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1.11 SCOPE 

Thiss thesis is concerned with soil erosion in West Europe, with emphasis on the 
agriculturall  environment. It contains a number of studies which focus on soil 
erosionn resulting from the action of raindrop impact and overland flow. These 
studiess relate to research carried out in the period 1992-1999: 

(a)) Research of overland flow and soil loss from loess soils in South Limburg 
(Thee Netherlands). 

(b)) Research on erosion in the Rhine basin, the sediment supply to the river 
Rhinee drainage network and the impact of climate change on these 
processes. . 

Thoughh both studies deal with soil erosion and sediment transport, the interest is 
completelyy different. 

Thee first study was initiated by the Province of Limburg with the main aim to 
reducee soil erosion and related damage in the loess region of Limburg. The 
researchh therefore focused on designing and optimising erosion control 
measuress and on the development of a tool to predict the effects of different 
configurationss of erosion control measures in the landscape. I t is concerned with 
thee 'traditional' spatial scale in soil erosion research, the experimental plot, and 
withh the scale of the small catchment without a permanent channel. 

Thee second study is part of a compound research project, which aims at 
assessingg the impact of climate change on the hydrology of the Rhine basin and 
itss sediment budgets. The ultimate goal of the overall study is to evaluate and 
anticipatee the consequences of climate change for water management in the 
Netherlands.. The part of this study which is included in this thesis, investigates 
thee contribution of soil erosion on hillslopes to the suspended sediment loads in 
thee channel network of the river Rhine for present-day and future climate and 
landd use conditions. This study is a major challenge, because it deals with the 
difficul tt combination of a very large area and the small scale at which the 
sedimentt supply processes work (the hillslopes and the first-order catchments). 
A nn important part of this study deals with the conveyance of the sediment 
mobilisedd by soil erosion on the hillslope to the permanent stream network. This 
iss an area of research which has received much less attention than soil erosion on 
thee individual hillslope. Most research on soil erosion by water has focused on 
ril ll  and interrill erosion processes acting on the plot or hillslope scale at sites with 
agriculturall  land use. As a result, there is a fair amount of experimental data 
availablee at these scales, which were used to feed the development of detailed, 
physically-basedd soil erosion models. Similarly, the science of river 
sedimentologyy is well developed and much is known about the suspended 
sedimentt load in rivers. Still, there remains a considerable gap in our knowledge 
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ass how to connect these two research areas. Such knowledge is required to 
understandd and model the source, transport and fate of sediment and sediment-
associatedd contaminants in the surface waters. 

1.22 A I M  OF T H E THESI S 

Byy bringing together these two different soil erosion studies, this thesis aims to: 

a)) improve the understanding of the effects of soil conservation measures 
andd climate change on soil erosion and its related processes 

b)) identify seasonal patterns in the occurrence of overland flow and soil 
erosionn in West Europe and the relationship with seasonal patterns in 
sedimentt supply from hillslopes to stream channels. 

Speciall  attention wil l be paid to the bottlenecks concerning the modelling of soil 
erosionn and sediment supply to surface waters on the large river basin scale. 
Similarr studies at the scale of the Rhine basin do not exist. An important 
problemm in this respect is the validation of large scale erosion models for which 
thee output support is not in correspondence with that of the available field data. 

1.33 RELEVANCE AN D BACKGROUND 

Impactss of soil erosion 

Thee studies included in this thesis have their origin in the need for finding 
answerss to practical questions concerning soil erosion and its impacts. They 
providee evidence for the large interest and concern of local and national 
authoritiess for soil erosion and related problems. 

Soill  erosion has geomorphological, pedological, ecological, social and 
economicall  impacts. The soil is a natural resource which can be considered non-
renewablee on a historical time scale. Soil erosion is one of the major causes of its 
degradation.. Indeed, the most essential function of the soil is food production. 
I nn this light, erosion control is an indispensable element of any sustainable 
environmentall  policy. 

Inn many parts in the world, in particular the semi-arid areas, arable land is wasted 
byy erosion forcing farmers to abandon their land. In the temperate climate zone, 
on-farmm consequences are generally less severe. In West Europe, the short term 
effectt of erosion on crop yield, although evident (e.g. Bollinne et al, 1978; 
Schoutenn et al., 1985), is not of primary concern. In general, the off-farm effects 
off  erosion are considered more annoying and comprise: 

 damage to infrastructure works (the sewerage system, waterways, bridges, 
storagee ponds), public roads, houses and gardens, cars 
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 decreasing water quality in the streams due higher sediment, nutrient and 
pesticidee concentrations 

 impacts on ecosystems downslope and in the valleys, which receive this 
pollutedd water 

Theree is a strong link between the occurrence of heavy erosion and flooding 
events.. Erosion is directly depending on the occurrence of overland flow, which 
addss to the peak discharge of streams. Measures that reduce erosion may 
thereforee as well be helpful in reducing the peak discharge in streams and 
floodingflooding problems. The awareness of the necessity of taking action against 
erosionn goes hand in hand with the occurrence of severe events and with the 
severityy of the resulting damage. 

Inn the following two subparagraphs, the background of the two principal studies 
off  this thesis is discussed as well as their major aims. 

Backgroundd of part I : Soil erosion in Dutch South Limbur g 

Rainfall-inducedd accelerated erosion causes land degradation as well as off-site 
damagee resulting from flooding and sedimentation. In the Netherlands, serious 
waterr erosion is restricted to the loess soils in South Limburg. This is the only 
hill yy area in the Netherlands with soils that are susceptible to water erosion. 
Damagee affects a hilly area of 40,000 ha of loess soils. In 1987, the Provincial 
authoritiess issued regulations to the effect that measures must be taken to reduce 
on-sitee and off-site effects of soil erosion. (Provinciale Staten van Limburg, 
1987).. In 1991, the Province of Limburg initiated the so-called 'Erosion 
Normalisationn Project South Limburg' in which the Department of Physical 
Geographyy and Soil Science of the University of Amsterdam (UvA) participated. 
Thiss project was finished in 1994. 

Thee project aimed at the development of a framework in which soil and water 
conservationn measures can be judged for conditions in South Limburg. The 
researchh was divided into field studies and a simulation study. The simulation 
studyy yielded a model called LISEM (the Limburg Soil Erosion Model) that was 
usedd as a tool to estimate effects of erosion control measures in specific 
catchments.. With the model, several scenarios with different erosion control 
optionss were tested and compared. The University of Utrecht and Winand 
Staringg Centre carried out the simulation study. A significant part of the field 
studiess was carried out by the UvA in order to: 

 collect data for input and validation of LISEM 

 gain insight into processes of overland flow generation, their seasonal 
variationss and related soil erosion on arable land 

 determine the effects and the efficiency of several soil conservation measures 
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Thee fieldwork included measurements of overland flow and soil loss from small 
agriculturall  catchments, and measurements on experimental field plots with 
differentt cropping systems and grass filter strips. In this thesis, the findings of 
thiss research are presented in the form of four papers, three of them published 
andd one submitted (Chapter 2). 

Backgroundd of part II : the sediment supply system in the Rhine basin 

I nn 1993, the UvA joined the National Research Programme on Global Ai r 
Pollutionn and Climate Change with a subproject on the impact of climatic 
changee on suspended sediment supply to the drainage network of the river 
Rhine.. A first research phase (NRP-1) was carried out by Van der Drif t and 
Kwaadd (1995) and comprised an inventory of suspended loads of discharge from 
thee main tributaries of the river Rhine and a research on the relationship 
betweenn the soil structure stability and temperature. 

AA second phase (NRP-2) with duration of two-and-a-half years finished in 1999. 
Mainn objectives of this project were: (1) identification and mapping of the 
landscapee units that constitute the sediment supply subsystem of the Rhine 
basin,, (2) a quantitative assessment of the factors that control the sediment 
supplyy to the river network, and (3) the quantification of the impact of climate 
changee on the rate of sediment production in the sediment supply subsystem. 
Thee research has lead to a spatially distributed model for the sediment supply to 
thee stream network under current conditions as well as under changed 
environmentall  conditions. 

Thee work of this project was published in Van Dijk and Kwaad (1998a,b,c and 
1999).. The latter report has served as a basis for Chapter 3 of this thesis. 

1.44 O U T L I N E OF T H E THESI S 

Thiss thesis is compiled from several published papers about the research in 
Southh Limburg (Chapter 2) and a reworked published scientific report about soil 
erosionn and associated sediment supply in the Rhine basin (Chapter 3). 

Inn section 2.1, results of soil erosion measurements in six zero-order agricultural 
catchmentss are presented and analysed. Different modes of runoff generation 
forr summer and winter are identified and the implications for soil erosion 
modellingg and soil conservation measures in South Limburg are discussed. 
Sectionn 2.2 is devoted to different cropping systems and their impact on small 
scalee erosion processes. Based on measurements on experimental fields, the 
effectss of tillage techniques, crop residue and crop coverage on overland flow, 
splashh erosion and soil loss are analysed. A distinction is made between their 
effectss during the growing and the winter season. Many effects of the cropping 
systemss on soil erosion are due to their impact on the state of the soil surface. 
Sectionn 2.3 deals with the effects of tillage and conservation cropping systems on 
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surfacee roughness and the depression storage capacity of the soil surface. The 
lastt section of Chapter 2 (section 2.4) discusses the use of grass strips as a 
potentiall  soil conservation measure for South Limburg. On the basis of a series 
off  experiments in the field, the efficiency of grass strips in filtering sediment 
fromm overland flow is determined. 

Chapterr 3 starts with an introduction about the Rhine project and the concepts 
forr a sediment supply model (section 3.1). The input data for this model are 
derivedd exclusively from existing data, amongst which digital maps of elevation, 
soill  and land use. These available data are described in section 3.2. The next 
sectionn (3.3) describes the model which was selected to quantify the sediment 
supplyy from hillslope to channel and the derivation of the necessary input maps 
onn the basis of the available existing data. Section 3.4 contains a sensitivity 
analysiss of the model. Modelling results for present climate and land use 
conditionss are presented in section 3.5. The next section (3.6) deals with an 
evaluationn of the model, in which the model's process descriptions, the quality of 
thee model input, and the quality of the output are discussed. In section 3.7, the 
modell  is used to assess the impact of climate and land use changes on the supply 
off  sediment to the river Rhine drainage network. The final section of Chapter 3 
containss the conclusions of this study (section 3.8). 

Thee final chapter (4) evaluates some issues related to erosion on hillslopes and 
thee subsequent transport and delivery to streams channels. It identifies those 
partss of the sediment supply system that need special attention in further 
researchh and difficulties that are specific to large scale assessments, like the scale 
off  the large river basin or the global scale. 
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2.11 RUNOFF GENERATIO N AND SOIL EROSION IN SMALL AGRICULTURA L 

CATCHMENT S S 

Thiss section is based on the following publication: 

VanVan Dijk, P.M. and Kwaad, FJ.P.M. (1996). Runoff generation and soil erosion in small 
agriculturalagricultural catchments with loess-derived soils. Hydrological Processes, 10, 1049-1059. 

2.1.11 Introductio n 

Duringg the last three decades, damage by rainfall-induced accelerated erosion, 
withh the associated off-site effects of flooding and sedimentation, has increased 
inn Dutch South Limburg (Schouten et al., 1985). Damage affects a hilly area of 
40,0000 ha of loess soils. In 1987, regulations were issued by the Provincial 
authoritiess to the effect that measures must be taken to reduce the on-site and 
off-sitee effects of soil erosion (Provinciale Staten van Limburg, 1987). 

Rainfalll  induced soil erosion occurs when more rain falls than is absorbed by the 
soil,, giving rise to overland flow. Overland flow occurs as long as the rainfall rate 
exceedss the infiltration capacity (Horton overland flow) or when the rainfall 
volumee exceeds the moisture storage capacity of the soil (saturation overland 
flow)flow) (Ward, 1975, 1984; Chorley, 1978; Kirkby, 1978; Lowery et al., 1982; Istok 
andd Boersma, 1986). Under conditions of Hortonian overland flow the soil is 
saturatedd from the surface downward. Sorptivity decreases gradually with time 
andd becomes nil when all capillary pores are filled with water. From then on 
saturatedd flow occurs in the soil, driven by gravity and controlled by the 
saturatedd hydraulic conductivity of the soil. Under conditions of saturation 
overlandd flow the soil is saturated from an impeding layer upwards. Above the 
impedingg layer a perched water table is formed, which gradually builds up to the 
soill  surface. From the moment the perched water table reaches the soil surface, 
thee infiltration rate of rain water is controlled by the conductivity of the 
impedingg layer which may be nil. Saturation overland flow also occurs when and 
wheree a permanent water table is present at or near the soil surface or when the 
capillaryy fringe extends to the ground surface (Hooghoudt, 1947; Sklash and 
Farvolden,, 1979; Gillham, 1984). 

Keyy variables in the Horton model of overland flow generation are: rainfall 
intensity,, state of the soil surface, sorptivity and saturated hydraulic conductivity 
off  the soil. Key variables in the saturation model of overland flow generation 
are:: presence of an impeding layer or shallow permanent water table in the sou, 
moisturee storage capacity of the soil above the impeding layer or permanent 
waterr table and the volume of rain. From the point of view of soil conservation 
itt is important to note that in the Hortonian model the soil surface plays an 
importantt role, while in the saturation model the subsoil is crucial. It is therefore 
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essentiall  to know whether soil erosion and related off-site effects are caused by 
Hortoniann or saturation overland flow. Soil conservation measures that only 
protectt the soil surface may have littl e or no effect on soil loss caused by 
saturationn overland flow. 

Saturationn overland flow is now generally accepted as an important source of 
surfacee runoff in forested drainage basins and is an element of the variable 
sourcee area theory of runoff generation (Ward, 1975). So far, its possible 
significancee for soil erosion on cultivated fields has received less attention. From 
thee scarce data available it appears that soil erosion on arable land may well be 
causedd by low intensity rainfall in NW Europe. Fullen and Reed (1986) report a 
thresholdd intensity of 2 mmh"1 for soil erosion to begin on capped sandy soils in 
England. . 

Inn autumn 1991 a field study was started in South Limburg (The Netherlands) to 
evaluatee the effectiveness of several soil conservation measures and to develop a 
soill  erosion model for the region. Measurements were carried out at several 
spatiall  scales ranging from experimental plots to drainage basins. In this section, 
resultss of runoff and soil loss measurements in six small agricultural catchments 
aree presented. These small catchments are located in pairs in three larger 
catchmentss (Figure 2.1). The objectives of the measurements were (a) collecting 
dataa for validation of the Limburg Soil Erosion Model (LISEM; De Roo et al., 
1995),, (b) identification of the processes that determine overland flow and 
sedimentt yield during winter and summer rainfall, which is the subject of this 
section.. Insight into the relative importance of the two runoff generating 
processes,, Hortonian and saturation overland flow, is needed to optimise 
erosionn control measures. Furthermore, this study shows the main processes that 
mustt be accounted for in LISEM in order to simulate soil erosion satisfactorily. 

2.1.22 The research sites 

Southh Limburg is a fluvially dissected area with a hilly relief dominated by 
numerouss dry valleys. I t is part of the drainage basin of the river Meuse. The dry 
valleyss are periglacial relic forms from the Pleistocene and nowadays act as 
drainagee ways for surface runoff water during high magnitude/low frequency 
rainfalll  events (Kwaad, 1993). Land surface elevations range from 40 to 321 m 
abovee sea level. 

AA large part of the area is covered with a 2-20 m thick layer of loess (Van den 
Broek,, 1966; Mücher, 1986) overlying coarse-grained Quaternary river 
sediments,, Tertiary sands and Cretaceous chalk. The loess is mainly of 
Weichseliann age and was deposited after the main phase of formation of the 
(dry)) valley system. South Limburg is part of the European loess belt which 
extendss across SE England, NW France, Belgium, parts of Germany and further 
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intoo Poland and Russia. Loess soils are highly erodible due to their low structural 
stabilityy and susceptibility to crusting (Kwaad and Van Mulligen, 1991; Kwaad 
andd Mücher, 1994). In fact, surface slaking is thought to be the primary cause of 
soill  erosion in the area (Bouten et al., 1985). 

FigureFigure 2.1. Location of the three main catchments in South Umburg (The Netherlands). 

Southh Limburg has a temperate oceanic climate with rainfall in all seasons. 
Averagee annual precipitation is 750 mm. High intensity rainfall is restricted to 
thee period April-October (Levert, 1954). The 30-minute intensity that is 
exceededd once a year is 24 m m h1 (Buishand and Velds, 1980). Land use has 
beenn agricultural for many centuries (Renes, 1988). Erosion risk is highest in 
April-June,, when the surface coverage by crops is small and high-intensity 
rainfalll  may occur. Prolonged wet weather and rapid snowmelt may cause 
overlandd flow in winter. 

Inn each of the three main catchments, two sub-catchments were instrumented 
forr runoff and soil loss measurements. The surface area of these subcatchments 
rangedd from 3 to 9.4 ha (Table 2.1). The Catsop-1 catchment is relatively small 
andd is characterised by very gende slopes not exceeding 5%. Here, winter wheat 
wass grown during the entire measurement period (Table 2.1). After harvest, the 
stubblee field was tilled with a cultivator. The Catsop-2 catchment is larger and 
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hass steeper slopes. In 1992, winter wheat was grown, followed by grass after the 
wheatt harvest. In the growing season of 1993, potatoes were grown followed by 
falll  tillage and bare fallow during the winter of 1993/94. 

Thee St. Gillisstraat-1 catchment contains a permanent orchard with grass 
undergrowth.. Land use in this catchment thus strongly differs from that of the 
others.. The St. Gillisstraat-2 catchment contains several fields with different 
cropss during the two years (Table 2.1). This catchment has strong relief. 

Thee catchments Etzenrade-1 and Etzenrade-2 are very different in size. Both 
subcatchmentss had sugar-beets and winter wheat in 1992 and 1993, respectively. 

TableTable 2.1. Slopes and land use in the six subcatchments where runoff and sediment 
measurementsmeasurements were carried out during 1992 and 1993. 

Catchment t 

Catsop-1 1 
Catsop-2 2 
St.Gillisstr-1 1 
St.Gillisstr-2 2 

Etzenrade-1 1 
Etzenrade-2 2 

Surfacee area 
(ha) ) 
3.64 4 
5.77 7 
3.82 2 
4.80 0 

2.96 6 
9.40 0 

Dom.. slope 
classs (%) 

2-5 5 
5-10 0 
2-10 0 
5-15 5 

2-5 5 
2-10 0 

Winter r 
91/92 2 

wheat t 
wheat t 
orchard d 
none e 
none e 
none e 
none e 
none e 
mustard d 
none e 
none e 
pasture e 

Landd use per field 
Summerr 92 

wheat t 
wheat t 
orchard d 
maize e 
maize e 
potatoes s 
maize e 
maize e 
sugarr beet 
sugarr beet 
sugarr beet 
pasture e 

Winter r 
92/93 3 

wheat t 
grass s 
orchard d 
none e 
none e 
none e 
wheat t 
wheat t 
wheat t 
wheat t 
wheat t 
pasture e 

Summerr 93 

wheat t 
potatoes s 
orchard d 
maize e 
maize e 
sugarr beet 
wheat t 
wheat t 
wheat t 
wheat t 
wheat t 
pasture e 

2.1.33 Material s and methods 

Runofff  and sediment output from the six dry valleys was measured using 
H-flumess with a capacity of 300 Is"1 (Bos, 1989), fitted with Trans Instruments 
pressuree transducers (type BHL 4269) for water-height determinations. Data 
weree stored with Campbell CR10 dataloggers. Runoff samples for the 
determinationn of suspended sediment concentration were taken in the H-flumes 
withh ISCO automatic water samplers. Rainfall was measured with Casella tipping 
buckett raingauges. Data were only logged and water samples were only taken 
duringg rainfall and/or runoff. During runoff, data were stored at 1-minute 
intervals.. Water samples were at 5-minute intervals when the discharge exceeded 
0.99 I s1 . 

Dataa for all the rainfall events were processed to determine: (a) total rainfall 
amount,, (b) rainfall kinetic energy according to the equation of Wishmeier and 
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Smithh (1978), (c) return periods of specified parts of the rainfall events, treating 
summerr and winter storms separately (Buishand and Velds, 1980; Heidemij, 
1988)) and (d) the maximum five-minute rainfall intensity. Runoff data were 
analysedd to determine: (a) total runoff volume resulting from each rainfall event, 
(b)) total runoff volume expressed as a percentage of total rainfall, which is 
referredd to as the 'runoff percentage', and (c) the peak discharge of each runoff 
event.. Time series of suspended sediment concentration and of discharge were 
combinedd to yield sediment discharge curves from which total soil loss was 
calculated,, again on an event basis. 

2.1.44 Results 

Th ee Catsop catchments 

Returnn periods of rainfall are summarised in Table 2.2. The return period of the 
maximumm rainfall amount during intervals of specified duration of the rainfall 
eventss is given in Table 2.2, not the return period of whole rainfall events. The 
heaviestt rainfall event in the Catsop catchment during the period of study 
occurredd in winter, on 22 January 1993. Its maximum five-minute amount is 
exceededd once every 4.4 years. Generally, over a thirty-year period of 
observations,, heaviest rainfall occurs in the summer half of the year in The 
Netherlandss and also in South Limburg (Levert, 1954). 

TableTable 2.2. Return periods in years of rainfall recorded in the Catsop catchments, based on the 
maximummaximum rainfall amount fallen in the specified time intervals within the event. 

Intervall  (min) Interval (min) 
Summerr 5 10 15 20 30 45 60 Winter 5 15 30 45 60 
11/08/922 1.1 1.3 1.3 1.1 1.3 - - 23/03/92 <1 <1 <1 <1 1.6 
30/05/933 1.9 2.1 - 22/01/93 4.4 1.2 <1 <1 <1 
19/07/933 <1 1.0 <1 <1 <1 <1 <1 

Explanatoryy example: the maximum rainfall amount that has fallen within a five-minute 
intervall  during the rainfall event of 11/08/92 can be expected once every 1.1 years; the 
amountt fallen within a 10-minute interval has a return period of 1.3 years. 

Inn the Catsop-1 catchment no runoff occurred over the study period. In the 
Catsop-22 catchment, runoff took place during the growing season of 1993 and 
thee following winter period (Table 2.3). No runoff occurred during the summer 
off  1992 and the winter of 1992-93. The highest peak discharge was measured on 
300 May, 1993, during a short intense storm. Runoff percentages were generally 
higherr in winter than in summer. The highest runoff volumes were recorded in 
autumnn 1993 during prolonged periods of rain, during which the runoff 
percentagess nearly reached 60%. It should be noted that highest runoff amounts 
doo not always coincide with longest return periods of rainfall, i.e. the most 
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importantt rainfall events do not necessarily cause the most important runoff 
events.. This depends on season, antecedent weather and soil conditions and type 
andd degree of vegetative surface cover. 

TableTable 2.3. Results of runoff and soil loss measurements in the Catsop-2 catchment. 

Date e 

(d/m/y) ) 

30/05/93f f 
30/05/93 3 

19/07/93 3 

22/07/9 3̂  ^ 

03/09/93 3 

03/09/93 3 

09/09/93* * 

13/09/93* * 

14/09/93 3 

16/09/93 3 
22/09/93 3 

25/09/93 3 

26/09/93 3 

14/10/93 3 

14/11/93 3 

Rainfalll  data 

Durationn Amount 

(min) ) 

10 0 

17 7 

90 0 

59 9 

16 6 

10 0 

87 7 

274 4 

126 6 
76 6 

18 8 

--
462 2 

394 4 

412 2 

(mm) ) 

9.6 6 

5 5 

12.6 6 

6.4 4 

6.8 8 

2.6 6 

7.4 4 

8.8 8 

6.6 6.6 

3.6 6 
4.4 4 

>20.4 4 

18.2 2 

18.8 8 

12.2 2 

Kinetic c 
energy y 

O*" 2) ) 
264 4 

117 7 

286 6 

148 8 

177 7 

61 1 

134 4 

133 3 

109 9 

70 0 
99 9 

--
282 2 

330 0 

176 6 

Max.. 5' 
intens. . 

(mmh~ ~ 

80 0 

38.4 4 

55.2 2 

36.7 7 

60 0 

26.5 5 

8.5 5 

7.6 6 

8.5 5 

24.5 5 

31.3 3 

--
5.6 6 

16.8 8 
3.8 8 

Runofff  data 

Volume e 

'Mm3) ) 
>160.9 9 

47.6 6 

20.1 1 
4.7 7 

25.9 9 

3 3 
4.4 4 

8.6 6 

9.3 3 

7.6 6 

12.2 2 

222.6 6 

60 0 

641.4 4 
176.7 7 

Peak k 
disch. . 

(Is"1) ) 

>309 9 

64.9 9 

28.5 5 

4.7 7 

38.5 5 

2.5 5 

2.5 5 
2.7 7 

2 2 

5.9 9 

6.3 3 

11.3 3 

10 0 

122.4 4 

5.5 5 

Runoff f 
perc. . 

(%) ) 
>29 9 

16.4 4 

2.6 6 

0.8 8 

6.6 6 

1.9 9 

0.8 8 

0.6 6 

1.2 2 
2.2 2 

3.7 7 

<18.5 5 

5.4 4 

59.1 1 

25.1 1 

Sedimentt data 

Soill  loss 

(kg) ) 

--
--
217 7 

16 6 

1056 6 

--
90 0 

155 5 

--
166 6 

--
--
--
--
915 5 

Sedimentt N* 
cone. . 

fel"fel"11) ) 
--
--
5-15 5 

3-4 4 

13-65 5 

--
18-20 0 

17-19 9 

--
19-25 5 

--
--
. . 
--
4-18 8 

--
, , 
5 5 
2 2 

6 6 

--
2 2 

2 2 

. . 
2 2 

. . 

