decreases. The supply in January is also increased significantly because 
off the higher basin moisture levels as reflected in the hydrologie coefficient 
HHcc.. This is clear from Figure 3.37a and c which show the average hydrologie 
coefficientt for the entire basin downstream of the Alps and for the Neckar 
basin,, respectively. The Hc of January for the Mosel basin (see Figure 3.37b) 
hardlyy reacts to the changed climate, because in this basin snow effects are 
alreadyy virtually absent under the present climate conditions. 
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•• the rapid disappearance of the sediment supply peak in March. This effect is 
connectedd to the rapidly decreasing importance of snowmelt runoff. The 
scenarioo calculations for the next century indicate that erosion due to 
snowmeltt in the German and France part of the Rhine basin, will decrease to 
levelss which are negligible compared to rainfall induced soil erosion. Under 
thee present climate conditions, the major part of the water stored as snow in 
thee eastern part of the Main basin, the higher parts of the Neckar basin and 
inn the Black Forest and Vosges melts and runs off in March, causing a 
distinctt sediment supply peak. For the Alps the melt water peak comes later, 
inn May and June. The sediment supply in the Alps peaks in May and June, 
alsoo under the scenario climate conditions. This peak is due to the 
simultaneouss occurrence of very high rainfall erosivity and the melt water 
peakk of the higher Alps. So even though melt water becomes less important, 
thee supply of sediment from the Alps remains highest in May and June. 

•• The increase of sediment supply in May and June. This effect is almost 
entirelyy due to the increased rainfall erosivity under changed climate 
conditions,, leading to more intensive erosion event in the late spring and 
earlyy summer, while crops are still small and the fields are fairly unprotected. 

N D JJ F M A M J J A S O 

month h 

FigureFigure 3.36. The course of sediment supply the year under changed environmental conditions 
(UKHI(UKHI +CPC scenarios) compared with the present situation (1990). The results apply to 
thethe entire Rhine basin excluding the basins Aare (UL) and Rhine 5 (UL), see Figure 3.25b. 
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MoselMosel basin (b) and the Neckar basin (c) under present-day (1990) and changed 

environmentalenvironmental conditions (2050). 
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Summarising:: erosion and supply in January increases strongly due to more 
rainfall,, and less snowfall, higher moisture levels (see Hc in Figure 3.37). This 
occurss mainly in the German and France part of the Rhine basin. Erosion and 
supplyy in March decrease because the snowmelt runoff and associated erosion 
fromm mountainous areas in France and Germany becomes less and less 
important.. Snow is not stored continuously over several months anymore, but 
fallss and melts often within the same month. Snow melt erosion and rainfall 
inducedd erosion during the winter become mixed and the importance of rainfall 
erosivityy increases compared to the erosivity of snowmelt runoff. Because the 
snoww is not accumulated anymore, the snowmelt peak of March totally 
disappears.. The snow which used to fall and to be stored in January and 
Februaryy will , under changed climate conditions, add often in the same month to 
thee soil moisture level in the basin. This, plus the general increase of the amount 
off  rainfall causes Hc to increase in January and February. In March Hc wil l 
decreasee (Figure 3.37a and c), because the contribution of snowmelt to soil 
moisturee disappears. The moisture levels in the period April until the end of the 
summerr also decrease because of the higher temperatures causing stronger 
evaporation.. Still, the summer sediment supply for the entire basin increases due 
too the much higher rainfall erosivities under the scenario climate conditions. 
Withh respect to the runoff generating mechanisms, the effects of climate change 
wil ll  probably lead to: 

•• more frequent and more intense events of saturation overland flow in the 
monthss December and January 

•• maybe more frequent, but much less intense events of snowmelt runoff in 
thee winter and early spring (except for the Alps) in 2050, according to the 
centrall estimate of climate change; less frequent and much less intense events 
off snowmelt runoff in 2050 according to the upper estimate of climate 
change e 

•• less favourable conditions for saturation overland flow in the summer, while 
thee frequency of Hortonian overland flow events may increase. 

