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ABSTRACT 

Sixteen water harvesting runoff plots, involving duplicates of 

all combinations of 1, 5, 10, and 15% slopes and 3 and 6 meter lengths, 

were built on a gravelly sandy clay loam using 11.2 ton/ha of NaCl mixed 

into the surface 2 to 5 centimeters of the soil; and, compaction with a 

6-ton roller after a heavy rain. 

Equations characterizing the runoff-rainfall relationship were 

2 
developed for catchments of different slopes and lengths. The r values 

were 0.96 or better for 11 runoff events. Tentative equations predicting 

runoff efficiency and runoff ratio in terms of plot slope and length were 

developed. The universal soil loss equation, USLE, was best fitted to 

the data by removing the length factor and modifying the slope steepness 

factor. 

Runoff water presented slight or no salinity problem, but a 

slight to moderate permeability problem according to FAO criteria for 

irrigation waters. 

x 



INTRODUCTION 

Water harvesting involves the preparation of catchment surfaces 

in order to increase the amount of runoff from precipitation. Its use 

to provide water for arid land agriculture stretches into antiquity, but 

only since WWII has modern science concerned itself with advancing the 

technology of water harvesting. Since that time some researchers have 

studied the geometry and organization of water harvesting systems with 

an eye toward increasing the ratio of runoff to rainfall—the "runoff 

ratio." Others have concentrated on storage systems for, or agricultural 

uses of, the collected runoff. Also many scientists have studied methods 

of preparing catchment surfaces so as to increase the runoff ratio. It 

was to this end that the sodium dispersed and compacted earth catchments 

were studied by Hillel, Rawitz, and Steinhardt (1965, 1966); Cluff and 

Dutt (1966); Cluff et al. (1972); and Dutt and McCreary (1974). The work 

of Dutt and McCreary has been expanded and continued by Dutt, and Dutt 

and others have demonstrated the usefulness of their NaCl treated 

compacted earth catchment in providing runoff water for the production 

of high value crops such as wine grapes (Mielke and Dutt 1981). 

The present study grew out of a perceived need for information, 

in equation form if possible, characterizing the performance of the NaCl-

treated compacted earth catchment. This information would allow 

rational design of water harvesting systems using this catchment 

treatment. Of course, the key performance characteristic to be 

established for any catchment treatment is the relationship between 

1 
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runoff and rainfall as affected by pertinen-t~c^ccicnent parameters such 

as slope and downslope length. Since the literature mentions excessive 

erosion as a possible problem with sodium dispersed catchment treatments, 

a study of erosion from the catchments was also included along with an 

eirphasis on the development of an erosion prediction equation that would 

take into account catchment geometry and rainfall regime. The latter 

was included since some erosion will always occur on this type catchment 

and the author felt strongly that good design philosophy required the 

ability to predict erosion under a range of conditions of catchment 

geometry and rainfall regime. Finally, the quality of water is important 

to agricultural and other users. Therefore the total soluble salt 

content and sodium content of the runoff were monitored. It was also 

felt that information on the rate of sodium loss from the catchment would 

be helpful in forecasting the longevity of the treatment. 



LITERATURE REVIEW 

Water Harvesting - Definition and Early Work 

Myers (1974) defined water harvesting as the "process of 

collecting natural precipitation (as runoff) from prepared watersheds 

for beneficial use." He noted that the preparation of the watershed 

would involve a treatment "to increase runoff from rainfall and snowmelt." 

In an earlier definition quoted by Rauzi, Fairbourn, and Landers (1973) 

he included storage of the runoff as part of the process. Cluff and Dutt 

(1975) also considered the water harvesting process to be incomplete 

without provision for storage. Storage might be as simple as infiltra

tion of runoff into the soil to be held as plant available water. 

Storage will be treated only indirectly here since the focus of study 

has been on,the catchment, its treatment and the phenomena associated 

with rainfall and runoff. 

Water harvesting systems were constructed at least as early as 

500 A.D. in the Negev desert, Israel (Evenari, Shanan, and Tadmor 1971). 

Barren hillsides were divided into catchment areas by water conduits 

built of stone and earth. The catchment treatment consisted of 

gathering the desert pavement into mounds or rows, thus baring the loess 

soil surface. Modern plot studies have shown that the stone clearing 

increases runoff from low intensity, short duration rains which are the 

predominant rain type in the Negev. Closely associated systems of 

runoff farming include use of runoff collected from untreated hillslopes, 

water spreading and ponding by dikes built in the flood plains of 

3 
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ephemeral stream channels, and diversion of ephemeral stream flows to 

irrigate fields in the same or adjacent flood plains. Such techniques 

have been dated by archaeologists to 1000 B.C. in the Negev, the second 

millenium B.C. in South Arabia, and early in the first millenium B.C. in 

North Africa (Evenari et al. circa 1973-1977). 

Water harvesting for livestock predates WWII in both Australia 

(Burdass 1974) and the United States (Chiarella and Beck 1974). Asphalt 

treated catchments have been constructed for town water supplies in 

Australia since the 1950s (Burdass 1974) and these were preceded by 

compacted earth catchments (Hollick 1974a). Despite this early interest 

research did not get a good start until the late 1950s, when Myers began 

work at the U.S. Water Conservation Laboratory, and the early 1960s, with 

work by Hillel and others in Israel and by Cluff at the University of 

Arizona (Myers 1974). The first symposium on water harvesting was held 

in Phoenix, Arizona, in 1974 (U.S.D.A. 1975) and it was followed by a 

symposium on "rainfall collection"^ at the University of Arizona in 1981 

(Dutt, Hutchinson, and Garduno 1981). Both of these symposia were 

international in scope, and their contents provide an excellent intro

duction to the water harvesting literature. 

Although many runoff inducing treatments have been researched, 

the emphasis of this study is only on those treatments involving clearing, 

smoothing, compaction, and addition of NaCl to the soil surface. 

According to Cluff and Frobel (1978), water harvested from compacted 

1. The term "rainfall collection" was coined as a substitute 
for "water harvesting," which is ambiguous in meaning when translated 
into Spanish. 
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earth and NaCl-treated compacted earth catchments is cheaper in the long 

term than that from catchments built with any of the other treatments 

that they studied. These two treatments are therefore the most likely 

to be associated with water harvesting for agricultural purposes. For 

discussions of other treatments the reader is referred to the two 

symposia previously mentioned plus reviews by Hollick (1974a) and Cluff 

and Dutt (1975), the paper by Cluff and Frobel (1978), and the article 

by Frasier, Cooley, and Griggs (1979). 

Runoff-Rainfall Relationships 

Runoff from a catchment will not occur until rainfall rate (or 

intensity, i) exceeds the infiltration rate, f. Once i > f, overland 

flow must fill local surface storage before runoff from the catchment 

can begin. Interception of rain by vegetation is often considered as a 

part of the surface storage requirement, but results from Tadmor and 

Shanan (1969) indicate that interception by vegetation in arid areas 

may account for very little storage before runoff (0.2 mm in their study), 

Considering the above, runoff rate, r, can be written as follows: 

0, i < f, t to t, (1) 
o k 

n 
r = 0, i > f, and ^ (ifc - ffc)^t < S, t^ to tR (2) 

t = k 

n 
i - f, i > f, and X"* (i. - f. )^t > S, t to T (3) 

/ . t t n 
t = k 

where r., i, and f are defined above; S is the surface storage require

ment; it and ft are the instantaneous rain intensity and infiltration 
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rates, respectively; t is the time of rainfall initiation, t^ is the 

time at which i becomes greater than f; t is the time at which the 

surface storage, S, is filled; and T is the time at which i becomes 

again smaller than f, or is the time at which rainfall ends. 

The values of "i" and "f" are variable not only in time as implied 

above, but also in space although the variation of rainfall intensity in 

space may be disregarded for most water harvesting catchments. Field 

data for infiltration characteristics are usually inadequate for a 

realistic attempt at solving the relationships shown in (1), (2), and (3) 

using the calculus. Also rainfall records, which are more often avail

able, often do not include rainfall intensity. Although recently 

Warrick and Ben-Asher (1982) have attempted to introduce time variability 

of rainfall intesnity and spatial and time variability of infiltration 

rate into a microcatchment cropping model, most researchers apply some 

simplifying assumptions to the relationships represented by (1), (2), and 

(3) and disregard spatial variability altogether. 

Rawitz and Hillel (1971) characterized the "runoff potential" of 

a microcatchment based on an assumed average infiltration rate or "<j> 

index." The <}> index is defined as the average rain intensity above which 

any extra rate of rainfall equals the rate of runoff. Disregarding 

surface storage, they divided recording rain gauge charts into straight 

line segments and noted time intervals for given classes of rainfall 

intensity. Adding the times for each class of rainfall intensity by 

digital.computer, they were able to calculate the multiplicative sum of 

all classes of rainfall intensity greater than tp times total time for 
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each class. This was the runoff potential for a catchment on a yearly 

or longer basis. 

Early water harvesting researchers often reported results in 

terms of "annual runoff percentage" which was defined as the percent of 

annual rainfall that ran off. Shanan and Tadmor (1979) warned against 

the use of annual runoff percentage in design of microcatchment systems. 

Efficient design of most water harvesting systems requires that runoff 

be predictable on a daily rainfall basis. This is especially true where 

the water is stored directly in the root zone, as in some microcatchment 

farming systems, where drought conditions can occur if refill of storage 

is untimely or inadequate. The same caveat applies to use of the 

"runoff potential" as defined by Rawitz and Hillel (1971). 

A more useful runoff model, requiring only daily rainfall and 

runoff amounts as data, is exemplified by equation (4) modified from 

Morin (1977): 

R = A(a,i)tP - B(a,r)D (4) 

where R is runoff depth, P is precipitation depth, A(a,i) is a precipita

tion intensity factor, and B(a,r) is an antecedent soil moisture and 

roughness factor. 

In terms of the relationships shown by equations (1), (2), and 

(3), "B" in equation (4) describes the rainfall depth necessary to fill 

surface storage plus the rainfall infiltrating up until the time, tn, 

at which surface storage is satisfied. "B" averages the effects of 

variable intensity, variable infiltration rates due to differences in 

antecedent soil moisture and differences in rate of surface sealing due 

to variations in intensity, and variations in surface storage over time. 
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"A" in equation (4) describes the proportion of rainfall that runs off 

after surface storage is satisfied. "A" averages the effect of the 

difference (ifc - ffc) in equation (3) for all rains. 

If rainfall intensity is low and/or infiltration rates are high 

then the value of "A" can be quite unclear as illustrated by Figure 1 

from Laing (1981a). Even the form of the relationship between runoff 

and rainfall can be in doubt as shown by the left hand graph in Figure 

1 where a curvilinear model fits the data slightly better than does a 

linear one. Fortunately for many catchment treatments and rainfall 

regimes, the difference (i - f) is much larger than the variation in "i" 

and "f" and thus overshadows them. For this case equation (4) may be 

written as: 

R = A(P - B) (5) 

where "B" is known as the "threshold rainfall" and "A" is called "runoff 

efficiency" (Frasier 1974, Myers 1963). This simple model was deemed 

adequate to predict daily runoff in a microcatchment cropping computer 

model developed by Morin (1977). 

Many researchers have attempted to fit equation (5) to data 

using a least squares linear regression analysis and the data from all 

rainfall events. Threshold rainfall values and runoff efficiencies 

reported from such analysis can be inaccurate as shown in Figure 2 

modified from Diskin (1970). Diskin showed that inclusion of data for 

zero runoff events tends to give a threshold rainfall value and a runoff 
» 

efficiency lower than the actual values. He proposed a two-part model 

for which: 
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Figure 1. Runoff-Rainfall Relationship Rendered Unclear by Low Rainfall Intensity and/or by High 
Infiltration Rate.—Treatment 1 on the left is a compacted earth treatment while treatment 
5 on the right is the same except for the addition of fuel oil. The scatter of points for 
treatment 1 is so wide that both linear and curvilinear models fit the data almost equally 
well. Both the runoff efficiency (A) and the threshold rainfall (B) are in doubt. The 
typically low rainfall intensities of W. Australia probably increased the scatter. From 
Laing (1981a, pp. 43 & 47). 
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runoff-rainfall relationship for the linear regression model, 

Figure 2. Diskin's Runoff Model Eliminates Undue Influence of 
Many Zero-Runoff Events.—Line C is computed using 
least squares linear regression. Lines A and B are 
computed using Diskin's model as explained in the 
text. Note that line C gives lower values for both 
threshold rainfall (x-axis intercept) and for runoff 
efficiency (line slope). Modified from Diskin 
(1970, p. 1672). 
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! o ,  P  <  B  
(6) 

A(P - B) , P > B 

where R, P, and B are defined as above. 

As modified by E. D. Shirley (1982), Diskin's model is used in a 

computer program in the following steps: 

1. A value of B is chosen. 

2. The sum of squared deviations of runoff values from the 

line R = 0 is calculated for all data pairs for which P < B, and the 

sum of squared deviations of runoff values from the line R = A(P - B) 

(where B is now fixed) is calculated for all data pairs for which P ^ B. 

These sums are added. 

3. The value of B is incremented by a small amount. 

4. Steps (1) through (3) are repeated until the minimum total 

sum of squares is found from step (2), and the corresponding values of 

A and B are taken as the true values. 

Diskin's model is not widely used, probably due to the tedious-

ness of calculation unless a computer and program are available. Laing 

(1981a), using least squares linear regression analysis, progressively 

applied a lower limit of rainfall above which rainfall-runoff- data pairs 

would be included in the analysis. Each time the lower limit was in

creased the regression analysis gave increased threshold rainfall values 

and increased values of runoff efficiency. The increase of threshold 

rainfall and of runoff efficiency was from 1.07 to 2.69 mm and from 55 

to 62% as the lower limit for rainfall data was raised from zero to 1.0 

mm. The correlation coefficient of runoff on rainfall changes from 

85.6 to 88% over the same ranges. But Laing did not propose a consistent 
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criterion for elimination of the lowest rainfall data. Frasier (1974) 

fit equation (5) to data using least squares linear regression analysis 

only for data pairs with runoff greater than zero. It appears that this 

procedure provides good results if runoff efficiencies are high. 

Increasing Runoff 

Most water harvesting research has focused on treatment methods 

to increase runoff from catchments. In general runoff from a system can 

be increased by (1) increasing hydraulic efficiency, (2) reducing surface 

storage, and (3) reducing the infiltration rate (Hollick 1974a). 

Increasing Hydraulic Efficiency 

Increasing hydraulic efficiency reduces the residence time of 

overland flow on the catchment during recession and thus reduces the 

"opportunity time" for infiltration. Hollick (1974a, b) used a computer

ized model of overland and channel flow in a "roaded catchment" system 

to show that the optimum downslope length of the catchment was between 

1 and 6 m. The "roaded catchment" consisted of two very wide catchments 

which were sloped toward each other in a configuration that had a 

V-shaped cross-section. The apex of the V was where the catchment 

surfaces met and it formed a long drain to evacuate the runoff from the 

catchments. The drain was given a shallow gradient to facilitate 

drainage without erosion. Conditions were an assumed constant storm 

intensity of 7.5 mm/h, constant infiltration rate of 2.5 mn^h, and 

catchment slope of 20%. Changing the slope to 10% had little effect 

either on the optimal length or on the expected runoff. 
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In arid areas a general inverse relationship between size of 

watershed and percent runoff has long been recognized by watershed 

hydrologists. Figure 3 illustrates this relationship for catchments 

used for runoff farming in the Negev (Boers and Ben-Asher 1979). 

Recognizing the relatively greater efficiency of small catchments, the 

Israelis have done much work with catchments of less than 0.1 ha area 

which were termed "microcatchments" by Shanan (Shanan and Tadmor 1979). 

The concept of microcatchments excludes systems in which flow is 

channelized (Boers and Ben-Asher 1979). 

Reducing Surface Storage 

Treatments to reduce surface storage usually involve increasing 

the catchment slope or smoothing its surface. Hollick (1974a) calculated 

the change in capacity of 24 geometric shapes of surface depressions as 

the plane surface carrying the depressions is tilted from the horizontal. 