. . 
--
. . 
24 4 

**  N is the number of water samples 
ff  Volumes are not accurate because the maximum capacity of the H-flume was exceeded 
$$ Sediment data are indicatory because of the low number of water samples 

Sedimentt concentration of the runoff varied strongly with rainfall characteristics, 
thee condition of the soil surface and crop cover. For example, on 3 September 
19933 soil loss was higher than on 14 November 1993, when the runoff volume 
wass seven times higher (Table 2.3). This is mainly a result of the higher rainfall 
intensityy and higher peak discharge on 3 September. In other words, most 
importantt runoff events, by volume of runoff, are not necessarily the most 
importantt soil loss events. 

Thee St. Gillisstraat catchments 

Returnn periods of rainfall are given in Table 2.4. Most important rainfall events 
havee occurred in winter during the period of study. Only low magnitude/high 
frequencyy rainfall events were observed in summer. From the winter storms in 
Tablee 2.4, e.g. the storms on 25 October 1992 and 22 January 1993, it is very 
clearr that the return period of rainfall, and thus the relative importance of the 
storm,, changes with the time interval that is considered. 
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Inn the St. Gillisstraat-1 catchment, which is completely occupied by an orchard, 
onlyy small runoff volumes and low runoff percentages were measured over the 
periodd of study (Table 2.5). In general, runoff percentages were lower than 2%. 
Sedimentt concentration in runoff were very low, compared with concentrations 
measuredd in other catchments. Soil losses were negligible. In the St. GUlisstraat-2 
catchmentt several important runoff and soil-loss events were recorded in 
summerr 1992 and in both winters (Table 2.6). 

TableTable 2.4. Rfturn periods in years of rainfall recorded in the St. Gillisstraat, based on the 
maximummaximum rainfall amount fallen in the specified time intervals within the event. 

Intervall  (min) Interval (min) 
Summerr 5 10 15 20 30 45 60 Winter 5 15 30 45 60 
05/06/922 <1 <1 <1 <1 <1 <1 1.2 25/10/92 2.7 49 49 6.2 5.5 
05/07/922 1.1 <1 <1 <1 <1 - - 22/01/93 46 2.6 1.7 1.8 1.8 
19/07/933 1.4 1.2 <1 <1 - - - 30/12/93 <1 1.2 1.3 1.2 1.8 

TableTable 2.5. Results of runoff and soil loss measurements in the St. Gillisstraat-1 catchment. 

Rainfalll  data Runoff data Sediment data 
Datee Duration Amount Kinetic Max. 5' Volume Peak Runoff Soil loss Sediment N 

energyy intens. disch. perc. cone. 
(d/m/y ))  (min )  (mm )  ( j  m - ^  (m m h 1)  (m 3)  (Is 1)  (%)  (kg )  (gl 1) 

05/06/9 2 2 

20/06/9 2 2 

20/06/9 2 2 

04/07/9 2 2 

05/07/9 2 2 

17/07/9 2 2 

17/07/9 2 2 

13/08/9 2 2 

13/08/9 2 2 

24/08/9 2 2 

25/10/9 2 2 

25/10/9 2 2 

17/11/9 2 2 

02/12/9 2 2 

04/12/9 2 2 

11/01/9 3 3 

12/01/9 3 3 

22/01/9 3 3 

19/07/9 3 3 

05/08/9 3 3 

10/08/9 3 3 

22/09/9 3 3 

22/09/9 3 3 

14/11/9 3 3 

14/11/9 3 3 

21/12/9 3 3 

21/12/9 3 3 

30/12/9 3 3 

172 2 
57 7 

323 3 
41 1 

133 3 
32 2 
93 3 

257 7 
530 0 
170 0 
383 3 
289 9 
517 7 
159 9 
151 1 
283 3 
501 1 
115 5 
20 0 
55 5 
61 1 
29 9 

124 4 
168 8 
502 2 
15 5 

240 0 
506 6 

23 3 
8 8 

29 9 
10 0 
11 1 
5 5 

10 0 
12 2 
17 7 
12 2 
16 6 
21 1 
20 0 
5 5 
9 9 

14 4 
26 6 
12 2 
11 1 
11 1 
10 0 
10 0 
11 1 
11 1 
18 8 
4 4 

10 0 
25 5 

470 0 
166 6 
552 2 
234 4 
246 6 
88 8 

191 1 
201 1 
245 5 
208 8 
260 0 
431 1 
308 8 
71 1 

144 4 
217 7 
418 8 
250 0 
269 9 
225 5 
209 9 
218 8 
294 4 
185 5 
268 8 
74 4 

149 9 
447 7 

36 6 
27. 6 6 

22. 7 7 

52 2 
66. 7 7 

13. 4 4 

25. 7 7 

15. 6 6 

6.6 6 
16. 4 4 

12. 6 6 

47. 6 6 

4.6 6 
8.5 5 
6.6 6 

6 6 
5. 4 4 

48 8 
72 2 
24 4 
48 8 

27. 8 8 

--
10. 1 1 

6 6 
17. 9 9 

5. 4 4 
31. 9 9 

15. 9 9 

3. 8 8 
19. 7 7 

3.3 3 
10. 7 7 

0 0 
4. 2 2 
2. 7 7 
0.3 3 

0 0 
4.9 9 

32. 8 8 

6.3 3 
0 0 

4.3 3 
0 0 

28. 8 8 

2. 8 8 
0 0 
0 0 
0 0 
0 0 

8.5 5 
2.5 5 
8. 2 2 
2. 4 4 
6.8 8 

64. 3 3 

6.1 1 
3.5 5 
5.6 6 
2. 9 9 

14. 4 4 

0 0 
3.6 6 
1.8 8 
0. 4 4 

0 0 
1. 4 4 

20. 4 4 

0.9 9 
0 0 

1.8 8 
0 0 

3. 9 9 
1.6 6 

0 0 
0 0 
0 0 
0 0 

11. 3 3 

1.9 9 
1.7 7 
1.7 7 

1.3 3 
16 6 

1.8 8 
1.2 2 
1.8 8 
0. 9 9 
2. 5 5 

0 0 
1.1 1 
0.6 6 

0 0 
0 0 

0. 7 7 
4.1 1 
0. 8 8 

0 0 
1.3 3 

0 0 
2. 9 9 
0.6 6 

0 0 
0 0 
0 0 
0 0 
2 2 

0.6 6 
1.2 2 
1.6 6 
1.8 8 
6.7 7 

7.2 2 
3.6 6 
12 2 
--

18 8 
--

2. 2 2 
0.9 9 

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

0.7-2. 22 2 2 

0.3-2. 44 9 

0.6-0. 99 6 

0.5-4. 44 7 

0.3-0. 88 6 

0.2-0. 44 3 
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TableTable 2.6. Results of runoff and soil loss measurements in the St. Gillisstraat-2 catchment. 

Rainfalll  data Runoff data Sediment data 
Dat e e 

(d/m/y ) ) 

04/06/9 2 2 

05/06/9 2 2 

04/07/9 2 2 

05/07/9 2 2 

05/07/9 2 2 

17/07/9 2 2 

11/08/9 2 2 

13/08/9 2 2 

24/08/9 2 2 

29/08/9 2 2 

29/10/9 2 2 

15/11/9 2 2 

15/11/9 2 2 

17/11/9 2 2 

22/11/9 2 2 

22/11/9 2 2 

22/11/9 2 2 

02/12/9 2 2 

02/12/9 2 2 

03/12/9 2 2 

04/12/9 2 2 

07/12/9 2 2 

11/12/9 2 2 

11/12/9 2 2 

12/12/9 2 2 

18/12/9 2 2 

19/12/9 2 2 

20/12/9 2 2 

11/01/9 3 3 

12/01/9 3 3 

22/01/9 3 3 

29/01/9 3 3 

19/07/9 3 3 

25/07/9 3 3 

05/08/9 3 3 

10/08/9 3 3 

14/11/9 3 3 

14/11/9 3 3 

30/12/9 3 3 

30/12/9 3 3 

30/12/9 3 3 

Duratio n n 

(min ) ) 

410 0 
175 5 
18 8 
16 6 
38 8 
31 1 
11 1 

124 4 
112 2 
12 2 
18 8 
90 0 
34 4 

367 7 
154 4 
206 6 
106 6 
44 4 
65 5 
77 7 

260 0 
32 2 

167 7 
409 9 
175 5 
139 9 
48 8 
87 7 

320 0 
543 3 
83 3 
32 2 
28 8 
95 5 
62 2 

240 0 
242 2 
64 4 
66 6 
93 3 
91 1 

Amount t 

(mm) ) 

13. 4 4 

19. 8 8 

5.8 8 
6.2 2 
6.8 8 
4.6 6 
4. 8 8 
7.6 6 
7. 2 2 
4. 4 4 
2. 4 4 
2. 4 4 

2 2 
16. 8 8 

4 4 
3. 6 6 
1.6 6 
3. 8 8 
2. 2 2 
2. 6 6 

10. 2 2 

3. 2 2 
3 3 

10. 4 4 

4. 2 2 
2. 4 4 
1.6 6 
1.2 2 

12. 8 8 

23. 2 2 

10. 8 8 

1.2 2 
8. 4 4 

10. 8 8 

9.8 8 
8. 2 2 

11. 6 6 

1.2 2 
2.6 6 
1.6 6 

1.8 8 

Kineti c c 
energ y y 

dn. 1 1 
217 7 
404 4 
138 8 
159 9 
161 1 
95 5 

123 3 
142 2 
137 7 
101 1 
46 6 
32 2 
33 3 

271 1 
55 5 
43 3 
17 7 
71 1 
31 1 
40 0 

166 6 
62 2 
37 7 

144 4 
57 7 
28 8 
22 2 
12 2 

201 1 
370 0 
241 1 
18 8 

206 6 
229 9 
207 7 
136 6 
188 8 
14 4 
40 0 
18 8 
22 2 

Max..  5 ' 
intens . . 

[mmm h  ) 
16. 6 6 

31. 2 2 

38. 2 2 

57. 2 2 

48. 7 7 

21. 5 5 

49. 1 1 

18 8 
16. 8 8 

24 4 
14. 4 4 

3.1 1 
6.5 5 
5. 4 4 
4.1 1 
2. 2 2 
1.2 2 

15. 1 1 

3.5 5 
7. 2 2 
8. 4 4 

11. 2 2 

2.9 9 
4 4 

3. 8 8 
1.4 4 
3.1 1 
0. 8 8 
7.9 9 

6 6 
52. 8 8 

2. 4 4 
57. 6 6 

28. 8 8 

19. 2 2 

19 9 
7.2 2 
1.7 7 
3.6 6 
1.7 7 
36 6 

Volum e e 

(m1) ) 

0 0 
5.8 8 
3.5 5 
5. 4 4 

11. 1 1 

2. 8 8 
0.5 5 
0. 8 8 

0 0 
0. 4 4 
1.7 7 
2. 5 5 
6.6 6 

157. 5 5 

21. 3 3 

12. 1 1 

7.7 7 
82. 3 3 

13. 2 2 

3.9 9 
137. 7 7 

31 1 
9.5 5 

124. 7 7 

72. 1 1 

12. 3 3 

16. 3 3 

12. 7 7 

51. 5 5 

256 6 
436. 9 9 

1.4 4 
1 1 

1.7 7 
0 0 
0 0 

27. 8 8 

6. 4 4 
1.2 2 

26. 6 6 

65 5 

Peak k 
disch . . 

(Is' ) ) 

0 0 
2.1 1 
5.5 5 

10. 1 1 

13. 2 2 

2.6 6 
1.1 1 

1 1 
0 0 

0.9 9 
1.5 5 
1.6 6 
4.6 6 

15. 8 8 

6.5 5 
3.7 7 
2.1 1 

35. 9 9 

4. 3 3 
1.5 5 

20. 9 9 

6.3 3 
4. 2 2 

18. 2 2 

9.7 7 
2. 7 7 
5.6 6 
2.1 1 
4. 4 4 

16. 8 8 

202. 8 8 

2 2 
3.3 3 
1.9 9 

0 0 
0 0 

4.6 6 
1.3 3 
0. 9 9 
5. 4 4 
8.6 6 

Runof f f 

perc . . 

(%) ) 
0 0 

0.6 6 
1.3 3 
1.8 8 
3. 4 4 
1.3 3 
0. 2 2 
0. 2 2 

0 0 
0. 2 2 
1.5 5 
2. 2 2 
6.9 9 

19. 5 5 

11. 1 1 

7 7 
10 0 

45. 1 1 

12. 5 5 

3.1 1 
28. 1 1 

20. 2 2 

6.6 6 
25 5 

35. 8 8 

10. 7 7 

21. 2 2 

22. 1 1 

8.4 4 
23 3 

84. 3 3 

2. 4 4 
0.2 2 
0.3 3 

0 0 
0 0 
5 5 

11. 1 1 

1 1 
34. 6 6 

75. 2 2 

Souu los s Sedimen t 

(kg ) ) 

--
419 9 
150 0 
150 0 
291 1 
21 1 

--
4. 6 6 

--
--
--
--
--
--

167 7 

--
--

345 7 7 

--
--
--
--
--

716 6 
--
--
--
--
--
--

2798 2 2 

--
--
--
--
--
--
--
--
--
--

cone . . 

fel"fel" 11) ) 
--

13-23 8 8 

8.3-2 5 5 

1.9-3 3 3 

0.8-3 4 4 

1.6-1 3 3 

--
1.7- 7 7 

--
--
--
--
--
--

1.2- 9 9 

--
--

6.4-10 7 7 

--
--
--
--
--

1.9- 5 5 

--
--
--
--
--
--

2.0-16 5 5 

--
--
--
--
--
--
--
--
--
--

N N 

--
24 4 
6 6 
9 9 

12 2 
7 7 
--
5 5 

--
--
--
--
--
--

24 4 
--
--

20 0 
--
--
--
--
--

24 4 

--
--
--
--
--
--

24 4 

--
--
--
--
--
--
--
--
--
--
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Runofff  volumes, peak discharges and runoff percentages were much higher in 
winterr than in summer. Summer runoff percentages are similar to that of the 
St.. Gilli s straat-1 catchment and never exceed 2.5%. On the contrary, winter 
runofff  up to 84% has occurred. Much winter runoff occurred under 
low-intensityy rainfall with a maximum five-minute intensity below 10 mnrh4 or 
evenn below 5 mnvrf1 (Table 2.6). 

Measuredd soil losses were higher in winter than in summer and were highest in 
thee winter of 1992-93. The high-intensity winter rain of 22 January 1993 gave 
risee to a sou loss of about 5.6 t o n h a\ The average sediment concentration in 
winterr runoff varied considerably with a range of 4-53 g l"1. It increased with 
increasingg discharge. In the course of the growing season, sediment 
concentrationss in runoff decreased gradually. The average sediment 
concentrationn in summer runoff dropped from about 70 gT1 in June to 8 g-1"1 in 
Augustt when crops were fully developed. 

Thee Etzenrade catchments 

Returnn periods of rainfall are given in Table 2.7. Contrary to the Catsop and 
St.. Gillisstraat catchments, most important rainfall events occurred in summer in 
thee Etzenrade catchment during the period of study. None of the rainfall events 
causedd runoff from the Etzenrade-1 catchment. Within the catchment some 
displacementt and re-deposition of soil material could be observed, influenced by 
thee orientation of tillage furrows. 

TableTable 2J. Rfturn periods in years of rainfall recorded in the Etzenrade catchments, based on 
thethe maximum rainfall amount fallen in the specified time intervals within the event. 

Summer r 
08/06/92 2 
05/07/92 2 
28/08/92 2 
12/05/93 3 
21/07/93 3 

Intervall  (min) 
5 5 
<1 1 
1.4 4 
1.4 4 
<1 1 
24 4 

10 0 
<1 1 
1.1 1 
<1 1 
1.6 6 
2.0 0 

15 5 
1.0 0 
<1 1 
<1 1 
1.5 5 
1.8 8 

20 0 
1.5 5 
<1 1 
<1 1 
1.8 8 
1.9 9 

30 0 
1.2 2 
<1 1 
<1 1 
2.6 6 
--

45 5 
<1 1 
<1 1 
<1 1 
4.0 0 
--

60 0 
<1 1 
<1 1 
<1 1 
4.5 5 
--

Winter r 
14/10/93 3 

Intervall  (min) 
55 15 30 
<11 <1 <1 

45 5 
1.0 0 

60 0 
2.7 7 

I nn the Etzenrade-2 catchment, erosion occurred during summer 1992 under a 
sugarr beet crop (Table 2.8). Summer runoff percentages are similar to that of the 
St.. Gillisstraat catchments, up to 3.5%. The average sediment concentration in 
runofff  strongly decreased in the course of the growing season of 1992, from 48 
too 1 g l1. Highest soil loss occurred on 8 June 1992. In winter 1992-93 and 
summerr 1993, when fields in the catchment had a winter wheat crop, no runoff 
andd soil loss was recorded despite the heavy rainfall on 12 May 1993 and 21 July 
19933 (Table 2.7). 
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TableTable 2.8. Results 

Date e 

(d/m/y) ) 
04/06/92 2 

05/06/92 2 

08/06/92 2 

08/06/92 2 

05/07/92 2 

28/08/92 2 

31/08/92 2 

04/12/92 2 

04/12/92 2 

11/12/92 2 

11/01/93 3 

12/01/93 3 

22/01/93 3 

12/05/93 3 

20/05/93 3 

21/07/93 3 

Duration n 

(min) ) 

547 7 

122 2 

101 1 

159 9 

197 7 

168 8 

439 9 

164 4 

136 6 
460 0 

600 0 

416 6 

112 2 

107 7 

194 4 

19 9 

yfyf runoff and soil loss measurements in the 

Rainfalll  data 

Amount t 

(mm) ) 

22 2 

13 3 

10 0 

18 8 
19 9 

8 8 

22 2 

7 7 

4 4 
12 2 

19 9 

20 0 

10 0 
25 5 

14 4 

13 3 

Kinetic c 
energy y 

flmflm 22) ) 
351 1 

239 9 

203 3 
399 9 

444 4 

194 4 

370 0 

103 3 

48 8 

160 0 

275 5 

313 3 

183 3 
579 9 

250 0 

334 4 

Max.. 5' 
intens. . 

'mmm h ) 

16.4 4 

12.7 7 

31 1 

55.3 3 

72 2 

71.6 6 

27.8 8 

7.9 9 

1.6 6 

3.4 4 

11.9 9 
5.4 4 

30 0 

60 0 
17.9 9 

84 4 

Runofff  data 

Volumee Peak 

(m3) ) 

3.8 8 

24.5 5 

23.3 3 

59.3 3 

22.5 5 

0.3 3 

20.7 7 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

disch. . 

(Is"1) ) 

5.5 5 

6.8 8 

27.6 6 

64.7 7 

9 9 

0.9 9 

8.9 9 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Et%enrade-2Et%enrade-2 catchment. 

Runoff f 
perc. . 

(%) ) 
0.2 2 

2 2 

2.5 5 

3.5 5 

1.3 3 

0 0 

1 1 

0 0 
0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Sedimentt data 

Soill  loss 

(kg) ) 

176 6 

275 5 

1077 7 

--
134 4 

--
7 7 

--
--
. . 
--
--
--
--
--
--

Sediment t 
cone. . 

(g l1) ) 
44-58 8 

9-29 9 

5-129 9 

--
0.4-18 8 

--
0.1-0.8 8 

--
--
--
--
--
. . 
. . 
--
--

N N 

3 3 

16 6 

21 1 

--
22 2 

--
14 4 

--
--
. . 
--
. . 
--
--
. . 
--

2.1.55 Discussion 

Runofff  generation 

I nn Figure 2.2a-d runoff percentages are plotted versus maximum five-minute 
intensityy of rainfall. I t appears that, during the period of study, runoff volumes 
andd runoff percentages were low in summer in all four catchments in which 
runofff  occurred, and much higher in winter in two of the four catchments in 
whichh runoff was observed (Catsop-2 and St. Gillisstraat-2). The differences 
betweenn summer and winter and between catchments are explained here by 
referencee to the two possible modes of runoff generation, Hortonian and 
saturationn overland flow. 

Runofff  in the form of overland flow is caused by different mechanisms in 
summerr and winter. In summer, ovedand flow is caused by high-intensity rainfall 
andd is influenced by crop growth stage and the conditions of the soil surface. 
Thee controlling variable is the infiltration capacity of the soil. In winter, total 
rainfalll  volume and moisture storage capacity of the soil are the controlling 
factorss of overland flow. Different possibilities for drainage of water can cause 
largee differences in runoff between catchments. Poorly drained soils fill  up with 
waterr during every rainfall event and produce saturation overland flow. In this 
way,, winter storms of low-intensity can give rise to very high runoff volumes. 
Onn well-drained soils, however, no overland flow is generated by winter rain. 
Thiss suggests that profile saturation is an important cause of winter runoff. 
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FigureFigure 2.2. Event based runoff percentages as a function of the maximum five-minute intensity 
ofof the rainfall event in four catchments in South Umburg. (a) St. Gillisstraat-2, 
(b)(b) St. Gillisstraat-1, (c) Et^enrade-2, and (d) Catsop-2. 

Hollemanss and Van Dijk (1988) carried out infiltration measurements at three 
differentt locations in Soudi Limburg, using a small field rainfall simulator. 
Resultss of 52 measurements show that the final infiltration rate on these loess 
soilss ranges from 15 to 50 mm h"1. Van Dijk et al. (1996b) report infiltration 
ratess of 22-44 mm h"1 on loess soils with different cropping systems (section 
2.2).. Here, a large rainfall simulator was used and the results apply to plots of 15 
m2.. Figure 2.2 shows that many of the recorded winter rains were of lower 
intensityy than the observed range of final infiltration capacities. Still, in three 
catchments,, several low-intensity rainfall events have generated overland flow 
(Figuree 2.2a, b and d). It is unlikely that this was Hortonian overland flow. 
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Inn the St. Gillisstraat-2 catchment (Figure 2.2a), saturation is probably caused by 
thee presence of marl and a clay-rich weathering residue of limestone underlying 
thee loess at shallow depths. A perched water table is assumed to have formed 
duringg winter above this clay layer. In the St. Gillisstraat-1 catchment, winter 
runofff  is also generated at low rainfall intensities and, compared with the 
summer,, runoff percentages are higher (Figure 2.2b). However, winter runoff 
percentagess are much lower than those of the St. Gillisstraat-2 catchment, which 
iss located nearby. St. Gillisstraat-1 has a higher elevation and lies on a plateau. 
Here,, the loess layer is thicker than in the more dissected and eroded 
St.. Gillisstraat-2 catchment, and water is drained more easily downwards. In the 
Etzenrade-22 catchment (Figure 2.2c) coarse fluviatile sediment (sand and gravel), 
presentt at shallow depths below the loess, will probably have prevented 
saturationn of the loess from below in winter. No apparent cause of soil 
saturationn is known in the Catsop-2 catchment with its high winter runoff 
percentagess (Figure 2.2d). 

Inn summer, soil moisture deficits and moisture storage capacities of the soil are 
muchh higher than in winter. Average rainfall amounts per runoff-generating 
rainfalll  event are the same in summer and winter (Kwaad, 1993). Average rainfall 
durationn per event is twice as high in winter as in summer (Kwaad, 1993). 
Therefore,, no saturation overland flow is likely to occur in late spring and 
summer.. The question arises, why Horton overland flow generally does not give 
risee to such high runoff volumes and runoff percentages as saturation overland 
flow?flow? No quantitative data are available to answer this question for the study 
area.. Section 4.2.2 discusses this subject further. 

Thee results of the present study are in agreement with findings of Kwaad (1991, 
1993)) on a plot scale concerning the importance of the winter period as runoff 
seasonn in South Limburg. During a forty-month period of study in 1986-1989, 
Kwaadd (1993) observed 35 runoff events in the summer half of the year and 38 
inn the winter half on a fallow runoff plot. Summer runoff volumes were found to 
bee one quarter of winter runoff volumes. 

Thee role of land use in runoff generation is not entirely clear. An important 
resultt of this study is that most summer runoff was produced in catchments with 
maize,, sugar beets and potatoes, and in the orchard. No summer runoff occurred 
whenn only fields with winter wheat were present. Winter runoff was almost 
stoppedd in the Catsop-2 catchment by sowing grass in late summer. Apparently, 
thee grass preserves the initially high moisture storage capacity of the soil and of 
thee soil surface. Merely chiselling the soil after summer harvest does not 
necessarilyy stop winter runoff, as is evident from the St. Gillisstraat-2 data. 
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Sedimentt  yield 

Relativelyy high sediment yields were measured in the Catsop-2, St. Gillisstraat-2 
andd Etzenrade-2 catchments. Much lower soil losses were found in the 
St.. Gillisstraat-1 catchment. This is a matter of land use: the St. Gilli s straat-1 
catchmentt is occupied by an orchard with grass undergrowth, which strongly 
reducess sediment concentration in overland flow (Figure 2.3; see also section 
2.4).. The other three catchments are used for arable farming. In the Catsop-2 
andd St. Gillisstraat catchments highest sediment yields occurred in winter, in the 
Etzenrade-22 and St. Gillisstraat-1 catchments, in summer. High winter soil losses 
occurredd during important winter runoff events. Sediment concentration in the 
runofff  decreased during the growing season (Figure 2.3 and Figure 2.4a). This 
wass caused by the increasing crop cover by which the kinetic energy of rainfall at 
thee soil surface is reduced, and by increasing shear strength of the soil surface 
duee to breakdown of the soil aggregates and crust formation. During winter, 
sedimentt concentration increased with increasing discharge (Figure 2.4b). 

