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ABSTRACT 

The objective of the Water Erosion Prediction Project is to develop new generation prediction 
technology for use by the USDA-Soil Conservation Service, USDA-Forest Service, USDI-Bureau of 
Land Management, and other organizations involved in soil and water conservation and environmental 
planning and assessment. This improved erosion prediction technology is based on modem hydrologic 

' and erosion science, process oriented, and computer implemented. The technology includes three 
I versions: a hillslope profile version, a watershed version, and a grid version. This document is a detailed 
1 description of the hillslope profile version of the technology. 

The hillslope profile erosion model is a continuous simulation computer model which predicts soil 
loss and deposition on a hillslope. It includes a climate component which uses a stochastic generator to 
provide daily weather information, an infiltration component which is based on the Green-Arnpt 
infiltration equation, a surface runoff component which is based on the kinematic wave equations, a daily 
water balance component, a plant growth and residue decay component, and a rill-intenill erosion 
component. The profile erosion model computes spatial and temporal distributions of soil loss and 
deposition. It provides explicit estimates of when and where on the hillslope erosion is occurring so that 
conservation measures can be designed to most effectively control soil loss and sediment yield. 

The hillslope profile erosion model is based on the best available science for predicting soil erosion 
*on hillslopes. The relationships in the model are based on sound scientific theory and the parameters in 
-the model were derived from a broad base of experimental data. The model runs on standard computer 
hardware and is easily used, applicable to a broad range of conditions, robust, and valid. 
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Chapter 6. SOIL COMPONENT 

E. E. Alberts, J. M. Laflen, W. J. Rawls, J. R. Simanton and M. A. Nearing 

6.1 Introduction and Objectives 

Soil properties influence the basic water erosion processes of infiltration and surface runoff, soil 
detachment by raindrops and concentrated flow, and sediment transport. The purpose of this chapter is to 
~rovide the WEPP user with background information on the soil and soil-related variables currently 
3redicted in the WEPP model. 

1 6.2 Background 

1 63.1 Hydrology Parameters 

1 I Four soil variables that influence the hydrology portion of the erosion pocess are predicted in this 
component, including: 1) random roughness, 2) ridge height, 3) bulk density, and 4) saturated hydraulic 
conductivity. Random roughness is most often associated with tillage of cropland soil, but any tillage or 
soil disturbing operation creates soil roughness. Ridge height, which is a form of oriented roughness, 
results when the soil is arranged in a regular way by a tillage implement and varies by a factor of two or 
more depending upon implement type. Depressional storage of rainfall and hydraulic resistance to 
overland flow are positively correlated with soil roughness. Soil roughness changes temporarily due to 
tillage, rainfall weathering, and freezing and thawing. Bulk density reflects the total pore volume of the 
soil and is used to predict several infiltration parameters, including wetting front suction (see Chapter 4 
for details) and saturated hydraulic conductivity. Bulk density changes temporally due to tillage, wetting 
and drying, freezing and thawing, and wheel and livestock compaction. Adjustments to bulk density are 
needed to account for factors such as the volumes of entrapped air and coarse fragments in the soil. 

1 1 633 Soil Detachment Parameters 

1 Intenill erodibility (Ki) is a measure of sediment delivery rate to rills as a function of rainfall 
intensity. For cropland and rangeland soils, base Ki values were predicted from relationships developed 
from field experiments conducted in 1987 and 1988 (Laflen et al., 1987; Simanton et al., 1987). Base Ki 
values for cropland soils are measured when the soil is in a loose, unconsolidated condition typical of that 
found after primary and secondary tillage using conventional tillage practices. Base Ki values for 
rangeland are measured on undisturbed soils with all vegetation and coarse fragments removed. Base Ki 
values for cropland and rangeland soils need to be adjusted for factors that influence the resistance of the 
soil to detachment, such as live and dead root biomass, soil freezing and thawing, and mechanical and 
livestock compaction. 