Considering the 12 most shallow depressions he showed that storage 

capacity was decreased by 53% at 2% slope, by 64% at 3% slope, by 77% at 

5% slope, by 84% at 7% slope, and by 93% at 10% slope. If storage was 

5 mm on a flat surface, it would be reduced to 1.8 mm at 3% slope and to 

0.35 mm at 10% slope. Noting that his analysis showed significant 

changes in surface storage up to 10% slope, Hollick recommended 20% 

slopes for roaded catchments. However, Hollick lacked experimental 

evidence to confirm his analysis and he noted that erosion could be 

severe on 20% slopes. 

Shanan and Tadmor (1979) in their manual on design of micro-

catchment systems stated that surface storage is difficult to estimate 
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Figure 3. Runoff Percentage Decreases as Watershed Area 
Increases.—Runoff percentage versus watershed 
area for Avdat, Israel. From Boers and Ben-Asher 
(1979, p. 11). 



but is probably less than 0.3 mm if slopes are > 3% and slope lengths 

are < 10 m. Dutt (1981) stated in his article on design of NaCl treated 

microcatchments that if slopes are as great as 3% little or no water 

collects on the plots. Laing (1981b) stated that slopes for roaded 

catchments in Australia are generally between 8.3 and 12.5% with slopes 

lower than 8.3% causing significant surface storage and slopes greater 

than 12.5% causing problems with rill erosion and poor compaction during 

construction. Wischmeier (1966), analyzing over 10,000 plot-years of 

data, found that runoff from cultivated row crops averaged a 20% increase 

per 1% increase in slope for slopes above 3%. However, the slope effect 

decreased substantially as the soil surface became smooth. There is an 

obvious and strong interaction between surface storage and smoothing of 

the catchment surface. Since some smoothing is part of almost all 

catchment treatments, the relationship between slope and runoff will 

probably have to be evaluated for each type of treatment although the 

smoother the finished catchment, the weaker would be the ejected effect 

of slope on runoff. The effect of smoothing itself has rarely been 

evaluated since it almost always follows an operation involving clearing 

of vegetation and stones from catchments. 

Reducing Infiltration 

The removal of vegetation and stones (e.g., desert pavement) 

from the catchment surface allows raindrop impact directly on the soil 

with consequent surface puddling and sealing of many soils. Tadmor and 

Shanan (1969), noting that many catchment treatment experiments involved 

clearing of vegetation, decided to test the effect of clearing vegetation 
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alone from 2.8 by 10.0 m plots on a 7.5% slope on a strongly crusting 

loess soil. Threshold rainfall was approximately the same for both 

treatments, but clearing increased annual runoff to 21% from the 7% 

yield from vegetated plots. A 6-year study of microcatchments on loess 

soil in the Negev showed an average 50% annual runoff for a cleared and 

smoothed treatment, but annual runoff was highly variable ranging from 

12 to 59% (Shanan et al. 1970). 

Myers (1963) compared runoff from plots with desert pavement 

cover with that from cleared and smoothed plots. From seven rains the 

cleared and smoothed plots yielded 27% runoff versus 6% for the plots 

with desert pavement cover. In other trials Myers (1967) observed annual 

runoff increases for a desert pavement catchment from 28% with grass 

cover to 35 and 40% with no grass cover. Fink, Cooley, and Frasier 

(1973) obtained similar results from a cleared and smoothed sandy loam. 

Evenari et al. (1971) observed an average 31% increase in annual runoff 

from plots cleared of desert pavement. Rauzi et al. (1973) removed 

vegetation from rangeland plots with a propane burner and obtained 

yields of 25 to 30% of rainfall, but yields declined to < 3% as 

vegetation regenerated. Frasier (1981) states that smoothing and 

clearing can give runoff percentages of 25 to 35 at low initial cost 

but is unsuited to coarse, sandy soils with high permeability or to 

soils having a high content of expanding clays. 

Compaction to Increase Runoff 

Compaction reduces the permeability of soils through a reduction 

in the size and number of pores (Baver, Gardner, and Gardner 1972). 
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This fact has long been used in the construction of earthen dams (Decker 

1963) where compaction with sheepsfoot rollers may reduce infiltration 

rates from 10 cm/day to < 0.01 cm/day (Akram and Kemper 1979). In the 

laboratory, compaction of sandy loams and finer textured soils at field 

capacity under loads of 3.46 kg cm reduced infiltration rates to < 0.1% 

of the rates for the same soils compacted when air dry (Akram and Kemper 

1969). But after wetting and drying, silty clay and clay loam soils 

developed large cracks, and infiltration rates rose to high levels. 

Gumbs and Warkentin (1972), working with a clay soil, found little 

decrease in permeability of columns with compacted layers until densities 

3 3 
reached 1.5 g/cm . At or above the 1.5 g/cm density, the layers 

retarded infiltration no matter where they were placed in the profile. 

Two years of runoff data from 2.8 m wide by 2.0 m long plots at 

4% slope on a snady loam loess in the Negev showed that compaction 

increased annual runoff by 25% over smoothing and clearing (Hillel et al. 

1966). Similar plots on a clay loam with stable granular structure 

showed that compaction increased annual runoff to 25.2% over 9.2% for 

uncompacted plots in the first year, but in the second year the relative 

values were reversed. The compaction treatment was unstable on this 

soil. All of the above plots were compacted after rainfall had moistened 

them. Compaction increased erosion rates in both these experiments; in 

the latter case to 0.65 ton/ha which was over 100% more than for the 

control. 

-Most water harvesting in Australia relies on compacted earth 

catchments (Laing 1981b). Often construction requires inversion of the 

soil profile to bring the subsoil clay to the surface. This clay is 



dominantly kaolinitic and usually makes up more than 25% of the subsoil. 

Soils witii < 5% clay or containing large amounts of expanding lattice 

clays are considered unsuitable for catchments (Laing 1981b, Frith 1974). 

Hollick (1974a) stated that trials showed that clay content should be 

> 3%, soil particle size should be well graded, and < 25% of soil 

particles should be retained on a 4.8 mm sieve. Crumbly soils high in 

calcium were not recommended nor were gravelly and sandy soils, but 

Solonetz types were ideal. More than 3,500 "roaded catchments" averaging 

1.5 ha in area are in use in W. Australia and many compacted earth catch

ments called "contoured catchments" are in use in S. Australia on 

steeper slopes and medium to heavy soils (Laing 198lb). Compaction is 

delayed until rains provide near optimal moisture and is then accom

plished with a heavy rubber tired roller or, less often, a steel drum 

roller. Omission of compaction may raise the threshold rain by 5 mm 

above the normal threshold of 4 to 5 mm (Frith 1974). 

Laing (1981a) did a 6-year study of roaded catchments in SW 

Australia. His plots were V-shaped with a 20 m long central drain at 

2.5% slope evacuating the runoff from the side slopes which were at 

12%. Plots were 6 by 20 m long and were compacted by six passes of a 

6-ton rubber tired roller after watering to optimal water content on 

loamy sand with 10% kaolinitic clay. Bulk densities achieved were all 

over 90% of that attained in the Standard Proctor compaction test 

(1.98 g/cm ); however, there was no statistically significant difference 

at the 5% level between bulk densities after compaction and those 

achieved on an area receiving only forming and smoothing with a grader. 

Annual runoff averaged 43% with a low of = 38% and a high of 46%. 
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Performance improved slightly with age. Erosion loss was estimated at 

roughly 62 ton/ha/year—serious erosion, according to Laing (1978). 

In a separate 5-year experiment, a 3.5 ha roaded catchment was 

built to then current design specifications using a sandy clay soil 

containing over 35% kaolinite. Seven parallel V-shaped roads with a 

crest-to-crest distance of - 10 m and lengths of 400 to 600 m had side 

slopes of from 8.5 to 20%. This catchment averaged 35% annual runoff 

with a low of 24% when annual rainfall was lowest at 295 mm; and, a high 

of 41%. Erosion on this catchment was severe and necessitated the 

construction of double silt traps in each road drain. 

In an earlier study, Laing and Prout (1974) used V-shaped plots 

7.5 m wide by 30 m long with 10% side slopes and a central drain with 

1.5% gradient. Clay from a barrow pit was placed on the plot in a layer 

about 8 cm thick. The only compaction was from the tractor wheels during 

placement and moisture content was somewhat below the optimum for com

paction. Runoff was only 4.0% of rainfall for the first 6 months, but 

then rose to 24.5, 17.3, and 29.2% in succeeding 6-month periods. These 

results tend to support Hollick's (1974a) statement that compaction may 

not be helpful in decreasing permeability on relatively impermeable 

crusting soils. 

Cluff et al. (1972) in Arizona, studied runoff from 2.44 by 4.88 

m plots for 2 years. They found that a sandy loam compacted after a 

12 mm rain gave an average of 58% runoff versus an average of 36% from 

an uncompacted clay loam. Though runoff efficiencies (values of A) were 

similar at about 0.93, the threshold value for the clay loam plot was 

9.5 versus 5.1 mm for the compacted sandy loam plot (author's calculations 



using only runoff events). There was some decline in the effectiveness 

of both treatments in the second year. These authors also built two 

0.19 ha catchments on a sandy loam. The compacted catchment yielded an 

average of 35% as runoff versus 24.6% for the control. The catchments 

consisted of two 122 m plastic-lined drains spaced 15.2 m apart and 

receiving runoff from 7.6 m wide side slopes sloped at from 3 to 10%. 

Compaction was with a 23.6 metric ton vibratory steel drum roller after 

a 12 mm rain (Cluff 1974). Rands (1980) used compacted earth microcatch-

ments in a desert strip farming system. His linear regression analysis 

2 
of runoff from a single 9.3 m plot at 3% slope gave a threshold value 

2 
of 3.7 mm and a runoff efficiency of 0.4 ("A" value; r = 0.87); however, 

efficiency declined somewhat in the second year. Rands did not exclude 

zero runoff events in his regression analysis, and he did include one 

data pair for which the runoff value was estimated rather than measured. 

Excluding the estimated value and the zero runoff events, the number of 

data pairs drops to 13 from 18 and the regression analysis by this author 

2 
gives an A value of 0.53 and a threshold value of 7.4 mm (r = 0.78). 

Dispersion with Sodium to Reduce Permeability 

As with compaction, dispersion with sodium was purposely used to 

reduce infiltration rates in earth-lined reservoirs long before its use 

in water harvesting. The U.S. Soil Conservation Service began recommend

ing the use of sodium salts to seal farm ponds in 1939 and initiated a 

related soil testing program in 1943 (Decker 1963). Decker (1963) gave 

general recommendations for the use of sodium salts as follows: 
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1. Soils should have more than 50% particles of less than 0.074 

mm diameter and more than 15% particles less than 0.002 mm diameter, with 

less than 0.50% soluble salts in the soil. 

2. Chemicals should be finely granular. Sodium polyphosphates 

work well if the plasticity index (P.I.) is greater than 5 and if the 

activity (P.I./percent < 0.002 mm) is greater than 0.30. The use of NaCl 

is recommended only if the P.I. > 10 and the activity is greater than 

0.6. Application rates are 2,440 kg/ha to 4,870 kg/ha for Na-

polyphosphates and 9,740 kg/ha to 16,070 kg/ha for NaCl. The rates for 

NaCl would provide Na-equivalents equal to more than 20% of CEC if CEC's 

were 35 and 55 meq/100 g soil, and if the treated layer was 15 cm thick. 

The Na-polyphosphates preferred are Na^P^O^ and Na^P^O^. 

3. Application involves clearing the reservoir sides and bottom 

of trash and vegetation, spreading the chemical evenly with a drill or 

fertilizer spreader and mixing thoroughly into the soil to a depth that 

will provide a 15 cm blanket after compaction. If spreading is by hand, 

then the area should be staked out in small grids. 

4. Compaction should be accomplished at optimum water content 

in order to achieve more than 90% of the maximum Standard Proctor test 

density. Use of a sheepsfoot roller is preferred. 

In the field, success was directly tied to compaction with 

almost no success without compaction. In the laboratory the permeability 

of treated soil compacted to 90% of maximum Standard Proctor density was 

1/100 or 1/1,000 that of treated soils compacted to 85% of the standard 

density. The rolling or tamping action itself was considered to promote 
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dispersion. Erosion was sometimes a problem on the sides of reservoirs 

due to the chemical dispersion. 

The recommendations above were developed primarily for soils 

east of the Rockies. Only some of these soils were high in lime. In 

the Southwest, NaCl and Na^P^O^ were used with little success when 

applied on calcareous soils at rates calculated to achieve an ESP of 

15% (Reginato, Nakayama, and Miller 1973). But no compaction was used 

with these trials. Na2CC>3 worked well possibly due to some precipitation 

4' •j* 
of Ca by the carbonate, but extensive cracking was noticed and some 

decline in effectiveness was noticed after 3 years. 

In Australia Na-polyphosphate is widely used to seal farm ponds 

if soil clay contents are greater than 15%. It has given excellent 

results on high-lime soils but problems have occurred when soil pH was 

less than 6.5 (Coyle 1963). Success is directly related to careful 

distribution and to the degree of soil compaction (Wickham 1978). 

Successful treatments are the rule even on soils that are characteris

tically open structured, highly permeable, and friable at all water 

contents. These soils contain 60 to 70% clay, yet compaction alone did 

not produce reservoirs capable of holding water. Other studies have 

shown that addition of sodium can aid soil compaction, resulting in 

higher final dry densities (Glenn 1968, Decker 1963). 

There is considerable evidence that the success of roaded catch

ments in Australia is at least partially due to dispersion caused by 

sodium.. The 6-year study of compacted earth catchments reported by 

Laing (discussed above) was done on soil having an exchangeable sodium 

percentage (ESP) of 15 to 16% (Laing 1981a). This is at the borderline 



for classification of the soil as sodic (U.S. Salinity Laboratory Staff 

1969) and this soil could be expected to disperse readily in rainwater. 

Laing (1981b) stated that many of the soils used for roaded catchments 

are duplex soils with a sandy surface and kaolinitic clayey subsoil, and 

it is the subsoil with ESP values of from 5 to 15% that is used for the 

catchment surface. These are the "pallid zone clays" described by 

Burdass (1974) and credited by him' as being "the single most important 

factor in determining the success of water conservation techniques in 

W. Australia." Burdass stated that when used to surface catchments, 

these clays readily form a crust due to the dispersion of kaolin clay 

caused by sodium present on the exchange complex. Most rainfall in 

W. Australia is of low intensity (Laing and Prout 1974). Of 111 rainy 

days in an average year, only an average of 7 have rainfalls greater 

than 12.5 mm. Under this rainfall regime it is improbable that a 

compacted earth treatment alone would produce the consistently high 

runoff percentages reported by Laing and others. 

In Israel the story is not so clear. Hillel et al. (1966) 

stated that the soil used in their microcatchments (discussed above) was 

calcium-saturated, but published no laboratory analysis. Certainly many 

of the soils of the Negev are fairly saline with electrical conductivity 

of saturation extracts (EC£) being around 25 mmhos/cm in some cases 

(Shanan et al. 1978, Evenari et al. circa 1973-1977) and alkalinity may. 

be moderately high, at least up to pH 7.8 (Shanan et al. 1970). Even 

though these soils often contain various amounts of CaCOy ESP values 

may still be significant if pH values are high. This is because CaCO^ 

solubility drops quickly as pH rises, changing from 19.3 meq/L at pH 
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6.21 to 2.7 meq/L at pH 7 . 8 5 ,  and 1.1 meq/L at pH 8.60 (Sandoval and 

Gould 1978), while sodium salts are much more soluble at the same pH 

values. Since ESP values are not available in the literature for these 

soils, it is difficult to judge their reaction to leaching with rain

water. If ESP values were greater than 15%, the soils would be classified 

as saline-alkali soils (U.S. Salinity Laboratory Staff 1969) which have 

ESP > 15%, ECg > 4 mmhos/cm at 25° C, and usually pH < 8.5. Saline-

alkali soils (often currently called saline-sodic soils) may become 

strongly alkaline and disperse upon leaching away of the soluble salts, 

causing drastic decreases in infiltration rates. It is entirely possible, 

though not proven, that such a process operates on the soils of the 

Negev. However, Shainberg et al. (1981) showed that soils containing 

minerals such as CaC03 that readily release soluble electrolytes are 

less readily dispersed as measured by decreases in saturated hydraulic 

conductivity (HCg) when leached with distilled water at moderate ESP 

values. 