Subbasinn erosion and sediment supply 

Howw does the climate and land use changes affect erosion and sediment supply 
inn the different subbasins? Will the sediment source areas change under the 
changedd conditions? Figure 3.38 gives the change, relative to 1990, of erosion 
andd sediment supply per subbasin for 2050 for the central and the upper 
estimatee of climate change, combined with the CPC land use scenario. The 
subbasinss are defined in Figure 3.25b. For almost all the subbasins, erosion 
levelss either decrease less, or increase more than the sediment supply levels. This 
correspondss to the general notion that, under the scenario climate conditions, 
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thee sediment delivery to the streams becomes harder due to lower soil moisture 
levelss in the season of high erosivity. 

TheThe central estimate of climate change 

Forr the central estimate, the sediment supply in 2050 wil l be below the levels of 
19900 in all subbasins, except for the Rhine 5 and the Aare basin (Figure 3.38a). 
Inn all French and German subbasins, the increasing erosivity due to climate 
changee is entirely counterparted by the effects of the land use changes (more 
forest,, less arable land). In many of these basins, erosion remains at the level of 
1990,, but sediment supply, decreases clearly with 5 to 20%. In the basins of the 
Mainn and the 111 the situation is different: here the erosion decreases strongly, 
withh about 15% in both basins. The sediment supply decreases with 30% (Main) 
andd 40% (111). 

Inn the mountainous regions of Switzerland, particularly in the Alpine basin of 
Rhinee 5 (UL), but also in the Aare basin, erosion and sediment supply increase 
significantly.. In these basins, erosion increases because of: 

•• the increasing rainfall erosivity (because of the higher temperatures and 
becausee of the higher proportion of precipitation falling as rain at the cost of 
snowfall) ) 

•• the increasing area that is affected by snowmelt runoff 

•• the decreasing protection of a snow cover against raindrop impacts 

•• the fact that in these basins there are hardly land use changes which 
counterpartt these effects (see section 3.3.2). 

Ass stated earlier, the results of the erosion calculations for these steeper Alpine 
regionss are questionable. Still, effects like presented here are conceivable, though 
theirr proportions may be different. Eventual errors in the modelling results of 
thesee basins have no consequences for the sediment balance of the rest of the 
Rhinee basin, because the Alpine sediment system is buffered by the large lakes at 
thee foot of the Alps (Asselman, 1999). 

TheThe upper estimate of climate change 

Usingg the worst case scenario for 2050 (the upper estimate), the model predicts 
erosionn and sediment supply to increase in all subbasins, except in the Main and 
1111 basins. Erosion levels increase with 15 to 30% in the German and French 
basins,, and the supply with 5 to 25%. In the Main basin, erosion increases 
slightlyy but the sediment supply decreases with 12% compared to 1990. In the 111 
basin,, sediment supply still decreases strongly, with 35%. 
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FigureFigure 3.38. Subbasin results of scenario calculations (UKHI + CPC) for 2050 for the 

centralcentral (a) and upper (b) estimate of climate change, presented as changes in erosion and 

sedimentsediment supply compared to 1990. 

3.7.44 Conclusions 

Environmentall  change is expected to affect erosion and sediment supply 
processes.. On the basis of this scenario study for the year 2050, in which the 
UKHII  2050 climate scenario (central estimate) and the CPC land use scenario 
weree used, the following conclusions can be drawn for the basin area 
downstreamm of the Alps: 
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•• In large part of the Rhine basin, the projected land use changes cause 
sedimentt supply to decrease while the projected climate changes have the 
oppositee effect. 

•• Locally, annual erosion rates are expected to increase, mainly because the 
erosivityy of rainfall and runoff increases. 

•• Notwithstanding all that, regional erosion rates will hardly change or decrease 
onlyy slighdy in many subbasins, because the area of land use types which are 
susceptiblee to erosion is expected to decrease. 

•• Processes related to snowfall, snow cover and snowmelt will become much 
lesss important in many French and German subbasins. This affects the 
temporall pattern of erosion and sediment supply. 