Rill erodibility (K,) is a measure of soil susceptibility to detachment by concentrated flow, and is 
loken defined as the increase in soil detachment per unit increase in shear stress of clear water flow. 
Critical shear stress (7,) is an important tern in the rill detachment equation, and is the shear stress below 
which no soil detachment occurs. Critical shear stress (re) is the shear intercept on a plot of detachment 
by clear water vs. shear stress in rills. Rate of detachment in rills may be influenced by a number of 
variables including soil disturbance by tillage, living root biomass, incorporated residue, coarse 
fragments, soil consolidation, freezing and thawing, and wheel and livestock compaction. 

6 3  User and Climatic Inputs 

I The number of overland elements existing on the hillslope profile is speciW by the user, with an 
overland flow element being defined as an area of uniform cropping, management and soil characteristics. 
Soil information at the mapping unit level is stored in a soil input file. If the hillslope segment begins on a 
ridge and ends in a alluvial valley, the location of each mapping unit can be specified and soil properties 



~ = 2 . 8 - 3 0 S i  

where Si is the silt content of the soil (0-1). If a, r 0, then a, is set to -0.1. 

of each read into the model from the soil input file. Mapping units on the hillslope profile are specified to 
better predict the effects of basic soil physical and chemical properties on infiltration and soil erodibility 
parameters. 

Because tillage is one major process altering soil properties, the user must specify information on 
any tillage operation that occurs during the erosion simulation. Specific inputs include: 1) implement 
type, 2) tillage date, 3) tillage depth, and 4) tillage direction relative to the slope (see Chapter 8 for more 

I 

information on tillage management and user input options). I 
After tillage, temporal changes in soil roughness, bulk density, and saturated hydraulic conductivity 

occur due to soil wetting and drying and freezing and thawing. Daily rainfall, max-min air temperatures, 
and soil water content are important variables in some equations that predict temporal soil properties. 

6.4 Time Invariant Soil Properties I 
Time invariant soil properties are used to calculate baseline soil infiltration and erodibility 

parameters. Most baseline soil infiltration and erodibility parameters m calculated internal to the model 
using data read in from the soil input file (see User Summary for more information). 

I 1  
I 1  
I 

i l  

I 
I 

6.5 Random Roughness I 1  ' , 
I 

Random roughness following a tillage operation is estimated based upon measured averages for an 
I implement, which is similar to the approach used in EPIC (Williams et al., 1984). Table 6.5.1 shows the I I 

random roughness value assigned to each tillage implement in the current crop management input file. 

Soil random roughness immediately after a tillage operation is predicted from: 

R, = R, T~ + R,(,-~, [I - ~ i ]  I I 1  r6.5.11 

I1 
I 

where Rfi is the random roughness immediately after tillage, R, is the random roughness created by a 
tillage implement, Ti is the tillage intensity value associated with an implement, and R,(t-l) is the random I 
roughness immediately prior to tillage. This approach accounts for the effect of prior random roughness 
on random roughness after tillage. 

Random roughness decay with time after tillage is predicted from: I ' 
I 

[6.52] 
1 

Rr(t) =R" e Rc 

where Rr(,) is the random roughness at time t (m), R, is the random roughness immediately after tillage 
I 

(m), a, is a random roughness parameter, and R, is the cumulative rainfall since tillage (m). I 

a, is predicted from: 
1 ,  

I 
r6.5.31 

1 
I 

i 



Table 6.5.1. Residue and soil parameters for original 27 WEPP tillage implements. t 

Tillage Intensity* Other Tillage Parameterse 
Implement Corn Soybeans TDMEAN RRo RHO RINT 