The dispersion and swelling of soils by sodium and the effect 

of electrolyte (soil water) concentration on dispersion are explained 

by the diffuse double layer theory. The reader is referred to Baver 

et al. (1972) for a more complete discussion of this theory and its 

consequences. 

In general the consequences of the theory can be listed as 

follows: 

-1. If the ESP value is high, a soil is more likely to be 

dispersed. 
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2. If the electrolyte concentration is low, as when rainwater 

is infiltrating into the soil, then the system is more likely to be 

dispersed. If the electrolyte concentration is high, then the soil may 

remain flocculated even if the system is Na-saturated. 

3. Soils with appreciable amounts of montmorillonite may exhibit 

strong shrink-swell behavior and swelling may close pores causing 

permeability decreases in addition to those caused by dispersion. 

McNeal and Coleman (1966) percolated solutions of varying sodium 

absorption ratios (SAR) and varying electrolyte concentrations through 

different soils and found reductions in hydraulic conductivity (HC) with 

increases in SAR and with decreases in electrolyte concentration at any 

given SAR. They defined SAR as SAR = Na+/VCca++ + Mg++]/2, where the 

concentrations of Na+, Ca++, and Mg++ are in meq/L. The relationship 

between SAR and ESP has been found to be positive and fairly linear 

(U.S. Salinity Laboratory Staff 1969). McNeal and Coleman (1966) found 

that soils high in montmorillonite were most affected, while a soil high 

in kaolinite was relatively insensitive. Later studies showed that HC 

of kaolinitic soils can also be strongly decreased under the same 

conditions especially if the soil has a pH of 7 or higher (Frenkel, 

Goertzen, and Rhoades 1978; Shainbert et al. 1981). 

Although disagreements as to the mechanism of permeability 

reductions persist, these and other authors agree that high ESP coupled, 

with low electrolyte concentration generally brings about a decrease in 

permeability (McNeal, Norvell, and Coleman 1966; Shainberg, Rhoades, and 

Prather 1980; Chen and Banin 1975). This relationship is illustrated in 

Figure 4 from Sandoval and Gould (1978). 
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Figure 4. Relation of Permeability to the Soil Exchangeable 
Sodium Percentage (ESP) and Electrolyte Concentra
tion.—From Sandoval and Gould (1978). 
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Factors favoring the development of hard and relatively imperme

able surface crusts are high ESP, low organic matter content, puddling, 

and wetting the soil to zero tension (U.S. Salinity Laboratory Staff 

1969, Kemper and Miller circa 1974). If ESP values are high, crusts can 

form upon wetting with no mechanical energy input (Miller and Gifford 

circa 1974), but raindrop impact enhances crust formation. Edwards and 

Larson (1969) studied crust formation on low sodium silt loam soils 

under drop impact and found decreases in HCg with time as more energy 

was expended by drop impact on the surface. The crusts had greater 

density, finer pores, and lower HCg than the underlying soil. 

Drop impact alone lowered infiltration rates of a loam containing 

13% CaCO^ and a sandy loam to about 8 nuVh under artificial rain with 

distilled water (Agassi, Shainberg, and Morin 1981). When ESP was 

raised to 4.6%, the infiltration rate (IR) dropped to about 2 mm/h. 

Raising the rain solute concentration to 5 meg/L reversed the effect of 

raising ESP to 5%. The calcareous loam was a loess and had a final IR 

of 1.2 mm/h for both ESP of 6.4 and 26% indicating insensitivity to 

additional sodium beyond an ESP of 6.4%. Increasing the rain solute 

concentration such that EC = 5.6 mmhos/cm caused an increase in final 

IR to 7.5 mm/h for both ESP values. The HC of the sandy loam was not as 

sensitive to ESP as was IR, and the authors hypothesized that this was 

due to (1) raindrop action enhancing dispersion, (2) absence of soil 

matrix at the surface leaving clay particles more free to disperse and 

move, and (3) the lower concentration of the soil solution at the 

surface. 



28 

Kemper and Noonan (1970) studied runoff from simulated rain in 

the laboratory for two clay loams and a sandy loam with increasing amounts 

of NaCl added, and again when the clay loam soils were mixed with varying 

amounts of sand. One of the clay loams was saline and exhibited 70 and 

83% runoff at zero and 400 kg/ha rates, respectively, of added salt. 

Higher salt rates did not increase runoff. The other clay loam showed 

only 73% runoff at a 1,790 kg/ha rate of added salt. The sandy loam 

showed 70% runoff at 200 kg/ha salt and 90% runoff at 896 kg/ha. These 

soils were subjected to drying between runoff trials and cracking of the 

clay loams adversely affected runoff percentages, whereas the sandy loam 

exhibited little cracking. Addition of increasing amounts of sand to the 

clay loams gave highest runoff percentages at 70 to 75% added sand 

content. Obviously not all sodium-affected soils form crusts. Soils 

high in expansive 2:1 layer silicate clays may be self-mulching upon 

drying (Miller and Gifford circa 1974). 

Dispersion with Sodium in Water Harvesting 

In the 1960s research on the use of sodium to increase runoff 

from water harvesring catchments began in Israel and the United States. 

In Israel, Na^CO^ sprayed as a 36% solution at a rate of 720 kg/ha on a 

compacted coarse-textured (probably loamy sand) soil produced 66% 

runoff for one year compared with 49% runoff for a compacted-only control 

plot (Hillel et al. 1965). Erosion rates somewhat followed runoff 

percentages, being 4.01 ton/ha for the salted plot versus 3.30 ton/ha 

for the control. The plots had 4% slopes and 2.8 m lengths. Compaction 

was accomplished before spraying and was done with a 300 kg, 40 cm 
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diameter hand roller after wetting to 30 cm. This represents compara

tively little compaction. 

An identical experiment over 2 years on a sandy loam loess 

produced 75.4 and 70.3% annual runoff for salt-treated versus 70.8 and 

43.7% runoff for compacted-only plots (Hillel et al. 1966). In the first 

year erosion was 5.63 ton/ha for the salt-treated plot versus 4.09 ton/ha 

for compacted-only and 2.7 ton/ha for a smoothed and cleared control. 

Again erosion paralleled runoff percentage though erosion was somewhat 

higher for the compacted-only salt-treated plots than would be expected 

on the basis of runoff percentage alone. Identical experiments on a 

self-mulching clay loam over 2 years produced runoff percentages of 72.1 

and 32.4% annual runoff for salt-treated versus 24.5 and 12.0% for 

compacted-only plots. Erosion rates were 10 ton/ha for salt-treated 

versus 0.65 ton/ha for the compacted-only plots. Runoff from all the 

Israeli esqaeriments was collected in barrels for measurement. Hillel 

(1974) concluded that, although effective in promoting runoff, dispersion 

with sodium would have to be coupled with a binding treatment to reduce 

erosion. 

2 
In Arizona, Myers (1967) obtained 70% annual runoff from a 186 m 

smoothed and cleared plot on a sandy loam treated with 45 kg/ha of NajCO^ 

applied as a spray. Erosion occurred at a rate of 120 ton/ha. Powers 

2 
(1969) treated 1.32 m plots on a gravelly sandy loam and a "coarse" 

sandy loam with 938 and 709 kg/ha, respectively, of NaCl applied in a 

spray. Using a modified Purdue Sprinkling Infiltrometer and rainwater, 

he found no significant difference in infiltration rates between salt-

treated and nontreated plots. Perhaps these soils were simply too coarse 
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for effective treatment with sodium (see SCS pond sealing recommendations). 

Also one of the soils contained weathered limestone. 

Initial light treatments of NaCl on a 0.405 ha sandy loam plot 

without compaction were effective only temporarily (Cluff et al. 1972). 

Later treatments at 2,240 kg/ha on this and another 0.405 ha plot caused 

formation of a clay lens that migrated down into the soil leaving a thick 

sandy mulch at the surface. Runoff was not increased over that obtained 

from controls. Other experiments by these authors using NaCl mixed into 

the soil without compaction also showed no effect from the salt treatment, 

but Na-treated plots were noticeably more eroded. 

Experiments by the same authors on 2.44 by 4.88 m plots on the 

same sandy loam compared a compacted earth treatment with treatments 

involving NaCl mixed into the top 2.5 cm of soil at rates of 3.36 and 

6.72 ton/ha before compaction. The authors reported no significant 

difference between treatments although the salt-treated plots yielded 

66.7 and 64.7% runoff over 1 1/2 years versus 57.8% for the compacted 

control. Runoff was collected in watertight tanks for measurement. 

Linear regression analysis by this author of runoff versus rainfall for 

all runoff events in the published data showed similar runoff efficiencies 

for all three plots (A = 0.95 to 0.97), but lower threshold values for 

the salt-treated plots (B = 3.6 mm for salt-treated versus 5.0 mm for 

2 
compacted-only, r > 0.93 for all plots). 

At the University of Arizona's Page-Trowbridge Experimental 

Range, a 0.28 ha plot was cleared, shaped, rototilled to 5 cm depth to 

destroy soil structure, treated with 11.2 ton/ha of NaCl mixed into the 

top 2.5 cm of the loam soil, and compacted with a 4.5 metric ton 
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vibrating roller after a 1 cm rain. It was later recompacted with a 4.5 

metric ton tandem roller after another 1 cm rain. Terminal infiltration 

rates measured with a "Rotadisk Rainulator" approached zero (Cluff et al. 

1972. This plot had a double asymmetrical V-shape with side slopes of 

6.2 and 9.1 m at 2 to 4% (?) slopes (Dutt and McCreary 1974). The drains 

were on a 2% gradient, were 1.22 m wide, and were divided longitudinally 

into basins which were planted to grape vines and deciduous fruit trees. 

Despite retention of runoff in the basins, outflow from the system 

measured by H-flumes with stage recorders averaged 52.5% over a 2 1/2 

year period. Runoff stored in a NaCl-treated pond had 610 ppm total 

soluble salts and 200 ppm Na initially, but these values declined to 216 

ppm and 49 ppm, respectively, with an SAR value of about 3 after 2 years. 

By comparison, runoff from the plots built on saline loess by Shanan 

et al. (1970) (see earlier) had from 134 ppm to 211 ppm soluble salt 

content with no salt treatment. Erosion was not measured but was con

sidered by Dutt to be moderate to small (Dutt and McCreary 1974, p. 321). 

Cluff (1974) stated that a compacted earth catchment would have been 

impractical at this site, but Rands (1980) built compacted earth micro-

catchments adjacent to the site (see section on Compaction to Increase 

Runoff). 

Uncompacted, salt-treated plots established on rangeland have 

been found to be highly erodible (Rauzi et al. 1973). These plots were 

3.0 by 6.1 m long and were treated two times at half year intervals with 

NaCl spread on the surface at 560 kg/ha each time. Vegetation was burned 

from the plots with a propane burner. Annual runoff at the two sites 

declined from 53 and 45% to 22 and 30%, respectively, after 5 years. 



Runoff was collected in impermeable tanks for measurement. Runoff 

amounts were about 4.7 and,2.9 times the runoff from undisturbed range 

plots for the two sites, but erosion, at 4.05 and 6.61 ton/ha/year, 

respectively, was 63 and 53 times that from undisturbed range plots. 

2 
Fink and Ehrler (1981) tested small 20 m plots treated with 127 

kg "Arizona" clay and NaCl at 11.35 ton/ha. The salt and clay were roto-

tilled into the surface and compaction was done with a small vibratory 

roller after a heavy rain. Average annual runoff was 50%, but soil 

texture was not reported. Similar plots on a sandy loam yielded 48% 

runoff over 3 years for the clay-salt-compaction treatment versus 34% 

for plots that were cleared, smoothed, and compacted only. 

In summary, it seems that treatment with sodium salts will 

increase runoff from soils especially if combined with compaction, 

although the relative importance of compaction versus dispersion with 

sodium is not always clear. It appears that compaction alone is suffi

cient on some well-graded soils or those dominated by other than 

expanding type clays. Erosion rates on sodium-treated plots are higher 

than on untreated plots. Some part of the increased erosion is due to 

the increased runoff rates. Cary and Evans (circa 1974) and Kemper and 

Miller (circa 1974) all warned that runoff induction through crust 

formation would lead to increased erosion rates and would necessitate 

the use of engineering methodology for control. Some part of the 

increase in erosion may also be due to the dispersion of soil particles. 

Decker (1963) stated that chemical dispersion changed the engineering 

properties of soils, lowering permeability while increasing the maximum 

dry density but also lowering the consolidation potential. He observed 



that the banks of reservoirs treated with Na-salts would erode faster 

and attributed the increased erodibility to dispersion. Burdass (1974) 

stated that the sodium present in many subsoil clays of W. Australia not 

only promotes crusting on catchment surfaces but predisposes to erosion. 

In the laboratory under simulated rainfall, soil erosion has been found 

to be highly and directly correlated with SAR of saturation extracts 

(Singer, Blackard, and Janitzky 1980). Treatment with a sodium salt to 

increase the normally low SAR of a soil also increased erodibility 

dramatically. The commonly used K factor of soil erodibility based on 

soil physical properties and organic matter content was not useful in 

ranking the erodibility of the sodium-affected soils. 

Designing to Minimize Erosion 

As has been shown, serious erosion is possible on catchments 

treated by the clearing and smoothing, compaction, and sodium salt 

methods, applied either separately or together. Designers of water 

harvesting systems usually must attempt to maximize runoff by these 

methods and by increasing the catchment slope as suggested by Hollick 

(1974a, b). As will be shown later, increasing slope increases the 

erosion hazard. Also design is often constrained by the necessity to 

provide a certain catchment size in order to harvest an acceptable 

minimum amount of water under the prevailing rainfall regime. Larger 

catchments not only tend to decrease the amount of runoff per unit area 

but also tend to increase the erosion hazard as a result of longer 

lengths of overland flow as will be shown later. Thus, there are 

conflicts in the design process between the efforts to minimize erosion 
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and efforts to maximize runoff and attain a given minimum amount of 

runoff. 

Shanan and Tadmor (1979), in their manual on the design of micro-

catchments, developed an equation to predict maximum acceptable values 

for a combination of catchment dovmslope length, L, in meters, and 

catchment slope, s, in meter/meter, as a function of excess rainfall 

intesnity, 4>, in mm/h. In general form this equation is: 

L2S = 2.07 (104)/<J>2 

This is the form used by Dutt (1981) for design of compacted earth, 

NaCl-treated microcatchments. Table 1 gives values of length and slope 

satisfying equation (7) for excess rainfall rates of 100 mm/h and 

60 mm/h. 

It should be noted that an assumption of 100 mm/h as the rate 

of excess rainfall is fairly conservative. Assumption of a lower rate 

of excess rainfall would increase the maximum length that would be 

calculated from equation (7). For example, Shanan and Tadmor (1979) 

assumed an excess rainfall rate of 60 mm/h. Using this rate, the 

maximum lengths calculated from equation (7) and presented in Table 1 

are 67% higher than those calculated using a rate of 100 mm/h. 

Shanan and Tadmor (1979) stated that if values of catchment 

length and slope were equal to (or less than) the values that would 

satisfy equation (7) for a given rainfall intensity, then laminar flow 

would be maintained. To this they added the important caveat that under 

rainfall the laminar flow limitation provided by the Reynolds number 

is quickly exceeded. Turbulent flow will then result. This conclusion 

directly contradicts their statement that microcatchments are different 
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Table 1. Maximum Length and Slope Combinations for Maintaining Laminar 
Flow.—Calculations were done using <j> = 100 mm/h and $ = 
60 mm/h in equation (7). 

Maximum Catchment Length, Meters 

Slope, % (J) = 100 mm/h <f> = 60 mm/h 

1 14.4 24.0 

4 7.2 12.0 

5 6.4 10.7 

7 5.4 9.1 

10 4.5 7.6 

15 3.7 6.2 

20 3.2 5.4 



from other water harvesting systems in that laminar flow prevails. It 

also contradicts an assumption implicit in their development of equation 

(7), that is the assumption that designing to keep average flow velocity 

and length of catchment (and thus average flow depth) within the limits 

for laminar flow under a given excess rainfall rate, <j), will minimize 

erosion due to the less erosive nature of laminar flow as compared with 

turbulent flow. 