Catsopp 2 

catchment t 

FigureFigure 2.3. Average sediment concentrations during runoff events in 1992 and 1993, in four 

subcatchmentssubcatchments in South Umburg. Each bar corresponds to one event; for each sub catchment, 

thethe events are ordered chronologically. 

Implication ss for  soil erosion modelling and soil conservation measures 

I tt can be concluded that high runoff volumes will occur in winter, when and 
wheree sub(soil) conditions are conducive to saturation. Therefore, a soil erosion 
modell  for South Limburg should incorporate a saturation overland flow module. 
Soill  conservation measures in South Limburg should aim at maintaining and/or 
creating:: (a) a high infiltration capacity of the soil and (b) a high moisture storage 
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capacityy of the soil and of the soil surface (depression storage). Both aims can be 
achievedd by preventing loss of soil structure of the plough layer, e.g. by applying 
coverr crops and/or mulches in winter and spring. Where the loess is thin and 
overliess relatively impermeable material, reduction of winter runoff through 
conservationn tillage systems will be difficult to achieve, though such systems may 
stronglyy reduce soil losses. 
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FigureFigure 2.4. Sediment concentration of runoff versus discharge of catchment St. Gillisstraat-2 in 
(a)(a) the growing season and (b) winter. 
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2.22 EFFECTS OF CONSERVATION CROPPING SYSTEMS ON PLOT EROSION 

Thiss section is based on the following publication: 

VanVan Dijk, P.M., Van der Zijp, M. and Kwaad, F.J.PM. (1996). Soil emdibility 
parametersparameters under various cropping systems of mai^e. Hydrological Processes, 10(8), 1061-
1067. 1067. 

2.2.11 Introductio n 

Onee way to reduce runoff and soil loss from cropped land is to adopt certain 
farmingg practices such as winter cover cropping, plant residue mulching and 
conservationn tillage systems. Cropping systems influence runoff and erosion 
throughh their effect on a number of controlling variables, such as the degree of 
slaking,, surface roughness, infiltration capacity, soil moisture content, hydraulic 
conductivityy and soil shear strength (Kwaad and Van Mulligen, 1991). Cropping 
systemss may differ with respect to soil cover and soil tillage, both affecting the 
variabless mentioned above. 

Inn South Limburg (The Netherlands) soil erosion on loess slopes and 
consequentt off-site damage has increased over the last forty years (e.g. Schouten 
ett al., 1985). After recognising that cropping systems may contribute to the 
solutionn of erosion problems, research was initiated in 1985 in Wijnandsrade. 
Thee aim of this research was to develop cropping systems of fodder maize and 
sugarr beet which effectively reduce runoff and erosion without reducing crop 
yield,, and which are technically feasible (Kwaad, 1994a). An important question 
too be answered was: which controlling variables must be manipulated in order to 
reducee overland flow and soil loss? Soil conservation measures should be 
directedd at these key variables. With respect to the cropping system research this 
impliess the following research question: how do cropping systems affect these 
keyy variables? 

Inn the period October 1991 until September 1993, seven maize systems were 
testedd under natural and simulated rainfall. In this section, the results of the 
measurementss during this period are discussed. 

2.2.22 Methods 

Erosionn measurements 

Onn a 9% sloping field three replications of seven treatments were arranged in a 
randomisedd block. Plot length was 22 m and plot width 1.5 m. Tillage direction 
wass up and down slope. Soil parent material was decalcified loess and the 
texturall  classes of the plough layer were silt and silt loam. The average particle 
sizee distribution was 13% clay, 81% silt and 6% sand. Fodder maize has been 
grownn continuously at this location since 1987. The applied cropping systems are 
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describedd in detail by Van der Zijp (1993 and 1994). Treatments can be 
summarisedd as follows: 

(a)) conventional system: ploughing and harrowing (5 cm) early May, 
immediatelyy followed by maize drilling; soil is loosened by chiselling after harvest 
inn October; 

(b)) mulch system: ploughing after maize harvest, followed by harrowing (5 cm) 
andd sowing of winter rye (late autumn); winter rye killed by spraying late April , 
maizee sown after harrowing the rye residue (mulching); 

(c)) direct drilling  into winter rye residue: identical to (b) though after killin g the 
winterr rye, maize is drilled direcdy into the surface (no spring tillage at all); 

(d)) direct drilling into bare surface: ploughing after maize harvest, no further 
treatmentss until drilling maize direcdy into the bare surface early May. 

(e)) straw system: ploughing and harrowing (5 cm) early May, immediately 
followedd by maize drilling (like the conventional system); spreading of pieces of 
straww over the plot surface (3 tha'1) shortly after maize drilling; no tillage after 
maizee harvest (stubble field). 

Thee two other systems wil l not be considered as their treatments, and the results 
off  the measurements, differ only slighdy from those of system (c). During the 
growingg season, each plot had a wheel track, resulting from the maize drilling 
operation.. During the winter only system (e) had wheel tracks resulting from the 
maizee harvest. 

Eachh plot was fenced off for erosion measurements. Downslope, runoff was 
collectedd and stored in storage tanks. Runoff samples were collected to 
determinee soil loss. Rainfall was measured using a Casella tipping bucket 
raingaugee (0.2 mm per tip). Data of natural rain events were collected monthly 
duringg the entire measurement period and included total monthly runoff, soil 
losss and splash erosion. Splash erosion was measured using small splash 
collectorss (Kwaad, 1994b). 

Duringg the growing season (in June/July) rainfall simulations were carried out on 
borderedd plots of 10 m length. Total surface runoff and soil loss was measured. 
Inn 1993, surface runoff and its sediment concentration was monitored at 1 and 
5-minutee intervals during the rainfall simulations respectively. During the 
simulations,, rainfall was applied with an average intensity of 70 mmh"1 for 45 
minutes.. This was done twice on each plot, with a one-hour break in between 
(runn 1 and run 2). So, at the beginning of the second run, the soil had a very high 
soill  moisture content, while initial moisture contents of first runs were more 
variablee (depending on previous weather conditions). Rainfall simulations were 
executedd on all plots, giving three replications of two runs on each cropping 
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system.. From these experiments Manning's roughness coefficient and the 
averagee flow velocity of overland flow on the experimental plots were 
determinedd using the 'recession curve method' described by Mohamoud (1992). 
Accordingg to Mohamoud, cumulative recession infiltration, divided by 
cumulativee recession runoff, must equal the ratio of the infiltration rate and the 
runofff  rate at the end of the rainfall event: 

(2.1) (2.1) 

withh D the detention storage (m), Qr cumulative recession runoff depth (m), 
D-QD-Qrr the cumulative recession infiltration (m), fc the infiltration rate at end of 
rainfalll  event (ms1) and qc the runoff rate at end of rainfall event (ms J). 

Fromm rainfall measurements and the measured discharge curves, qc and fc were 
determined.. Integration of the recession curve yields Qr. Using (2.1), D was 
calculated.. Manning's roughness coefficient was then determined from: 

qql/2l/2 n5/3 
n== U (2.2) 

andd the average flow velocity of the overland flow is given by: 

vv = LD2/ssm (23) 
n n 

withh D the detention storage (m), 5 the slope (nrnV1), qc the flow rate per unit 
widthh (m2s_1), n Manning's roughness coefficient (s-m~3) and v the flow velocity 
off  overland flow (m-s"1). 

Cropp and soil surface measurements 

Plott measurements also included several soil surface features, crop development 
andd crop residue coverage. Height and coverage of crop and weeds were 
estimated.. The degree of slaking was assessed by visual comparison of the soil 
surfacee with a series of 10 reference photos of increasing stage of surface slaking 
(Boekel,, 1973). Results are expressed on a scale of 1 to 10, with a freshly tilled 
soill  rated as 10 and a completely slaked soil rated as 1. Soil surface shear strength 
wass measured by means of a pocket shear vane tester (Torvane). To allow for 
spatiall  variability, 15 readings were taken in all plots. Soil shear strength in 
tractorr wheelings was tested separately. Aggregate stability was determined in the 
laboratoryy using the method of Low (1954). Aggregate stability is expressed as 
thee number of drops (having a standard size and falling from 1 m height) needed 
too disintegrate soil aggregates of standard diameter (4-5 mm) and having a fixed 
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initiall  pressure head (pF=l). Of each soil sample, 20 aggregates were tested and 
resultss were averaged. Surface microrelief was measured using a so-called 
'pinmeter'.. The grids of elevation data which were obtained from these 
measurements,, were used to calculate the Random Roughness index (Allmaras et 
al.,, 1966) and surface depression storage. Both the pinmeter and the method of 
calculatingg depression storage are described in section 2.3. 

Vegetationn measurements and the degree of slaking were determined on monthly 
basiss and before each rainfall simulation. Microrelief was measured three times 
duringg the two years and before and after rainfall simulations. Other 
measurementss were carried out six times during the two years period on all 
croppingg systems. Soil shear strength and soil moisture were also measured 
beforee each rainfall simulation. 

2.2.33 Results and discussion 

Autum nn and winter  (natural rainfall ) 

Measurementss during autumn and winter show the effects of autumn tillage and 
applyingg winter crops on overland flow, soil loss and splash erosion (Figure 2.5). 
AA stubble field, with no autumn tillage after maize harvest, showed high runoff 
andd soil loss. Splash erosion was relatively low on the stubble field, due to strong 
surfacee slaking, the low surface roughness and the high soil shear strength (Table 
2.9). . 

Onn sloping fields in South Limburg, chiselling the soil after harvest is obliged by 
legislation.. According to the results of the measurements, chiselling reduced 
runofff  about 15 times and soil loss nearly 8 times. I t increased surface 
roughness,, and thereby depression storage, considerably (Table 2.9) and 
removedd the compact surface crust thus enhancing infiltration. Sowing winter 
ryee reduced erosion further. 

TableTable 2.9. Average values of soil surface parameters of the experimental plots during the 
autumnautumn and winter. 

Winterr system 

Winterr rye 
Ploughed d 
Stubblee field 
Conventional̂ ^ 

Porosity y 

0.52 2 
0.53 3 
0.50 0 
0.52 2 

Random m 
roughness s 

(mm) ) 
9.5 5 

18.0 0 
4.8 8 

11.8 8 

Depr. . 
storage e 
(mm)* * 

0.24 4 
0.77 7 
0.22 2 
0.82 2 

Water r 
depth h 
(mm)* * 

2.11 1 
10.13 3 
1.68 8 
5.03 3 

Slaking g 
class s 

(Boekel) ) 
4.66 6 
4.62 2 
2.8 8 

4.63 3 

Soill  shear 
strength h 

(kPa) ) 
0.86 6 
1.19 9 
1.47 7 
1.39 9 

Aggr--
stability y 

11.28 8 
8.5 5 

10.17 7 
12.25 5 

**  At 9% slope angle (calculated according to the mediod described in section 2.3) 
j -- Chiselled stubble 
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Th ee growing season (natural and simulated rainfall ) 

Figuree 2.6 shows the effects of the mai2e cropping systems during the growing 
season.. The data used for this figure comprise all data from natural rain events 
andd the rainfall simulations during the growing seasons of 1992 and 1993. The 
mostt important outcomes are: 
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•• soil loss is reduced strongly if the soil surface is partly covered by plant 
residuee (see Table 2.10). The cropping system in which maize is drilled into 
thee bare soil showed increased soil loss compared to the conventional 
croppingg system. The presence of plant residue on the surface, therefore, is 
essentiall in achieving erosion reduction; 

•• soil loss reductions are much higher than runoff reductions. Significant 
runofff reduction is only achieved by the 'straw system'. The other systems 
thatt are effective in reducing soil loss are not effective in reducing runoff. 

TableTable 2.10. Average surface coverage by plant residue (either winter rye or cut straw) and 
weedsweeds on mai^e plots during the growing season, based on monthly measurements. 

Mai2ee cropping system 
Directt drilling (winter rye) 
Mulchingg of winter rye 
Directt drilling into bare soil 
Straww system 
Conventionall cropping system 

Plantt residue 
37 7 
22 2 
0.6 6 
44 4 
0 0 

(%) ) Weedss (%) 
1.4 4 
1.2 2 
1.7 7 
0.7 7 
0.6 6 

Tablee 2.11 presents soil surface parameters of the maize cropping systems. The 
soill surface of direct drilling systems was relative smooth and showed 
pronouncedd slaking. Soil shear strength was high and porosity of the topsoil low 
comparedd to the other systems. This can be explained by the fact that the last 
soill tillage was carried out in the month October while the other plots had been 
tilledtilled more recently, in April. Roughness and depression storage was highest on 
thee mulched surfaces. The mulch protects aggregates and clods against raindrop 
impact.. Aggregate stability was higher on the plots on which winter rye was 
grownn during the winter period. With respect to surface roughness, topsoil 
porosityy and the degree of slaking, the straw system compared very well to the 
conventionall cropping system. These systems had a rather high roughness and 
porosityy and were less slaked than the other systems. 

Correlatio nn between erosion and soil surface measurements 

Thee correlation between measured parameters and erosion was determined by 
analysingg data from rainfall simulations. First, those parameters were selected 
whichh were significandy correlated to either splash erosion, overland flow or the 
sedimentt concentration in runoff. (Total soil loss was not considered in this 
analysiss because soil loss is determined by runoff volume and its sediment 
concentration).. Table 2.12 shows the results. Correlations are shown only if the 
consideredd parameter is not strongly interrelated with another parameter that has 
aa higher correlation coefficient (for instance slaking class and random 
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roughness).. Table 2.12 shows that overland flow increases with decreasing plant 
residuee cover and increasing surface slaking (i.e. decreasing Boekel class). Both 
parameterss determine the resistance encountered by the water flow. The initial 
moisturee content also partly determines runoff. Splash erosion largely depends 
onn plant cover and on the kinetic energy of rainfall, the soil shear strength and 
aggregatee stability. Sediment concentration in runoff is determined by particle 
entrainment,, caused by splash and runoff. The parameters that determine splash 
andd runoff also determine sediment concentration in runoff. 

TableTable 2.11. Average values of soil surface parameters of the experimental plots during the 
growinggrowing season. 

System m 

Directt (rye) 
Mulch h 
Directt (bare) 
Straw w 
Conventional l 

Porosity y 

0.53 3 
0.54 4 
0.51 1 
0.57 7 
0.56 6 

Random m 
roughness s 

(mm) ) 
5.2 2 

11.0 0 
5.8 8 
7.6 6 
7.1 1 

Depr. . 
storage e 
(mm)* * 

0.09 9 
1.23 3 
0.01 1 
0.64 4 
0.26 6 

Water r 
depth h 
(mm)* * 

1.07 7 
5.74 4 
0.45 5 
3.08 8 
1.93 3 

Slaking g 
class s 

(Boekel) ) 
3.38 8 
3.65 5 
3.19 9 
4.00 0 
4.03 3 

Soill  shear 
strength h 

(kPa) ) 
0.94 4 
0.55 5 
0.88 8 
0.70 0 
0.57 7 

Agg* * 
stability y 

27.50 0 
20.75 5 
11.33 3 
12.33 3 
17.92 2 

Att 9% slope angle (see also section 2.3) 

TableTable 2.12. Correlations between soil surface parameters and overland flow, splash erosion and 
sedimentsediment concentration of runoff, based on measurements during 18 rainfall simulations. 
SignificanceSignificance levels of the correlation coefficient are shown in brackets. 

Parameter r Runoff f 
Surfacee cover* 
Kineticc energy of rainfall 
Soill  shear strength 
Aggregatee stability 
Initiall  soil moisture 
Boekell  class 
Runoff f 
Splashh erosion 

Explainedd variancef (%) 

Splashh erosion Sediment cone. 
-0.788 (0.00) 
0.466 (0.05) 

0.500 (0.04) 
-0.577 (0.01) 

-0.822 (0.00) 
0.477 (0.05) 

-0.466 (0.05) 
-0.466 (0.05) 

93 3 70 0 

0.677 (0.00) 
0.811 (0.00) 

77 7 
**  Here surface cover is equal to plant residue cover. As crop cover is about equal for all 
croppingg systems, the influence of surface cover is determined by differences in plant residue 
cover. . 
ff  The explained variance corresponds to an optimised empirical regression model that uses 
thee significant parameters. 
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Byy applying the results of Table 2.10 and Table 2.11 (the parameters of the 
croppingg systems) to the results in Table 2.12, more insight can be obtained in 
thee way a cropping system affects erosion processes. The 'straw system' reduces 
runofff  because it has both a high plant residue cover and a low degree of slaking. 
Thee conventional system has an equally rough surface, but no plant residues. 
Thee direct drilling system has winter rye residue, but is strongly slaked. Finally, 
thee direct drilling into a bare soil, without any tillage operation, is characterised 
byy a strongly slaked surface and no plant residue cover. As a result, runoff is 
highestt on the latter system. 

Splashh erosion is most effectively reduced by direct drilling into winter rye, 
becausee this system has a high soil shear strength and aggregate stability and a 
highh plant residue cover. The reduction of splash by the straw system is caused 
byy the high plant residue cover. 

Applyingg the method of Mohamoud (1992) for the determination of Manning's 
roughnesss coefficient and the flow velocity, yielded some interesting results 
(Tablee 2.13). It appeared that Manning's n is strongly related to the plant cover 
onn the surface (compare Table 2.10 and Table 2.13). However, the differences in 
Manning'ss n are small. Only the straw system has a much higher Manning's n 
thann the other systems. This cropping system also appeared to be the only 
systemm that strongly reduces the flow velocity of the runoff, which is 0.10 m s1 

onn the conventional cropping systems and only about 0.04 ms"1 on the straw 
plot.. Mulching and direct drilling into winter rye only slightly reduces the flow 
velocity. . 

Thee effects on hydraulic flow conditions are related to the nature of the plant 
residues.. The cut straw lies essentially flat on the surface and is not connected to 
thee surface. During overland flow, straw pieces are moved over the surface. In 
manyy places, they build up small dams between surface roughness elements. On 
thesee places the flow velocity is reduced and small water pools develop, in which 
sedimentationn is encouraged. If dams break, the straw material is redistributed 
andd may develop dams elsewhere. On the plots with the conventional system, 
initiall  soil roughness due to tillage is similar to that of the straw system. 
However,, as soon as flow paths are created, roughness elements obstructing the 
waterr flow are gone until the next tillage operation. Compared to the fixed, 
standingg crop residue on the direct drilling system in winter rye, the flat, loosely 
lyingg straw is definitely more effective in reducing the flow velocity. 
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TableTable 2.13. Flow velocities of overland flow and Mannings roughness coefficients of mai\e 
croppingcropping systems determined with the 'recession curve method' of Mohamoud (1992). Each 
valuevalue is an average result of 6 rainfall simulations (3 replications and 2 runs for each cropping 
system). system). 

Croppingg system 

Directt drilling (winter rye) 
Mulchingg of winter rye 
Directt drilling (bare soil) 
Straww system 
Conventionall  cropping system 

fc fc 
(mmm ) 

29.2 2 
27.1 1 
22.6 6 
44.6 6 
31.2 2 

D D 
(mm) ) 

1.23 3 
1.19 9 
1.22 2 
1.45 5 
0.95 5 

n n 
(sm-"3) ) 

0.041 1 
0.037 7 
0.032 2 
0.101 1 
0.030 0 

Var.. coeff of n 

0.21 1 
0.11 1 
0.26 6 
0.33 3 
0.24 4 

V V 

(ms1) ) 
0.087 7 
0.094 4 
0.112 2 
0.039 9 
0.099 9 

2.2.44 Conclusions 

Thee following conclusions can be drawn from the erosion measurements on the 
experimentall  plots (these conclusions apply to the spatial level at which the 
measurementss were carried out): 

•• Soil tillage after maize harvest strongly reduces overland flow and soil loss 
duringg the winter. Sowing of winter rye further reduces winter erosion, 
thoughh the difference with a merely tilled soil is small. 

•• Soil loss is reduced strongly if the soil surface is partly covered by plant 
residues.. The presence of plant residue on the surface appeared to be 
essentiall in achieving erosion reduction. 

•• Soil loss reductions are much higher than runoff reductions. Significant 
runofff reduction is only achieved by the 'straw system' having flat lying, non-
fixedfixed plant residue on the soil surface. The other systems, though effective in 
reducingg soil loss, are not effective in reducing runoff. 

Analysiss of the importance of controlling variables on splash erosion, overland 
floww and sediment concentration revealed that: 

•• Splash erosion largely depends on plant cover and on the kinetic energy of 
rainfall,, the soil shear strength and aggregate stability. 

•• Overland flow increases with decreasing plant residue cover, increasing 
surfacee slaking (i.e. decreasing Boekel class) and increasing initial moisture 
content. . 

•• Runoff sediment concentration is determined by particle entrainment by 
splashh and runoff. So, the parameters that determine splash and runoff also 
determinee sediment concentration in runoff (at the plot scale). 
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2.33 EFFECTS OF TILLAG E AND CROPPING SYSTEMS ON SURFACE 

ROUGHNESSS AND DEPRESSION STORAGE 

Submittedd to Soil and Tillage Research as: 

QuantitativeQuantitative effects of conservation tillage and cropping systems on surface roughness and 

depressiondepression storage. 

2.3.11 Introductio n 

Inn the cropping systems research carried out in South Limburg (The 
Netherlands),, alternative tillage operations in combination with the application 
off  various plant residues on the surface were tested on their effects on overland 
floww and sou loss (Van Der Zijp, 1993 and 1994; Van Dijk et al., 1996b; Kwaad 
ett al., 1998). The effects were quantified by using the conventional cropping 
systemss of maize and sugar beets as a reference. In the section 2.2, factors were 
identifiedd that control the effects of the cropping systems on the erosion 
process.. Among these factors, surface roughness shows marked differences 
betweenn the various cropping systems (Figure 2.7). The present study focuses on 
thee consequences of the different cropping systems for soil surface roughness 
andd the related depression storage capacity. 

Roughnesss is a measure of variations in elevation of the surface and can be 
studiedd on different scales (Römkens and Wang, 1986). This study deals with soil 
roughnesss resulting from tillage. Lower-order roughness due to individual grains 
andd higher-order roughness at the basin or landscape level is not considered. On 
thee scale of interest, two types or soil roughness can be distinguished: (1) 
randomm roughness which is non-directional and (2) oriented roughness which is 
uni-directionall  (for instance plough furrows and wheel tracks). Surface 
roughnesss has effects on many processes taking place at and near the soil 
surface,, including infiltration, surface depression storage, erosion and 
sedimentation. . 

Thee porosity of rough soils is generally higher than that of smooth soils 
(Allmarass et al., 1966, 1967, 1972, 1977; Johnson et al., 1979), which affects 
infiltrationn (Burwell and Larson, 1969). Evaporation and heat transport, and 
consequendyy the soil moisture content, are dependent on surface roughness 
(Bowerss and Hanks, 1965; Allmaras et al, 1972; Allmaras et al., 1977). This also 
hass its effects on infiltration. Furthermore, the surface roughness determines the 
fractionn of the surface where ponds may occur, thereby affecting infiltration 
rates. . 
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FigureFigure 2.7. The state of the soil surface of various tillage/ cropping systems: (a) a rough, 

ploughedploughed field in autumn, (b) the compacted surface of a mai^e stubble field in autumn after 

harvest,harvest, (c) a crusted seedbed just after germination of the sugar beets in the early growing 

season,season, (d) directly drilled sugar beets with a residue of yellow mustard at the soil surface. 
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Surfacee depression storage strongly depends on surface roughness. In general, 
storagee in depressions increases with increasing roughness and decreasing slope 
(Cogoo et al., 1983; Onstad, 1984; Huang and Bradford, 1990). When surface 
depressionss are filled and start to overflow, the microrelief determines the flow 
paths,, the degree of water concentration, water depth and the loss of momentum 
off  the flow. The degree of orientation in surface roughness is of great 
importancee in this respect. 

AA rough soil reduces the water flow velocity and therewith the shear stress and 
transportt capacity of the water. Such a surface wil l trap relatively much sediment 
andd thus reduce erosion (Cogo et al., 1983). Furthermore, research has shown 
thatt splash erosion increases with increasing surface roughness (Kwaad, 1994b; 
Vann Dijk et al., 1996b). This can be attributed to the fact that the surface of a 
recendyy tilled, rough soil consists of loose crumbled soil material. This material is 
moree susceptible to splash erosion than the compact top layer of a smooth 
crustedd surface. 

Thuss the roughness of the soil surface and the associated depression storage 
capacityy are important factors affecting overland flow and soil erosion. Surface 
roughnesss on agricultural soils is very dynamic. Throughout the year, microrelief 
changess strongly depending on (a) farming practices like tillage, application of 
cropp residue, mulching, etc. and (b) weather impact. These effects are clearly 
reflectedd by the very different appearance of the soil surfaces of the various 
tillage/croppingg systems in South Limburg (Figure 2.7). 