(0 to 1) --------------------m------------------- 

1 Moldboard Plow 0.93 0.96 0.150 0.043 0.050 0.360 

2 Chisel Plow, 0.25 0.45 0.125 0.023 0.050 0.100 
Straight 

3 Chisel Plow, 0.45 0.65 0.125 0.026 0.075 0.100 
Twisted 

4 Field Cultivator 0.25 0.35 0.100 0.015 0.025 0.150 

5 Tandem Di 0.50 0.65 0.100 0.026 0.050 0.230 

6 Offset Disk 0.55 0.70 0.100 0.038 0.050 0.230 

7 One-way Disk 0.40 0.50 0.100 0.026 0.050 0.230 

8 Paraplow 0.20 0.25 0.150 0.010 0.025 0.360 

9 SpikeTooth 0.20 0.25 0.025 0.015 0.025 0.050 
Harrow 

10 Spring Tooth 0.30 0.45 0.050 0.018 0.025 0.100 
Harrow 

1 1 Rotary Hoe 0.10 0.15 0.025 0.012 0.000 0.000 

12 Bedder Ridge, 0.75 0.80 0.150 0.025 0.150 1.000 
Lister 

13 V-Blade Sweep 0.10 0.15 0.075 0.015 0.075 1.524 

14 Subsoiler 0.20 0.30 0.350 0.015 0.075 0.300 

15 Rototiller 0.55 0.70 0.075 0.015 0.000 0.000 

16 Roller Packer 0.10 0.10 0.000 0.010 0.025 0.075 

17 Row Planter w/ 0.08 0.1 1 0.000 0,010 0.010 1.000 
Smooth Coulter 

18 Row Planter w/ 0.15 0.000 0.012 0.025 1.000 
Fluted Coulter 

19 Row Planter w/ 0.20 0.30 0.000 0.013 0.075 1.000 
Sweeps 

20 Lister Planter 0.40 0.50 0.000 0.025 0.100 1.000 

21 Drill 0.15 0.15 0.000 0.012 0.050 1.000 

22 Drill w/ Chain 0.15 0.15 0.000 0.009 0.025 1.000 
h-dg 

23 Row Cultivator 0.25 0.30 0.000 0.015 0.075 1.000 
w/ Sweeps 



Table 6.5.1. Residue and soil parameters for original 27 WEPP tillage implements. t (Continued) 

Tillage Intensity* Other Tillage Parameters$ 
Implement Corn Soybeans TDMEAN RRo RHO RINT 

(0 to 1) ----------------m-------------------- 

24 Row Cultivator 0.25 0.30 0.000 0.015 0.050 1.000 
w/ Spider Wheels 

25 Rod Weeder 0.15 020 0.000 0.010 0.025 0.125 

26 Rolling Cultivator 0.50 0.55 0.000 0.015 0.150 1.000 

27 NH3 Applicator 0.15 0.20 0.000 0.013 0.025 0.300 

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

T List is being expanded to approximately 80 tillage implements. 

$ Tillage intensity values are used for altering soil and residue properties. Values for corn are used far all crop I 
except those that have residue classified as fragile. WEPP crops that produce fragile residue include soybeans 
peanuts, and potatoes. 1-11 

$ TDMEAN's represent an average tillage depth and are used to adjust the fraction of residue cover remaining for 
certain primary and secondary tillage depths specified by the user (See Chapter 8 for more detail). 

RRo and RHO are random roughness and ridge height parameters. 

RINT represents the on-center ridge interval. If RINT = 1.0, then RINT is set to row width (RW) in the model. I 
6.6 Ridge Height 

A ridge height value is assigned to a tillage implement based upon measured averages for an 
implement (see Table 6.5.1 for assigned ridge height values), which is similar to the approach used in 
EPIC (Williams et al., 1984). I I 

Ridge height decay following tillage is predicted from: 

ridge height parameter, and R, is the cumulative rainfall since tillage (m). % is currently set equal to th 
random roughness parameter (G). 7 

Large ridges made by a rolling cultivator or a similar ridging implement do not decay as fast as 
smaller ridges made by a disk or chisel plow. Criteria used to identify a well-defined ridge furrow system 
is that ridge height after tillage is 2 0.1 m and the ridge interval is equal to the row spacing. For this 
condition, ridge height cannot decay below 0.1 m. I 
6.7 Bulk Density 

6.7.1 Tillage Effects I 
Soil bulk density changes are used to predict changes in infiltration parameters. Bulk density afte 1 

tillage is difficult to predict because of limited knowledge, particularly for point- and rolling-type 
implements, of how an implement interacts with a soil as influenced by tillage speed, tillage depth, 
soil cohesion. 



I 
I 

1 I 

I I The approach chosen to account for the influence of tillage on soil bulk density is to use a 
I 
classification scheme where each implement is assigned a tillage intensity value from 0 to 1, which is 
kimilar to the approach used in EPIC (Williams et al., 1984). The concept is based, in part, on measured 
1 effects of various tillage implements on residue cover. 