There are both plot studies (Young and Wiersma 1973) and 

theoretical work (Mutchler and Young 1975) supporting the conclusion 

that raindrop impact provides the major portion of energy necessary for 

the transport of soil particles in surface flow during sheet erosion; 

and, that the energy of sheet flow alone accounts for only a minor 

portion of the surface transport. Also it has long been known that, 

during sheet erosion, raindrop impact is the primary cause of soil 

particle detachment which is the first step in the erosional process 

(Ellison 1944, Young and Wiersma 1973, and many others). 

Field plot studies by Meyer, Foster, and Nikolov (1975) have 

demonstrated the importance of raindrop impact in aggravating rill 

erosion. In their experiments the runoff flow rate necessary to 

initiate erosion in pre-formed rills decreased by 50% when the plots 

were exposed to raindrop impact as compared with when the plots were 

protected from direct impact by three layers of window screen suspended 

just above the plots. Protection from drop impact reduced the rate of 

increase of rill erosion with flow rate to about half of that measured 

when drop impact was allowed. The most thoroughly substantiated 

empirical soil loss model, the universal soil loss equation (USLE) 



(Wischmeier and Smith 1978), relates erosion at any slope and length 

directly to rainfall intensity and kinetic energy. Depending on the 

values of other factors in the USLE, appreciable erosion may be 

predicted at slopes and lengths well below those in Table 1. 

Table 2 presents data on erosion rates from several compacted 

earth and salt-treated runoff plot studies. It appears that high 

erosion rates can occur from plots that have combinations of slope and 

length well below those calculated using equation (7) and <f> = 100 mm/h. 

The lengths of plots used by Hillel are less than one-half the maximum 

length for 4% slopes from Table 1, yet the erosion rate was as high 

as 10 ton/ha/year in one case. 

Since some erosion can be expected even on catchments for which 

slope and length meet the Shanan and Tadmor criterion for laminar flow, 

it may be better to choose a maximum allowable erosion rate and use that 

rate in designing catchments. This approach requires a model for 

predicting the erosion rate on the basis of observable properties of 

the catchment. The universal soil loss equation (USLE) is such a model. 

The Universal Soil Loss Equation (USLE) 

The ULSE is the most widely used and thoroughly validated 

erosion model known. Knisel (1980), in an overview of erosion and 

sediment yield models, examined 11 nonpoint source pollution models and 

found the USLE to be the basic element of the erosion component of most 

of them. The USLE was established from statistical analysis of tens of 

thousands of plot-years of data from 49 experimental sites, the first 

of which were established by Bennett in the early 1930s (Hudson 1981, 
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Table 2. Erosion from Several Smoothed and Cleared, Compacted Earth, 
and Sodium-Treated Runoff Plots. 

Treatment 

Catchment 
Length 

m 
Slope 

% 

Erosion 
Rate 

ton/ha/yr Source 

NaCO^ at 760 kg/ha 
as a spray on com
pacted loamy sand 

2.8 4.02 Hillel et al. 
1965 

NaCOg at 760 kg/ha 
as a spray on com
pacted sandy loam 

2 . 8  5.63 Hillel et al. 
1966 

NaCO^ at 760 kg/ha 
as a spray on clay 
loam 

2 .8  10 Hillel et al. 
1966 

Compacted loamy sand 2 . 8  3.30 Hillel et al. 
1965 

Compacted sandy loam 2 . 8  4.09 Hillel et al. 
1966 

Sandy loam, smoothed 
and cleared only 

2 . 8  2.77 Hillel et al. 
1966 

Compacted clay loam 2 . 8  0.65 Hillel et al. 
1966 

NaCl spread at 1,120 6.1 
kg/ha 

NaCl spread at 1,120 6.1 
kg/ha 

( ? )  

( ? )  

4.05 Rauzi et al. 
1973 

6.61 Rauzi et al. 
1973 

Loamy sand compacted 
at optimal moisture 
content with a 6 mt 
roller 

-12 62 Laing 1981a 

aThese plots were V-shaped in cross-section with a central drain at the 
V bottom at 2.5% gradient. The side slopes were 3m long from top to 
bottom of the V and were sloped at 12%. These results are included 
because erosion from the sideslopes was described as "severe" while no 
erosion was reported in the drains. 



Knisel 1980, Wischmeier and Smith 1978}. The USLE was first published 

in 1958, then updated in 1965 and 1978. The following discussion 

centers on the 1978 version by Wischmeier and Smith. 

The USLE is written: 

A = RKLSCP (8) 

where: 

A = the estimated soil loss per unit area in 'the units chosen 

for K and for the length of time chosen for R; 

R = the rainfall erosion index, the total for all rains of a 

rainfall and runoff parameter calculated for each rain in a 

chosen period of time; 

K = the soil erodibility factor in units of soil loss per unit 

of R for a given soil as measured on a unit plot which is 

defined as a 22.1 m long plot with a uniform 9% slope main

tained continuously in clean-tilled fallow; 

L = the slope-length factor, the ratio of soil loss from the 

actual field, having a certain down-slope length, to the 

loss from a 22.1 m long plot under otherwise identical 

conditions; 

S = the slope-steepness factor, the ratio of soil loss from the 

actual field slope to that from a 9% slope under identical 

conditions; 

C = the cover and management factor, the ratio of soil loss 

from an area with given cover and management to that from an 

identical area under continuous clean-tilled fallow; and 
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P = the support practice factor, the ratio of soil loss under a 

given support practice, e.g. contouring, to that under 

straight row fanning up and down slope. 

Although the 1978 version of the USLE has been extended to cover 

construction sites, range, and woodland, the USLE was developed primarily 

from data from cropped land. Values for the factors in the USLE may 

therefore not be directly applicable to conditions prevailing on micro-

catchments especially if these have been treated with smoothing, com

paction, and sodium salts. For this and other reasons that might affect 

the applicability of the USLE the individual factors will be discussed 

below and appropriate metric units will be given. 

R - The Rainfall Erosion Index 

The rainfall erosion index, R, is defined as the sum for all 

rains of the product of total storm energy, E, times the maximum 30 min 

intensity, I3Q» where E is in hundreds of metric ton-meters per hectare 

2 
(10 mt-nv'ha) and I^q is in centimeters per hour (cm/h). The product 

El^g for an individual rainfall event is known as the EI for that 

event. Since it is difficult to measure raindrop kinetic energy both 

continuously and accurately, kinetic energy is usually evaluated from 

a previously determined relationship between kinetic energy and the 

rainfall intensity, i (Kinnell 1973). Rainfall intensity is easily 

evaluated from recording rain gage charts. 

The USLE relationship between rainfall energy and intensity was 

developed from drop size distribution data published by Laws and 

Parsons in 1943 (Kinnell 1973, Wischmeier and Smith 1958, 1978). It is 
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well known that drop size distribution changes with rainfall intensity, 

the median drop size tending to increase with increasing intensity 

(Hudson 1981). If the drop size distribution is known for a particular 

intensity, then terminal velocity data can be used to compute the kinetic 

energy associated with that particular intensity. It is then assumed 

that for different geographic locations the relationship between drop 

size distribution and intensity does not change in such a way that the 

energy-intensity relationship would be changed. 

For the USLE the energy-intensity relationship is: 

S210 + 89 Log^ Q(i), 0 < i < 7.6 cm/h (9a) 

289, i > 7.6 cm/h (9b) 

where e is in metric ton-meters per hectare per centimeter of rain, and 

i is in cm/h. To evaluate energy for an entire rainstorm the cumulative 

chart record from a recording rain gage is divided into approximate 

straight line segments and time and rainfall depth are recorded for the 

end points of all segments. From this data the intensity and depth of 

rain for the time period represented by any segment, k, can be calculated 

from equation (9). For all segments the total storm energy, E, can be 

calculated from: 

n 
E = (e)k(rainfall depth)k/100 (10) 

k = 1 

Equation (9a) tends to overpredict e at high rainfall intensities; 

thus its limitation to intensities less than 7.6 cm/h, and the assumption 

that the energy is constant for all intensities greater than 7.6 cm/h 

as expressed by equation (9b). Even with these limitations equations 
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(9a) and (9b) overestimate e for data from Rhodesia (especially at 

intensities < 7.6 cn\/h), five raintypes at Miami, and data from New 

Jersey, the Marshall Islands, India, and Japan (Hudson 1981, Kinnell 

1973). Kinnell (1973) showed that the relationship between e and i varies 

with rainfall type at any given location and also varies between loca

tions for a given raintype. Kinnell also showed that the value of e 

estimated from an e versus i relationship varies more than 20% from the 

actual value once for every five rains in Miami. This is one reason why 

the USLE should not be used to model erosion for individual rainfalls. 

Equations (9a) and (9b) tend to underpredict e for data from 

Italy and from thunderstorms in India (Hudson 1981, p. 58; Zanchi and 

Torri 1980). Recently Tracy (1982), working at Tucson and Tombstone in 

Arizona, lias shown that equations (9a) and (9b) underpredicted e for 24 

storms. Tracy used a pressure transducer apparatus to obtain continuous 

drop size distribution information and combined these data with the same 

terminal velocity data used by Wischmeier and Smith. Figure 5 shows 

that Tracy's energy-intensity relationship for.southern Arizona would 

yield considerably higher energies than the USLE relationship. 

K - The Soil Erodibility Factor 

For unit plot conditions (defined above) the soil erodibility 

factor is directly proportional to soil loss, A, divided by rainfall 

erosivity, R, since the factors L, S, C, and P are unitary. Thus: 

K = A/R (11) 

The K factor for a specific soil can be evaluated using equation (11) 

and data from unit plots. Or, if only data from other than unit plots 
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Figure 5. Tracy's Energy-Intensity Relationship Compared With 
the USLE Relationship.—Rainfall kinetic energy in 
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were available, K can be evaluated using the entire USLE with the 

pertinent values of S, L, C, and P substituted into the form: K = 

A/RLSCP (Olson and Wischmeier 1963). 

The K factor is soil specific and its evaluation from field plot 

data implies a great deal of work in set-up and long-term study of field 

plots. Thus much research has been done attempting to derive models 

predicting soil erodibility from soil physical characteristics including 

texture, degree of aggregation, and aggregate stability (Hudson 1981). 

Wischmeier and Mannering (1969) used a rainfall simulator to gather 

erosion data from plots on 55 different soils and used stepwise multiple 

regression analysis to evaluate the correlation between soil loss and 24 

variables of soil properties. In general they found that soils high in 

silt and fine sand, low in clay, and low in organic matter were the most 

erodible. These results confirmed the work of much earlier research 

(Hudson 1981). 

The 1978 version of the USLE presents an equation for evaluating 

K on the basis of a particle size parameter, M; the percent organic 

matter, a; and the soil structure code, b; and profile-permeability 

class, c, used in Soil Taxonomy (Soil Survey Staff 1975). The equation 

is: 

100K = 2.1(M)1-14 (10~4) (12 - a) + 3. 25 (b - 2) + 2.5 (c - 3) (12) 

The parameter M is defined by the equation: 

M = (% silt + % very fine sand)(100 - % clay) (13) 

where the soil particle size classes "silt," "very fine sand," and "clay" 

are defined by Soil Taxonomy (Soil Survey Staff 1975). The value of K 
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as defined above must be multiplied by 1.292 for use in the metric form 

of the USLE. 

Tests of equation (12) versus measured K values of from 0.03 to 

0.69 showed that the equation predicted K to within 0.04 units of 

measured values in 95% of cases (Wischmeier and Smith 1978). However 

Hudson (1981) warns against applying this method to all soils due to 

differences in parent material, formation, and management. It appears 

that this warning must also apply to sodium-affected soils. Two studies 

have shown that measured soil erodibility was highly correlated with 

sodium content of several salt-affected soils whereas the K factor 

evaluated from equation (12) did not give the same ranking as did the 

measured erodibilities (Singer, Blackard, and Janitzky 1980; Singer, 

Janitzky, and Blackard 1982). Although it is obvious that increases in 

the sodium-saturation of a soil's clay particles cause increases in 

that soil's erodibility, no method of adjusting the K factor for the 

effect of sodium has been proposed. 

L - The Slope Length Factor 

In the 1978 version of the USLE the slope length factor, L, is 

given by: 

L = (A/22.l)m (14) 

where A is the slope length in meters and m is equal to 0.5 if the slope 

is 5% or more, decreasing to 0.4 for 3.5% to 4.5% slopes, to 0.3 for 1% 

to 3% slopes, and 0.2 for uniform slopes less than 1%. Equation (14) was 

developed from data from plots ranging from about 9 to 91 meters in 

length; and, from 3 to 18% slope. Since many microcatchments have slope 
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lengths close to or less than 9 meters the validity of equation (14) for 

microcatchments might be questioned. 

Foster, Simanton, et al. (1981) argued that the size of the 

exponent, m, in equation (14) was related to the relative importance of 

the two basic erosional processes, interrill erosion and rill erosion. 

For given conditions interrill erosion per unit area was regarded as 

essentially a constant, Cg, regardless of slope length, and rill erosion 

per unit area was directly proportional to distance downslope, X, times 

a constant, C^. Thus overall erosion per unit area, A, could be 

described by: 

A = C + C X (15) 
s r 

The complementary version of the USLE could be written: 

A = CLm (16) 

where C is a constant representing the other factors of the USLE. The 

authors fit equation (15) to the USLE using the criteria that Cg = C^X 

at X = 22.1 meters; and, that at about 22.1 meters the effective slope 

length exponent was 0.5. Figure 6 shows the resulting equations and 

curves in a log-log plot. The effective slope length exponent for 

equation (16) is the slope of the curve in Figure 6 at any point. At 

slope lengths less than 6 meters the effective exponent approaches zero, 

therefore one might expect the L factor as well as the effect of slope 

on the exponent, m, to be rather unimportant for short plots. 

Equation (15) is a simple version of a more complex "qualitative" 

erosion model presented by Foster, Meyer, and Onstad in articles detail

ing the origins of the terms of the model (1977a); and, giving a method 
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of deriving the slope length exponent of the USLE from the model plus a 

test of the model versus the USLE (1977b). 

S - The Slope Steepness Factor 

The slope steepness factor of the USLE is given by: 

S = 65.41(sin20) + 4.56(sin 6) + 0.065 (17) 

where 0 is the slope angle in degrees. Studies done during the develop

ment of the USLE show that runoff increases much less rapidly than soil 

loss as slope is increased, especially for smooth plots for which the 

effect of slope on runoff is small (Wischmeier and Smith 1978, Wischmeier 

1966). Obviously, in a water harvesting application there will be some 

slope above which the increase in runoff is not worthwhile when compared 

with the increase in erosion. 

Hudson (1981) suggested that in the tropics the slope effect 

might be exaggerated such that: 

A « S2 

where A is soil loss per unit area and S is percent slope. Examination 

of the erosion model of Foster et al. (1977a, b) shows that the relative 

effect of slope may change depending on whether rill or interrill 

erosion is dominant. For plots varying only in slope, their equation 6 

(1977b) reduces to: 

A = C S2 + C.S (18) 
r l 

where A is soil loss per unit area, S is slope in percent, is a 

constant for rill erosion, and is a constant for interrill erosion. 

The relative importance of the rill erosion and interrill erosion terms 

in equation (18) will change with slope length as discussed in the 
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preceding section. At short slope lengths the rill erosion term could be

come small and the effective slope steepness exponent would approach unity. 

Examination of some of the assumptions and research leading to 

the development of equation (18) in its full form (Foster et al. 1977b) 

indicate that it may not hold true for the case of very dispersive soils. 