•• The sediment delivery to the streams becomes harder due to lower soil 
moisturee levels, especially in the season of high erosivity. Therefore, in 
general,, the sediment supply rates will decrease. 

Forr the Alps, the modelling results indicate that erosion and sediment supply will 
increasee significandy. This effect of environmental change is likely to occur. 
However,, the application of the sediment supply model to steep mountainous 
areass is rather dangerous and the results, thus, are probably unreliable. The 
sedimentt supplied in the Alps is trapped in the many large lakes at the foot of 
thee Alps in Switzerland. This sediment is not available for transport to the Dutch 
waters.. Therefore, the modelling results for the Alps are left out of consideration 
inn the final figures, which describe the effects of environmental change on 
erosionn and sediment supply. 

Forr the Rhine basin downstream of the Alps, a decrease of sediment supply is 
predicted,, at least for the lower (-16%) and central estimates (-11%) of climate 
change.. For the upper estimate of climate change an increase of 8% is calculated. 

Therefore,, according to this scenario study, the amount of sediment that is 
mobilisedd by soil erosion and supplied to stream channels by overland flow, and 
whichh is potentially available for transport to the Dutch waters, is likely to 
decreasee slighdy (with about 11%). This conclusion holds for the central ('best') 
estimatee of climate change as employed in this study (UKHI 2050) and the CPC 
landd use scenario. The supply of sediment will increase if land use does not 
changee (i.e. remains similar to the land use in 1990) or if the climate changes 
moree than projected in the UKHI 2050 scenario. 
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3.88 CONCLUSIONS 

Present-dayPresent-day land use and climate 

Withh RECODES, present-day erosion and sediment supply was estimated. The 
totall  sediment production for the entire basin is estimated to be 23 Mt/year, 
whilee total supply to the drainage network amounts approximately 11.7 Mt/year 
(( ~ 50% of the production). Thus according to these calculations, about half of 
alll  hillslope sediment production is delivered to stream channels. 

Thee model identifies the following primary sediment source areas: a) the Swiss 
middlee land, including large parts of the Aare basin, b) the southern Rhine valley 
alongg its steep edges, especially between Basel and Strasbourg, including parts of 
thee Black Forest, Alsace and Vosges, c) the central and downstream part of the 
Neckarr and the Main basin with agricultural land use and highly erodible soils, d) 
betweenn Mainz and Landau, west of the Rhine, e) the downstream part of the 
Mosell  basin and f) the loess area between the rivers Lippe and the Ruhr. 

Inn most of the German and French subbasins, the monthly variations in erosion 
andd sediment supply are related to the dynamics of the agricultural system, to 
variationss in rainfall erosivity and to the soil moisture state in the basin. 
Sedimentt supply resulting from erosion by snowmelt runoff plays a role in the 
higherr parts of the Neckar basin, the eastern part of the Main basin, the Vosges, 
thee Black Forest and the Swiss middle mountains. In the Alpine basins snowfall, 
snoww cover and snowmelt are strongly affecting the temporal pattern of 
sedimentt supply to stream channels. These latter processes tend to increase the 
amplitudee of both the highs and the lows of the erosion and sediment supply 
curvess during the year. 

Fromm an evaluation of RECODES the following conclusions were drawn: 

•• The most important "missing link" for the validation possibilities of 
RECODESS is field data on hillslope sediment delivery ratios. The availability 
off erosion data is much better and can be used to globally validate erosion 
calculations. . 

•• In general, the erosion module of RECODES produces average erosion 
rates,, which compare well with those derived from measurements. However, 
thee model seems to overestimate erosion on arable land, especially for row 
crops. . 

•• The output of RECODES should not be evaluated at the scale of the 
individuall raster cell (1 km2); results should be evaluated for larger areas, by 
aggregatingg raster cells. 
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•• The accuracy of the model predictions, as depending on the model input, is 
difficultt to assess, mainly because little is known about the quality of the basic 
maps. . 