I I Flat residue cover following a tillage operation is predicted from (Chapter 8): 

C~ ( t )  = C~ ( r  -1) R d  

1  where Cf(,, is the flat residue cover after tillage (@I), C~(,-,, is flat residue cover before tillage (0-I), and 
is the residue mixing factor (0-1). 

I The base R ,  value is predicted from: 

R"f= 1 -T i .  r6.7.21 

variable, then, reflects the relative amount of soil disturbance caused by a tillage implement. A 
inverting implement, like a moldboa3 plow, disturbs the soil more than point- or mlling-type 

implements. Table 6.5.1 shows the tillage intensity value assigned to each tillage implement in the 
crop management input file. 

I 1 The equation used to predict soil bulk density after tillage is (Williams et al., 1984): 

pt = p(t-1) - [[I'(~-~) - 0.667 PC 

1 ' where p, is the bulk density after tillage (kg mn), p~e-~, is the bulk density before tillage (kg mn), p, is the 
I I consolidation soil bulk density at 0.033 MPa (kg m"), and T, is the tillage intensity value (0-1). 

I I 

Consolidated soil bulk density. p,, is calculated by the model from the soil input data from the 

p, = [1.514 + 0.25 Sa - 13.0 Sa Om - 6.0 Cl Om - 0.48 C1 CEC, 10' I 
I I 

where p, is the consolidated soil bulk density at 0.033 MPa (kg m"), Sa is the sand content (0-I), Om is 
the organic matter content (@I), C, is the clay content (0-1). and CEC, is the ratio of the cation exchange 

, capacity of the clay (CEC,) to the clay content of the soil. 

I l l  1 The cation exchange capacity of the clay fraction of the soil is calculated from: 

CEC, = CEC - Om 1 
where CEC is the cation exchange capacity of the soil (cmd kg-') and D, is the average depth of the 
horizon of interest (m). 

Soil properties for the average depth of al l  primary tillage implements used in one tillage sequence 
are initialized from the data in the soil input file. If the depth of primary tillage is less than the depth of 
the first soil horizon, one new soil layer is created. Another new soil layer is created if the average depth 
)fall secondary tillage implements in the same tillage sequence is less than the average primary tillage 
depth. If the primary tillage depth is greater than the depth of the first soil horizon, soil properties of the 
tillage layer are depth-weighted averages of the soil properties of the soil horizons mixed by the tillage 

I implement. Uniform mixing is assumed. AU ploeesses that influence soil bulk density are modeled 
within the primary and secondary tillage zones. 



Three additional factors, including: 1) soil water content, 2) rainfall consolidation, and 
weathering consolidation that influence temporal changes in soil bulk density are predicted. 

6.7.2 Soil Water Content Effects 

The influence of soil water content on bulk density changes is predicted from: 

where p(,, is the bulk density (kg mnt), p(,+ is the bulk density of the pmious day (kg m"), & is 
parameter describing the change in bulk density with water content (kg m"), 8, is the water content 
(m3 m"), and 8(,-,) is the water content of the previous day (m3 m"). 

The change in soil bulk density with soil water content (4,) is predicted from: 

where pd is the oven dry bulk density (kg m"), pc is the consolidated bulk density at 0.033 MPP (kg m"), ' I 
43, is the residual water content (m3 m'3), and 8/, is the water content of the consolidated soil at 0.033 
MPa (m3 m-3). 

Oven dry bulk density is read into the model from the soil input file. If the value is zero, pd id ''. 
predicted from: 

pd= - 0 . 0 2 4 + 0 . 0 0 1 ~ ~ + 1 . 5 5 ~ ~ ~ ~ ~ ~ + ~ ~ ~ ~ ~ ~ -  I . ~ c E c ~ c ~ - ~ A o , ]  I@. I [6.7.81 1 

The residual water content of the soil is predicted from (Baumer, personal communication): 

8, = [o.O00002 + 0.0001 Om + O.oOoz5 Cl C E e 4 ' )  PC,) 

1, 
l6.7.91 

where 8, is the residual volumetric water content of the soil (m3 m-3). 