Thee aim of the present study is to quantify the effects of alternative cropping 
systemss on surface roughness and the water storage capacity of the soil surface 
andd to explain the differences. Attention wil l be paid to the following subjects: 

•• a comparison of roughness and depression storage of various cropping 
systems s 

•• effects of slope on depression storage 

•• the relevance of directionality in the surface roughness for depression storage 
andd the potential effects of contour tillage 

2.3.22 The cropping systems and corresponding tillage 

Immediatelyy after tillage, the type of tillage operation determines the roughness 
andd water storage capacity of the surface. Afterwards, the changes in roughness 
andd depression storage depend on precipitation characteristics and on the 
protectionn of the surface by crop and crop residue. Therefore, the cropping 
systemss on the erosion plots with sugar beets and maize are clustered to groups 
withh similar tillage and plant (or plant residue) on the surface. The following 
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systemss are distinguished (the names between brackets refer to the names used 
inn the figures in the results section): 

•• primary tillage (primary): the first deep tillage operations carried out to open the 
soill after harvest or before preparing a seedbed. This group includes tillage 
operationss carried out with the plough, the paraplough, the digger and the 
cultivator.. The microrelief resulting from primary tillage is characterised by 
relativelyy large roughness elements and distinct furrows (Figure 2.7a). Thus, 
primaryy tillage creates strongly oriented roughness. There is no crop growing 
andd the measurements refer to the fall and winter situation. 

•• no tillage (no-till):  conventional spring tillage (ploughing and harrowing), but no 
autumnn tillage and no winter cover crop. Stubble field in winter (Figure 2.7b). 
Thee no-till measurements refer to this situation in fall and winter after harvest 
andd before any tillage operation. The soil surface of the unruled stubble fields 
iss strongly slaked and crusted. Soil roughness elements are virtually absent. 

•• direct drilling into bare soil (DD-prim): the soil is ploughed (primary tillage) in the 
falll and no winter crop is grown. In the springtime, the seeds are drilled 
directlyy into the soil without seedbed preparation. As a result, the field looks 
stronglyy irregular due to the ploughing, but the toplayer is rather slaked and 
smooth.. The measurements apply to the early summer. 

•• secondary tillage (seedbed): here the primary tillage operations are followed by 
harrowingg to prepare the seedbed. In most cases, this secondary tillage is 
carriedd out with a rotary harrow. The resulting roughness consists of finer 
elements,, which are more or less randomly distributed over the surface 
(Figuree 2.7c). Still, the tillage direction remains visible, which implies that the 
createdd roughness has some degree of orientation. The seedbed preparation is 
carriedd out either before sowing the maize or sugar beets in the spring, or 
beforee sowing a winter crop. Therefore, the roughness measurements of this 
groupp were carried out both in the fall/winter and in the early summer. The 
practicee of a seedbed preparation before sowing the maize or sugar beets is 
thee conventional cropping method. 

•• mulch cropping (mulch): the maize or sugar beets are sown into a superficially 
mulchedd winter crop residue. The resulting roughness resembles to that of a 
commonlyy prepared seedbed, though the presence of the plant residue may 
affectt the slaking rate in the course of the growing season. The measurements 
weree taken in the early summer. 

•• direct drilling in a winter crop residue (DD-res): 2L winter crop is grown after 
ploughingg and harrowing. This crop either dies after serious frost in the 
winterr (in case of yellow mustard) or it is chemically killed in the early spring 
(inn case of winter rye or winter wheat). In the springtime, the maize or sugar 
beett is drilled directly into the soil, which is partially covered with the residue 
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off  winter crops. Thus, no seedbed preparation with the harrow is carried out. 
Thee resulting soil surface is relatively smooth and compacted, because of the 
absencee of spring tillage (Figure 2.7d). The measurements were carried out in 
thee early summer. 

Al ll  experimental fields were tilled in up- and downslope direction, hereafter 
referredd to as 'cross-contour tillage'. Some of the soil surfaces described above 
containn also wheel tracks. In order to be able to compare the different cropping 
systems,, the measurements have focused on the area between the wheel tracks. 
Nevertheless,, some data on measurements in micro-plots with wheel tracks wil l 
bee presented too. 

2.3.33 Methods 

Microrelieff  measurements were carried out on the experimental erosion plots 
whichh were installed in the framework of the conservation cropping system 
research.. These measurements were further analysed to characterise the surface 
roughnesss and depression storage capacity. Below the applied methods to 
measuree the surface roughness, and to calculate roughness indices and 
depressionn storage capacity, will be discussed. 

Microrelie ff  measurements 

Measurementss were carried out on micro-plots of 0.42x0.42 m within the 
Wischmeierr experimental plots with the cropping systems described above. A 
soill  contacting microrelief meter was used consisting of a transect of 28 pins, 15 
mmm apart (Figure 2.8). The so-called 'pinmeter' was placed on a metal, 
waterleveledd framework to ensure a fixed reference plane. The pins were lowered 
untill  they contacted the surface. The upper ends of the pins were projected on 
paper.. Of each plot 8 transects (50 mm apart) were measured giving 224 
elevationss per micro-plot The projected points were digitised afterwards. In 
totall  54 micro-plots were measured using this method. These microrelief data 
weree used for the calculation of (a) statistical indices describing the roughness of 
thee soil surface and (b) the surface depression storage capacity. 

Surfacee Roughness indices 

Surfacee elevation measurements are often utilised for the calculation of a 
statisticall  index describing the microrelief. Random Roughness (RR) is used most 
often.. RR is calculated as follows (Allmaras et al., 1966): 

a)) Logarithmic transformation of all elevation data; 

b)) Adjustment of each elevation point with regard to the deviation from the 
meann elevation height of the corresponding row and column, and from the 
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meann elevation height of all rows or columns. In this way, trends like oriented 
roughnesss and slope are removed; 

c)) Elimination of 10 percent upper and lower extreme values; 

d)d) Multiplication of the standard deviation of the remaining logarithmic 
transformedd elevation data and the overall arithmetic mean. 

Besidess the RR, the following simple indices are presented in this study: 

•• the standard deviation in the rows parallel to the slope after having removed 
thee slope trend (SDpar) 

•• the standard deviation in the rows perpendicular to the slope (SDperp). 

FigureFigure 2.8. The pinmeter used in this study. 

Furthermore,, a simple indicator of the degree of orientation due to tillage 
furrowss etc. was derived from the quotient of these two standard deviations 
(hereafterr referred to as the Directionality index). In case of distinct furrows, the 
standardd deviation perpendicular to these furrows is higher than the standard 
deviationn in the direction parallel to them; the more the quotient differs from 1, 
thee more the roughness is oriented. 

Severall other indices of surface roughness exist (e.g. Linden and Van Doren, 
1986;; Huang and Bradford, 1990; Lehrsch et al, 1988). As these indices did not 
leadd to different insights with respect to the research subject they are not 
presentedd here. 
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Calculationn scheme of depression storage 

I nn estimating surface depression storage, many researchers make use of 
relationshipss between roughness indices and depression storage. Onstad (1984) 
developedd the following equation: 

S=0.001RR+0.03\RRS=0.001RR+0.03\RR22 -O.OURRa (2.4) 

wheree S is the depression storage capacity (cm), RR the Random Roughness (cm) 
andd a the slope gradient (%). However, depression storage can be estimated 
moree accurately by using the original elevation data, instead of RR (Huang and 
Bradford,, 1990). This is especially true in case of surfaces with obvious oriented 
roughness,, for which RR is insensitive. In this study the following method was 
applied.. Using interpolation, grid elevation files were created with a grid spacing 
off  10 mm in both x- and y-direction. A six-step calculation scheme was applied 
too these gridfiles, based on the method proposed by Huang and Bradford (1992). 
Thee calculation method is explained with the help of an example surface grid 
(Figuree 2.9). The boundary conditions for this example calculation were defined 
ass follows: free drainage is only possible at side 1 (see Figure 2.9); sides 2, 3 and 
44 are entirely closed. Other choices for the boundary conditions wil l be discussed 
later.. The six-step scheme is as follows: 

(1)) The elevation of a grid point is compared with all neighbouring points (8 
valuess unless the point is located on the grid edge). If all neighbouring 
pointss have higher elevations, this grid point is marked as being the base 
off  a closed depression (Figure 2.10a). These base points of closed 
depressionss are numbered sequentially. Al l other points are marked with 
thee number zero. 

(2)) All zero-numbered points are assigned to one of the numbered 
depressionss by giving it the same number. This is an iterative process (see 
Figuree 2.10b and c). During an iteration, the elevation of each zero-point 
thatt contacts a numbered point is compared with the elevation of that 
numberedd point. If the zero-point has a higher elevation then it becomes 
partt of the considered depression. After the entire grid is processed, the 
nextt iteration uses the grid resulting from the preceding iteration as 
startingg grid. The iterations are continued until all grid points are assigned 
too a depression. 

(3)) Of each depression, the overflow point is determined. This is done by 
selectingg the lowest point lying on the edge of a depression. 

(4)) Closed depressions, flowing over into each other, are joined to form a 
singlee depression (Figure 2.11). Each time this occurs the total number of 
depressionss reduces. 
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(5)) Steps 3 and 4 are repeated until no more depressions are left to be joined. 
Thee example surface appears to have 19 closed depressions. The final 
resultt of the example calculation, after joining all depressions with 
commonn overflow points, is shown in Figure 2.10d. Five depressions are 
left.. From the location of the overflow points it appears that: 

•• depression no. 1 drains water into no. 10; 

•• no. 10 drains into no. 13; 

•• no. 13 and no. 4 drain into no. 8; 

•• no. 8 drains the plot. 

(6)) Depression storage is calculated. The depth of each elevation point that 
liess below the corresponding overflow point is computed. These depths 
aree multiplied by the cell area and all volumes are summed to obtain the 
totall volume of water that can be stored on the surface. 

Besidess surface depression storage (S in mm), the method allows for calculating 
(a)) the fraction of the surface covered with water (F in %) , (b) the average water 
depthh in depressions (D in mm) and (c) the number of closed depressions (N). 
Thee above-described method was applied to 54 micro-plots with the original 
slopee of 9%. 

FigureFigure 2.9. Example micro-plot to illustrate the calculation scheme for surface depression 
storagestorage (see text). All axes have cm-scale. 
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FigureFigure 2.10. (a) the result of step 1 of the calculation scheme: identification of closed 

depressions,depressions, (b) and (c) step 2, iterations 2 and 5, and (d) the result of step 5 of the calculation 

schemescheme with an indication of the overflow points of the depressions. 

Slopee effects 

I tt  is obvious that slope angle strongly influences surface depression storage (see 
alsoo equation (2.4)). In order to study the nature of the relationship between 
slopee angle and surface storage, three gridfiles of micro-plots with different 
microrelieff  were analysed: 

(1)) Micro-plot H0: a micro-plot located on a maize field which was ploughed 
andd harrowed before maize drilling (RR — 1.08 cm); 
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(2)) Micro-plot H,: the same micro-plot after a rainfall simulation experiment 
inn which 47 mm rain with an intensity of 63 m m /h was applied (RR = 
0.499 cm, indicating serious surface slaking); 

(3)) Micro-plot P: a micro-plot located on a ploughed field, having larger 
roughnesss elements (RR = 1.80 cm). 

Uniformm slopes, between 0 and 40° with an interval of 2°, were superimposed on 
thesee surfaces, giving 21 resultfiles per measured micro-plot. Al l these files were 
analysed.. The boundary conditions allowed free drainage only at the downslope 
sidee of the micro-plot. 

Effectss of tillage direction 

Twoo micro-plots were analysed for the examination of the influence of tillage 
directionn on surface storage: one with and one without a wheel track, both on a 
fieldfield with sugar beets. The procedure was as follows. First the slope trend was 
removedd from the elevation data of both micro-plots. Then 10 different slope 
trendss were superimposed on them for which surface storage was calculated. In 
orderr to simulate contour tillage, this procedure was repeated with the difference 
thatt slopes were superimposed after turning the two micro-plots 90° in the 
horizontall  plane. 

AA = overflow point of the two individual depressions 

BB = overflow point after joining the two depressions 

FigureFigure 2.11. A schematic situation in which depressions with a common overflow point have to 

bebe joined in order to find the location and elevation of the actual overflow point. 
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2.3.44 Results 

Surfacee roughness 

Somee general statistics of the four surface roughness indices are summarised in 
Tablee 2.14. The results concern the 54 micro-plots, which are split up in two 
groups,, namely those with and those without a wheel track. In general, 
roughnesss perpendicular to the tillage direction is higher than in the parallel 
direction.. The micro-plots without a wheel track show an average Directionality 
IndexIndex of 1.34; with wheel track a value of almost 4 is found, which means that 
SDperpSDperp is almost four times higher than SDpar. The average RR for plots with 
andd without wheel track is the same, about 0.8 cm. 

TableTable 2.14. Roughness indices for micro-plots with and without wheel tracks. 

Mean n 
Min n 
Max Max 

Micro o 
RR RR 
(cm) ) 

0.80 0 
0.38 8 
1.95 5 

-plotss without wheel track (n= 
SDperp SDperp 
(cm) ) 

1.19 9 
0.49 9 
2.98 8 

SDpar SDpar 
(cm) ) 

0.89 9 
0.39 9 
1.82 2 

Dirind* Dirind* 

(-) ) 

1.34 4 
0.72 2 
2.78 8 

47) ) Micro o 
RR RR 
(cm) ) 

0.78 8 
0.60 0 
1.21 1 

-plotss with a 
SDperp SDperp 
(cm) ) 

2.09 9 
1.46 6 
2.58 8 

wheell  track 
SDpar SDpar 
(cm) ) 

0.57 7 
0.45 5 
0.92 2 

(n=7) ) 
Dirind* Dirind* 

0 0 
3.88 8 
2.41 1 
5.47 7 

**  The Dirindex is equal to SDperp/'SDpar. The higher the value the more the roughness shows 
aa preferred orientation. 

I nn Figure 2.12a-d, the four surface roughness indices are shown for each of the 
tillagee groups considered in this study. Wheel tracks are left out in these results. 

RRRR (Figure 2.12a) is fairly low for 'no-till' and high for primary tillage. All the 
otherr groups have similar, intermediate values. Among them, the direct drilling 
systemss show slightly lower RR-vsXues (especially DD-prim) t while mulching and 
thee harrowed surface with a winter crop show slightly higher values. It should be 
notedd that RR does not differentiate very well between the surfaces of the 
DD-primDD-prim category and the harrowed soils, despite their very different appearance. 
Thiss difference comes out much clearer in SDperp (Figure 2.12b). Perpendicular 
too the tillage direction, primary tillage and the DD-prim surfaces yield much 
higherr standard deviations than the others do. This is due to the relatively deep 
furrowss caused by the plough and the cultivator. Again as expected, no-till has 
thee lowest variation in surface elevations. The figure showing SDpar (thus in the 
tillagee direction) is almost identical to the Z?/?-figure (compare Figure 2.12a and 
c).. The Directionality Index clearly shows that the roughness of the DD-prim is 
stronglyy oriented (Figure 2.12d). In fact, all soil surfaces show some degree of 
orientationn in the roughness, with lower standard deviations in the tillage 
direction. . 



EffectsEffects of tillage and cropping systems on surface roughness and depression storage 43 3 

Tillagee group Tillagee group 

3.0 0 

j t f " " 
*S\*S\ J*? v v 

Tillagee group 

X X 
0> > 

T3 3 
c c 

2 . 5 --

aa 2 . 0 -

55 1.5 

1.0 0 _a j _ _ 

-|| 1 1 1 1 r 

I I 
! ! 

I I a a li i i 
Tillagee group 

^<^yV' v>v v 

Cropp group S no crop summerr crop D winter crop 

FigureFigure 2.12. Results of the microrelief measurements carried out on micro-plots within the 

experimentalexperimental plots of the conservation cropping system research: Random Roughness (a), the 

standardstandard deviation of the elevations perpendicular to the tillage direction (b), idem, but in the 

samesame direction as the tillage (c) and the directionality index (equals SDperp/ SDpar). The 

slopeslope trends are removed in the all indices. 

Surfacee depression storage 

Tablee 2.15 presents a summary of the depression storage calculations for all the 

micro-plots.. It should be noted that these values correspond to the original slope 

off  about 9%, with the tillage in up- and downslope direction. As a consequence, 

depressionn storage is lower than in case of non-sloping fields (see the next 
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sectionn with the header 'depression storage-slope relationships' and Table 2.16). 
Att a 9% slope angle, storage values vary between 0.01 and 1.23 mm, while in the 
pondss the water depth might reach 10 mm or more. At this slope angle, on 
averagee 11% of the surface is covered with water at the maximum storage 
capacity.. In micro-plots which contain a wheel track in the direction of the slope, 
storagee is very low (Table 2.15). These plots are drained very efficiently, even 
thoughh they contain a reasonable number of depressions. These depressions 
hardlyy retain the water: less than 4% of the surface is covered with water at 
capacity.. These results confirm the evidence that, in wheel tracks which follow 
thee slope direction, excess rainfall wil l runoff almost immediately. 

TableTable 2.15. A. summary of the depression storage calculations for sloping micro-plots with and 
withoutwithout wheel tracks. The slope angle of the plots is about 9%. 

Mean n 
Min n 
Max x 

Micro-plotss without wheel track (n=47) 
55 (mm) D(mm) F (%) 
0.355 2.63 11.5 
0.011 0.45 1.1 
1.233 10.13 24.5 

AffnV2) ) 
130 0 
45 5 
193 3 

Micro-plotss with a wheel track (n=7) 
SS (mm) 
0.04 4 
0.03 3 
0.07 7 

£>(mm)) F(%) AT (in2) 
1.199 3.5 101 
0.877 2.7 85 
1.788 6.5 125 

S,S, D, F and N are depression storage capacity, depth of the ponds at capacity, fraction of the 
surfacee covered with water at capacity and the number of depressions per m2, respectively. 

Figuree 2.13a shows the average depression storage capacities for each of the 
croppingg systems. The following remarks can be made on the basis of Figure 
2.13a.. The largest storage results from primary tillage operations. However, the 
extremee difference between 'primary' and DD-prim shows how this can change in 
timee especially when the surface is not protected by plant residue. No-till and 
directt drilling systems have relatively low depression storage compared to the 
conventionall  system and mulching. The latter systems have higher storage 
capacitiess due the roughness created by harrowing. The high storage capacity of 
thee mulch system catches the eye. Apparendy, mulching causes the storage 
capacityy of the surface to be retained for a longer period than does the 
conventionall  system. This can be attributed to the protecting effect of the plant 
residuee which is mixed with the soil aggregates. 

Figuree 2.13b-d shows in more detail how the water is stored on the surfaces. The 
meann water depth is shown in Figure 2.13b. It resembles the RR-grzph. The 
figurefigure indicates again that primary tillage creates pronounced roughness giving 
risee to relatively deep ponds. Mulching retains the surface roughness for a long 
periodd and therewith deeper ponds. The DD-prim system of direct drilling of a 
summerr crop into a bare surface, which has been ploughed in the fall, shows 
veryy low ponding depths. This surface is almost perfectly drained. 
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FigureFigure 2.13. "Results of the calculated surface depression storage based on the measurements 

carriedcarried out on micro-plots within the experimental plots of the conservation cropping system 

research:research: depression storage capacity (a), average water depth in the ponds (b), fraction of the 

surfacesurface covered by the ponds (c) and the number of depressions (ponds) per m2. The calculated 

valuesvalues apply to the original slope of 9%. 

Thee fraction of the surface that is covered with water is shown in Figure 2.13c. 

Thee DD-prim system has an exceptional low water coverage of only 4%. 

Otherwise,, the differences are surprisingly small and vary between 10 and 13%. 

Thiss means that the depth of the ponds (which are largely depending on the 

randomm roughness) explain a large part of the differences in S. Finally Figure 

2.13dd shows the average number of closed depressions at the surfaces. Again 

theree are no marked differences though DD-prim has rather few depressions in 
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thee surface. This suggests once more that this surface, although not flat at all, is 
drainedd extremely well. 

Depressionn storage - slope relationships 

Tablee 2.16 repeats the information of Table 2.15, with the difference that in 
Tablee 2.16 the calculations apply to horizontal instead of sloping micro-plots. 
Thee calculated surface depression storage is about 3.5 times higher than on the 
9%% slope: 1.2 mm as average (compared to 0.35 mm) with a maximum of 6.1 
mm.. The surface fraction covered with water increases strongly with decreasing 
slopee (Table 2.16). Evidendy, surface slope has a major effect on depression 
storage.. For the three selected micro-plots (see section 2.3.3, slope effects), the 
resultss of the calculations concerning the influence of slope angle on surface 
storagee are presented in Figure 2.14. Surface storage (5) appears to decrease non-
linearlyy with slope (Figure 2.14a). The maximum storage in micro-plot P is 
reachedd at 2°, not at a zero slope, as might be expected. From Figure 2.14b it 
appearss that this is mainly due to an increase in average water depth (D) in the 
depressions.. So, a zero slope does not always imply maximum surface storage. 
However,, when increasing the slope further, S rapidly decreases as expected. 
Abovee 10-15°, surface storage decreases only slighdy. In the range of 0-20°, 
micro-plott H0 has more surface storage than micro-plot P. The difference is 
causedd by the relative high fraction of the surface that is covered with water (F) 
onn micro-plot HQ (Figure 2.14c). D is in general highest in the ploughed micro-
plot.. Above 20°, both S and D of micro-plot H0 drop below those of micro-plot 
P.. So, on steep slopes the ploughed plot is able to store most water on the 
surface. . 

TableTable 2.16. A summary of the depression storage calculations after removing the slope trend 

fromfrom the elevation data of the micro-plots. This simulates the storage on non-slopingfields. 

Mean n 
Min n 
Max x 

Micro-plotss without wheel track (n=47) 
SS (mm) D(mm) F (%) 
1.200 4.05 25.6 
0.166 0.99 9.2 
6.100 9.90 62.4 

NitriNitri 22) ) 
100 0 
17 7 
204 4 

Micro-plotss with a wheel track (n=7) 
SS (mm) 
0.24 4 
0.09 9 
0.38 8 

Ö(mm)) F(%) TVfnV2) 
1.877 11.9 88 
1.222 7.0 51 
2.411 16.0 130 

S, D,S, D, F and N are depression storage capacity, depth of the ponds at capacity, fraction of the 
surfacee covered with water at capacity and the number of depressions per m2, respectively. 

Surfacee slaking by raindrop impact strongly reduces surface storage. The 
flattenedflattened surface of micro-plot H, stores, at slope zero, about one fifth of the 
amountt stored on micro-plot H0 (before slaking). The water depth in the closed 
depressionss is also much lower (Figure 2.14b). Furthermore, the number of 
closedd depressions (N) reduces very quickly when increasing the slope angle 
(Figuree 2.14d): increasing the slope from 2 to 8°, about 70% of the depressions 
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aree emptied while on micro-plot H0 the number of depressions remains about 
constant.. This means that the depressions in micro-plot H, are very shallow. 
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F;̂ »n?? 2.14. The relationship between slope angle and (a) surface storage S, (b) average water 
depthdepth D, (c) fraction of the surface covered with water F, and (d) the number of closed 
depressionsdepressions N, for three surfaces (described in the text). H0 = Harrowed plot before rainfall 
simulation;simulation; H, = Harrowed'plot afterrainfall simulation;P = Ploughed plot. 

Tillag ee direction and surface depression storage 

Tillagee direction only has significance for surface storage if oriented roughness is 
createdd by tillage. Roughness on tilled soils shows very often some degree of 
orientation.. About 84% of the 54 measured surface micro-plots proved to have 
orientedd roughness. The average standard deviation in the tillage direction for all 
micro-plotss (wheel tracks excluded) equals 0.89 cm, while perpendicular to the 
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tillagee direction a value of 1.19 cm was found. In micro-plots with wheel tracks 
thesee values are 0.57 and 2.09 cm respectively, indicating strongly oriented 
roughness. . 

Forr the two micro-plots used to examine effect of tillage direction on surface 
depressionn storage, the results are shown in Figure 2.15. The figure shows that 
contourr tillage provides more surface storage than cross-contour tillage, for the 
entiree slope range. The difference is enormous on the wheel track plot (S is 
aboutt 20 times higher in case of contour tillage), but also significant on the other 
plott (about 3 times higher). It should be kept in mind that this result only applies 
too perfect contour tillage. In other words, the length-profiles of the tracks and 
furrowss are horizontal, which obstructs drainage of water along these lines. 

 up/down -e- contour -e- Onstad up/downn -e- contour ^ ^ Onstad 

100 20 30 

slopee O 

FigureFigure 2.15. Depression storage as a function of slope for cross-contour and contour tillage on a 
micro-plotmicro-plot (a) without a wheeltrack and (b) with a wheeltrack. The straight dotted line was 
calculatedcalculated with (2.4) (Onstad, 1984), which uses the Random Roughness index (RR). 

Figuree 2.15 also shows surface storage calculated using equation (2.4) developed 
byy Onstad (1984), in which surface storage is related to RR and slope angle. In 
thiss equation, S is linear related to slope angle, which is not supported by the 
relationshipss found in this study. The S-estimates of (2.4) correspond reasonably 
welll  with the 5-values found for cross-contour tillage. Storage on contour-tilled 
surfacess can be estimated using the standard deviation perpendicular to the 
tillagee direction instead of RR in (2.4). As the standard deviation in the tillage 
directionn is very similar to RR, it can also be used in (2.4) for the estimation of 5 
onn fields with cross-contour tillage. 
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Qualit yy of the applied methods 

Thee results of the depression storage calculations agree with those of Huang and 
Bradfordd (1990). Besides depression storage, the fraction of the surface covered 
withh water and the average water depth, important parameters in erosion 
modelling,, are computed. Still, some remarks concerning the quality of the 
measuringg method and the applied calculation scheme are appropriate. 