•• In general, the modelled sediment supply exceeds the sediment yields as 
measuredd in the major rivers. Though it is known that there are several 
importantt sediment sinks in the basin, we are not yet able to determine which 
partt of the difference can be explained by these alluvial processes and which 
partt is caused by modelling errors. 

Itt can be concluded that the spatial database for the Rhine basin in combination 
withh a simple model can be used to identify areas, which, as a result of erosion 
byy overland flow, deliver sediment to stream channels. The results are reasonably 
reliablee for agricultural areas. Compared to arable land, soil erosion in forested 
areass is supposed to be of minor importance. However, in forests other 
sedimentt supply processes may contribute significandy to the suspended 
sedimentt load in stream channels. Moreover, forested areas occupy large areas in 
thee Rhine basin. As such, in the entire sediment budget of the river Rhine, 
forestedd land plays a significant role and may quantitatively be as important as 
arablee land as source area for the river's sediment load. 

ScenarioScenario study 

Environmentall change is expected to affect erosion and sediment supply 
processes.. On the basis of the scenario study for the year 2050, in which the 
UKHII 2050 climate scenario (central estimate) and the CPC land use scenario 
weree used, the following conclusions can be drawn for the basin area 
downstreamm of the Alps: 

•• In large part of the Rhine basin, the projected land use changes cause 
sedimentt supply to decrease while the projected climate changes have the 
oppositee effect. 

•• Locally, annual erosion rates are expected to increase, mainly because the 
erosivityy of rainfall and runoff increases. 

•• Nevertheless, regional erosion rates will hardly change or decrease very 
slighdyy in many subbasins, because the area of land use types which are 
susceptiblee to erosion is expected to decrease. This counterparts the effect of 
thee increasing erosivity. 

•• Processes related to snowfall, snow cover and snowmelt will become much 
lesss important in many French and German subbasins. This affects the 
temporall pattern of erosion and sediment supply. 
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•• The sediment delivery to the streams becomes harder due to lower soil 
moisturee levels, especially in the season of high erosivity. Therefore, in 
general,, the sediment supply rates will decrease. 

Forr the Alps, the modelling results indicate that erosion and sediment supply will 
increasee significandy. This effect of environmental change is likely to occur. 
However,, the application of the sediment supply model to steep mountainous 
areass is rather dangerous and the results, thus, are probably unreliable. The 
sedimentt supplied in the Alps is trapped in the many large lakes at the foot of 
thee Alps in Switzerland. This sediment is not available for transport to the Dutch 
waters.. Therefore, the modelling results for the Alps are left out of consideration 
inn the final figures, which describe the effects of environmental change on 
erosionn and sediment supply. 

Ann evaluation of RECODES has shown that large part of the uncertainty in the 
modell predictions is due to errors in morphometric parameters, as these were 
derivedd from low spatial resolution data, which do not reflect the situation on 
thee hillslope scale. The errors affect the absolute sediment supply figures. These 
morphometricc parameters, however, are relative insensitive to climate change. 
Therefore,, the estimated relative change in sediment supply due to climate 
change,, as calculated by the model, is expected to have less uncertainty. 
Therefore,, the results of the scenario calculations are presented as per cent 
changes,, relative to the figures for 1990. 

Forr the Rhine basin downstream of the Alps, a decrease of sediment supply is 
predicted,, at least for the lower (-16%) and central estimates (-11%) of climate 
change.. For the upper estimate of climate change an increase of 8% is calculated. 

Therefore,, according to this scenario study, the amount of sediment that is 
mobilisedd by soil erosion and supplied to stream channels by overland flow, and 
whichh is potentially available for transport to the Dutch waters, is likely to 
decreasee slighdy (with about 11%). This conclusion holds for the central ('besf) 
estimatee of climate change as employed in this study (UKHI 2050) and the CPC 
landd use scenario. The supply of sediment will increase if land use does not 
changee (i.e. remains similar to the land use in 1990) or if the climate changes 
moree than projected in the UKHI 2050 scenario. 
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