Calculation of the average shear stress of overland flow (Foster, 

Simanton, et al. 1981), and results of plot experiments by Meyer, Foster, 

and Romkens (1975), Walker et al. (1977), and Mutchler and Young (1975) 

show that overland flow on short interrill areas is mostly incapable of 

detaching particles at slopes less than 15% and that detachment is 

largely dependent on raindrop impact. Also the rate of detachment by 

rainfall varies linearly with slope up to 15% (Meyer, Foster, and Romkens 

1975). Studies have also shown that while some transport of soil 

particles is by raindrop splash, most transport is by interrill flow 

(Meyer, Foster, and Nikolov 1975), Walker, Kinnell, and Green (1978); 

and, that the transport capacity of interrill flow is somewhat augmented 

by raindrop impact (Walker et al. 1978, Mutchler and Young 1975) though 

this latter effect is difficult to separate from the effect of drop 

impact on detachment. Finally, Meyer, Foster, and Nikolov (1975) stated 

that in general the interrill detachment rate is the limiting factor for 

soil loss and that the transport capacity of interrill flow is 

sufficient to carry all detached particles except perhaps at very low 

slopes. It is this latter statement combined with the fact that detach

ment by rainfall varies linearly with slope that accounts for the slope 

exponent of unity in the interrill erosion component of equation (18). 
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Conversely, if the soil was very erodible as seems to be the case 

for dispersed soils, then the detachment rate might exceed the transport 

capacity of interrill flow and the transport capacity would then be 

limiting. A model with separate components for detachment by rainfall, 

detachment by runoff, transport by rain splash, and transport by runoff 

did show that for uniform slopes the transport capacity limited erosion 

rate for short slope lengths (< — 15 m) (Meyer and Wischmeier 1969). The 

choice of parameters used in the model influenced the slope length below 

which transport capacity was limiting. 

Meyer and Wischmeier (1969) used a term for transport capacity 

by flow that varied as the 5/3 power of percent slope. Other relation

ships show transport capacity of unobstructed overland flow on uniform 

slopes to vary with percent slope raised to some power greater than 2 

(Meyer, Foster, and Nikolov 1975). On the basis of the preceding 

discussion and equation (18), we might expect that for very erosive soils 

the soil loss per unit area would be proportional to the slope in percent 

raised to some power close to 2 regardless of slope length. This 

represents a significantly stronger relationship between soil loss per 

unit area and slope than that given by the USLE. 

C - The Cover and Management Factor 

The C factor is the ratio of soil loss from land cropped under 

specified conditions to that from clean-tilled continuous fallow and can 

be obtained from tables presented by Wischmeier and Smith (1978). If 

the cover and management remain the same throughout the year, then the 
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complicating step of evaluating a C factor and a corresponding rainfall 

factor, R, for a particular season or management period is avoided. 

Site preparations that remove vegetation, leaving the surface 

completely without protection, and that also remove the residual effects 

of prior vegetation, create conditions comparable to those under 

continuous clean-tilled fallow for which C = 1 (Wischmeier and Smith 

1978, p. 31). This would seem to be the case, at least initially, for 

compacted earth sodium-treated catchments whose construction involves 

not only smoothing and clearing but also the elimination of soil 

structure through mixing, dispersion with sodium, and dispersion through 

compaction. 

However, there is considerable evidence that erosion on interrill 

areas selectively removes the finer particles, due to the inability of 

interrill flow to transport the larger particles, and tends to leave a 

surface mulch of gravel and larger size particles (Alberts, Moldenhauer, 

and Foster 1980; Walker et al. 1977; Walker et al. 1978; Meyer, Foster, 

and Nikolov 1975). This surface mulch or "erosion pavement" should act 

as a protective cover to reduce detachment by drop impact and thus 

reduce erosion. Several researchers have noted the importance of 

erosion pavement as part of the ground cover on rangelands in the 

Southwest and have attempted to include the erosion pavement in estimates 

of C (Renard, Simanton, and Osborn 1974; Osborn, Simanton, and Renard 

1976; Simanton, Osborn, and Renard 1980). These same workers have 

called for further research to quantify the effect of erosion pavement 

on the C factor. A study of soil splash on rangeland soils in Arizona 

showed that the amount of soil splashed (a measure of detachment) 



decreased with increasing median particle size of erosion pavement; and, 

with increasing amount of erosion pavement. The same study showed that 

removal of erosion pavement increased erosion by 300% in one case 

(Martinez-Menez 1979). The same author recommended further study to 

develop methods to measure percent and size of the gravel cover and to 

relate these parameters of erosion pavement to the reduction of soil 

detachment by rainfall. 

Olson and Wischmeier (1963) did report very low erodibilities 

for two soils that had high percentages of very coarse material on the 

surface, and noted that in general coarse textured soils are less 

erodible, but then did not tie these facts to the C factor. The USLE 

(1978 version) lists C factors for crushed stone mulch applied to 

construction slopes from which vegetation and topsoil has been removed. 

For slopes less than 16% and less than 61 m long, the C factor is 0.05 

for crushed stone (0.6 cm to 3.8 cm diameter) applied at a rate of 302 

ton/ha. This rate amounts to a layer of crushed stone only 2 cm thick. 

Operationally, whether or not a C factor must be determined for a 

particular microcatchment treatment will depend on the particle size 

distribution of the soil. If no particles larger than the maximum 

erodible size are present then an appreciable erosion pavement will 

probably not be formed. 

P - The Support Practice Factor 

The 1978 version of the USLE allows evaluation of the P factor 

for support practices that reduce erosion. These practices are contour 

tillage, contour strip cropping, and terrace systems for all of which 
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the P factor is reduced to some value below 1, the actual value depending 

on the details of application of the practice. The value of P would be 

1 for microcatchment systems if the rate of soil loss from the catchment 

surface is the erosion rate to be estimated. 



EXPERIMENTAL 

Background 

Compacted earth NaCl treated catchments were installed at the 

University of Arizona's Page-Trowbridge Experimental Range in 1971 (Dutt 

and McCreary 1974). Since that time additional catchments have been 

built and these and the original catchments have been successfully used 

to provide all the water for growing several plant species, especially 

wine grapes (Mielke and Dutt 1981). Results of the initial experiments 

designed to characterize the runoff potential of the catchments were 

confused by the presence of basins in the drains evacuating water from 

the catchments. Also these experiments did not measure erosion. 

The review of the literature shows that runoff and erosion from 

catchments treated with compaction and sodium salts are highly variable 

between experiments and that erosion can be a serious problem in some 

cases. Possible adverse effects of erosion include not only silting and 

excess sodium in the reservoirs but loss of the sodium treated surface 

layer of the catchment resulting in decreased runoff efficiency and 

increased threshold rainfall. 

The only criterion found in the literature for the design of the 

length and surface slope of catchments in order to control erosion is 

that of Shanan and Tadmor (1979) presented in equation (7). This 

criterion does not provide an estimate of erosion. Also it is possible 

that severe erosion can occur on a catchment under intense rainfall even 

though the length and slope do not exceed the limits calculated from 

54 
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equation (7). Since some erosion occurs at all slopes and lengths and 

since rational design would dictate that there be some maximum permissible 

amount of erosion, then it is important to have a means of estimating 

soil losses for a particular catchment configuration. 

Finally, the literature indicates that the most commonly used 

method for estimating soil losses, the USLE, may not be applicable to 

microcatchments, especially those with short slope lengths and with 

treatments such as compaction and application of sodium salts that change 

the soil properties from those predominantly encountered during the 

development of the USLE. However, information about a more physically 

based model developed by Foster, Meyer, and others during the 1970s was 

shown to indicate ways in which the length and slope factors of the USLE 

might be modified to be applicable to the new conditions. 

Runoff Plots 

It was decided to build runoff plots of different slopes and 

lengths using the compacted earth and NaCl catchment treatment described 

by Dutt and McCreary (1974). The plots were installed at Page-Trowbridge 

Experimental Range (hereinafter referred to as Page Ranch) within a few 

hundred feed of the catchments installed by Dutt and McCreary. The 

location and layout of the plots are shown in Figures 7 and 8, 

respectively. 

Page Ranch is at about 1,120 m elevation and the average annual 

rainfall varies from 30 to 41 cm (Dutt and McCreary 1974). Soil samples 

were taken along the northern edge of the plot area at about 10 m 

intervals to a depth of about 23 cm. The results of particle size 
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analysis are shown in Table 3. The soil is a WhiteHouse (Soil Conserva

tion Service 1982) gravelly sandy clay loam. 

Design 

Plot slopes were chosen to be 1, 5, 10, and 15%. A 1% slope was 

chosen rather than a zero slope because the zero slope was judged to be 

clearly outside the practical range for microcatchments. The maximum of 

15% slope was chosen as a compromise between the 20% slope recommended 

by Hollick (1974a) and the 10% slope recommendation calculated from 

equation (7) from Shanan and Tadmor (1979) using a 6 m length and 75 

mnv/h excess rainfall rate. The 15% slope was judged to be outside the 

practical range for even short microcatchments. Thus it would allow 

the gathering of data under very erosive conditions. 

Plot lengths were originally chosen to be 3, 6, and 12 m, but. 

no data were collected from the 12 m plots. The 12 m length was longer 

than the 9.1 m slope length of the longest catchments installed by Dutt 

and McCreary (1974), but somewhat less than the length calculated from 

equation (7) which was 19.2 m for a 1% slope and 75 mm/h rainfall 

intensity. Plot widths were 2 m for the 3 and 6 m plots, and 4 m for 

the 12 m plots. 

Each plot treatment thus consisted of a combination of slope 

and length resulting in eight different treatments. Each treatment was 

duplicated, but for ease of construction the duplicates were built as 

one plot which was divided down the middle after construction as shown 

in Figure 8. 
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Table 3. Particle Size Analysis3 of WhiteHouse Soil, Ap Horizon. 

Sample Sand(%) Silt (%) Silt + vfs*3 (%) Clay (%) 
Number 2 - 0.05 mm 0.05 - 0.002 mm 0.10 - 0.002 mm < 0.002 mm 

Percent of A
 

to
 

mm Fraction: 

1 49. ,15 26. ,85 36. ,67 24. .00 

2 37. ,25 25. ,16 32. .31 37. .59 

3 51, .07 23. .37 32. ,01 25. ,56 

4 40. .98 

in CM 

.02 32. ,36 34. .00 

5 45. ,29 28. ,30 37. ,78 26. ,41 

6 46. ,31 27. .60 36. ,45 26. .09 

7 52. ,62 25. .43 35. ,02 21. .95 

Average %: 46. ,1 26. ,0 34. ,7 27. ,9 

Sample Gravel (%) Sand (%) silt (%) Clay (%) 
Number >2mm 2-0.05 mm 0.05- 0.002 mm < 0.002 mm 

Percent of Entire Sample: 

1 16. ,02 41. .33 22. ,52 20. .13 

2 24. .40 28. ,17 19. .01 28. ,42 

3 11. .79 45. ,06 20. ,60 22. ,55 

4 13. ,70 35. ,39 21. ,57 29. ,34 

5 14. ,57 38. .72 24. ,18 22. .53 

6 16. ,25 38. ,80 23. .11 21. .84 

7 22. 68 40. ,75 19. ,64 16. ,93 

Average %: 17. ,1 38. ,3 21. .5 23. ,1 

Particle size analysis was done by the pipette method as given by Day 
(Black 1965, pp. 556-559). H_C>2 was not used to remove organic matter, 
and "Calgon" was replaced by 53.52 g Na^P^O^ and 4.24 g ^£00^ dis

solved in tap water. 
vfs = very fine sand. 
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Construction 

A topographic survey was done and map drawn before construction 

so that the plots could be laid out generally facing downhill thus 

minimizing earthmoving. All plots were built with the same aspect. The 

site had previously been tilled and cleared of most vegetation. Initial 

earth moving was accomplished with a wheel tractor and blade using 

material from the Ap horizon and avoiding material from the B horizon 

which was considered to be too clayey (up to 77% clay below 22 cm CDutt 

and McCreary 19743). Grade stakes were then re-surveyed and the plot 

surfaces were built to grade by hand using forms set at grade and a 

screed. Material placed by the tractor and by hand was compacted as 

well as possible to minimize later settling. 

Salt was spread on the plot surfaces at a rate of 11.2 ton/ha 

using aim grid as suggested by Decker (1963), and a cylindrical 

volumetric scoop. The scoop was adjusted to hold 1.12 kg of the 

granulated NaCl. Immediately after spreading, the salt was mixed into 

the top 2.5 to 5 cm of soil with hand rakes. 

Compaction of the plots occurred on two dates. On May 2, 1981, 

after late spring rains the 3m,1%; 3m,%5; 3m,10%; 3m,15%; and 6m,10% 

plots were compacted with a 2.7 metric ton double steel drum roller. 

Four or more passes were made on each plot. Soil moisture content was 

near optimal. The 6m,1%; 6m,5%; and 6m,15% plots were compacted on 

July 9, 1981, 2 days after a 4.34 cm rain, using a 5.4 metric ton double 

steel drum vibratory roller (1.8 metric ton if operated in static mode) 

and our or more passes for each plot. Up to this point all of the double 

plots were built 1 m longer and wider than the final dimensions in order 
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to minimize differences of splash into and out of the final plots, and 

to facilitate the later orientation of plot borders such that the plots 

would have zero cross-slope. 

Plot borders were constructed of 16 and 20 gage galvanized steel 

13.5 cm wide and folded over along one edge to provide a striking surface 

for use during installation of the borders. Since the finished plots 

were much too hard to allow hammering of the borders directly into the 

surface, a water cooled concrete slab saw with a 35.6 cm diameter 

carborundum blade was used to cut slots in the plot surfaces along lines 

marked with a chalked string (see Figure 9). 

Plot borders were installed by hammering them into the slots, 

caulking the joints between pieces with plastic asphalt cement, and 

bolting or screwing the pieces together. L-shaped pieces were used at 

corners to provide a good seal. At the lower plot edge a crest of the 

same galvanized steel was installed as shown in Figure 10. The top edge 

of the crest was installed at a dead level and level with the plot 

surface insofar as possible. 

Collection Troughs and Reservoirs 

Also shown in Figure 10 is the runoff trough made of nominal 

10 cm diameter PVC plastic pipe cut down the center longitudinally. 

Calculations using Manning's equation showed that this semicircular 

cross-section would carry twice the flow from a 6~m by 2-m plot during 

a 200 mm/h intensity rain if the trough was set at a 0.25% gradient . 

(assuming 100% runoff efficiency and Manning's n = 0.013). The troughs 

were actually set at about 1% gradient to reduce buildup of sand in the 



Figure 9. Installation of the Plot Borders Using a Concrete 
Slab Saw.—Photo showing the concrete slab saw 
used to cut slots in the plot surfaces prior to 
installation of the steel borders. The line run
ning diagonally across the center of the photo is 
a slot that has just been cut. Visible at the top 
end of the line are boards used to protect the 
plot surface while cutting (the slab saw is water 
cooled). One plot border has already been 
installed (upper left of photo). 
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plot surface 

scale: 1" = 2" 

trough 

Figure 10. Cross-section Sketch of Galvanized Steel Crest and PVC 
Plastic Runoff Trough. 



troughs during runoff. The reservoirs were designed to hold the runoff 

from a 3.6 cm storm assuming 100% runoff. 

Figure 11 shows a typical 6-m plot with borders, runoff 

collection trough, sand trap, and storage reservoir. The 3-m plots 

differed only by having a 208 liter capacity steel barrel for storage. 

The sand traps were made of 5 gallon plastic buckets with a nominal 

10 cm diameter PVC plastic outlet pipe glued in place with an epoxy resin 

compound commonly known as "epoxy putty." A baffle of galvanized sheet 

steel inserted in each sand trap prevented flow out of the runoff trough 

from going directly to the outlet pipe. 

The concrete reservoirs as pictured in Figure 11 were constructed 

in three steps. First a hole was dug and shaped to resemble an inverted, 

truncated four-sided pyramid allowing 15 cm drop from the end of the plot 

in question to the top of the hold. The top of the hole was shaped 

slightly to provide a lip around the hole. Second, galvanized steel 

netting of nominal 2.5 cm opening size was laid in the hole, shaped to 

fit, and wired to retain the shape. Third, the netting was removed and 

the hole lined with continuous 0.15 mm polyethylene sheeting which 

overlapped the top of the hole. Then the netting was put back into 

place and plastered with a 1:4 cement-sand mix in two coats to cover the 

netting. Care was taken not to puncture the plastic. 