Thee horizontal resolution of the applied measuring method is not very high 
comparedd to that of for instance laser scanning techniques (read Huang and 
Bradford,, 1990 and 1992). As far as the microrelief indices are concerned, this is 
nott a problem. Increasing the number of measuring points per micro-plot wil l 
hardlyy affect these indices. However, the values obtained for the depression 
storagee capacity indeed depend on the measuring resolution. With the measuring 
resolutionn used here, a slight underestimation is expected, mainly because a part 
off  the smaller depressions in the soil surface may be missed. 

Besidess the horizontal measuring resolution, the calculated surface depression 
storagee is influenced by the choice of the drainage conditions at the borders of 
thee plots (i.e. the drainage boundary conditions). Huang and Bradford (1990) 
distinguishedd two types of boundary conditions: type I, which allows free 
drainagee through all four sides of the micro-plot, and type II which allows free 
drainagee at only one of the four sides. The importance of the effects of the 
boundaryy conditions is examined in Figure 2.16, which relates the calculation 
resultss of 5, D, F and N for type I to those of type II . The calculations using the 
boundaryy conditions type I yield lower depression storage than with type II . For 
5,, F and N, the relationships shown in Figure 2.16 are approximately linear and 
cann be described by the following regression equations: 

(1)) S (I) = 0.34 5 (II) R2 = 0.81,n=84 

(2)) F (I) = 0.63 F (II) R2 = 0.94,n=84 

(3)) N (I) = 1.02 N (IT) Rz = 0.97, n=84 

Forr the average water depth in the ponds (D) a different relationship is found. 
Betweenn 0 and 2 mm D is exactly the same for both types (Figure 2.16b). Above 
that,, the relationship between Z)(I) and Z)(II) changes; D(T) seems to reach a 
maximumm at about 3 mm, while D(II ) increases up to about 8 mm. This 
differencee indicates serious ponding against the (artificial) sidewalls when using 
thee type II boundary conditions, leading to a certain overestimation of the 
depressionn storage. This effect is supposed to be most important at small slope 
angles. . 
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Thus,, the influence of boundary condit ions on the calculated storage appears to 

bee rather important. In order to reduce this effect, the size of the plot under 

considerationn should be increased. I n this way, total plot storage is less 

determinedd by inaccuracies in storage calculation near plot boundaries. 
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FigureFigure 2.16. The influence of boundary conditions on (a) surface storage S, (b) average water 

depthdepth D, (c) fraction of the surface covered with water F, and (d) the number of closed 

depressionsdepressions N. (type I on thej-axis, type II on the x-axis). 

AA better approach towards the choice of the boundary condit ions might be to do 

thee calculations using free drainage at all sides and to remove from the analysed 

surfacee those gridcells that drain directly over a plot boundary. I n the original 

typee I approach, these gridcells always have a zero water depth, while in reality 

theyy might have a storage capacity. The type I approach, thus, leads to a certain 

underest imat ionn of the depression storage. By removing the outer area from the 

analysis,, the underest imation is avoided. However, the micro-plots used in this 
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studyy are too small to apply this method; the remaining surface on which 5 is 
basedd would become unacceptably small. 

Thee poor horizontal resolution and the choice of the boundary conditions may 
causee errors in the absolute figures of the calculated depression storage capacity. 
Thiss should be realised when looking at the results presented here. However, 
thesee errors do not obstruct the validity of the comparison between the different 
croppingg systems in this study. 

2.3.55 Conclusions 

Thee results of this study indicate that the tillage calendar and the type of tillage 
indeedd strongly affect surface roughness and related depression storage. The 
no-tilll  system and the conservation cropping systems which are based on direct 
drillingg in the spring have a relatively low depression storage capacity, while 
systemss with a harrowed seedbed are able to store more water on the surface. 
Primaryy tillage operations lead to an initially high storage capacity. However, the 
measurementt results in this study show that after slaking due to rainfall such 
surfacess can become extremely well-drained, while retaining a strong relief. 
Similarly,, the depression storage capacity of wheel tracks which follow the 
directionn of the slope is almost zero. 

Inn general, the differences in depression storage between the systems are mainly 
duee to differences in the depths of the closed depressions, less to differences in 
thee surface fraction covered with water and hardly to the number of closed 
depressionn in the plot. This is due to the fact that most systems represent 
differentt stages of slaking after one and the same tillage operation, namely 
harrowing.. The slaking process reduces the elevation differences, and thus the 
depthh of the depressions, but not necessarily the number of depressions. 

Surfacee storage was found to decrease non-linearly with increasing slope. The 
shapee of the curve depends on roughness characteristics. Slaking of the surface, 
resultingg from rainfall, drastically reduced surface storage. Surface depressions 
afterr slaking were far more shallow and emptied rapidly when increasing the 
surfacee slope. 

Thee influence of tillage direction on surface depression storage was found to be 
importantt Surface storage depends on the degree of orientation of roughness 
andd the direction of the slope compared to the direction of the oriented 
roughness.. For contour tillage, much higher depression storage was found than 
forr cross-contour tillage. The higher the degree of orientation, the larger the 
differencee in surface storage between cross-contour and contour tilled surfaces. 
Aboutt 84% of the 54 measured surface plots proved to have oriented roughness. 
Thee standard deviation of surface elevations in the direction of the slope, after 
removingg the general slope trend, is probably a better (and also very simple) 



52 2 ChapterChapter 2 - Yield studies and experiments 

parameterr for the estimation of surface depression storage than /?/?, as RR is 
insensitivee to oriented roughness. 

Thesee results might seem to suggest that, in order to reduce overland flow in 
frequencyy and magnitude, contour tillage is preferred above cross-contour tillage 
(thee latter is still most commonly applied by farmers in South Limburg). 
However,, it should be kept in mind that the results only apply to perfect contour 
tillage.. In reality, the oriented roughness wil l not exactly match the contours on a 
hillslope.. On most parts of the slope furrows wil l drain side-ways, to points 
wheree the water concentrates. At these locations, this may lead to a burst of 
waterr causing serious erosion. The occurrence of overland flow may be more 
frequentt in case of cross-contour tillage, but in the same time more diffuse, and 
thuss less violent and erosive. These considerations are also of importance in 
relationn to the functioning of vegetated filter strips, which are often installed 
alongg streams channels to reduce the input of non-point source pollution into 
surfacee waters. This includes sediment transported from upslope fields. To 
obtainn a maximum filtering result, runoff must be evenly distributed across the 
filterfilter  strip. Concentrated flows decrease the effectiveness of filter strips (Dillaha 
ett al, 1989). Further study should address the following frequency/magnitude 
question.. What is to be preferred on the long term: more frequent, low-
magnitudee and diffuse erosion and sediment transport, or lower frequency, high-
magnitudee events with concentrated overland flow paths? This question can only 
bee answered by taking tillage details like treated in this study into account on the 
largerr scale of the hillslope. 
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2.44 EFFECTS OF GRASS STRIPS ON THE SEDIMENT LOAD OF SHALLOW 
FLOW W 

Thiss section is based on the following publication: 

VanVan Dijk, PM., Kwaad, F.J.P.M. and Klapwijk, M. (1996). Intention of water and 
sedimentsediment by grass strips. Hydrological Processes, 10(8), 1069-1080. 

2.4.11 Introductio n 

Inn reducing overland flow and soil erosion, the use of vegetated strips have long 
beenn recognised as an important control measure (Wilson, 1967; Barfield et al., 
1975;; Neibling and Alberts, 1979; Dillaha et al., 1987). Soil surfaces covered with 
densee grass vegetation hardly add to the sediment yield of runoff. The flowing 
waterr encounters more resistance, resulting in lower flow velocities and, thus, 
lesss erosive power. Grass protects the surface against drag by the water flow and 
rainn splash, thus strongly reducing the entrainment of particles. The hydraulic 
conditionss favour deposition of soil particles transported with runoff coming 
fromm upslope fields. Therefore, grass strips are often considered as a potential 
measuree in planning programs aimed at reducing erosion problems. This section 
discussess aspects of grass vegetation in relation to soil erosion control. The study 
iss part of the erosion research project carried out in South Limburg (The 
Netherlands)) during the period 1992-1994 (De Roo et al., 1995). 

Grasss can be used in several ways to conserve soil and water. From the literature, 
fourr possibilities have been identified, which are (a) grass hedges (or barriers), (b) 
grasss (or filter) strips, (c) buffer 2ones (or buffer strips) and (d) grass channels. 

Grasss hedges 

Grasss hedges are narrow, permanent strips of stiff erect grass, laid along the 
slopee contours. They aim at spreading concentrated runoff, retaining sediment 
and,, in the longer term, at the development of terraces. They are 0.3 to 1.0 m in 
width,, which is far less than traditional grass strips (Dabney et al., 1993). 
Essentiall  features of suitable grass species are a stiff stalk which does not bend 
underr the pressure of the water flow, and a high stalk density in order to reduce 
thee flow velocity and cause ponding. Runoff that accumulates against the barrier 
iss released gradually to the field downslope. Sedimentation mainly takes place in 
thee ponds upslope of the barriers. The runoff itself is affected in three ways by 
thee barriers. First, catchment discharge is delayed as a result of water storage in 
thee ponds along the barriers and the subsequent delivery of this water. Peak 
dischargee will also be reduced. Secondly, if barriers follow the slope contours 
accurately,, the water wil l spread out against the barriers thus reducing the risk of 
gullyy erosion. Finally, the combination of these two effects wil l lead to an 
increasee of infiltration. 
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Thee main advantage of barriers is their small spatial extent. However, the narrow 
widthh makes them vulnerable since water may break through the sods, often as a 
resultt of animal holes that facilitate subsurface flow and tunnelling. The erosion 
hazardd strongly increases in such a situation (Kemper et al., 1992). The risk of 
break-throughh can be reduced by a careful lay-out of the strips (parallel to slope 
contourss and a well-founded distance between the barriers) and by conscientious 
maintenancee (Dabney et al., 1993). 

Thomass (1988) reported a 70% reduction in soil loss and a 50% reduction in 
runofff  on a 10% slope. McGregor and Dabney (1993) carried out measurements 
onn a 22 m long runoff plot with one barrier. They found a reduction in soil loss 
off  40% in the first growing season and about 75% in the second (Dabney et al., 
1993). . 

Grasss strips 

Grasss strips, like grass hedges, are also set out along contour lines and separated 
byy strips of arable land. Their width varies between 1 and 25 m. Grass strips can 
consistt of permanent vegetation, but may also be part of the crop rotation cycle. 
Theyy are applied both for filtration of sediment and for the removal of nutrients 
fromm the runoff. The strips change the hydraulic characteristics of the runoff 
(Dillahaa et al., 1987) so that (a) infiltration is enhanced, (b) sedimentation 
increasess while the flow velocity and transport capacity decrease, (c) filtration of 
suspendedd material by vegetation increases, (d) adsorption to plant and the soil 
surfacee increases and (e) absorption of solutes by vegetation increases. The 
extentt to which these mechanisms can affect sediment and water output depends 
onn the following five factors (Wilson, 1967): 

•• width of the grass strip 

•• the sediment concentration in runoff entering the strip 

•• the flow velocity of the runoff (also depending on slope angle) 

•• grass density and height 

•• the degree of submergence of the grass. 

Somee results of previous studies concerning sediment retention by grass strips 
aree summarised in Table 2.17. 

Neiblingg and Alberts (1979) found very little difference between the amount of 
sedimentt retained in strips of 0.6 and 4.9 m width (Table 2.17). Most of the 
sedimentt was deposited at the upslope side of the strip and in the upper 0.6 m of 
thee grass strip. The clay content of the outflow from the strip was related to strip 
width.. Line (1991) found sediment retention to increase with strip width and 
alsoo concluded that the retention efficiency with respect to soil particles smaller 
thann 125 um decreases with increasing discharge. 
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TableTable 2.17. Sediment retention 

Stripp width (m) 
0.66 and 4.9 

1.5 5 
3.0-6.1 1 

4.6 6 
9.1 1 

byby grass strips referenced in 

Sedimentt retention (%) 
bothh about 90 

40-80 0 
72-95 5 

81 1 
91 1 

thethe published literature. 

Reference e 
Neiblingg and Alberts (1979) 
Linee (1991) 
Linee (1991) 
Dillahaetal.. (1987) 
Dillahaetal.. (1987) 

Dilkhaa et al. (1987) found that doubling the strip width from 4.6 to 9.1 m only 
gavee an additional 10% reduction in sediment outflow. Sediment was deposited 
againstt the upslope edge of the strip as a result of a reduction of the flow 
velocityy and greater water depths caused by the abrupt roughness change. 
Dillahaa et al. (1987) concluded that grass strips effectively filter sediment from 
runofff  if water depths in the grass strip are small. The retention efficiency 
decreasess in time as a result of sediment accumulation. 

Severall  researchers report that sediment retention decreases substantially when 
thee grass becomes submerged (Neibling and Alberts, 1979; Magette et al., 1987; 
Vuurmanss and Gelok, 1993). This may happen when surface morphology forces 
thee water to concentrate and build up a greater depth before entering the grass 
strip.. Flow through grass channels often submerges the grass. According to 
Vuurmanss and Gelok (1993), the resistance encountered by the flow suddenly 
dropss when the concentrated water flow forces the grass to bend. As a result, the 
flowflow velocity wil l further increase and sedimentation wil l decrease. Concentrated 
runofff  often develops on fields with long slopes. The water wil l then reach the 
filterfilter  strip at a few points as concentrated runoff (Dillaha et al., 1989). In such a 
situationn sedimentation wil l be less than expected on the basis of plot 
measurements.. This also explains why results of on-farm measurements with 
filterfilter  strips are, in many cases, disappointing. Dillaha et al. (1989) state that 
"unlesss vegetated filter strips can be installed so that concentrated flow is 
rninimised,, it is unlikely that they wil l be very effective for agricultural non-point 
sourcee pollution control" (which includes sediment retention). Therefore, grass 
stripss should follow the slope contours precisely. 

Effectss of filter strips on runoff amounts are not as evident in the literature. 
Edwardss et al. (1983) found that runoff sometimes increased after passing a filter 
strip.. This is also reported by Magette et al. (1987). This is attributed to higher 
soill  moisture contents in the filter strip compared to the upslope fields, which 
limit ss infiltration. 

Wilsonn (1967) summarised requirements of suitable filter grass species. These 
speciess should (a) have a deep root system, (b) have a high stalk density, (c) be 
insensitivee to submergence and droughts and (d) be able to grow through 



56 6 ChapterChapter 2 - Field studies and experiments 

sedimentt coverage. Vuurmans and Gelok (1993) identify the age of the grass as 
ann important factor that determines its stiffness. Young grass is more flexible 
andd bends more easily than older grass. Furthermore, the grass density is also 
relatedd to its age. Older grass wil l be more effective in retarding the water flow. 
Grasss density and stiffness are dependent on the grass species. 

Bufferr  zones 

Bufferr zones are vegetated strips along the edges of objects to be protected, like 
riverss and reservoirs. These vegetated zones are usually wider than 20 m and 
oftenn more than 100 m. In most cases they aim at protecting water quality and 
functionn as a nutrient filter, especially for nitrates (Nieswand et al., 1990). 
However,, the filter processes are similar to those in grass strips. 

Grasss channels 

Grasss channels are installed along those lines in the landscape where runoff 
collects.. Their main goal is to prevent further erosion by runoff on its way to a 
streamm or river. Often, grass channels are installed to reduce erosion by water 
releasedd from basins (Vuurmans and Gelok, 1993). Flow depths and velocities in 
grasss channels normally exceed those in grass strips. Sediment retention is, 
therefore,, not as important as in the case of thin uniform flow through grass 
strips.. More important is that grass channels may prevent the development of 
ephemerall  gullies. 

Ai mm of the field experiments 

Thee literature overview shows that grass has potential as a measure to reduce 
erosionn problems. However, the greater part of the studies discussed above were 
carriedd out in the USA, often under circumstances quite different from those in 
Southh Limburg. It is not clear whether results of these studies can be applied to 
thee situation in South Limburg. Data from this specific region are needed for 
LISEMM (Limburg Soil Erosion Model). This study describes field experiments 
sett up to gain insight into sediment and water retention of grass vegetation on 
slopess with loess soils in South Limburg. These experiments focus on filter 
strips.. Results can not be applied to grass hedges or channels. 

2.4.22 Methods 

Ann experimental set-up was chosen in order to be independent of weather 
conditionss (i.e. natural runoff events). The set-up simulates a situation in which 
runoff,, generated on a field and carrying soil material, enters a grass strip. There 
thee flow slackens and part of the sediment load is retained in the grass strip. To 
achievee this by experiments the following set-up was used (Figure 2.17). From a 
14000 litre tank, water was released to a small H-flume (type HS-flume; Bos, 
1989),, which was used to determine the inflow rates towards the grass strip. 
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Withh a tap, the inflow rate could be adjusted to the desired level. This water was 
ledd to a mixing tank of 200 1. Here, the water was mixed with soil material from a 
nearbyy field. A pump was used to maintain strong circulation and a high degree 
off  turbulence of the water in the reservoir in order to limi t premature 
sedimentation.. The sediment laden water flows over the downslope edge of the 
mixingg reservoir into an overflow gutter of 1 m width, which was carefully 
levelled.. In this way, the water outflow is evenly distributed over 1 m width 
whenn reaching the grass surface. The water in the gutter was sampled just below 
thee water table every 4 minutes using an automatic water sampler. The sediment 
concentrationn of these samples was determined, so sediment inflow into the 
grasss strip could be calculated. The water runs downslope within a bordered 
grasss plot of 1 m width. Al l borders consisted of metal plates, driven partly into 
thee soil. In most experiments, the plot was divided into two parts of 0.5 m 
width,, having different lengths in the downslope direction as shown in Figure 
2.17.. The advantage of this set-up is that two strips can be tested in one 
experimentt being sure that water and sediment input is equal for both strips. 
Afterr passing the grass strip over its full length, the water was led into HS-flumes 
againn to determine outflow discharge from the strips. The outflow was sampled 
everyy 5 minutes to determine outflow sediment concentrations. Figure 2.18 
showss a typical example of the measurements of a single experiment with grass 
stripss of 5 and 10 m length. The inflow runoff rate at the beginning of each 
experimentt was adjustable and was set at 0.5 l-s^-m"1 for most trials, gradually 
droppingg during the experiments as a result of the falling head in the water 
reservoirr (Figure 2.18a). Average inflow amounted 0.35 l-s'^m"1. In most cases 
thee water inflow was stopped after 45 minutes. Afterflow from the strips was 
alsoo measured and sampled. 

Thee choice of the inflow rate of overland flow was based on the following 
considerations.. The length of the upslope field and the percentage of the rainfall 
thatt becomes overland flow (hereafter called runoff percentage) determine the 
infloww runoff rate at the edge of the grass strip. The runoff percentage depends 
onn several soil variables such as infiltration capacity and surface storage. For 
example,, an event with a rainfall intensity of 40 mrrrh"1 gives rise to an 
equilibriumm runoff rate of 0.35 l s ' ^m1 on a slope of 150 m length if the runoff 
percentagee is 20%. Such a rain event with a duration of 45 minutes has a return 
periodd of 10 years. This rain event would cause the same runoff rate on a 100 m 
slopee with a 30% runoff percentage. In case concentrated runoff develops 
upslope,, the runoff rate of 0.35 l s ' n T1 can locally occur during more frequent 
rainn events (with a return period less than 10 years). 
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FigureFigure 2.17. A plan of the set-up used in the experiments. 
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FigureFigure 2.18. An example of the measurement results from a single experiment concerning 

waterwater and sediment flow through grass strips of 5 and 10 m in width. Water and sediment 

inflowinflow is also shown. 

Thee experimental set-up yields average inflow sediment concentrations of 10-20 
gg 1 . At the beginning of the experiments concentrations were higher, between 
400 and 70 gT1. These concentrations compare well with those measured in 
subcatchmentt discharge in the same area (section 2.1). However, the 
concentrationss are variable during the experiment as well as between 
experiments.. By measuring the sediment in- and output over short intervals, the 
mainn goal of the experiments, the determination of sediment retention by the 
strip,, was not seriously affected by this fact. 

Thee absence of rainfall in this set-up is the main deviation from reality. 
Raindropss falling into a thin water layer cause extra turbulence and add to the 
amountt of water on the surface of the entire plot. Therefore, excluding rainfall 
mayy lead to an overrating of water and sediment retention by the strips. In the 
secondd place, the flow velocity of the incoming water during the experiments 
mayy differ from that in nature, and is probably lower. This affects sedimentation. 
AA practical problem during the experiments was leakage of water out of the plots 
orr from one strip to the other. This could often be identified during the 
experiments.. These runs have been omitted from the analysis in this study. 

Thee experiments were carried out on two locations in the study area. One 
locationn concerned young grass of about 2 years in age. The site is much 
frequentedd by tractors and has a rather compact topsoil with an average porosity 
off  48%. This location will be referred to as the 'young grass location'. Here, the 
experimentss took place on plots with slopes between 2 and 6°. The second 
locationn is for over 15 years in use as pasture-land and extensively grazed by 
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cows.. The topsoil porosity of the 'old grass location' amounts 59%. The general 
slopee at this location varied between 5 and 9°. 

TableTable 2.18. Overview of the measurement results. 

Expp General information*  Inflow dataf Outflow data£ 
no. . 

Stripp Slope Initial Final Initial Total Av. Time Total Total Av. 
widthh angle soil soil inflow water sed. start water sed. sed. 

moist,, moist, rate per cone, outflow per per cone. 
cont.. cont. strip strip strip 

(m) ) 
Youngg gras s 
4 4 

5 5 

6 6 

8 8 

9 9 

10 0 

11 1 

12§ § 
Old d 
13 3 

14 4 

15 5 

16§ § 
18§ § 
IT S S 

1 1 
4 4 
5 5 
10 0 
1 1 
4 4 
5 5 
10 0 
5 5 
10 0 
5 5 
10 0 
5 5 
10 0 
10 0 

-Q. . (vol.% ))  (vol.% )  a s 
locatio n n 

5. 22 1 0 
5. 22 1 0 
5. 22 1 0 
5. 22 1 0 
5. 22 9 
5. 22 9 
2. 33 1 8 
2. 33 1 8 
2. 55 1 7 
2. 55 1 7 
2. 33 3 7 
2. 33 3 7 
2. 55 2 5 
2. 55 2 5 
4. 33 2 5 

gras ss  locatio n 
5 5 
10 0 
1 1 
4 4 
5 5 
10 0 
5 5 
5 5 
5 5 

8. 55 2 5 
8. 55 2 5 
8. 55 3 4 
8. 55 3 4 
8. 55 3 8 
8. 55 3 8 

77 3 0 
77 3 0 
77 3 0 

38 8 
38 8 
38 8 
38 8 
38 8 
38 8 
34 4 
34 4 
40 0 
40 0 
38 8 
38 8 
38 8 
38 8 
42 2 

48 8 
48 8 
48 8 
48 8 
47 7 
47 7 
48 8 
48 8 
48 8 

'm" 1))  (1 ) 

0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 

0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.5 5 

0.7 5 5 
1 1 

fel"fel" 11))  P 

472 2 
472 2 
526 6 
526 6 
538 8 
538 8 
450 0 
450 0 
488 8 
488 8 
535 5 
535 5 
476 6 
476 6 
983 3 

507 7 
507 7 
519 9 
519 9 
579 9 
579 9 

1016 6 
1229 9 
1251 1 

24 4 
24 4 

19. 8 8 
19. 8 8 
19. 6 6 
19. 6 6 
8.8 8 
8.8 8 

14. 3 3 
14. 3 3 
16. 7 7 
16. 7 7 
9.1 1 
9.1 1 
6.8 8 

11. 2 2 
11. 2 2 
19. 6 6 
19. 6 6 
14. 4 4 
14. 4 4 
8.9 9 

11. 7 7 
9.6 6 

( ( 

25 5 
94 4 
76 6 

213 3 
22 2 

101 1 
134 4 
645 5 
149 9 

124 4 4 
128 8 
287 7 
84 4 

592 2 
225 5 

164 4 
860 0 
24 4 

121 1 
175 5 
370 0 
119 9 
94 4 
80 0 

%))  (%) 

101 1 
49 9 

114 4 
42 2 
99 9 
85 5 

104 4 
28 8 
92 2 
5 5 

67 7 
50 0 

122 2 
24 4 
72 2 

36 6 
10 0 
92 2 
49 9 
49 9 
34 4 
81 1 
77 7 
77 7 

( ( 

55 5 
17 7 
40 0 
8 8 

46 6 
26 6 
36 6 
4 4 

23 3 
0 0 

18 8 
8 8 

48 8 
2 2 

16 6 

6 6 
1 1 

42 2 
11 1 
10 0 
4 4 

27 7 
24 4 
25 5 

$$XX) ) 

13 3 
8.2 2 
6.9 9 
3.7 7 
9.1 1 

6 6 
3 3 

1.2 2 
3.6 6 
1.2 2 
4. 4 4 
2. 8 8 
3.6 6 
0.9 9 
1.5 5 

1.9 9 
0.8 8 
8.8 8 
4.5 5 
2. 8 8 
1.6 6 

3 3 
3. 7 7 
3. 2 2 

**  General information: the long side of the plot is referred to as strip width as this width 
correspondss to the width of the strips in practice; 
ff  Inflow data: here the adjusted discharge at the beginning of the experiment is given (which is 
0.55 Is m in most cases). The average sediment concentration is shown, but it should be noted 
thatt considerable fluctuations occurred during the experiments; 
%% Outflow data: water and sediment discharge is expressed as a fraction of inflow amounts. 
Thee table also shows the average concentration of the outflow; 
§§ In these experiments only one strip was tested over 1 m instead of 0.5 m. This explains the 
largee inflow and outflow amounts. 
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2.4.33 Results 

Thee results of the measurements are summarised in Table 2.18. 