The gravimetric soil water content at 0.033 MPa (kg water /kg of < 0.002-m soil material) is read 
into the model from the soil input file and is converted to a volumetric basis by multiplying by the bulk 
density of the soil. If the value is zero, the volumetric water content is predicted from: 

where 8& is the volumetric water content at 0.033 MPa (m3 m-3). 

The gravimetric soil water content at 1.5 MPa (kg waterkg of c 0.002-m soil material) is read into 
the model from the soil input file and is converted to a volumetric basis by multiplying by the bulk 
density of the soil. If the value is zero, the volumetric water content is predicted from: 

where ed is the volumetric water content at 1.5 MPa (m3 m-3). 



I 

I 

6.73 Raidall Consolidation 

Rainfall on fmhly tilled soil consolidates it and increases soil bulk density. Soil bulk density 
increases by rainfall m predicted from (Onstad et al., 1984): 

[6.7.12] 
P(r) = Pr + Apd 

where p(,, is the bulk density after rainfall (kg m-3), pr is the bulk density after tillage (kg m-3), and Ap* is 1' the bulk density increase due to consolidation by rainfall (kg m-3). 

I The increase in soil bulk density fmm rainfall consolidation (Apd) is calculated from: 

where Ap, is the maximum increase in soil bulk density with rainfall and Rc is the cumulative rainfall 
since tillage (m). 

The maximum increase in soil bulk density with rainfall is predicted from: 

upper boundary for soil bulk density change with rainfall is reached after a freshly tilled soil receives 
p.1 m of rainfall. 

For most soils, 0.1 m of rainfall does not fully consolidate the soil. Consolidated soil bulk density ( (pC) is assumed to be the upper boundary to which a soil naturally tends to consolidate. 

I The difference between the naturally consolidated bulk density and the bulk density after 0.1 m of 
rainfall is: 

[6.7.15] 

where Ap, is the difference in soil bulk density between a soil that is naturally consolidated and one that 
has received 0.1 m of rainfall. is soil bulk density on the day cumulative rainfall since tillage equals 

0.1 m. 

The adjustment for increasing bulk density due to weathering and longer-term soil consolidation is 
computed from: 

[6.7.16] 
Apwr = 4% Fdc 

I where Ap, is the daily increase in soil bulk density after 0.1 m of rainfall (kg m-3), and F ,  is the daily 
I consolidation factor. 

I The daily bulk density consolidation factor is predicted from: 

1 
Fk = 1 - e-cbd 

where Q is a bulk density parameter. Q is currently set to 0.005, which generally causes the soil to 
consolidate to its natural bulk density in about 200 days if no tillage occurs. 

I Soil bulk density changes following tillage are predicted from: 



where u, is the cumulative bulk density change with water content from tillage until the soil receives I 

0.1 m of rainfall. 

After the soil receives 0.1 m of rainfall, soil bulk density changes are predicted from: 

where (1-1) refers to the previous day. 

6.8 Porosity 

Total soil porosity (4,) is predicted from soil bulk density by: 

where p(,) is the bulk density at time t (kg m"). / I  ) 
The volume of entrapped air in the soil (Fa) is calculated from (Baumer, personal communication): I I 

where the clay, sand, and organic matter contents of the soil are given as a fraction (0-1). 

The correction for the volume of coarse fragments in the soil (F,) is predicted from (Brakemiek et li ; 
al., 1986): 

V# is the fraction of coarse fragments by volume (0-1) and is predicted from: 

where M, is the fraction of coarse fragments by weight (0-1). 

The effective porosity of the soil (e,) is calculated from the total porosity determined from soil bulk I 

density (< 2-mm material) and adjusted for the volumes of entrapped air and residual water. 4, is 
computed from: 

Soil porosity calculated in Eq. [6.8.1] and volumetric soil water contents at 0.020, 0.033, and 1.5 
MPa are adjusted for the volumes of entrapped air (Fa) and coarse fragments (F,). These adjusted soil I! 1 
parameters are used in soil water storage computations (see Chapter 7). 


