Pluviometry 

A universal weighing-type recording rain gage and two 

"Tru-check" wedge-type nonreqording plastic rain gages were installed 

at the positions shown in Figure 8. The recording rain gage was a 



Figure 11. Photo of the 6m,1% Plots Showing the Plot Borders, 
and the Crest, Runoff Trough, Sand Trap, and 
Storage Reservoir for the Left Hand Plot. 
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dual-traverse type with the capacity to record up to 30.5 cm of rainfall. 

The chart drum revolved once every 12 h. This rain gage was calibrated 

according to the procedure given in Agriculture Handbook No. 224 

(Brakensiek, Osborn, and Rawls 1979, pp. 17-22) and was found to read 

within 0.1 cm at 2.5 cm indicated on the chart and within 0.07 cm at 

higher indicated readings up to 15.2 cm. These errors are within the 

maximum allowable for this type of rain gage (Brakensiek et al. 1979, 

P. 21). 

Data Collection 

The remoteness of the site (56 km or about one hour's drive from 

the campus) precluded the collection of data and samples after every 

individual rainstorm, especially when more than one storm passed through 

in a single day. Therefore rainfall events reported as a single event 

later in this text were sometimes actually composed of two or three 

closely spaced events but are defined as a single event for the sake of 

description and discussion. 

After every event the two nonrecording rain gages were read to 

the nearest 0.01 in. (0.025 cm), and the readings were recorded in 

inches. Likewise the chart from the recording rain gage was replaced 

and the old chart retained for later analysis. Also sediment samples 

were taken from both the sand traps and reservoirs and the runoff was 

measured volumetrically with a bucket calibrated in the laboratory 

and accurate to better than 0.5%. All measurements were recorded on the 

spot. 
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Collection of the sediment samples was the most exacting of the 

procedures and warrants further description since differences in 

methodology can greatly affect the results. The following procedures 

were modeled after those presented in Agriculture Handbook No. 224 

(Brakensiek et al. 1979, pp. 280-282). Sediment sampling was divided 

into two steps based on the division of sediment into large and small 

particle sizes by the sand traps. 

Step one began with the displacement of all sediment from the 

runoff trough into the sand trap. Then if there had been no overflow 

from the sand trap, its entire contents were placed in a sample bucket 

which was sealed with a tight-fitting lid having an 0-ring seal and 

marked with the plot description, date, and the word "whole" to 

designate it as the entire sample for the event. If the sand trap had 

overflowed, then its contents were mixed thoroughly, allowed to settle 

for about one minute and the supernatant poured into the adjacent 

reservoir until about 4 liters of fluid and coarse sediment remained. 

This remaining material was placed in a sample bucket, sealed, and 

marked with the plot description, date, and the word "sand." 

Step two involved taking a representative sediment sample from 

the reservoir in the case that the sand trap had overflowed. First the 

sides and bottom of the reservoir were swept with a broom to loosen any 

caked sediment. Then the contents of the reservoir were swirled 

vigorously with the broom to suspend all the particles, and 4 one-liter 

samples were taken with vigorous mixing between samples. The four 

samples were placed in a single sample bucket, sealed, and marked with 

plot description, date, and the words "silt and clay." When the 
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reservoirs contained more liquid than could easily be stirred by hand, 

mixing was aided by a centrifugal motor driven pump with its inlet and 

outlet hoses both placed on the reservoir bottom. This arrangement 

proved quite effective. 

Laboratory Analyses 

Laboratory analyses consisted of sediment analyses and determina

tions of sodium and salt content. The various procedures are presented 

below in the order in which they occurred. 

Sediment Analyses 

All samples were allowed to sit in the laboratory for weeks 

and sometimes months before analysis. Although algae or fungi sometimes 

grew in the buckets, these growths usually confined themselves to the 

water surface and were easily removed. This time period allowed settling 

of the often highly dispersed clay and greatly facilitated the first 

step of analysis. A settling time of 2 to 4 weeks seemed adequate and 

very little algal or fungal growth was noted within 4 weeks. 

The first step of analysis for all but the "sand" samples was 

the filtering of about 100 ml of supernatant from the sample bucket 

through a "millipore" filter of 0.47 micrometer pore size. This sample 

was stored in a polyethylene bottle with a tight-fitting cap for later 

analysis (see the later section: Salt Content). The bottles and caps 

were washed with detergent, double rinsed in distilled water, soaked in 

IN HC1, double rinsed in deionized distilled water, and dried before 

use. 
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"Whole" Samples. The volume of "whole" samples was measured and 

recorded and the samples were run through a 1 mm sieve and the coarse 

sediment placed in a tared drying can. The sample was then passed through 

a 0.047 mm sieve with careful washing to remove all the fines. The sand 

was placed in a tared drying can and all sand and coarser material was 

dried at 105 °C overnight. After drying, the sand and coarser material 

was weighted to 0.01 g, sieved into particle size ranges of 0.05 to 2 mm, 

2 to 3 mm, and greater than 3 mm, and the fractions were also weighed. 

The remaining sample was analyzed according to the procedures in the 

later section: "Silt and Clay" Samples. 

"Sand" Samples. The "sand" samples were stored until the 

sediment had settled at which time the supernatant was poured to waste. 

Then enough tap water was added to the sediment to obtain a thick slurry 

upon mixing. This slurry was subsampled three times with a 33 ml 

capacity sampler (made from a plastic 35 mm film can). This procedure 

is modeled after than given by Brakensiek et al. (1979, p. 280). The 

subsamples were wet-sieved with tap water through 1 mm and 0.047 mm 

sieves, dried, separated by sieving, and weighed as described in the 

previous section. The remaining slurry was measured in a volumetric 

cylinder and discarded. The effluent from wet-sieving was thoroughly 

mixed and a 25 ml sample was pipetted into a tared weighing can. After 

24 h of drying at 105 °C, the can was weighed to 0.1 mg. The effluent 

volume was measured with a graduated cylinder. A 25 ml tap water 

sample was taken, dried, and weighed as for the effluent sample. This 

allowed for correction for dissolved salts in the tap water. 
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"Silt and Clay" Samples. The volume of a "silt and clay" sample 

was measured with a volumetric cylinder. The 4 liter sample was then 

stirred with two malt-type stirrers and two 25-ml samples were pipetted 

into tared weighing dishes which were then dried for 24 h at 105 °C 

before weighing to 0.1 mg to obtain the sediment concentration per 25 ml. 

Also while the sample was stirred, a one liter subsample was removed for 

particle size analysis. 

Particle size analysis for silt (0.05 to 0.002 mm) and clay 

(< 2 /fln) fractions was accoirplished according to the procedure given by 

Day (Black 1965, pp. 556-559) with the following exceptions: 

1. The dispersing solution was not "Calgon" but was made up of 

53.52 g of Na4P2C>7 and 4.24 g of Na2CC>3 dissolved in tap water and made 

to 1,000 ml. 

2. The pipette was not rinsed into the weighing dish because 

the dishes available could not hold the extra volume. 

3. Since the organic matter content of the soil is low, the 

sample was not treated with H202 and heat to destroy organic matter. 

Salt Content 

Sodium. Samples were filtered as previously described in the 

section: Sediment Analyses. Analysis for sodium content was accomplished 

by flame emission spectrophotometry on an IL 951 spectrophotometer 

(IL 951 Video II Two-channel Atomic Absorption Spectrophotometer by 

Instrumentation Laboratory Inc.). Standard solutions of 0.0, 1.0, 5.0, 

10.0, 15.0, and 25.0 ppm sodium were mixed from a 1,000 ppm standard 

sodium reference solution (supplied by Fisher Scientific Company) using 



71 

deionized distilled water. Dilutions were made with deionized distilled 

water using "Eppendorf standard microliter" pipettes and disposable 

plastic tips. Delivery from the pipettes was checked by pipetting 

deionized distilled water into tared weighing dishes, covering with 

tared covers, and weighing to 0.1 mg; and, was found to be accurate to 

0.4% or better. 

The IL 951 spectrophotometer electronically maintains an internal 

standard curve. This curve is calibrated by making readings with the 

25 ppm and zero ppm standard solutions while the machine is set to 

calibration mode. Thereafter, the curve can be re-calibrated by the 

same procedure when desired to reduce the effects of drift. Recalibra-

tion was done after every eighth sample determination was run. The 

midpoints of the curve were checked by running the 1, 5, 10, and 15 ppm 

standards as samples. When a sample was run the machine electronically 

compared the emission with the standard curve, computed the concentration 

in ppm, and printed out the results. 

The "Millipore" filters were checked for sodium content by 

filtering 100 ml aliquots of deionized distilled water through each of 

five filters and analyzing for sodium as described above. The highest 

concentration found was 0.06 ppm, an insignificantly small value. 

Soluble Salts. The soluble salt content was obtained indirectly 

by measuring the electrical conductivity (EC) of the sample. The 

procedure used was that of Bowen and Wilcox (Black 1965, pp. 936-940). 

Instruments used were a Beckman model RC16B2 conductivity bridge operated 

at 1,000 Hz and a conductivity cell with a constant of 1 and platinum 

plated electrodes. 
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Calculations 

Runoff volume, which was measured directly in liters for every 

plot, had to be corrected for rain falling directly into the troughs, 

sand traps, and reservoirs. A correction equal to the depth of rain 

(meters) times the horizontal surface area of trough, sand trap, and 

2 3 
reservoir combined (meters ) was multiplied by a factor of 1,000 liters/m 

and the result subtracted from the runoff volume. 

The weights of sand and coarse fragment fractions in grams were 

multiplied by a correction factor, CI, calculated as follows: 

C1 = VSI^VSA (19) 

where VSL is the volume of slurry after sampling, VSA is the volume of 

the sample, and both volumes are in the same units. 

The weight of the dried 25 ml effluent sample in grams was 

corrected by subtracting the weight of the dried 25 ml tap water sample 

in grams and then multiplied by the total effluent volume in milliliters 

divided by 25 to obtain the weight of silt and clay in the effluent. 

The amount of fine sand, SF, in the "silt and clay" samples was 

calculated as follows: 

SF(g) = CSED(g/L) - SIL(g/L)]vl(L) (20) 

where SED is the total sediment concentration in the runoff, SIL is the 

concentration of silt plus clay from the particle size analysis, and VI 

is the uncorrected runoff volume. The value of SF was added to the 

weight of the sand fraction as calculated above. 

The amount of silt, SI, in the runoff was calculated as 

follows: 
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SI(g) = CsiL(g/L) - CLY(g/L)3vi(L) (21) 

where SIL and VI are as defined above and CLY is the clay concentration 

from the particle size analysis. The amount of clay, CL, in the runoff 

was calculated as follows: 

CL(g) = CCLY(g/L)]V1(L) (22) 

where the terms are as defined above. The total soil loss in grams was 

equal to the sum of clay and silt in the runoff, silt and clay in the 

effluent from wet-sieving the sand, and sand and coarse fragment fractions. 

Concentrations of sodium were read directly from the spectro

photometer printout in ppm. When necessary, these concentrations were 

corrected for dilutions. The amount of soluble sodium lost from each 

plot for each storm was calculated from: 

NA(g) = SOD(ppm)(1 mg/L/ppm)V1(L)/(1000 mg/g) (23) 

where SOD is the sodium concentration in the runoff, VI in the uncorrected 

runoff volume, NA is the amount of soluble sodium in grams, and the other 

terms are conversion factors. 

The total amount of salt lost from each plot was estimated using 

the EC and the equation: 

SALT = EC(mmhos/cm)(0.640)V1(L) (24) 

where SALT is the salt lost in grams, the constant 0.640 is an approxi

mate value for a mixture of salts (U.S. Salinity Laboratory Staff 1969, 

p. 16), and VI is the uncorrected runoff volume. 

In addition to soluble sodium losses there were also losses of 

sodium in exchangeable form adsorbed onto eroded clay. A study of 

saturation extracts of 59 soil samples from nine Western states gave 

the following relationship between exchangeable sodium (ES) in 
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meg/(100 g soil), cation exchange capacity (CEC) in meq/(100 g soil), 

and SAR: 

ES/(CEC - ES) = -0.0126 + 0.01475 SAR, r2 = 0.852 (25) 

(US Salinity Laboratory Staff 1969, pp. 26-27). The correlation is much 

better than indicated for SAR < 30. Rearranging terms the exchangeable 

sodium (ES) can be written: 

CEC(- 0.0126 + 0.01475 SAR) . 
1 + (- 0.0126 + 0.01475 SAR) 1 ' 

Converting meq/(100 g soil) to grams/(gram soil) and multiplying by the 

amount of eroded clay (CL) in grams, the exchangeable sodium loss (SODE) 

in grams can be calculated as: 

SODE = (0.02299 g/meq)(ES)(CL)/100 (27) 

The sodium adsorption ratio (SAR) is defined as SAR = 

Na+//(Ca++ + Mg++)/2, where Na+, Ca++, and Mg++ are concentrations in 

milliequivalents per liter (meq/L). For most waters the salt concentra

tion in meq/L is equal to 10 times the EC though it may be equal to 11 

times the EC for waters high in chloride and sodium (U.S. Salinity 

Laboratory Staff 1969, p. 69). Also the concentration of sodium in 

meq/L may be written: 

Na+(meq/L) = SOD(ppm)/(22.99/eq) (28) 

where SOD is the soluble sodium concentration in ppm. Assuming that 

Na , Ca , and Mg are the predominant cations in solution, the SAR 

may thus be written: 

SAR = (SODCppmH/22.99)//(IOCECJ - SODCppm3/22.99)/2 (29) 



RESULTS AND DISCUSSION 

The data were analyzed to provide information in three main 

areas: a runoff-rainfall relationship, an erosion model, and a 

description of salt and sodium loss from the plots. Data analyses were 

done mostly on the Cyber computer at the University of Arizona using 

the Statistical Package for the Social Sciences (SPSS) (Nie et al. 

1975) in the 1979 updated version. The SPSS system of computer programs 

was designed for statistical analysis of data. 

Rainfall and Runoff 

Table 4 gives the average runoff ratio for each plot treatment 

for each of 18 rainfall events, only 11 of which produced runoff. 

However the seven rains which did not produce runoff totaled just 0.69 

cm or 4.4% of total rainfall. The runoff ratio showed two distinct 

trends. First, it was higher for the larger rains, averaging as high 

as 0.77, and it was lower for the smaller rains, averaging as low as 

0.08. Also the runoff ratio tended to increase with plot slope as 

indicated by the overall runoff ratios given at the bottom of Table 4. 

Both of these trends were expected in light of the runoff model: 

RD = A (RN - B) (30) 

where RD and RN are the runoff and rainfall depths for a given event, 

respectively; A is the runoff efficiency; and B is the threshold 

rainfall. 
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Table 4. Rainfall, and Runoff Ratios3 for 18 Rainfall Events. 

Date 
Rainfall 
(cm) 

I30(cm/h)b 
3m, 1% 3m, 5% 3m, 10% 

Treatments 

3m,15% 6m,1% 6m, 5% 6m,10% 6m,15! 

09/06/81 2.39 1.68 .73 .80 .80 .79 .62 .60 .64 .62 
09/12/81 0.10 - 0 0 0 0 0 0 0 0 
09/21/81 0.03 - 0 0 0 0 0 0 0 0 
10/01/81 0.15 - 0 0 0 0 0 0 0 0 
10/02/81 0.20 - 0 0 0 0 0 0 0 0 
10/22/81 0.08 - 0 0 0 0 0 0 0 0 
01/02/82 2.46 0.91 .74 .77 .77 .85 .67 .75 .78 .84 
01/07/82 1.73 1.17 .72 .71 .71 .75 .66 .64 .70 .77 
01/11/82 0.05 - 0 0 0 0 0 0 0 0 
01/13/82 1.45 0.61 .68 .69 .73 .75 .64 .65 .66 .77 
02/08/82 0.08 - 0 0 0 0 0 0 0 0 
02/12/82 0.64 0.38 .27 .41 .43 .45 .24 .19 .32 .34 
02/19/82 0.43 0.20 .02 .09 .10 .12 .03 .07 .08 .15 
02/25/82 0.46 0.28 .15 .22 .30 .33 .17 .15 .15 .18 
03/14/82 3.02 1.02 .75 .79 .78 .80 .66 .72 .74 .72 
03/19/82 0.76 0.36 .48 .50 .58 .57 .49 .49 .53 .47 
03/27/82 0.76 0.36 .35 .42 .46 .49 .30 .27 .34 .31 
03/30/82 0.97 0.56 .63 .68 .74 .79 .58 .61 .67 .67 

Total 15.76 

Overall Runoff Ratio .606 .645 .660 .688 .548 .564 .601 .621 

aAverage for two replicates except for the 6m,15% treatment for which data from only one replicate 
^are reported. Runoff ratio = (runoff depth)/rainfall depth). 