Effectss on sediment concentration 

Att both locations, the strip width significantiy affected the sediment 
concentrationn at the outflow from the strip (Table 2.19; Figure 2.19). Analysis of 
variancee provided levels of significance of 0.0001 and 0.0009 for the young and 
thee old grass location respectively. For all tested strip widths, old grass gave 
lowerr outflow sediment concentrations compared to young grass. Though the 
differencess are small, they are significant (sign, level is 0.035). 

TableTable 2.19. Average sediment concentrations of runoff flowing through grass strips of different 

widths,widths, measured at a location with 'young' grass and 'old' grass. The number of experiments is 

shownshown in brackets. 

Stripp width 
(m) ) 

1 1 
4 4 
5 5 
10 0 

Averagee sediment 

Youngg grass 
11.08(2) ) 
7.166 (2) 
4.288 (5) 
1.89(6) ) 

concentrationn of outflow 

fel') fel') 
Oldd grass 
9.388 (1) 
5.000 (1) 
3.133 (5) 
1.72(2) ) 

o o 
2 2 
c: : 
CD D 
o o 

o o 
o o 

c c 
CD D 

E E 
'x> 'x> 
CD D 
c/> > 

IL> IL> 
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* * 
o o 

II 1 1 

11 1 
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--
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stripp width (m) 

FigureFigure 2.19. Boxplots of measured sediment concentrations of runoff as a function of grass strip 

widthwidth at a location with young grass (a) and old grass (b). The plots show the median, the 25th 

andand 75th percentile scores (the box), the range and outliers (dots). 
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Thee influence of slope angle, which was studied at the young grass location, was 
nott significant in spite of the fact that the highest concentrations were measured 
onn the steeper slope (5.2°). A doubling of the inflow rate (Table 2.18, 
experimentss 16-18) did not alter the sediment load of the outflow. 

Measuredd concentrations could well be approximated by (2.5), which is only 
slightlyy different from that used by Dickey and Vanderholm (1981): 

CC00utut = aCinPB (2.5) 

inn which Cmt is the outflow sediment concentration (gT1), Cin the inflow 
sedimentt concentration (g-1"1), B the width of the grass strip (m), and a, § are 
parameters.. For both locations, the parameters (X, ft were estimated using non-
linearr regression. The results are presented in Table 2.20. 

TableTable 2.20. Optimised parameters of (2.5), which estimates the outflow sediment concentration 
fromfrom strip width and inflow concentration. The standard error of the estimated parameters is 
shownshown in brackets. 

Grasss location 
Young g 
Old d 

a a 
0.518(0.049) ) 
0.5233 (0.048) 

§ § 
0.8766 (0.020) 
0.8488 (0.024) 

RR2 2 

0.96 6 
0.90 0 

« « 
15 5 
9 9 

Figuree 2.20a compares measured and calculated sediment concentrations. The 
resultss of Table 2.20 were used to determine the effect of grass strips at three 
levelss of inflow sediment concentration. The difference in sediment retention 
betweenn young and old grass increases when the inflow sediment concentration 
increasess (Figure 2.20b). 

Effectss on waterflow 

Thee influence of the grass strip width on runoff rates and volumes is less 
obvious.. For each strip width, Figure 2.21 shows measured outflow volumes 
expressedd as a fraction of the inflow volumes. Variations in water retention 
couldd be due to the spatial variability in infiltration capacity and to differences in 
initiall  soil moisture content and slope angle. 

Waterr retention tends to be higher on the old grass location. Results of 
laboratoryy analyses of soil samples from both locations did not show a 
systematicc difference in infiltration capacity. Using the method described by 
Mohamoudd (1992), in which the amount of afterflow from the plots is analysed, 
thee average water depth in the grass strips could be determined as well as 
Manning'ss roughness coefficient. On the young grass surface, the average water 
layerr of 14 observations was 6.8 mm thick. In old grass (8 observations) this 
valuee was 10.4 mm. So it appears that the grass density is an important factor. 



EffectsEffects of grass strips on the sediment load of shallow flow 63 

young g 
grass s 

old d 
grass s 

20 0 

15 5 

meas.. sediment cone, (g I -1) 

b b 
<* * 

w w V\ \ 
*>> \ V *sVV  V X 

>> 2 4 6 8 1( 

stripp width (m) 

infloww sed. cone.: 

-- A -

—•— — 

• • • * • • • 

- *_ _ 

) ) 

10g ll ' 
youngg grass 
3 0 g ll ' 
youngg grass 

500 g l ' 
youngg grass 
lOg ll ' 
oldd grass 

3 0 g r ' ' 
oldd grass 
500 g l ' 1 

oldd grass 

FigureFigure 2.20. Measured versus calculated outflow sediment concentrations from grass strips (a) 
andand calculated outflow sediment concentrations as a function of grass strip width using different 
inflowinflow concentrations (b). 

150 0 

0 0 

o o 

O O 

II «J 
CO O 

5 5 

11 1 - 1 — 

T T 

i i i i 

L L 

11 T 

A A 

11 . 

i i 

22 4 6 8 10 12 
stripp width (m) 

5 5 
o o 
'S S o o 

00 0 

50 0 

n n 

II — T 

II I 

II 1 1 

B B 

--

_ i i 

ii i i i 

• • 

22 4 6 8 10 12 
stripp width (m) 

FigureFigure 2.21. Boxplots of measured water outflow amounts, expressed as percentage of the 

inflow,inflow, as a function of grass strip width at a location with younggrass (a) and old grass (b). 



64 4 ChapterChapter 2 - Field studies and experiments 

Oldd grass, having a higher vegetation density, is more effective in reducing the 
floww velocity of the water, thereby building up a thicker water layer. As a 
consequence,, water storage and net infiltration within the plot is higher. 
Calculatedd Manning's roughness coefficients were 0.41 and 0.99 s-m"1/3 for the 
youngg and old grass surface respectively. 

Grasss height was not correlated with water retention, as expected with the 
relativelyy small flow depths in the plots. The influence of the water inflow rate 
onn water delivery from the strips was tested on the old grass location with rates 
off  0.50, 0.75 and 1.0 I s rn" on strips of 5 m width. Although a decrease in 
relativee water retention was expected with increasing inflow rates, the results 
showw only small differences. About 19% of the water was retained at the inflow 
ratee of 1.0 l 's ' -m', at the two other inflow rates 23%. This may be due to the 
factt that the duration of the experiments necessarily decreased when using 
higherr inflow rates, because of the limited capacity of the water reservoir. The 
experimentss with a starting inflow rate of 0.5 l-s^rn" lasted 45 minutes but, with 
aa starting value of 1.0 Is" *m', the reservoir was empty within 20 minutes. 
Probablyy 20 minutes is too short to determine differences in water retention. 

Effectss on sediment discharge 

Thee reduction of sediment discharge induced by the grass strip is a combination 
off  the effects on sediment concentration and water outflow. As a consequence 
sedimentt discharge is a function of strip width and is more effectively reduced at 
thee old grass location (Figure 2.22). 
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2.4.44 Conclusions 

Grasss strips are effective in filtering sediment from overland flow. The outflow 
sedimentt concentration can be described as a function of the inflow 
concentrationn and strip width. Measured reduction of sediment discharge varied 
betweenn 50 and 60% for strips of 1 m width, 60 - 90% for strips of 4 - 5 m and 
900 - 99% for strips of 10 m. These values agree very well with results presented 
byy Line (1991) and Dillaha et al. (1987). More data are needed in order to 
quantifyy the influence of the water inflow rate on sediment retention. Old grass, 
extensivelyy used as pasture, is slighdy more effective in reducing erosion than the 
testedd younger grass which was often frequented by tractors for mowing 
activities.. Differences in water retention between both grass locations appear to 
bee caused mainly by differences in grass density. 
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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) 
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•• 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. 
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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 



76 6 ChapterChapter 3 - A modelling study 

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. 

20 0 

15 5 
O O 

0)) 10 

Q. . 
E E 

0 0 
EO O 

E E 
è"" -5 

-10 0 

-15 5 

t l » » 
oo ofte*  -^t ~t 

? ^ ' o o 

X X 

T B M & QQ

"fis?' : : 
ww

444 r* -«is* * 
x x * << x . 

xx x x x •%• • 

1 1 

5 5 

• • 

8i i 
::  i 

aa a 
D D 

AA ï 

t t 

a a 

i i 

A A 

t t 

-F F 

0 0 

i i 

m m 

A A 

• • 

+ + 

a a 

* * 

& & 

t t 

-k -k 

e e 

* * 

X X 

& & 
• • 

5000 1000 1500 2000 

Elevationn (m) 

2500 0 

 Jan 

 Feb 

Mar r 

xx Apr 

xx May 

oo Jun 

++ Jul 

-Aug g 

nn Sep 

 Oct 

aa Nov 

AA Dec 

3000 0 

FigureFigure 3.5. lj>ng-term monthly average temperatures in relation with the elevation of meteo-
stationsstations in Switzerland (data from SMA-MeteoSchwei^ 1996). 



TheThe Rhine basin and basic data 79 9 

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., 



Methods Methods 85 5 

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). 



Methods Methods 89 9 

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 



Methods Methods 95 5 

FigureFigure 3.12. The soilerodibility factor (K). Units are (t ha'1)/(kj mm m2 h') , 
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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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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%). 

* * r r 

40 0 

30 0 

20 0 

aa * 
c c 
99 n -o o 
ass -io 

-20 0 

-30 0 

-40--

L L 
He,, Neckar basin 

n.J.n.i. n n 

 -20% 

 +20% 

|| | u
+ -- -H 1 ! h-——H 1 

^ ^ 

60 0 

40 0 

20 0 

0 0 

-20 0 

-40 0 

He,, Mosel basin 

I I I I 

 -20% 
 +20% 

Vv --
variable e variable e 

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. 
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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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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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4.11 INTRODUCTIO N 

Thee studies presented in this thesis show that the occurrence and the severity of 
soill  erosion is very variable in time and space. Large scale patterns are 
determinedd by the global conditions of soil, climate, relief and elevation. Within 
thesee global patterns, soil erosion varies strongly depending on finer-scale 
featuress like land use type, hillslope and catchment morphology, subsurface soil 
conditions,, and on very fine-scale features such as soil surface conditions, micro-
relief,, tillage direction and crop cover. Understanding of soil erosion processes is 
growingg and as a result insights into reducing erosion and related problems is 
growingg too. However, with respect to sediment delivery to streams, it should be 
recognisedd that much less is known about the fate of eroded sediment during 
transportt towards streams than is commonly supposed. 

Onn the basis of the studies presented in the chapters 2 and 3, this chapter is 
concernedd with some issues related to erosion on hillslopes and the subsequent 
transportt and delivery to streams channels. The aims are to identify a) those 
partss of the sediment supply system that need special attention in further 
researchh and b) difficulties that are specific to large scales (like the scale of the 
largee river basin or the global scale). It is clear that the modelling of erosion and 
associatedd sediment supply in the Rhine basin (Chapter 3) is rather 'preliminary' 
ass it is constrained by the 28 months of available time and based on the 
experiencee derived from a restricted number of field studies. The field studies 
providedd an indispensable basis for the modelling work. Without the field 
investigations,, the interpretation of process-description and model output would 
havee become entirely disconnected from reality. This risk is especially great when 
workingg at the scale of the large river basin. Although the modelling study is 
explorativee and surrounded by many uncertainties, it demonstrates, more or less, 
whatt is today possible at the scale of the large river basin. Not less important, it 
showss gaps in our knowledge and indicates what kind of information is missing 
andd needed to construct better, large scale erosion/sediment supply models. 

Thee experience from the field together with the findings of the modelling study 
att the scale of the Rhine basin have led to the identification of some issues that 
mightt be considered 'bottlenecks' in the estimation of soil erosion and associated 
sedimentt supply at the scale of the large river basin. Some of the major problems 
thatt are encountered by the researchers are discussed below. They can be divided 
intoo two categories: 

•• Problems due to insufficient process knowledge and (or because of) 
insufficientt field data. In this chapter, the uncertainty about connectivity 
betweenn disjunctive source areas and stream channels, and the role of gullies 
iss being stressed (section 4.2). 
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•• Constraints of the type "large areas and data availability" (section 4.3). This 
includess scale issues of which the following two are highlighted: 
a)) quantification of overland flow occurrence on the regional or global scale, 
andd b) validation of large scale erosion models. Computation limitations are 
nott dealt with here, but their importance is far from negligible in global scale 
computerr models. The duration of a simulation run must be acceptable and 
determiness for a large part what kind of model with what kind of process 
equationss can be applied. 

4.22 SEDIMEN T DELIVER Y AND CONNECTIVIT Y 

4.2.11 Concentrated flow erosion in winter  time 

Inn this thesis, general seasonal patterns of soil erosion and sediment supply to 
streamss were identified that apply to the temperate climate zone of western 
Europe.. The modelling study reveals that the temporal patterns of these two 
processes,, erosion and supply, are not in phase: diffuse soil erosion depending 
stronglyy on the character of the rainfall in combination with the agricultural 
calendar,, sediment supply depending on the amount of rainfall in combination 
withh basin moisture conditions. The model predicts high erosion rates for the 
springg time and early summer, because of low vegetation cover and higher 
intensityy rainfall. This is confirmed by many soil erosion studies including the 
fieldfield study presented in Chapter 2.1. According to the model, the best conditions 
forr sediment supply occur in winter time, from November until April, for which 
relativelyy low erosion rates are predicted. The field study presented in Chapter 
2.1,, however, indicates that strong erosion in the form of concentrated flow 
erosionn can occur in winter time due to saturated soil conditions. This type of 
winterr erosion mainly takes place in temporal transport routes in the landscape, 
suchh as valley bottoms, which connect relatively well to stream channels. More 
evidencee of the importance of saturation overland flow and associated winter 
erosionn is, among others, provided by Auzet et al. (1995). On the contrary, 
summerr erosion induced by high intensity rainfall mobilises sediment in a more 
diffusivee manner, the locations depending on land use characteristics rather than 
onn hillslope morphology. This sediment has to travel some way before reaching 
thee central valley axis. The sediment supply model RECODES does not 
explicitlyy account for concentrated flow erosion which is common in winter 
time.. Therefore, the model may underestimate sediment supply in the winter 
becausee of an underestimation of sediment production in this period. 

Inn order to improve large-scale modelling of erosion and associated sediment 
supplyy to streams, it is thus necessary to better and more explicitly address the 
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differentt overland flow mechanisms, namely Hortonian and saturation overland 
flowflow and overland flow resulting from snowmelt (see also 4.3.2). 

4.2.22 Field evidence for  sediment supply from hillslope sources 

I tt is often assumed that a large proportion of the suspended sediment load of 
streamss is derived from soil erosion on hillslopes (e.g. Van der Drif t and Kwaad, 
1995;; Richards, 1982). However, this assumption can be wrong or at least 
dependd strongly on local or regional conditions (Asselman, 1999; Walling, 1990). 
Often,, the origin of the suspended sediment in rivers is in fact only assumed. 
Especially,, the contribution of sediment mobilised by surface runoff from 
distantt fields is difficult to assess. Figure 4.1 shows the river Geul in Dutch 
Southh Limburg after heavy rainfall, clearly carrying a large amount of suspended 
sediment.. It also shows the occurrence of bank erosion, which constitutes an 
instreamm source for suspended sediment. What is the relative importance of the 
differentt sediment sources and supply processes? 

FigureFigure 4.1. The sediment-laden water of the river Geul in Dutch South Limburg after heavy 

rainfall. rainfall. 

Usingg rating curves techniques, the prediction of the suspended sediment yield is 
possible,, but the sediment source areas remain unclear. The characterisation of 
thee delivery conditions is a major source of uncertainty in modelling sediment 
supplyy to streams (Walling, 1990; Burt, 1998). The Rhine basin study (Chapter 3) 
utilisess the sediment delivery concept to estimate the contribution of soil erosion 
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onn hillslopes to the suspended sediment yield of rivers. Sediment delivery ratios, 
whichh are affected by many factors, including climate, land use, local 
physiography,, and soil texture, are extremely variable and often quite site-specific 
(Moldenhauerr and Foster, 1981; Asselman, 1997). Though very few studies 
providee quantitative evidence (Walling, 1990), values of 0.4 to 0.6 are often 
assumedd for the sediment delivery ratio. The delivery ratio module of GAMES 
yieldss similar values, ranging from about 0.3 to 0.6 for the main subbasins within 
thee Rhine basin, and 0.5 as the basin average (see Table 3.11, section 3.5). 

Thesee values might be too high for Europe, particularly for sediment produced 
onn arable land in the early growing season, which is known as an important 
erosionn period. But in this period, the connectivity in the overland flow system is 
poorr compared to that under winter conditions. Hortonian overland flow, which 
oftenn occurs during the growing season, is basically a point process which occurs 
att locations scattered in the landscape. These locations do not necessarily 
connectt to give larger quantities of overland flow which reach the permanent 
streamm channels. The overland flow connectivity in the growing season is 
reducedd by the high spatial heterogeneity of soil and land use features, which 
resultss in relatively low runoff volumes (see also section 2.1.5). Saturation 
overlandd flow is, in general, not a point process but requires a minimum upslope 
catchmentt area. I t is a result of connectivity in the hydrological system and 
characterisedd by much higher runoff volumes. Erosion in summertime, 
therefore,, often has the character of soil relocation within the catchment, while 
sedimentt eroded in wintertime wil l generally be transported out of the 
catchment. . 

Thee measurement results of Chapter 2.1 support these statements. In the 
growingg season, just after tillage and crop germination, erosion is characterised 
byy littl e amounts of overland flow with high sediment concentrations. Under 
thesee conditions, deposition of sediment can be induced by the slightest change 
inn the hydraulic conditions, caused by sometimes rather subtle features in the 
landscape.. As a consequence, large proportions of eroded sediment are 
depositedd as colluvium long before reaching a stream channel (Figure 4.2). There 
aree numerous places in the landscape where overland flow might loose its 
sedimentt load. Figure 4.3 shows a wire-fence between an arable field and 
pasture.. During an erosion event, dead plant material was trapped in the fence 
andd as a consequence a thick layer of sediment was deposited behind it. But 
sedimentt can also be deposited in furrows (Figure 4.4), at field boundaries, at 
gradientt changes due to roads or paths (Figure 4.5), in concave parts of the 
hillslope,, etc. Mutchler and Murphree (1981) showed that depositional 
opportunitiess are especially numerous in low relief areas with slopes less than 
4%.. It is evidently dangerous to base erosion rates in catchments on sediment 
yieldd data of rivers. These kind of data have littl e meaning in terms of soil 
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erosionn and disregard soil relocation within the catchment (e.g. Blandford, 
1981). . 

I nn summary, the availability of quantitative field data concerning the sediment 
deliveryy system (i.e. production and losses during transport) is very poor 
comparedd to that of local plot and field erosion rates on hillslopes (see also 
sectionn 3.6.4). The fact that the delivery of sediment from its source on the 
hillslopee to streams has been underinvestigated was apparent at the recently 
organisedd COST 6231 workshop 'Linkage of Hillslope Erosion to Sediment 
Transportt and Storage in River and Floodplain Systems' in Almeria (Spain), 
organisedd by Working Group 1 ('Linking processes across temporal and spatial 
scales')) of COST Action 623 (http://www.cost623.leeds.ac.uk/cost623). 

FigureFigure 4.2. Erosion on a hillslope and sedimentation at the foot of the slope. 

Concerningg the conveyance and production of sediment, there is an important 
rolee for the zones in the landscape where overland flow concentrates and where 
concentratedd flow erosion occurs. Recent research has led to a much better 
appreciationn of the importance of ril l and gully erosion and of the role of gullies 
inn transferring sediment from upland areas to permanent stream channels (e.g. 
Poesenn et al., 1998; Govers, 1991; Vandaele and Poesen, 1995). The increased 
awarenesss of the importance of gullies has recendy resulted in an 'International 

COSTT Action 623: a European platform for the co-operation in the field of scientific and 
technicall  research concerning soil erosion and global change. 

http://www.cost623.leeds.ac.uk/cost623
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Symposiumm on Gully Erosion under Global Change' in Leuven (Belgium), also 
inn the framework of COST Action 623. 

FigureFigure 4.3. Sediment deposition behind a wire-fence (South Umburg). 

4.2.33 Relevance of sediment source assessment for  surface water  qualit y 

Thee suspended sediment load of a river can derive from several sediment supply 
processes,, like mass wasting, earth flows, land slides, river bank erosion, and soil 
erosionn from upslope fields. These processes can have very different source 
areas.. It is important to be able to estimate whether the suspended sediment in 
thee river derives from instream sources or from disjunctive source areas. Many 
gravityy related processes provide sediment from nearby sources in the direct 
proximityy of the stream channel. Sediment deriving from soil erosion and 
transportedd by overland flow can have distant sources which are often located in 
agriculturall  areas. These areas are important nutrient sources. Werner et al. 
(1991)) and Werner and Wodsak (1994) estimated the input from diffuse sources 
too the surface water for Germany. They concluded that 76% of the diffuse N 
sourcess and 72% of the diffuse P sources in Germany are of agricultural origin. 
PP is much more strongly held by soil particles than N, consequently only a small 
fractionn of soil P leaches to the groundwater. As soil P content increases, the 
potentiall  for P transport in overland flow through soil erosion increases. For P 
thiss is the major pathway from soil to surface water (De Wit, 1999). Thus the 
sedimentt delivered to streams that derives from soil erosion might constitute a 
significantt source for nutrients in surface water. Furthermore, the sediment may 
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carryy pollutants like mercury (Probst et al., 1999) and other heavy metals. And 
finally,, the suspended sediment itself affects surface water quality and the surface 
waterr ecosystems. In short, overland flow and related fluxes of sediment and 
pollutants/nutrientss should be considered in studies concerning surface water 
quality. . 

FigureFigure 4.4. Sedimentation in tillage furrows (South Umhurg). 

4.33 LARG E SCALE ASSESSMENTS 

4.3.11 Introductio n 

Soill  erosion and sediment transport are processes of great importance for 
environmentall  management. They relate to the quality and quantity of global soil 
resources,, and they play an important role in the transfer of nutrients and 
contaminantss from terrestrial to aquatic systems. It is not surprising that these 
subjectss have become important issues in environmental research during the last 
decades.. Recendy, interest in more global assessments of soil erosion, 
environmentall  pollution and the effects of climate change has strongly increased. 
Theree is a clear need for improved quantitative estimations of water, sediment 
andd nutrient fluxes at the global scale. Researchers are being increasingly asked 
too quantify and map these fluxes, in order to meet policy demands. It has to be 
recognised,, however, that there is a lack of knowledge as how to assess soil 
erosionn and sediment transport on a global scale. This hampers studies related to 
nutrientt fluxes as well. 
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FigureFigure 4.5. A thick layer of sediment at the side of a wad in Dutch South Umburg . The 
roadroad is in the foreground of the picture. 

Ass the photos above illustrate, many details in the landscape determine the 
amountt of sediment that eventually reaches a stream channel, but these kinds of 
detaill  can never be implemented as such into a global scale model. Even a 'simple' 
parameterr like field slope angle poses problems at the large river basin scale. 
Almostt all soil erosion models, including the USLE, require this variable as 
input.. However, for large study areas like the Rhine basin, this kind of 
informationn is normally lacking. Application of physically-based models with 
inputt variables derived from coarse data sources can lead to large errors in the 
modell  output. In spite of this, there are many examples of studies that, 
sometimess without comment, use the USLE with slope angles derived from 
coarse-resolutionn DEM's. This is due to the fact that in regional or larger scale 
studies,, the information to derive at least an approximation of the USLE-factors 
iss often available from soil and land use maps and a DEM. The application of 
otherr models is often not possible because of (much) higher input data 
requirements.. Nevertheless it is important to emphasise that basically the USLE 
iss a field-scale model. 

Soo far, most erosion modelling has focussed on fine-scale processes in highly 
detailed,, physically-based models, with the event as the basic temporal unit and 
oftenn the catchment as the basic spatial unit. Even these models are not always 
successfull  in accounting for the details, like those mentioned above. More or less 
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ass a consequence of the emphasis on physically-based models, regional and 
globall  scale modelling has remained underdeveloped. However, the interest in 
largerr scale models related to soil erosion and sediment delivery is growing. 
Largee efforts are necessary to overcome their special problems. 

Mostt existing methods for quantifying soil erosion and sediment supply to 
streamss are not compatible to regional or global scale objectives. They relate to 
thee hillslopes scale at which the processes modelled operate. According to Lee 
(1998),, there are three approaches to resolve this cross-scale issue: 

a)) Scale the input, so that input variables are spatially and temporally averaged 
andd used as input for a high resolution model. But to what extent can fine-
scalee detail be neglected? Some detail can be considered as noise. However, 
problemss arise in cases of spatial heterogeneity combined with non-linearities 
inn the relevant processes. In these situations, averaging of input data is not 
allowed.. Therefore, this approach is seldom appropriate; 

b)) Scale the model, so that the model formulations describe those factors that 
dominatee at the scale of the analysis. The input data and the predictions are 
consistentt with this scale; 

c)) Scale the output. In this approach, a high resolution model is used with high 
resolutionn data for selected sites. The model output is then scaled to a region 
byy extrapolation techniques. 

