
 1

2. Landforms made by running water 

 

2.1 Geomorphic action of running water 

 Major erosive action of running water is tractive force acting on bed surface. 

Tractive force τis given by 

  ghSρτ =                       (2.2) 

where ρis density of water, g is gravity acceleration, h is water depth and S is slope 

gradient. Tractive force is also represented by the relation 

 

 ghSu == ρτ /*                             (2.3) 

where u＊is friction velocity. 

Many empirical relations which give the amount of sediment load transported by 

tractive action are presented so far. A simplified general form of the formulas is 

represented by 
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where the left-hand side is tractional load in no-dimension and the term in the 

parenthesis of the right-hand side is tractive force in no-dimension. A representative 

one of this type is Brown’s Equation: 
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where qb is tractional load per unit time and unit width, d is particle diameter, σ is 

density of the particle and ρ is density of the fluid.  

 By simplification, the following relation  

αα ρτ )( ghSccqb ==                   (2.6)  

is derived, where c is proportional constant. 

Continuity equation for tractional load is given by 
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where  z  is altitude, t is time,λ is porosity of sediment layer and x is 

horizontal distance. 

 Now, we consider the surface flow on mountain slopes caused by rainfall as shown 

in Fig.2.2. Equation of motion and equation of continuity in one dimension for the 

surface flow are 
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where v is flow velocity, h is flow depth, x is horizontal distance from divide, S is 

gradient of ground surface, ｒ  is lateral inflow by rainfall, n is Manning’s 

coefficient of roughness. When we consider long-term geomorphic process,  (2.8) 

and (2.9) can be simplified as    
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Combining the above fundamental equations, a partial differential equation which 

describes the evolution of longitudinal slope profile can be derived. 

Solving the differential equation derived from (2.10) and (2.11) under the 

boundary condition x=0, h=0, and under the simplification that S is constant, flow 

depth h at the distance x from divide is given by 
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A generalized form of (2.5) is written as 
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Tractional load at x is obtained from (2.3), (2.12) and (2.13). Substituting the 

tractional load qb into equation of continuity of sediment (2.7), the following partial 

differencial equation which describes the evolution of longitudinal slope profile is 
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derived:  
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The main variables are slope gradient, slope curvature and the distance from divide. 

Equation (2.14) can be rewritten as 
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In a steady state continuity equation (2.7) is 

0=
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dqb                          (2.16) 

 

From (2.6), (2.12) and (2.16),  
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is derived, where z is altitude, x is horizontal distance from divide and S0 is slope 

gradient at x=0. The relation shows that longitudinal valley profile is described by a 

power function of x in a steady state 

 

2.2 Longitudinal profiles of slopes and valleys 

 Validity of the mathematical expressions (2.14), (2.15) and (2.17) has been 

confirmed in real and experimental landforms, mainly by the coincidence of the 

amount of landform change. 

 

(1) Laboratory experiment on slope erosion  

Experiments on gully erosion caused by simulated rainfall were conducted on a 

heaped up slope composed of volcanic ash. The slope was 4.3m long, 2m wide and at 

an angle of 24 degrees. Gullies were formed by rainfall at an intensity of 80mm per 

hour. The gullies extended upwards from base of the slope with decreasing speed as 

the time went on. Slope materials transported from the gullies deposited like a fan 

around the base of the slope. The average amount of erosion depth or deposition 

depth was measured at each cross section, set at 10 or 20cm intervals. Longitudinal 

changes in the average amount of erosion depth or deposition depth, in other words, 

the changes in the longitudinal profiles of average slopes, coincide well with those 

calculated by the equation (2.14). The values m and C (=k1/k2) are given by multiple 
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regression analysis.  

 

Mizutani, T. (1985): Experimental study on the longitudinal profile of an artificial 

slope composed of volcanic ash due to gullying. Geograph. Rep. Tokyo 

Metropol. Univ. No. 20, 179-187.  
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(2) Valley profiles on a dissected marine terrace  

 On the coast of Tosa Bay, Southwestern Japan, there is a wide coastal terrace which 

was formed on the Last Interglacial and has been uplifted to altitudes of 150-200 m 

above the present sea level by crustal movement. Many valleys dissected the terrace 

surface with upwardly convex profiles in downstream reaches (Fig.2.10).  

 

 

 

Numerical simulations were conducted to investigate the development of 

longitudinal profiles of the valleys under the influence of base level change and 

marine erosion. A time sequence of seashore migration which has been caused by 

marine erosion and relative sea level change due to crustal uplift and glacial eustasy 

since the Last Interglacial was given as a boundary condition. Numerical calculations 

were conducted using a finite difference method, starting from 125,000 years ago 

when the shoreline was located at the upper end of the terrace surface, and 

progressive changes in the valley profiles over time were simulated. The present 



 6

profiles obtained from the calculation fit quite closely to actual valley profiles, 

which demonstrates the validity of the basic equation, and at the same time suggests 

a formation process for wide coastal terraces.   
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 Mizutani, T. (1996): Longitudinal profile evolution of valleys on coastal terraces 

under the compound influence of eustasy, tectonism and marine erosion. 

Geomorphology 17, 317-322. 
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(3) Erosional development of mountain slopes 

Basic equations used for calculation are  

  3)(xSaq =                       (2.23) 
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2.3 Alluvial fans 

 From a simplified hydraulic mechanism of sediment transport on open fan surfaces, 

it is derived that the gradient of a fan surface can be expressed by a power function 

of the distance from the fanhead. The exponent represents the convexity or concavity 

of the longitudinal fan profile. The existence of the relation expressed by the power 

function has been recognized in many small natural fans and laboratory fans. In some 

natural fans the exponents change ay certain points in midfans. The changes are 

inferred to have been caused by the spread of water flow on the fan surface and by 

locational differences of the transporting agents. This inference is supported by 

laboratory experiments and theoretical modelling. 