The I3Q value is the maximum 30 minute rainfall intensity and is presented only for events that 
produced runoff. 
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In order to obtain the parameters "A" and "B" of equation (30) 

and to determine if the parameters were statistically different between 

treatments, the data were analyzed first according to Diskin's model and 

then by linear least squares regression. Data from the 6m,15% right 

hand plot were omitted due to the leak discovered in the storage reser

voir, but data from the 6m,15% left hand plot were included. 

As described in the literature review (see Rainfall-Runoff 

Relationships), Diskin's model eliminates both the tendency of data 

from zero runoff events to bias the x-axis intercept (B = threshold 

rainfall) toward lower values; and, the tendency to bias the slope of 

the regression line ( A = runoff efficiency) toward lower values. 

Application of Diskin's model to the combined data for all plots was 

done at the Southwest Range Watershed Research Center using the program 

LEGLR written by E. D. Shirley, Ph.D. (1982). The regression line 

obtained is shown in Figure 12. The equation for this line, representing 

the overall runoff-rainfall relationship for all plots, is 

RD = 0.8577(RN - 0.3404 cm) (31) 

Application of least squares linear regression analysis to data from all 

2 
non-zero runoff events resulted in the same equation with an r value of 

0.9762 and a standard deviation of 0.1166. 

Since the result of applying simple linear regression to all 

non-zero runoff events was the same as the result of applying Diskin's 

model to all events, linear regression was used for all subsequent 

analyses. Multiple linear regression using dummy variables was used to 

obtain the parameters "A" and "B" for all treatments (Nie et al. 1975, 
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pp. 372-377) (Neter and Wasserman 1974, pp. 297-338). The regression 

model used was of the form: 

10 = B0 + B1X1 +"-+ B7X7 + *8™ + B18X18 +-"+ B78X78' (32) 

where the dummy variables X^,...*Xy are described by: 

1, if TR = i 
X± (33) 

0, otherwise 

for treatment numbers, TR = 1, ..., 7, for seven of the eight treatments. 

The dummy variables X^g, ..., X7£J are described by: 

X.Q = X.RN (34) 
lO 1 

For the eighth treatment, and B^g are both equal to zero. 

For the ith treatment, equation (32) reduces to: 

RD = B_ + B. + B.RN + B..RN (35) 
U X O lo 

or, combining the coefficients; 

m ' B0i + •W™ (36) 

Rearranging terms, equation (36) becomes: 

' B0i/B8ie +.ra <37' 

or: 

m " B8i8(EN + B0i/B8iS) (38' 

Since the y-axis intercept, BQ^, is always negative and since the 

absolute value of (B../B „) is equivalent to the x-axis intercept, 
Ul oxo 

equation (38) is eqiaivalent to equation (30) with runoff efficiency; 

A, equal to B8ig and with threshold rainfall; B, equal to (BOj/B0i8^* 

Figure 13 illustrates the results of the analysis. Plot 

length affected runoff efficiency more than did plot slope. The 3 m 

plots all had higher runoff efficiencies than did the 6 m plots. 

Table 5 gives the runoff-rainfall equations for each of the eight 
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2 
treatments along with standard deviations and r values. T-tests were 

used to evaluate the similarity of the equations' slopes (runoff 

efficiencies) and x-axis intercepts (threshold rainfalls). The t-value 

was calculated by: 

t = (bx - b2)/sd (39) 

where b^ and b2 were the slopes (or intercepts) of the runoff-rainfall 

equations and s^ was the pooled standard deviation defined by: 

sd = = s2 " 2Cov(b1,b2) (40) 

2 2 
where s^ and s2 are the variances of b^ and b2» and Cov(b^,b2) is the 

covariance of b^ and b2- The variance and covariance values were taken 

from the SPSS linear regression program printout. 

The SPSS printout only gives variance and covariance values for 

the slope and y-axis intercept of the regression equation. In order to 

obtain the appropriate variance values for the x-axis intercept 

(threshold rainfall), the dependent and independent variables were 

interchanged in a second regression analysis with rainfall depth becoming 

the dependent variable (y). When this was done the y-axis intercept 

became equivalent to the threshold rainfall. 

For a given plot length the t-tests showed no significant 

difference in runoff efficiency at the 5% level between plots with 

different slopes with a single exception. The runoff efficiencies of 

the 6m,1%, and 6m,15% plots were significantly different even at 

the 0.1% level. Threshold rainfall values were not significantly 

different between any of the treatments at the 5% level. 



In order to examine the differences attributable to plot length, 

another regression model was applied. The form was: 

= B0 + B1X1 + *2™ + B12X12 (41) 

where the dummy variables were described by: 

if length = 3 m 
(42) 

otherwise; and •••I:: 
X12 = (43) 

Again, the results are shown in Figure 13 and Table 5. T-tests showed 

that the runoff efficiencies for 3 m and 6 m plots were significantly 

different at the 1% level whereas the x-axis intercepts (threshold 

rainfalls) were not significantly different even at the 10% level. The 

lower runoff efficiencies for longer plots are expected since residence 

time of runoff is greater thus allowing more infiltration to take 

place. 

The similarity of threshold rainfall values for all treatments 

is probably due to the smooth plot surfaces formed with the steel drum 

roller during compaction as well as to the care with which plot grade 

and surface flatness were established during construction. In 

particular, catchments with 1% slope cannot be expected to maintain 

this same threshold rainfall when rougher construction methods are 

imposed as they would be in a commercial application. Some ponding 

was visible on these plots though not on steeper plots. 

Predicting Runoff Efficiency 

Examination of Table 5 shows tin apparent positive relationship 

between plot slope and runoff efficiency for treatments of a given 
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Table 5. Equations3 of Runoff Depth Versus Rainfall Depth for Each 

Treatment. 

2 
Treatment No. Equation Std. Dev. r 

3m, 1% 1 RD 
= 
0.8731(RN - 0. 3754 cm) 0.0615 0.9940 

3m, 5% 2 RD 
= 

0.9036(RN - 0. 3475 cm) 0.0529 0.9959 

3m,10% 3 RD 
= 
0.8834(RN - 0. 3000 cm) 0.0919 0.9870 

3m,15% 4 RD 
= 

0.9155(RN - 0. 2930 cm) 0.0803 0.9908 

6m, 1% 5 RD 
= 
0.7677(RN - 0. 3477 cm) 0.0790 0.9873 

6m, 5% 6 RD 
= 
0.8183(RN - 0. 3826 cm) 0.1119 0.9778 

6m, 10% 7 RD 
= 
0. 8447(RN - 0. 3502 cm) 0.0994 0.9835 

6m,15% 8 RD 
= 
0.8524(RN - 0. 3253 cm) 0.1627 0.9617 

Plot Length 

3-meter RD 
= 
0.8939(RN - 0. 3287 cm) 0.0839 0.9886 

6-meter RD 
= 
0.8163(RN - 0. 3551 cm) 0.1150 0.9748 

aBased on linear regression analysis of 22 data pairs apiece for treat
ments 1 through 7, 11 data pairs for treatment 8, 88 data pairs for the 
3-meter plots, and 77 data pairs for the 6-meter plots. 
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length except for the 3 m, 5% and 3 m, 10% treatments. The 3 m, 5% 

treatment exhibited a slightly higher runoff efficiency than did the 

3 m, 10% treatment, showing a reversal of the general trend. It is 

also apparent that runoff efficiency declines for a given plot slope as 

the plot length increases from 3 to 6 m. As mentioned above, these 

differences in runoff efficiency can be explained in terms of the 

differences in residence time of overland flow on plots having different 

slopes and lengths. 

If rainfall rate is steady and infiltration rate is constant 

then the difference (i - f) multiplied by the plot area must equal a 

constant runoff rate; and, assuming no differences in infiltration rates 

between plots, there would be no differences in runoff efficiency between 

plots. But rainfall rate is not a steady state process and there are 

periods during a rainstorm when rainfall intensity is essentially zero. 

During these periods the amount of infiltration is related to the time 

required for overland flow to recede from the catchment surface, i.e. 

the recession time. It is known that the velocity of overland flow 

is related positively to slope, and it is obvious that for a given 

velocity the recession time will be greater for longer plot lengths. 

Linsley, Kohler, and Paulhus (1949, pp. 277-282), reporting the 

work of Izzard, give the recession time (in English units) as: 

t = V,_.f (a)/60q^ (44) 
a au e 

where t is the time in minutes from the cessation of steady state 
a 

3 
rainfall to the time when a = q/qg, q is the discharge in ft /sec after 

time t^, and qg is the equilibrium discharge for a steady rainfall 
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intensity, i, in inches per hour. Defining the recession time as the 

time when q = 0.03qe, then a = 0.03 and since f(a) is given as: 

f(a) = 0.5(a"2/3 - 1) (45) 

then 

t = 4.68V,_/60q = 0.0780V,_/q (46) 
a dO e dO e 

3 
where the remaining undefined symbol, V^f is the volume in ft of 

overland flow corresponding to qg and is given by: 

Vd0 " (47> 

where Lq is the length of overland flow in feet and k is given by: 

k = c/s1/3 (48) 

where s is catchment slope in feet per foot and c is a constant that 

varies with the catchment surface condition. Using the value of c given 

as 0.017 for a tar and gravel pavement and combining equations (46), 

(47), and (48) gives: 

t, = 0.001326 L /Cq 2/3s1/3]. 
1 o e 

At equilibrium qg=iLQ/43,200. Substituting the term iLQ/43,200 for 

q in the above equation and converting to metric units gives: 

t =21.0 L1/3/Ci2/3s1/3] (49) 
cl O 

where Lq is in meters, i is in millimeters per hour, and s is in meters 

per meter. This is the recession time for laminar flow on a plane 

surface. 

If recession time and runoff efficiency are strongly related in 

a negative way, then it would be expected that runoff efficiency would 

be some function of treatment slope to a positive exponent and of slope 

length to a negative exponent plus a constant term since runoff is 

expected to occur even at zero catchment slopes. To find if that is so, 
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a nonlinear regression of treatment runoff efficiency (REF) versus plot 

length, L, in meters, and slope, S, in percent, was done. 

The mathematical theory of the nonlinear regression program is 

given in SPSS Manual No. 433 (Robinson 1979, pp. 5-10). In short SPSS 

NONLINEAR minimizes the error sum of squares by varying the parameters 

to be investigated through successive iterations. Only variations in 

the parameters that will reduce the error sum of squares are accepted 

by the program. When, for successive iterations, the maximum change in 

the parameters becomes less than a predetermined amount, iteration 

stops. Of the two minimization techniques available the Marquardt 

method was chosen. 

The nonlinear model had the form: 

REF = B,SB2LB3 + B. (50) 
1 4 

and the resulting equation was 

_ »_,_0.004465 -0.02156 . ,c, > REF = 5.004S L - 4.0295 (51) 
e 

where REFg is the estimated runoff efficiency. The root mean square 

residual (RMSR) was 0.0192. (The RMSR is similar to the standard 

deviation.) Equation (51) was examined using linear regression and a 

model of the form: 

REF = B, + B_REF (52) 
1 2 e 

resulting in the equation 

REF = - 0.0008 + 1.001 REF (53) 
e 

2 
with an r value of 0.9107 and a standard deviation of 0.0439. Figure 

14 illustrates this relationship between actual and estimated runoff 

efficiency. Equation (51) provides a fairly good prediction of runoff 

efficiency for the acperimental conditions imposed but it should be kept 
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Figure 14. Regression Line of Treatment Runoff Efficiency, REF, Versus 
the Estimated Runoff Efficiency, REFe, from Equation (51). 
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in mind that the 95% confidence intervals for the exponents of slope 

and length included zero and the statistical significance of the equation 

is therefore in doubt. Although this equation probably cannot be used 

to predict runoff efficiency under other conditions of soil texture and 

mineralogy, organic matter content, and rainfall regime; it does indicate 

that such predictions are possible for closely controlled conditions of 

catchment slope, uniformity of slope, and length; and, of NaCl treatment 

and compaction. The exponent of length in equation (51) is several 

times larger than the exponent of slope indicating that length is much 

more important than slope in determining runoff efficiency at least over 

the range of values used here. 

Note that there was no meaningful way to incorporate a rainfall 

intensity parameter in the model represented by equation (50) despite 

the fact that equation (49) suggests that such a parameter has an effect 

on recession time and therefore on runoff efficiency. Rainfall intensity 

could not be used as a variable because the runoff efficiency values were 

estimated earlier using all rainfalls. Thus any parameter of rainfall 

intensity is constant for all estimates of runoff efficiency. 

Predicting the Runoff Ratio 

Although the concepts of runoff efficiency and threshold rainfall 

are important to understanding and evaluating catchment performance they 

are not as direct a measure of catchment performance as is the runoff 

ratio. The runoff ratios presented in Table 4 indicate a somewhat 

constant positive relationship between plot slope and runoff ratio for 

a given plot length. However, for a given plot length and a given rain, 



89 

comparisons of runoff ratios between treatments showed that there were 

13 exceptions to this relationship (out of a total of 66 comparisons). 

An exception was counted whenever, for a given a treatment length and 

given rain, a treatment with a lower slope exhibited a higher runoff 

ratio than did a treatment with the next higher slope. 

In order to find if the runoff ratios showed a similar relation

ship to plot slope and length as did runoff efficiency, a model having 

the form of equation (50) was fitted but with the dependent variable 

replaced by the normalized runoff ratios, RRN. The normalized runoff 

ratios were calculated by dividing the runoff ratio for each plot and 

for each storm event by the largest runoff ratio for that event. The 

equation resulting from the nonlinear regression had an RMSR of 0.1665 

and was: 

RRN = 0.3319 s0-3843 L~0.8284 + 0>5832 (54) 
e 

where RRN was the estimate of REN, and the other variables were as 
e 

defined previously. The 95% confidence intervals for the exponents of 

S and L both included zero. 

A linear regression using a model of the form: 

RRN = Bn + B-RRN (55) 
l 2 e 

gave the following equation: 

RRN = 0.0001 + 0.9999 RRN (56) 
e 

2 
with an r value of 0.2629 and a standard deviation of 0.192. The low 

correlation coefficient indicates that equation (54) does not do a very 

good job of predicting the normalized runoff ratio. Also, the fact that 

the 95% confidence intervals for the exponents in equation (54) include 

zero indicates a high likelihood that the slope and length terms are not 
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important. It must be concluded that equation (54) is not a good 

predictor of RRN. 

The difficulty of predicting the runoff ratio was expected 

considering that the runoff ratio actually represents the effects of 

both runoff efficiency and threshold rainfall; and, that the relative 

importance of these latter two parameters in determining the runoff 

ratio will change depending on total rainfall amount. Examination of a 

plot of the residuals of equation (54) revealed that the equation under-

predicted the value of RRN for rains greater than 0.76 cm almost without 

exception. Conversely, the equation overpredicted RRN for rains of less 

than 0.76 cm. These effects seemed likely to be due to the fact that 

for a given runoff efficiency value and threshold rainfall value the 

runoff ratio will be smaller for smaller rains because the threshold 

rainfall will be a relatively larger fraction of a smaller rain. 

Keeping this thought in mind, and recalling that the threshold 

rainfalls were similar for all treatments, a new runoff ratio, RR^, was 

defined as: 

RR1 = (RD + 0.3404 cm)/RN (57) 

where the value 0.3404 is the threshold rainfall from equation (31). 