Thee second approach, (b), is most appropriate for several reasons (Kirkby, 1998; 
Dee Wit, 1999). In general it can be stated that the larger the area that has to be 
studied,, the less detailed is the resolution, both spatial and temporal, of the 
availablee data. Detailed process-based soil erosion models are not suitable for the 
largee scale, because the quality of the available input data wil l disharmonise with 
thee model complexity. Application of such models with global input data wil l 
leadd to unacceptably high levels of uncertainty in the modelling results. De Wit 
(1999):: "There is no point in using a model for which the appropriate data are 
nott available". Moreover, these detailed models produce information that is 
irrelevantt for regional studies, because the research aims change with increasing 
scalee of the analysis. In the case of regional or global studies, the objective is not 
too precisely know what is happening during an erosion event on each specific 
hillslope,, but rather to understand longer term regional patterns. Thus, for these 
scaless a completely different type of model is needed. The maker of a large scale 
sedimentt delivery model has to think in a global fashion, while knowing about 
thee detail processes that cause erosion in the field. This is very difficult , but 
necessary.. The CSEP model (Kirkby, 1994; Kirkby and Cox, 1995; Kirkby, 1998) 
iss a valuable attempt towards more general formulations fitting to the coarse 
regionall  and global scale. I t combines rationally rainfall statistics and a significant 
soill  hydraulic parameter to give a measure of the climatic component in soil 



LargeLarge scale assessments 111 111 

erosionn transport. As the model gives an index for potential erosion, it can not 
bee applied for estimations of erosion rates and sediment supply for specific 
situations.. Nevertheless, the approach utilised in CSEP offers a considerable 
potentiall  for large scale modelling and deserves further exploration. 

4.3.22 Modellin g of overland flow on the large scale 

Overlandd flow transports sediment and nutrients, and links agricultural fields to 
streams.. Its assessment is of vital importance in understanding and tackling 
problemss related to soil erosion, sediment transport and colluviation, but also 
forr surface water quality (sediment and nutrients) and river ecology. 

Researchh on overland flow, most frequendy carried out in the context of soil 
erosionn projects, has so far mainly focused on the spatial scale of the hillslope 
andd the small agricultural catchment and on the temporal scale of the event. 
Severall  models have been developed and tested, and are available for the 
assessmentt of overland flow at these spatial scales. However, most of these 
modelss are not suitable to estimate the seasonal patterns in the delivery of 
sedimentt to stream channels, and especially unsuitable for the regional or global 
scale. . 

Processess of overland flow generation 

Forr the generation of overland flow, two basic mechanisms can be distinguished 
whichh are referred to as infiltration-excess overland flow (occurs when the 
rainfalll  intensity exceeds the infiltration capacity of the soil) and saturation-
excesss overland flow (occurs when the soil water storage capacity is exceeded). 
Thee factors that determine its generation are fairly different for both types of 
overlandd flow. Soils of low infiltration capacity are likely to produce only 
infiltration-excesss overland flow. Key variables for this type of overland flow are 
rainfalll  intensity, state of the soil surface, sorptivity and the saturated hydraulic 
conductivity.. On the other hand, soils with a high hydraulic conductivity are 
likelyy to produce only saturation-excess overland flow. Soil saturation is 
encouragedd at the foot of any slope where the upslope drainage area is at a 
maximum,, and in talweg-like topographies where convergence of flow lines 
favourss the accumulation of soil water (Burt, 1998). These areas are typically the 
locationss where saturation-excess overland flow may occur. Saturation-excess 
overlandd flow can be generated in places and in times where infiltration-excess 
overlandd flow does not occur. Key variables for the generation of saturation-
excesss overland flow are the presence of an impeding layer or a shallow ground 
waterr table in the soil, the moisture storage capacity of the soil above this 
impedingg layer or ground water table, and the volume of rain. 

Besidess the two mechanisms mentioned above, there is a third process which 
cann be of great importance for the production of overland flow : snowmelt In 
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areass with regular snowmelt, meltwater can be a major cause of erosion. Several 
studiess have shown the significance of snowmelt in the occurrence of ril l erosion 
(e.g.. Botterweg, 1998; Zachar, 1982; Bernsdorf et al., 1995; Hayhoe et al, 1995). 
Freezingg and thawing reduces soil shear strength and infiltration rates can be 
veryy low because of ice layers (Botterweg, 1998). Thawing soil over a frozen 
layerr may be oversaturated and susceptible to erosion. Snowmelt can produce 
largee amounts of overland flow over very large surfaces. It can create dense 
networkss of water flows which connect well to the permanent stream channels. 
Thee role of snowmelt in transferring sediment and nutrients to streams must 
thereforee be considered. Snowmelt can be responsible for supplying sediment to 
streamss during periods when rainfall is not very erosive and at locations where 
rainfalll  does not have an impact on the soil surface because of the presence of a 
snoww cover. Therefore, snowmelt erosion may significandy affect the amount 
andd the temporal pattern of sediment supply in areas where snowfall is a 
commonn type of precipitation. 

Eachh of the overland flow generating processes has its own set of controlling 
factors.. As a consequence, each overland flow process occurs at different times 
andd locations in the basin. The Rhine basin study (Chapter 3) showed that in 
mostt of the German and French subbasins, monthly variations in erosion and 
sedimentt 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 
middlee mountains like the Vosges and the Black Forest. The latter process tends 
too increase the amplitude of both the highs and the lows of the erosion and 
sedimentt supply curves during the year. The overland flow and erosion 
measurementss in South Limburg (Chapter 2.1) showed that saturation overland 
flowflow occurred mainly in winter, while Hortonian overland flow occurs mainly in 
thee summer when high rainfall intensities are more common. 

Thus,, there are strong seasonal variations in the occurrence of these overland flow 
generatingg processes and consequently in the occurrence of erosion and 
sedimentt delivery to streams. Moreover, agricultural practices have a profound 
effectt on the soil surface and subsurface conditions through tillage and crop 
growth.. These practices strongly affect the occurrence and routing of overland 
flow. flow. 

Modellin gg implications 

Inn order to properly model sediment production, transport and delivery to 
streamss on the large scale, these three processes of overland flow generation 
mustt be addressed as well as their seasonal variations. An overland flow model 
suitablee for large scale studies is not yet available. 
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Manyy of the physically-based models are event-based models, which do not 
accountt for lateral water displacement in the subsoil, because on this time scale 
laterall  components are of minor importance. For instance, Ritsema et al (1996) 
foundd that vertical flow dominated during rain events, and that average lateral 
waterr transport varied between 1 and 5% of the total water displacement. 
Thereforee they decided to incorporate a one-dimensional water flow module in 
thee soil erosion model LISEM (De Roo et al., 1996). As a consequence, before 
thee simulation of an event, the user has to specify the initial soil water state in 
thee catchment as an input variable. 

I nn environmental studies at the regional scale, the scale of the hydrological event 
iss often not at the time scale of interest. At longer time scales, lateral 
componentss of soil water movement are of great importance in explaining 
spatiall  soil moisture patterns. These patterns are determined mainly by 
topographyy and soil features, and they control the generation of saturation-
excesss overland flow. The areas prone to saturation-excess overland flow are 
generallyy located close to the stream channels and are therefore a well-connected 
sourcee for sediment and pollutants. So in the light of studies concerning 
sedimentt supply to stream channels, the incorporation of the saturation overland 
flowflow process into the model is indispensable. A model which accounts for this 
typee of overland flow is TOPMODEL, which predicts the relative amount and 
spatiall  distribution of subsurface, infiltration-excess, and saturation-excess 
overlandd flow based on surface topography and soil properties (Beven and 
Kirkby,, 1979). However, studies have shown that the cell size of the grids used 
byy TOPMODEL should not exceed approximately 30 m, while for simulation 
onn the large regional scale, cell sizes generally range between 100 m and 1 km. 

Onn the other hand, the hydrological models which focus on the larger scales 
oftenn adopt very crude methods of dealing with overland flow. At the global 
scale,, overland flow as such, is in most cases considered to be 'non-
determinable'.. At these scales, most existing hydrological models are runoff 
models,, which are not able to separate interflow from overland flow and 
groundwaterr recharge. No methods exist that explicidy addresses overland flow. 
Solutionss to this problem have been mainly pragmatic, so far, depending on the 
dataa availability: (1) in some cases, a simple ratio between overland flow and 
rainfalll  is used, (2) sometimes overland flow is assumed to relate to or to be 
equall  to direct runoff (which is not correct, as direct runoff consists of the sum 
off  overland flow and interflow in the upper soil layer), or (3) sometimes indices 
aree used which are derived from soil water storage calculations. Thus, overland 
flowflow on the large regional scale is often quantified using crude estimators, which 
iss inherent to the regional scale. The existing methods (a) do not properly 
addresss the three processes of overland flow generation, and (b) are largely based 
onn assumptions: there is no certainty at all about their validity. 
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I nn the framework of soil erosion projects, in order to avoid the problem of 
quantifyingg overland flow, the researcher is often forced (or tempted) to use 
USLE-likee approaches to assess soil erosion on regional scales. The value of 
suchh studies for other research areas, like those concerned with nutrient fluxes 
andd river ecology, is limited. This is due to the nature of the USLE which only 
addressess net soil loss in agricultural fields with ril l and intertill flow. Transport 
off  sediment to streams, sedimentation, gully erosion and basin sediment budgets 
cannott be quantified using the USLE. In short, the absence of appropriate 
methodss of characterising overland flow on the large regional scale restricts the 
universall  value of regional erosion studies. 

Thee last years, more and more research projects have been dealing with soil 
erosionn and water quality focusing on the large regional scale, often in the 
frameworkk of environmental quality assessment and large scale impact studies of 
climatee and land use change. The need for global modelling of the variable 
overlandd flow is evident. The approaches used so far on the regional scale are 
sufficientt for tentative studies, but as long as their validity is unknown they are 
nott satisfactorily for studies that are supposed to direct environmental policy. 

4.3.33 Validation of large scale erosion models 

Unlesss a model can be validated, its value is marginal. For this reason, it is 
importantt to anticipate this explicitly when starting a modelling study. 

However,, validation of erosion models is difficult because of several reasons. 
First,, collecting erosion data is laborious and expensive. Secondly, erosion data 
relatee to a certain area and time span (hereafter this spatio-temporal scale is 
referredd to as 'support9). For example, measured soil losses can refer to plots, 
slopes,, or catchments, and can be determined for a single events, months, years, 
etc.. or sometimes for unknown periods. The measured soil losses are related to 
thee corresponding support. The existing data as reported in literature vary widely 
inn their support, though most data apply to the plot and hillslope scale. These 
dataa can relatively simply be used for the validation of hillslope or small 
catchmentt erosion models. 

Validationn of globalscale erosion models is even much more difficult . The existing 
erosionn data always apply to small spatial units, which cannot be identified with 
sufficientt accuracy in the database of the coarser regional scale model. Thus, 
validationn of modelled erosion using point data is not possible. However, as 
statedd before, in global scale studies it is important to know whether the general 
levelss of the calculated erosion and sediment supply rates are accurate at a 
regionall  scale. Therefore, instead of validation on the basis of point data, the 
authorr suggests a 'categorical validation method' for large scale erosion models, 
followingg the methodology described in section 3.6.4. This method is based on 
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groupingg published erosion rates according to the corresponding land use, soil 
andd measuring scale. The resulting average erosion rates are then compared with 
thee modelled erosion rates for each group. This method is a rather general 
approach,, which traces the existence of systematic errors in the level of the 
calculatedd erosion rates. 

Thee validation 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 litde quantitative knowledge about erosion 
ratess for less erosive soil or land use conditions. For instance, forests occupy 
almostt 40% of the surface of the Rhine basin, but the validation data consist of 
veryy few records. More information is needed about erosion rates and transport 
conditionss in forested areas, in order to improve validation of the sediment 
supplyy model for the Rhine basin. The fact that sediment fluxes may be lower in 
forestedd areas does not make forests less interesting or less important when 
consideringg the whole of the basin. 

AA further extension of the validation database presented in this thesis is of great 
importancee to increase the insight into the validity of regional scale erosion 
models.. In this respect, Working Group 3 ('Datasets for erosion studies') of 
COSTT Action 623 can provide the essential access to existing erosion data in 
Europe.. Lots of erosion data exist in Europe and elsewhere. But a large part is 
nott accessible. An inventory of erosion data resources and its documentation, 
withh reference to location, scale, measuring method, measuring period etc. is 
worthh gold. Because measuring erosion is difficult and every number represents 
aa major effort. 





SUMMARY Y 

INTRODUCTIO N N 

Soill  erosion and sediment transport are processes of great importance for 

environmentall  management. They relate to the quality and quantity of global soil 

resources,, and they play an important role in the transfer of nutrients and 

contaminantss from terrestrial to aquatic systems. By bringing together field and 

modellingg work, this thesis aims to improve our understanding of soil erosion on 

arablee land and associated sediment supply to streams, and to assess the effects of soil 

conservationn measures and climate change. The thesis contains results of field studies 

aboutt soil erosion in small agricultural catchments and soil conservation measures in 

Southh Limburg (The Netherlands), as well as a modelling study about soil erosion and 

associatedd sediment supply to streams in the Rhine basin and the impacts of climate 

andd land use change on these processes. In the final chapter attention is paid to a) the 

identificationn of those parts of the sediment supply system that need special attention 

inn further research, and b) to difficulties that are specific to large scales, like the scale of 

thee large river basin or the global scale. 

T H EE F I E L D STUDDSS ( S O U TH L I M B U R G ) 

Chapterr 2.1 studies runoff generation and soil erosion in small agricultural catchments. Over a 

twoo year period, rainfall, runoff and sediment output were measured in six small 

agriculturall  catchments (3-10 ha) in South Limburg (The Netherlands). These 

measurementss were needed for validation of an erosion model for South Limburg 

(LISEM).. Results of the measurements are presented and processes that determine 

surfacee runoff and sediment yield during winter and summer rainfall are identified. 

Beforee the start of the measurement programme, surface slaking and crust formation 

onn the erodible loess soils was thought to be the main cause of overland flow and soil 

erosionn in South Limburg. This was the starting point for soil conservation measures in 

thee area. The measurement results discussed in this study show that in some 

catchmentss much runoff occurred in winter and that soil moisture storage capacity may 

bee just as important for runoff generation as infiltration capacity. Therefore, when 

modellingg soil erosion and optimising erosion control measures for South Limburg, 

runofff  generation through Hortonian as well as through saturation overland flow must 

bee considered. 

I nn Chapter 2.2 effects of conservation cropping systems on plot erosion are discussed. During four 

years,, runoff and soil loss were measured from experimental plots with seven cropping 

systemss of fodder maize, both under natural and simulated rainfall. Besides runoff and 

soill  loss several other variables were measured including rainfall kinetic energy, degree 
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off  slaking, surface roughness, aggregate stability, soil moisture content, crop cover, 
shearr strength and topsoil porosity. These variables explained a large part of the 
variancee in measured runoff, soil loss and splash erosion under the various cropping 
systems.. The following conclusions were drawn from the measurements: 1) soil tillage 
afterr make harvest strongly reduces surface runoff and soil loss during the winter; 
sowingg of winter rye further reduces winter erosion, though the difference with a 
merelyy tilled soil is small; 2) during spring and the growing season, soil loss is reduced 
stronglyy if the soil surface is pardy covered by plant residues; the presence of plant 
residuee on the surface is essential in achieving erosion reduction in summer; 3) soil loss 
reductionss are much higher than runoff reductions; significant runoff reduction is only 
achievedd by the 'straw system' having flat lying, non-fixed plant residue on the soil 
surface;; the other systems, though effective in reducing soil loss, are not effective in 
reducingg runoff. These conclusions apply to the spatial level at which the 
measurementss were carried out. 

EffectsEffects oj tillage and cropping systems on surface roughness and depression storage are discussed in 

detaill  in section 2.3. The roughness of the soil surface and the associated depression 
storagee capacity are important factors affecting overland flow and sou erosion. Using a 
soil-contactingg pinmeter, microrelief measurements were carried out on experimental 
plotss with various conservation cropping systems of maize and sugar beets. The data 
weree processed to characterise the surface roughness and to calculate the depression 
storagee capacity, the fraction of the surface covered with water and the average 
pondingg depth at maximum storage capacity. The results indicate that the tillage 
calendarr and the type of tillage indeed strongly affect surface roughness and related 
depressionn storage. No-till systems and conservation cropping systems which are based 
onn direct drilling in the spring show a low depression storage capacity compared to 
systemss with a harrowed seedbed. Primary tillage operations like ploughing lead to an 
initiallyy high storage capacity. However, after slaking such surfaces can become 
extremelyy well drained, while retaining a strong relief. In general, the differences in 
depressionn storage between the systems are mainly due to differences in the ponding 
depths.. Surface storage decreased non-linearly with increasing slope, die shape of the 
curvee depending on roughness characteristics. After high-energy rainfall simulations, 
surfacee depressions were far more shallow and emptied rapidly when increasing the 
surfacee slope. Slaking reduced the depth, but not necessarily the number of 
depressions.. Surface depression storage was found to depend on the degree of 
orientationn and on the direction of the slope compared to the tillage direction. Over 
80%% of 54 tilled surface plots proved to have oriented roughness. For tillage perfectly 
followingg the hillslope contours, calculated depression storage was much higher than 
forr tillage in up- and downslope direction. In reality, the oriented roughness will never 
exacdyy match the contours, causing water to drain side-ways through the tillage 
furrowss to points where the water concentrates. This may lead to a burst of water 
causingg serious erosion. The occurrence of overland flow may be more frequent in 
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casee of up- and downslope tillage, but in die same time more diffuse, and thus less 
violentt and erosive. 

Chapterr 2.4 deals with aspects of grass vegetation in relation to soil erosion control. Through 

literaturee research, four options of using grass vegetation were recognised, each having 
itss own requirements concerning maintenance, vegetation characteristics and field lay-
out.. The main filter mechanisms, application in the field and effects on runoff and soil 
losss are discussed. Field experiments on filter strips were carried out to determine 
whetherr literature data of water and sediment retention by vegetation can be applied to 
slopingg loess soils in South Limburg (The Nedierlands). The field experiments 
simulatedd a situation in which surface runoff carrying loess sediment from an upslope 
fieldd enters a grass strip. The retention of water and sediment by grass strips was 
determinedd by measuring runoff discharge and its sediment concentration at the inflow 
andd outflow points from bordered plots. Two locations with different grass age and 
agriculturall  management were studied. Results show that grass strips are effective in 
filteringg sediment from surface runoff as long as concentrated flow is absent. Outflow 
sedimentt concentrations could be described as a function of inflow concentrations and 
stripp width. Reductions of sediment discharge varied between 50-60%, 60-90% and 90-
99%% for strips of 1 m, 4-5 m and 10 m width respectively. Old grass, extensively used 
ass pasture, is more effective in reducing erosion than the younger grass which was 
oftenn accessed by tractors for mowing. Differences in water retention between both 
grasss locations appear to be caused mainly by differences in grass density. 

TH EE MODELLIN G STUDY (RHIN E BASIN) 

Soill  erosion and the supply of sediment from hillslope sources to the drainage network 
off  the river Rhine is examined in Chapter 3. The study has resulted in a dynamic, GIS-
basedbased soil erosion and sediment supply model for the Rhine basin, which was subsequendy used 

too assess the impact of climate and land use change on the sediment supply system. 
Thee model is called RECODES: the Rhine model for evaluating effects of 
Environmentall  Change On Delivery of Eroded soil to Streams. It quantifies the 
contributionn of soil erosion on hillslopes to the sediment input into stream channels in 
thee Rhine basin, and produces maps of die sediment source areas. Model output is 
sedimentt production and delivery on a long-term montiily average basis, using long-
termm mondily average meteorological input data. RECODES makes use of some 
routiness of an existing hydrological model for the Rhine basin (Rhineflow). 

Thee model development consisted of several steps. A basic spatial GIS-database was 
created,, containing vital information with respect to soil erosion and sediment supply 
(relief/morphology,, soil features, land use and the drainage network). Sediment 
deliveryy processes were identified and a conceptual model for sediment supply to the 
drainagee network was formulated. A simple mathematical model (GAMES) was 
selectedd and extended such that it agreed with the conceptual model for sediment 
supply,, the data availability, and the requirement of being suitable for climate/land use 
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scenarioo calculations. Model input parameters were derived from the basic data set 
mentionedd earlier, or based on literature data. Some morphologic input parameters 
weree validated through comparison with values derived from detailed topographic 
maps,, scale 1:25.000. Special attention is paid to problems connected to the size of the 
studyy area and the spatial resolution of the available data set. 

RECODESS contains a sediment production (erosion) and a sediment delivery module. 
Thee sediment production module is based on the USLE and its German equivalent 
ABAG,, but was extended to allow for a monthly timestep and to account for effects of 
snoww melt erosion. The amount of mobilised sediment that actually reaches the stream 
networkk depends on the proximity of the sediment source to the stream, the 
occurrencee of overland flow and on the character of the terrain along the route 
towardss the channel (including surface roughness and slope angle). 

AA sensitivity analysis showed that the model output is most sensitive to the variables 
slopee angle, precipitation amount and erosivity, curve numbers, temperature and to the 
USLE-factors.. The slope angle is a variable, which is possibly prone to systematic 
errorss in the available database and is therefore considered as a major source of 
uncertainty.. Precipitation amounts, rainfall erosivity and temperatures are supposed to 
bee rather accurate model inputs. Although the model is fairly sensitive to these 
variables,, they are not considered to be an important source of uncertainty. The curve 
numberss (CN)t which depend on soil features, soil moisture and land use, are strongly 
affectingg the modelled sediment supply. The validity of the CW-method in RECODES 
dependss on the quality of the modelled soil moisture, for which Rhineflow routines are 
used.. Finally, the sensitivity analysis showed that the model output is only moderately 
sensitivee to the 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. 

Withh RECODES, erosion and sediment supply for present-day climate and land use conditions was 

estimated.. The sediment production for the entire basin was estimated to be 
233 Mt/year, while for the sediment supply 11.7 Mt/year was found (= 50% of the 
production).. The model identifies primary sediment source areas in the Swiss middle 
land,, the southern Rhine valley along its steep edges, the central and downstream part 
off  the Neckar and Main basin with agricultural land use and highly erodible soils, the 
areaa between Mainz and Landau, the downstream part of the Mosel basin and the loess 
areaa between the rivers Lippe and the Ruhr. 

Inn most of the German and French subbasins, the monthly variations in erosion and sediment 
supplysupply are related to the dynamics of the agricultural system, to variations in rainfall 
erosivityy and to the soil moisture state in the basin. Sediment supply resulting from 
erosionn by snowmelt runoff plays a role in the higher parts of the Neckar basin, the 
easternn part of the Main basin, the Vosges, the Black Forest and the Swiss middle 
mountains.. In the Alpine basins snowfall, snow cover and snowmelt are strongly 
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affectingg the temporal pattern of sediment supply to stream channels. These latter 
processess tend to increase the amplitude of both the highs and the lows of the erosion 
andd sediment supply curves during the year. 

Ann uncertainty analysis showed that the model output should not be evaluated at the 
scalee of the individual raster cell; output should be aggregated over larger areas. A main 
problemm in the uncertainty assessment is that littl e is known about the quality of the 
basicc maps. Nevertheless, it is clear that large part of the uncertainty in the model 
predictionss is due to errors in morphometric parameters as these were derived from 
loww spatial resolution data, which do not reflect the situation on the hillslope scale. The 
morphometricc parameters, however, are relatively insensitive to climate change. 
Therefore,, the estimated relative change in sediment supply due to climate change, as 
calculatedd by the model, is expected to have less uncertainty. 

AA  validation of computed erosion rates showed mat computed erosion rates correspond well 
withh aggregated field data on erosion rates. For some individual categories of arable 
landd use, erosion is overestimated, in particular for row crops. The net overestimation 
off  the erosion is about 36% at maximum. This error is based on the assumption that 
thee measured erosion rates obtained under different soil and land use conditions, as 
foundd in the literature, are representative for these conditions. 

AA comparison between sediment yield of major rivers in the Rhine basin and the modelled 
sedimentsediment supply in their upstream areas, showed large differences in both quantities and 
temporall  patterns. Alluvial processes, like storage of sediment in the channel bed and 
floodplain,, indeed play an important role in the basin and may be responsible for these 
differences.. However, at present, it is not possible to say which part of the differences 
cann be explained by these alluvial processes and which part is caused by modelling 
errors.. The comparison of sediment supply with sediment yield indicates that 
suspendedd sediment is stored in the alluvial system in the summer and removed during 
thee runoff season. 

EnvironmentalEnvironmental change is expected to affect erosion and sediment supply processes. On 
thee basis of the scenario study for the year 2050, in which the UKHI 2050 climate 
scenarioo (central estimate) and the CPC land use scenario were used, the following 
conclusionss were drawn for the basin area downstream of the Alps: 

•• In a 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. 

•• Locally, annual erosion rates are expected to increase, mainly because the erosivity 
off rainfall and runoff increases. Regional erosion rates will hardly change or 
decreasee very slightly in many subbasins, because the area of land use types which 
aree susceptible to erosion is expected to decrease. This counteracts the effect of the 
increasingg erosivity. 
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•• Processes related to snowfall, snow cover and snowmelt will become much less 
importantt in many French and German subbasins. This affects the temporal 
patternn of erosion and sediment supply. 

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

Thee sediment supplied in the Alps is trapped in the many large lakes at the foot of the 
Alpss in Switzerland, and thus not available for transport to the Dutch waters. 
Therefore,, the modelling results for the Alps were left out of consideration in the final 
figuress that describe the effects of environmental change on erosion and sediment 
supply. . 