Mizutani,T. (1986): Longitudinal change in the gradient of alluvial fan surfaces. 

Geogrph. Rep. Tokyo Metropol. Unv., No.21, 251-260. 

 

(1) Longitudinal fan surface profile 

 Basic equations are as follows. 

Continuity equation of sediment load: 
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Tractional load: 

αα ρτ )( ghSccqb ==                   (2.26) 

Equation of motion of water flow: 

2/13/51
Sh
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Equation of continuity of water flow: 
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0wpxw +=                                              (2.29) 

From these equations the following relation is derived. 
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In a steady state, that is, when ∂z/∂t=0 
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is derived. Solving the equation, the following equation which describe longitudinal 

fan surface profile is obtained. 

αα /)16.0(
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−= pxSS                                            (2.33) 

This shows that relationship between x and S is linear on a log-log paper. 
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(2) Digital simulations 

Basic equations are 
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2.4 River terraces 

(1) Flume experiments 

 The formation mechanism of multiple erosional terraces which develop in the 

dissection process of sedimentary valley fills was investigated by laboratory 

experiments and computer simulations. Sequences of unpaired terraces were 

produced on experimental fan-like deposits under condition of constant water 

discharge, no base-level change, and no sediment supply (Fig.2.25). The terraces 

developed as a result of the repetition of lateral shifting and still-stand of the stream 

channel at each cross-section during continuous down-cutting (Fig.2.27). This mode 

of channel migration was caused by meander growth during which amplitude and 

wavelength increased with time.  
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(2) Computer simulations 

Terrace formation processes observed in the laboratory experiments were  

reproduced by computer simulations using a simple meander model. The meander 

channel is represented by a sine curve in which amplitude and wavelength are 

functions of time and distance from the fan apex: 

 

)/2sin( CxAy π=                    (2.38) 

    ,)01.0412( KxtA −+=   xtC 5.0100120 ++=  

 

where x is the distance from the fan apex along the midline of the deposition area, y 

is the transverse distance from the midline, A is the amplitude, C is the wavelength, t 

is time, and K is a coefficient. 

The terraces developed by intermittent lateral channel shifting caused by 

meandering growth in which amplitude and wavelength increased with time. The 

meandering growth mode may prevail on fairly steep valleys infilled with alluvial 

deposits, as well as on alluvial fans. External stimuli such as climatic variation, 

tectonism or base-level change are the factors which primarily affect the rate of 

vertical incision. Since terrace surface is a former river channel, an explanation of 

the origin and mode of lateral channel shifting is essential for clarifying the 

mechanism of multiple terrace formation. 

 

Mizutani, T. (1998): Laboratory experiment and digital simulation of multiple 

fill-cut terrace formation. Geomorphology, 24, 353-361.  
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2.5 Drainage basin and stream network 

(1) Erosion rate 

 Regression equations for estimating the amount of sediment discharge from steep 

mountain basins have been derived by using 43 data of sedimentation in sabo-dams 

in Central Japan. One of the regression equations is  

KPSqs
97.2

3

74.3210862.1 −×=      r =0.944        (2.39) 

where qs : the amount of sedimentation in a sabo-dam per a unit drainage basin and 

per year, S : mean basin gradient, P3 : maximum 3-hour rainfall intensity, K : 

geologic coefficients which are obtained by using dummy variables.  
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Geologic coefficients when that for volcanic rocks (V) is set at 1 are 0.22 for 

granitic rocks (G), 0.35 for palaeogene sedimentary rocks (T), 0.14 for Palaeozoic 

rocks (P) and 1.04 for granitic rocks suffered from pollution by mining (GD). K 

represents the relative resistivity to erosion. 

 

(2) Drainage basin development 

 Erosional development of mountain basins has been simulated by using digital 

elevation data in a 50m mesh. Gradients to neibouring 8 meshes are measured by 

each mesh. The amount of sediment transport to the mesh with maximum gradient is 

calculated by 

  )()( 021 SSKASKq −+=                 (2.41) 

where q is the amount of sediment transport, A is catchment area upstream of each 

mesh (number of inflow mesh), S is gradient, S0 critical gradient, and K1,K2 are  
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proportional constants. The first term represents the transport by running water and 

the second term by mass wasting.   

At first sediment transport to maximum gradient direction is calculated for every 

mesh. Then, erosion depth or deposition depth is calculated by the following 

continuity condition for every mesh. 

 )(
1
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where Δz is erosion or deposition depth, Δx, Δy are mesh interval, qin sediment 

inflow, qout sediment outflow. By these calculations digital elevation data after Δt 

time step is obtained. Again, by using the new digital elevation data, the same 

calculation is executed. Fig.2.34 is an example of simulated landscape evolution. T is 

the number of calculation step. 

 The validity of the simulation has been confirmed by the law of stream networks. 

The test field is the Soya hills in Northern Hokkaido which is composed of Tertiary 

sedimentary rocks slightly dissected by shallow valleys. Stream networks are drawn 

on contour maps prepared from simulated digital elevation data (Fig.2.36).   

 

 

The relationship between stream order and the number of stream is almost linear 

throughout the time, that is, law of stream number is realized at every step (Fig.2.38). 
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Bifurcation ratio keeps almost a constant , about 3.8.  At T=3000 maximum 

stream order increased by 1. As the lapse of time, drainage density increases linearly, 

as a result of the increase in the number of short low order stream. T=1000 is 

supposed to be about 10 thousands years. 
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