Forr the Rhine basin downstream of the Alps, a decrease of sediment supply is 
predictedd compared to 1990, at least for the lower (-16%) and central estimates (-11%) 
off 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 which 
iss potentially available for transport to the Dutch waters, is likely to decrease slighdy. 
Thiss conclusion holds for the central ('best') estimate of climate change as employed in 
thiss study (UKHI 2050) and the CPC land use scenario. The supply of sediment will 
increasee if land use does not change (i.e. remains similar to the land use in 1990) or if 
thee climate changes more than projected in the UKHI 2050 scenario. 

EVALUATIO NN A N D RESEARCH NEEDS 

Thee final Chapter (4) contains an evaluation in which some issues related to erosion on 
hillslopess and the subsequent transport and delivery to streams channels are discussed. 
Thee studies presented in this thesis show that the occurrence and the severity of soil 
erosionn is very variable in time and space. Large scale patterns are determined by the 
globall conditions of soil, climate, relief and elevation. Within these global patterns, soil 
erosionn varies strongly depending on finer-scale features like land use type, hillslope 
andd catchment morphology, subsurface soil conditions, and on very fine-scale features 
suchh as soil surface conditions, micro-relief, tillage direction and crop cover. 

Furthermore,, those parts of the sediment supply system that need special attention in 
furtherr research and difficulties that are specific to large scale assessments are 
identified.. Two general problems were recognised: 

a)) Though the knowledge about soil erosion processes is growing, as well as the 
insightt into reducing erosion and related problems, much less is known about 
thee fate of eroded sediment during transport towards streams. The availability 
off quantitative field data concerning the sediment delivery system (i.e. 
productionn and losses during transport) is very poor compared to that of local 
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plott and field erosion rates on hillslopes. Further research should address the 
connectivityy between disjunctive source areas and stream channels, and the role 
off  gullies in die sediment delivery system. 

b)) There is a lack of knowledge as how to assess sou erosion and sediment 
transportt on a global scale. Most existing models are not suitable to estimate die 
seasonall  patterns in sediment delivery, and are unsuitable for the regional or 
globall  scale. In order to improve large-scale modelling of erosion and associated 
sedimentt supply to streams, it is necessary to better and more explicitly address 
diee different overland flow generation mechanisms and their seasonal controls. 
Ann overland flow model suitable for large scale studies is not yet available. The 
approachess used so far on the regional scale are sufficient for tentative studies, 
butt as long as their validity is unknown they are not satisfactorily for studies that 
aree supposed to direct environmental policy. 
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Bodemerosiee en transport van sediment naar  rivieren. Seizoensdynamiek, 
bodembeschermendee maatregelen en effekten van klimaatveranderingen. 

INLEIDIN G G 

Ditt proefschrift handelt over bodemerosie op akkers en de daaruit voortvloeiende 
sedimentleveringg aan rivieren. Het doel is door middel van het samenbrengen van veld-
enn modelleerwerk het inzicht in deze processen te vergroten en tevens effecten van 
erosiebeperkendee maatregelen en klimaatveranderingen te kwantificeren. Het 
proefschriftt bevat een aantal veldstudies over bodemerosie in kleine stroomgebieden 
enn over effecten van teeltmaatregelen en grasstroken op bodemerosie, en een 
grootschaligee modelstudie over bodemerosie en sedimenttransport naar rivieren in het 
stroomgebiedd van de Rijn en de effecten van klimaat- en landgebruiksveranderingen op 
dezee processen. In het afsluitende hoofdstuk wordt ingegaan op a) die delen van het 
systeemm van sedimendevering die speciale aandacht verdienen in vervolgonderzoek, en 
b)) problemen die specifiek zijn voor de grote schaal zoals de schaal van het 
stroomgebiedd van een grote rivier of de 'global scale'. 

D EE VELDSTUDIES (ZUID-LJMBURG) 

Hoofdstukk 2.1 bestudeert oppervlakkige afstroming en bodemerosie in kleine stroomgebiedjes met 

voornamelijkk akkerbouw. In zes kleine stroomgebieden (3-10 ha) in Zuid-Limburg zijn 
gedurendee twee jaar metingen verricht aan neerslag en afvoer van water en sediment. 
Dezee gegevens vormden een validatiebasis voor LISEM, een erosiemodel voor Zuid 
Limburg.. In dit hoofdstuk worden de resultaten van de metingen gepresenteerd en de 
processenn geïdentificeerd die oppervlakkige afstroming en sedimendevering bepalen, 
zowell  voor zomer- als voor wintercondities. Voordat het meetprogramma van start 
gingg was de gedachte dat verslemping en korstvorming de belangrijkste oorzaken van 
oppervlakkigee afstroming en bodemerosie waren in Zuid Limburg. Erosiebeperkende 
maatregelenn richtten zich tot op heden vooral hierop. Deze studie laat echter zien dat 
inn een aantal stroomgebiedjes veel oppervlakkige afstroming optreedt in de winter en 
datt de bodemwaterbergingscapaciteit net zo belangrijk kan zijn voor het optreden van 
oppervlakkigee afstroming als de infiltratiecapaciteit. Het is daarom belangrijk dat 
hiermeee rekening wordt gehouden bij het modelleren van bodemerosie en bij het 
ontwerpenn en optimaliseren van bodembeschermende maatregelen voor Zuid 
Limburg. . 

I nn hoofdstuk 2.2 worden effecten van erosiebeperkende teeltsystemen op pioterosie besproken. 

Gedurendee een periode van 4 jaar is afvoer en bodemverlies gemeten van proefvelden 
mett zeven verschillende maïsteeltsystemen onder natuurlijke en gesimuleerde neerslag. 
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Daarnaastt zijn metingen verricht aan de kinetische energie van de neerslag, 
verslempingsgraad,, bodemruwheid, aggregaatstabiliteit, bodemvochtgehalte, 
schuifspanning,, porositeit en gewasbedekking. Met deze variabelen kon een groot deel 
vann de variantie in gemeten afvoer, bodemverlies en spaterosie worden verklaard voor 
dee verschillende teeltsystemen. Het onderzoek heeft tot de volgende conclusies geleid: 
1)) bodembewerking na de maïsoogst reduceert oppervlakkige afstroming en 
bodemverliess gedurende de winter sterk; inzaai van winterrogge heeft een verdere 
afnamee van de wintererosie tot gevolg, hoewel het verschil met een slechts bewerkte 
bodemm gering is; 2) erosie in de lente en het groeiseizoen kan sterk worden verminderd 
doorr te zorgen voor een goede bedekking van de bodem met gewasresten; de 
aanwezigheidd van gewasresten is essentieel om erosiereductie tebewerkstelligen in de 
zomer;; 3) bodemverliesreducties zijn veel groter dan afvoerreducties; alleen het 
'strosysteem',, dat gekenmerkt wordt door vlak- en losliggend plantresidue, geeft een 
significantee afvoerreductie te zien; de andere systemen hebben weinig effect op de 
afvoer,, zelfs als ze het bodemverlies effectief beperken. Deze conclusies gelden voor 
dee schaal van het proefveld. 

Dee effecten van bodembewerking en teeltsystemen op bodemruwheid en oppervlakteberging is het 

onderwerpp van hoofdstuk 2.3. Bodemruwheid en de daarmee samenhangende 
oppervlaktebergingscapaciteitt zijn van grote invloed op oppervlakkige afstroming en 
bodemerosie.. Met behulp van een pinnenmeter zijn microreliefmetingen verricht op 
proefveldenn met verschillende (erosiebeperkende) maïs- en suikerbietenteeltsystemen. 
Dezee gegevens zijn gebruikt voor de berekening van ruwheidsindices, en voor de 
bepalingg van de oppervlaktebergingscapaciteit, het piasoppervlak en de gemiddelde 
plasdieptee bij maximale berging. De resultaten laten zien dat de 
grondbewerkingskalenderr en het type grondbewerking de ruwheid en 
oppervlaktebergingg sterk bepalen. 'No-till ' systemen en erosiebeperkende teeltsystemen 
diee gebaseerd zijn op directzaai in het voorjaar, worden gekenmerkt door een relatief 
grotee oppervlakteberging, in vergelijking met systemen waarbij een zaaibedbereiding 
wordtt uitgevoerd met de eg. Primaire grondbewerking zoals ploegen heeft eerst een 
grotee oppervlakteberging tot gevolg. Dat kan echter sterk veranderen na verslemping. 
Dee metingen laten zien dat het geploegde oppervlak, ondanks zijn sterke relief, na 
verslempingg zeer effectief gedraineerd wordt, tenminste wanneer de bewerkingsrichting 
inn de richting van de helling is uitgevoerd. De metingen geven voorts aan dat 
verschillenn in oppervlakteberging tussen de systemen voor een groot deel 
samenhangenn met verschillen in de plasdiepte. Oppervlakteberging blijkt volgens een 
niet-lineairr verband af te nemen met toenemende hellingshoek. De vorm van deze 
curvee hangt af van de ruwheidskarakteristieken. Neerslag van hoge intensiteit heeft 
verslempingg tot gevolg, waardoor de depressies veel ondieper worden en deze zich 
snellerr legen wanneer de hellingshoek toeneemt. Verslemping vermindert de diepte van 
dee depressies, maar niet altijd het aantal. Oppervlakteberging hangt voorts af van de 
matee van oriëntatie van het microreliëf en van de hellingsrichting ten opzichte van de 
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bewerkingsrichting.. Op meer dan 80% van de 54 meetplotjes bleek het microreliëf een 
duidelijkee oriëntatie te hebben. De berekende oppervlakteberging voor een situatie 
waarinn de grondbewerking exact de hellingcontouren volgt, is veel hoger dan in geval 
vann bewerking in hellingop- of afwaartse richting. Maar omdat bewerking zelden 
perfectt de contouren volgt, zal het water in de praktijk veelal in zijwaartse richting 
afstromenn via de bewerkingslijnen naar punten waar het water accumuleert. Dit kan 
leidenn tot een doorbraak van water en serieuze erosie. Bij bewerking in de richting van 
dee helling zal oppervlakkige afstroming meer frequent optreden maar ook meer 
verspreidd en dus minder hevig en erosief. 

Inn hoofdstuk 2.4 wordt aandacht besteed aan het gebruik van grasvegetatie om erosie te 
beheersen.beheersen. Op basis van een literatuurstudie worden de verschillende toepassingen van 
gras,, de belangrijkste filtermechanismen en de effecten op afvoer en bodemverlies 
besproken.. Ook zijn er veldexperimenten uitgevoerd met grasstroken om te bepalen of 
dee veelal amerikaanse literatuurgegevens betreffende water- en sedimentretentie door 
grass ook gelden voor de situatie in Zuid Limburg. De experimenten simuleerden een 
situatiee waarin sedimenthoudend water, afkomstig van een hoger gelegen akker, een 
grasstrookk binnenstroomt. De retentie van water en sediment in de strook werd 
bepaaldd door het debiet van het water en de sedimentconcentraties te meten bij het in-
enn uitstroompunt van de afgebakende grasstrook. Er zijn metingen verricht op twee 
lokatiess met verschillend beheer en gras van verschillende ouderdom. De resultaten 
latenn zien dat grasstroken zeer effectief sediment uit afstromend water kunnen filteren 
mitss het water goed verspreid het gras instroomt. De sedimentconcentratie van het 
uitstromendd water kan worden beschreven als functie van de sedimentconcentratie van 
dee instroom en de strookbreedte. De afname van de sedimentafvoer bedroeg 50-60%, 
60-90%% en 90-99% voor strookbreedtes van respectievelijk 1, 4-5, en 10 m. Het oude 
grass dat gebruikt werd als weide gaf een iets beter nlterresultaat dan het jonge gras dat 
alss hooiland werd gebruikt en waar regelmatig trakteren kwamen. Verschillen in 
waterretentiee tussen de twee lokaties bleken voornamelijk samen te hangen met 
verschillenn in grasdichtheid. 

DEE MODELLEERSTUDI E (HET STROOMGEBIED VAN DE RIJN) 

Hoofdstukk 3 gaat in op bodemerosie en de levering van sediment van hellingen naar 
hett drainagenetwerk in het stroomgebied van de Rijn. Het resultaat van deze studie is 
eenn gedistribueerd dynamisch model voor bodemerosie en sedimentlevering geprogrammeerd in de 

TCRasterr dynamical modelling language'. Dit model, genaamd RECODES, is gebruikt 
omm effecten van klimaat- en landgebruiksveranderingen op sedimendevering aan 
rivierenn te schatten. Het model kwantificeert het aandeel van bodemerosie op de 
sedimentinputt in het alluviaal systeem van het Rijnstroomgebied en produceert kaarten 
vann de sedimentbrongebieden. De uitvoer van het model bestaat uit een langjarige 
schattingg van de maandgemiddelde sedimentproduktie en -levering, op basis van 
invoerr van langjarige maandgemiddelden klimaatvariabelen. RECODES maakt gebruik 
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vann enkele routines van het Rhineflowmodel, een hydrologisch model voor het 
Rijnbasin. . 

Dee modelontwikkeling bestond uit de volgende stappen. Eerst is alle basisinformatie die 
vann belang is voor bodemerosie en sedimendevering opgeslagen in een GIS-database 
(o.a.. reliëf/morfologie, bodem, landgebruik en het drainagenetwerk). Vervolgens is een 
bestaandd mathematisch model (GAMES), dat aansluit bij een eerder gedefinieerd 
conceptueell  model voor sedimendevering aan rivieren, geselecteerd en geschikt 
gemaaktt voor gebruik met de beschikbare data. De invoergegevens voor het model zijn 
gegenereerdd op basis van de eerder genoemde basisdata en literatuurgegevens. Enkele 
morfologischee invoerparameters zijn gevalideerd door middel van een vergelijking met 
waardenn die afgeleid zijn uit gedetailleerde topografische kaarten 1:25 000. Er is 
specialee aandacht besteed aan problemen die voortvloeienn uit de grote omvang van het 
studiegebiedd en de beperkte ruimtelijke resolutie van de beschikbare data. 

RECODESS omvat een sedimentproduktie (erosie) en een —leveringsmodule. De 
produktiemodulee bestaat uit een aangepaste versie van de USLE en de Duitse 
equivalentt ABAG. De aanpassingen maakten het mogelijk met een tijdstap van een 
maandd te werken en erosie door sneeuwsmelt in rekening te brengen. De hoeveelheid 
geërodeerdd sediment die uiteindelijk een beek of rivier bereikt hangt af van de afstand 
tussenn de sedimentbron en de beek, het optreden van oppervlakkige afstroming en van 
hett karakter van de transportroute naar de beek (waaronder hellingshoek en 
oppervlakteruwheid). . 

Eenn gevoeligheidsanalyse laat zien dat de modeluitvoer het meest gevoelig is voor variaties 
inn de variabelen hellingshoek, neerslaghoeveelheid en -erosiviteit, 'curve numbers', 
temperatuurr en de USLE-faktoren. De hellingkaart bevat mogelijk systematische 
foutenn en kan dus een belangrijke bron van onzekerheid zijn. Dit in tegenstelling tot de 
variabelenn neerslag en temperatuur die als redelijk nauwkeurige invoer kunnen worden 
beschouwd.. De 'curve numbers' (CN), die afhangen van bodemeigenschappen, 
bodemvochtgehaltee en landgebruik, bepalen de berekende sedimentlevering in sterke 
mate.. De validiteit van de CN-methode in RECODES hangt af van de kwaliteit van de 
Rhineflowmodulee die de waterbalans-berekeningen uitvoert. Tenslotte geeft de 
gevoeligheidsanalysee aan dat het model slechts matig gevoelig is voor variaties in de 
variabelee 'transportafstand' (l). Echter, de onzekerheid in de geschatte waarden voor / 
iss vrij groot en dus kan de onzekerheid in de modeluitvoer als gevolg van fouten in / 
tochh significant zijn. 

Vervolgenss is het model gebruikt om erosie en sedimendevering te schatten onder de 
huidigehuidige klimaat- en landgebruikscondities. De sedimentproduktie voor het hele Rijnbasin is 
geschatt op 23 Mt/jaar, waarvan 11.7 Mt/jaar geleverd wordt aan het drainagenetwerk 
(== 50% van de produktie). Het model identificeert de volgende primaire brongebieden 
voorr erosie: het Zwitserse middenland, de zuidelijke Rijnslenk met zijn steile hellingen, 
dee centrale en benedenstroomse gedeelten van de stroomgebieden van de Neckar en 
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Mainn met akkerbouw en erosiegevoelige bodems, het gebied tussen Mainz en Landau, 
hett benedenstroomse deel van het Moezelbasin en het loessgebied tussen de rivieren 
dee Lippe en de Roer. 

Inn de meeste duitse en franse deelstroomgebieden hangen de maandelijke variaties in erosie 
enen sedimentlevering samen met de akkerbouwkalender, met variaties in neerslagerosiviteit 
enn met bodemvochtcondities. In de hogere delen van het Neckarbasin, de Vogezen, 
hett Zwarte Woud en het zwitsere middelgebergte speelt ook erosie en 
sedimendeveringg door sneeuwsmelt een rol. In de Alpen worden temporele variaties in 
sedimendeveringg aan rivieren sterk bepaald door sneeuwval, sneeuwbedekking en 
sneeuwsmelt.. Deze processen vergroten in het algemeen de amplitude van zowel de 
piekenn als de dalen in het verloop van de berekende sedimendevering gedurende het 
jaar. . 

Eenn on^ekerheidsanalyse laat zien dat de modeluitvoer niet mag worden geëvalueerd op 
dee schaal van de rastercel; de uitvoer dient geaggregeerd te worden over grotere 
gebieden.. Een belangrijk probleem bij de onzekerheidsanalyse is de beperkte kennis 
overr de kwaliteit van de basiskaarten. Desondanks is het duidelijk dat een belangrijk 
deell  van de onzekerheid in de modelvoorspellingen veroorzaakt wordt door fouten in 
morfometrischee invoerparameters. Deze zijn namelijk afgeleid van kaarten met een 
lagee ruimtelijke resolutie waarmee de situatie op de schaal van de helling niet kan 
wordenn weergegeven. Echter, deze morfometrische parameters zijn relatief ongevoelig 
voorr klimaatveranderingen. Daarom kan worden verondersteld dat de gemodelleerde 
relatieverelatieve verandering in sedimentlevering, als gevolg van een klimaatverandering, minder 
onzekerheidd met zich meedraagt dan de absolute schattingen. 

Eenn validatiestudie laat zien dat de berekende erosiesnelheden vrij goed overeenkomen 
mett geaggregeerde meetgegevens gevonden in de literatuur. Voor enkele 
landgebruiksklassenn van akkerbouw wordt erosie door het model overschat, met name 
voorr rijgewassen. Deze overschatting is maximaal 36%. De foutschatting is gebaseerd 
opp de aanname dat de gemeten erosiesnelheden die gevonden zijn in de literatuur, 
representatieff  zijn voor de bodem- en landgebruikscondities waaronder de metingen 
hebbenn plaatsgehad. 

Eenn vergelijking tussen ongemeten sedimentlast van grote rivieren in het stroomgebied van de 
Rijnn en de gemodelleerde sedimentlevering aan het drainagenetwerk in het gebied 
stroomopwaartss van deze meetpunten, laat grote verschillen zien, zowel wat betreft 
hoeveelhedenn sediment als de temporele patronen in de sedimentbeweging. Het is 
zekerr dat alluviale processen, zoals berging van sediment in het rivierbed en de 
uiterwaarden,, een belangrijke rol spelen in het stroomgebied van de Rijn en dus 
verantwoordelijkk kunnen zijn voor deze verschillen. Echter, tot op heden is het niet 
mogelijkk aan te geven welk deel van de verschillen aan alluviale processen kan worden 
toegeschreven,, welk deel aan meetfouten, en welk deel door modelleerfouten wordt 
veroorzaakt.. De vergelijking tussen de gemeten zwevende sedimendasten en berekende 
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sedimentleveringg geeft aan dat in het alluviale systeem sedimentberging plaatsvindt in 
dee zomer en uitspoeling in de winter. 

Klimaat-Klimaat- en landgebruiksveranderingen zullen de processen van erosie en sedimendevering 
beïnvloeden.. Op basis van een scenariostudie voor het jaar 2050, waarbij gebruik is 
gemaaktt van het UKHI 2050 klimaatscenario (centrale schatting) en het CPC 
landgebruiksscenario,, kunnen de volgende conclusies worden getrokken voor het 
stroomgebiedd van de Rijn benedenstrooms van de Alpen: 

Inn een groot deel van het Rijnbasin hebben de verwachte landgebruiksveranderingen 
eenn daling van de levering van sediment aan rivieren tot gevolg, terwijl de verwachte 
klimaatveranderingenn het tegengestelde effect hebben. 

•• Plaatselijk kunnen erosiesnelheden toenemen, voornamelijk als gevolg van een 
toenemendee erosiviteit van de neerslag en de oppervlakkige afstroming. Op de 
schaall van de regio zullen erosiesnelheden nauwelijks veranderen of licht afnemen 
omdatt het ruimtebeslag van erosiebevorderende landgebruikstypen afneemt 
volgenss het landgebruiksscenario. Dit doet het effect van de toenemende erosiviteit 
teniet. . 

•• Processen die samenhangen met sneeuwval, sneeuwbedekking en sneeuwsmelt 
zullenn veel minder belangrijk worden in veel van de duitse en franse 
stroomgebieden.. Dit zal het temporele patroon van erosie en sedimendevering 
sterkk beïnvloeden. 

•• De sedimendevering aan rivieren wordt moeilijker als gevolg van drogere condities 
inn de stroomgebieden, met name in het seizoen waarin de erosiviteit het hoogst is. 
Daaromm zal de sedimendevering in het algemeen afnemen. 

Hett sediment dat geleverd wordt aan rivieren in de Alpen wordt uiteindelijk geborgen 
inn de vele grote meren aan de voet van de Alpen in Zwitserland en is dus niet 
beschikbaarr voor transport naar de nederlandse wateren. Daarom wordt de 
modeluitvoerr voor de Alpen buiten beschouwing gelaten in de eindresultaten 
betreffendee de effecten van klimaatveranderingen op erosie en sedimendevering. 

Voorr het Rijnstroomgebied benedenstrooms van de Alpen zal de sedimendevering aan 
rivierenn in 2050 lager zijn dan in 1990, tenminste voor de scenario's waarin de 
klimaatveranderingg klein is (-16%) en gemiddeld (-11%). Voor het scenario met de 
sterkstee klimaatverandering wordt een toename van 8% berekend. Deze scenariostudie 
geeftt dus aan dat de hoeveelheid sediment die wordt gemobiliseerd door bodemerosie 
enn getransporteerd naar rivieren door oppervlakkige afstroming, en die potentieel 
beschikbaarr is voor transport naar de nederlandse wateren, vermoedelijk licht af zal 
nemen.. Deze conclusie geldt voor het scenario 'UKHI 2050, central estimate' in 
combinatiee met het CPC-landgebruiksscenario. De sedimendevering zal toenemen 
indienn het landgebruik niet veranderd ten opzichte van 1990 of indien de 
klimaatsveranderingg sterker is dan vastgelegd in het UKHI 2050 scenario. 
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EVALUATI EE E N VERDER ONDERZOEK 

Hett laatste hoofdstuk gaat in op enkele onderwerpen die verband houden met erosie 
opp hellingen en het transport van dat sediment naar beken en rivieren. De studies die 
inn dit proefschrift staan beschreven laten zien dat het optreden en de intensiteit van 
bodemerosiee zeer variabel is in tijd en ruimte. Grootschalige patronen worden bepaald 
doorr de globale bodem- en klimaatscondities en het reliëf. Bovenop deze globale 
patronenn zien we sterke variaties in bodemerosie die samenhangen met fijnschalige 
faktorenn (zoals landgebruik, helling- en stroomgebiedsmorfologie, bodemfysische 
eigen-schappen),, en met zeer fijnschalige faktoren (zoals bodemoppervlakte-
kenmerken,, het microreliëf, bewerkingsrichting en vegetatie- en gewasbedekking). 

Daarnaastt worden kennishiaten met betrekking tot sedimenttransport naar rivieren 
besproken,, evenals problemen die specifiek zijn voor grootschalige onderzoeken: 

a)) ondanks de groeiende kennis van bodemerosieprocessen en van methoden om 
erosiee te beteugelen, is er weinig bekend over het lot van het geërodeerde sediment 
tijdenss transport naar rivieren. Er zijn relatief weinig kwantitatieve gegevens 
beschikbaarr over eventuele af- of toenames van de hoeveelheid sediment in 
transportt op weg naar de rivier, zeker in vergelijking met de hoeveelheid gegevens 
diee beschikbaar is voor erosie op plot- of veldschaal. Verder onderzoek dient zich 
tee richten op de connectiviteit tussen verwijderd gelegen brongebieden en 
rivierlopen,, en op de rol van geulerosie in het proces van sedimendevering aan 
rivieren. . 

b)) Het is niet duidelijk hoe om te gaan met bodemerosie en sedimenttransport op de 
'globall  scale'. De meeste modellen zijn niet in staat seizoenspatronen in 
sedimendeveringg te berekenen, en zijn ongeschikt voor de regionale en globale 
schaal.. Om hierin verbetering te brengen is het noodzakelijk om de verschillende 
manierenn waarop oppervlakkige afstroming kan worden gegenereerd beter en 
expliciett te benaderen, met inbegrip van bepalende seizoensfaktoren. Een model 
voorr oppervlakkige afstroming voor de grote schaal is nog niet beschikbaar. De 
bestaandee methoden die worden toegepast op de regionale schaal mogen voldoen 
voorr verkennende studies, maar zijn zeker onvoldoende voor beleidsondersteunend 
milieukundigg onderzoek. 
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