The individual threshold rainfalls for each treatment, given in Table 5, 

could have been used but it is more likely that a putative future user 

of these results will have access to only a single estimate of threshold 

rainfall. Normalizing the values of RR^ by dividing by the maximum 

value of RR^ for each rain gave new values of the normalized runoff 

ratio, A nonlinear model of the form of equation (50) was again 

fitted resulting in: 
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RRN = 0.2368 s0*2813 l-0'8331 + 0.7750 (58) 
le 

with an RMSR of 0.0512. The approximate 95% confidence intervals for 

the exponents in equation (58) did not include zero. Furthermore, a 

linear fit of equation (58) versus RKN^ resulted in: 

RRN, = 1.0000 RRN- (59) 
1 le 

2 
with zero intercept and an increased r value of 0.4864. The standard 

2 
deviation was 0.071, down from 0.190 for equation (56). The r value 

for equation (59) is still low and the standard deviation is still 

larger than many of the differences in RRN^ between treatments (almost 

all of the values of RRN^ are between 0.80 and 1.00). Although equation 

(59) is still not a very good predictor of the runoff ratio it seems to 

be the best available for now and statistically it is much more signifi

cant than equation (51) which predicts the runoff efficiency in terms of 

plot slope and length. 

Total Runoff 

If runoff efficiencies vary with slope and length then it would 

seem that total runoff should also vary between treatments. T-tests 

were used to evaluate the similarity between treatments of the average 

of runoff depths from all runoff events. The results are presented in 

Table 6. The largest t-value is 0.89 for the comparison of the largest 

average runoff depth (0.9859 cm for the 3m,15% treatment) to the 

smallest average runoff depth (0.7848 cm for the 6m,1% treatment). 

This t-value does not indicate a significant difference in average 

runoff depths between treatments even at the 30% probability level 

(type I error level). 



Table 6. Values2 of t for t-tests of the Similarity of Mean Runoff Depth Between Treatments and 
Between 3-meter and 6-meter Lengths. 

No. 
of 
Cases 

Mean 
Runoff 

Depth (cm) Std. Dev. Treatments 3m,5% 3m,10% 3m,15% 6m, 1% 6m, 5% 6m, 10% 6m,15% 

22 0.8683 0.776 3m, 1% -0.23 -0.33 -0.49 0.38 0.27 0.03 -0.08 

22 0.9238 0.802 3m, 5% -0.09 -0.25 0.62 0.50 0.27 0.11 
22 0.9452 0.788 3m,10% -0.17 0.72 0.60 0.36 0.19 
22 0.9859 0.815 3m,15% 0.89 0.76 0.53 0.32 
22 0.7848 0.684 6m, 1% -0.11 -0.35 -0.40 
22 0.8079 0.733 6m, 5% -0.24 -0.30 
22 0.8615 0.754 6m, 10% -0.10 
11 0.8904 0.789 6m,15% 

Length 

88 0.9308 0.782 3 meters _ n Q-7 
77 0.8284 0.729 6 meters 

u — U • o / 

^he t-values were calculated for the null hypothesis that the sample means were equal from 

t^ = (X^ - x^)/s^, where X^ and X2 are the average runoff depths, and s^ is calculated from 

/ 2  2  2  
s, = /s /n, + s /n„, where the variance s is calculated from 
a 12 
2 2 2 2 2 
s = (Cn^ - lDs^ + Cn2 - lls^J/tCn^ - 13 + [n2 - 13), where s^, s^, n^ and n2 are the sample 

variances and number of cases, respectively, for the two treatments in question. 

vo 
to 
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While these results were not surprising in light of the generally 

insignificant 'differences in runoff efficiencies between treatments of a 

given length, the results were unexpected for comparisons between treat

ments of different lengths. Treatments with different lengths and 

widely different slopes showed large differences in runoff efficiency 

but no significant differences in average runoff depth. Also the 

combined average runoff depth for all 3-m plots did not differ signifi

cantly from that for the 6-m plots (see Table 6) even though the 

respective runoff efficiencies for 3-m and 6-m plot lengths were 

significantly different at the 1% level. 

As mentioned above the threshold rainfall becomes relatively 

more important in determining runoff amounts as total rainfall amount 

decreases. Likewise small differences in threshold rainfall become more 

important as rainfall amount decreases. With this in mind and consider

ing the differences in threshold rainfalls given in Table 5, t-tests 

were again conducted comparing the average runoff depths between treat

ments but excluding the data for all rains greater than 1 cm. The 

largest t-value was 1.24, again for the comparison between the average 

runoff depths from the 3m,15% and 6m,1% treatments. This t-value, 

though higher than any of those obtained in the first set of t-tests, 

did not indicate a significant difference between the means even at the 

20% probability level. Although the average runoff depth was largest 

at 0.345 cm for the 3m,15% treatment, the smallest average runoff 

depth (0.232 cm) was for the 6m,5% not the 6m,1% treatment (which 

latter had an average runoff depth of 0.235 cm). A lower standard 
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deviation for the 6m,1% treatments accounted for the slightly higher 

t-value. 

The six rains included in this last analysis totaled 4.02 cm 

or about 27% of the total rain for all 11 rainfall/runoff events. 

However, Table 7 shows that these rains of less than 1 cm contributed 

only 15 to 19% of total runoff. This disproportionately smaller percent

age of the total runoff is undoubtedly due to the effect of threshold 

rainfall being a larger proportion of the smaller rains. 

Another possible effect of the threshold rainfall is evident 

when the runoff ratios are examined by treatment for the rains of less 

than 1 cm (Table 7). Whereas one would expect runoff ratios to increase 

with treatment slope, the runoff ratio for the 6m,5% treatment is lower 

than that for the 6m,1% treatment, and the runoff ratio for the 6m,15% 

treatment is lower than that for the 6m,10% treatment. The 3-m 

treatments showed no such reversals in the expected trend. Since the 

6-m treatments had the lowest runoff efficiencies these reversals of 

the expected trend could be interpreted as being due to the strong 

effect of small differences in threshold rainfall when rainfall amounts 

are low. For example, from Table 5 the threshold rainfall for the 

6m,5% treatment is 0.383 cm, considerably higher than the 0.348 cm 

threshold of the 6m,1% treatment. The larger threshold could account 

for the lower runoff ratio for the 6m,5% treatment for rains of less 

than 1 cm. However note that the threshold for the 6m, 15% treatment at 

0.325 cm is smaller than that for the 6m, 10% treatment at 0.350 cm 

although the runoff ratio for the former is lower than that for the 

latter treatment for rains of less than 1 cm. 



95 

Table 7. Average Runoff Depths (A) and Cumulative Runoff Depths (C) by 
Treatment and by Rainfall Event. 

Date 
Rainfall, cm 
(I30, cm/h) 3m, 1% 3m, 5% 3m, 10* 

Treatments 

3m,15% 6m, 1* 6m, 5* 6m,10% 6a, 15% 

09/06/81 2.39 A 1.76a 1.90 1.91 1.90 1.49 1.43 1.53 1.47 
(1.68) C 1.76 1.90 1.91 1.90 1.49 1.43 1.53 1.47 

01/02/82 2.46 A 1.82 1.91 1.89 2.09 1.65 1.84 1.92 2.08 
(0.91) C 3.57 3.81 3.80 3.99 3.14 3.27 3.45 3.55 

01/07/82 1.73 A 1.25 1.23 1.22 1.29 1.15 1.11 1.21 1.34 
(1.17) C 4.82 5.04 S.03 5.28 4.29 4.38 4.66 4.88 

01/13/82 1.45 A 0.99 0.99 1.06 1.09 0.93 0.95 0.95 1.12 
(0.61) C 5.81 6.03 6.09 6.37 5.22 5.33 5.61 6.00 

02/12/82 0.64 A 0.17 0.26 0.27 0.29 0.16 0.12 0.20 0.22 
(0.38) C 5.98 6.29 6.36 6.66 5.38 5.45 5.82 6.22 

02/19/82 0.43 A 0.01 0.04 0.04 0.05 0.01 0.03 0.04 0.06 
(0.20) C 5.99 6.33 6.40 6.72 5.39 5.48 5.85 6.29 

02/25/82 0.46 A 0.07 0.10 0.14 0.15 0.08 0.07 0.07 0.08 
(0.28) C 6.06 6.43 6.54 6.87 5.47 5.55 5.92 6.37 

03/14/82 3.02 A 2.25 2.37 2.35 2.40 2.00 2.16 2.24 2.18 
(1.02) C 8.31 8.80 8.89 9.27 7.47 7.71 8.16 8.55 

03/19/82 0.76 A 0.36 0.38 0.44 0.43 0.37 0.37 0.41 0.36 
(0.36) C 8.67 9.18 9.33 9.71 7.84 8.09 8.57 8.91 

03/27/82 0.76 A 0.27 0.32 0.35 0.38 0.23 0.21 0.26 0.24 
(0.36) C 8.94 9.50 9.68 10.08 8.07 8.29 8.83 9.15 

03/30/82 0.97 A 0.61 0.66 0.72 0.76 0.56 0.59 0.65 0.65 
(0.56) • C 9.55 10.16 10.40 10.85 8.63 8.89 9.48 9.79 

Rains < 1. 0 cm. Runoff Depth 1.49 1.76 1.96 2.07 1.41 1.39 1.62 1.61 

Runoff Ratio 0.371 0.439 0.488 0.514 0. 351 0.347 0.403 0.400 

Percent of Total Runoff 15.6 17.3 18.9 19.1 16.3 15.7 17.1 16.4 

Rains > 1. 0 cm, Runoff Depth 8.06 8.40 8.43 8.78 7.22 7.49 7.86 .8.19 

Runoff Ratio 0.730 0.760 0.763 0.794 0.654 0.678 0.711 0.741 

aca; these values were rounded to two decimal places after addition. Therefore cumulative SUBS 
will sometimes appear to be slightly incorrect. They are correct. 



96 

Another interpretation for the reversals in trend of runoff 

ratios could be that there are small leaks in the reservoirs for the 

6-m plots. Small leaks would not affect the apparent trend of runoff 

ratios for large rains but would make a noticeable difference for small 

rains. Only one leak was actually detected and the data from the 

corresponding plot (6m,15% right) was excluded from this analysis, 

but it is possible that other, smaller leaks went undetected. The 

barrels used for reservoirs for the 3-m plots were new when installed 

and no leaks were found in them. 

Comparison with Other Studies 

Table 8 presents some values of runoff ratio, runoff efficiency, 

and threshold rainfall for various treatments in the literature. The 

runoff ratio for 3m,5% plots presented in Table 4 for this study are 

slightly lower than those reported by Hillel et al. (1965, 1966) for a 

Na^O^ and compaction treatment on a sandy loam loess with 2.8 m long 

plots at 4% slopes. The higher runoff ratios for Hillel et al.'s plots 

are probably due to the crusting nature of the loess soil which usually 

sheds water well when only compacted (i.e. no salt used) or even without 

compaction. Average rainfall intensity and degree of compaction were 

both lower for the plots of Hillel et al. than they were for the plots 

in this study, making the good performance of their plots even more 

remarkable, and perhaps indicating the importance of soil type in 

determining catchment efficiency. The runoff efficiencies and threshold 

rainfalls shown for the plots of Hillel et al. were obtained by 

regression analysis that included all zero runoff events and therefore 
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Table 8. Runoff Ratios, Runoff Efficiencies (A), and Threshold Rain
falls (B) for Various Catchment Treatments from the 
Literature. 

Tlaa aarlod Runoff ratio Plot lanath Plot aloaa A B Soil Sourea talaa 

SaooEhlog and 
elaarlna 

varlabla 0.23 to 0.30 
aanaral valuaa froa tha lltaratura 

- - Fraaiar 
(19SU 

Claarad 4 yaara ava. 0.28 
0.20 to 0.40 

10a 7.St 
aat. 

aaady 
loaa 
loaaa 

Shaoaa 4 
Tadaor 
(1979) 

Ion 
iotaaalty 

Claarad of daaart 
pav««aat fc 
nntlHt. 

3 yaara ava. 0.27 
0.07 to o;so 20a 101 - - -

Evaaari 
at al 
(1971) 

lataoaity 

Aa abova but 
vat rolled 

n n ava. 0.30 
0.09 to 0.33 

ft m 
• • 

n it 

Claarad, aaooehad 
4ccoapaet«d 

6 yaara ava. 0.43 
lltcla varla* 
blllty 

V-ahapad vlth 6a alda alopaa at 
121 aad a 20a long cantral 
drain at 2.SI 

loaay 
•and, 
101 
kaolla 
ISF-15 

La lag 
(1981) 

low 
lataoaity 

Claarad, aaooehad 
4 coapactad 

IB raloa 
13 rwoff 
avanta 

0.33 6.1a 3X 0.53*7.4aa "uhitaBouaa 
loaa Xaada 

f1980) 

low to high 
lataoaity 

Claarad, aaoothad 
& coapactad 

1 yaar 0.49 2.8a 41 • • probably Hlllal at 
loaay al (1965 4 
aand 1966) 

lov 
lataoaity 

Aa abova plua 720 
kg/ha IU2CO3 la 
vatar aorav 

N N 0.66 M M M ft it 

Claarad, aaoothad 
4 coapactad 

2 yaara lat yr 0.71 
2nd yr 0.44 

It 
n 

ft 
M 0.B 3oa 

0.76 3.6M 
aaady 
loaa 
loaaa 

It 
It 

N 
N 

Aa abova plua 720 
kg/ha Ite^O] la 
vatar aorav 

h n lat yr 0.73 
2nd yr 0.70 

it 
tt 

ft 0.91 4aai 
0.96 2.4aa 

•t 
a 

N 
It 

It 
W 

Claarad, aaoothad 
4 caaoaetad 

Aa abova plua 720 
kg/ha IU2CO3 la 
vatar aorav 

M n 

m n 

lat yr 0.23' 
2ad yr 0*12 
lat yr 0.72 
2nd yr 0.32 

w 

M 

It 

It m m 

clay 

aalf* 
aulch* 
lag 

It 

It 

It 

M 

Claarad 4 
aaoothad 

1 1/2 jttra lat yr 0.43 
2ad yr 0.29 

4.9a • 0.92S.W clay 
loaa 

Cluff at 
al (1972) 

high ta 
low 

Aa abova plua 2.24 " 
•too/ha NaCl alxad 
1b toa 2jea of aoll 

lat yr 0.64 
2od yr 0.44 

n 0.93 3.7aa 
0.97 3.9aa 

ft n Intamalty 

Claarad, aaoothad 
4 caaoaetad 

n in yr 0.63 
2od yr 0.33 

m It 0.95 5.0aa aaady 
loaa 

m N 

Aa abova plua 3.34 
atoa/ha RaCl alxad 
la toa 2.Sea aoll 

« lat yr 0.73 
2nd yr 0.61 

ft tt 0.97 3.7aa m it It 

Aa abova axcapt 
$•72 atoa/ha RaCl 
alxad la aoll 

n lat yr 0.73 
2ad yr 0.58 

m M 0.93 3.6s ft it N 

a. All valuta of A m4 • for tbo work of Ub4i m4 of Cluff tt al «m eilenlctH by thla author 
froa publiahad data asdodlag all aaro riaoff rratita, 
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these values cannot be compared directly with the values from the present 

study. The values reported by Hillel et al. are probably lower than they 

should be. 

In Arizona, Cluff et al. C1972) reported data that gives runoff 

ratios of 0.75 in the first year to 0.58 in the second for 4.9-m plots 

with a compacted earth and WaCl treatment. Although the runoff ratios 

seemed to decline in the second year smaller rains may have caused some 

of the decline. Since Cluff et al. did not report their plot slopes 

and since their plot length is intermediate between 3 and 6 m, it is 

difficult to compare their results with those from this study. But the 

highest runoff ratio from Table 4 at 0.69 for the 3m,15% treatment is 

well below the first year results of Cluff et al., and the highest runoff 

ratio for 6-m plots is not much more than the lowest runoff ratio from 

Cluff et al. Although threshold rainfalls calculated from the data of 

Cluff et al. are similar to those from this study, the runoff efficien

cies calculated from their data are higher, at 0.97 and 0.95, than 

runoff efficiencies for this study which ranged from 0.77 for the 

6m,5% treatment to 0.92 for the 3m,15% treatment. Their data include 

summer rainfall events and it is probable that high intensity rainfalls 

from thunderstorms account for some of the higher efficiency. 

Closer to home, Rands (1980) reported a runoff ratio of only 

0.33 for a 6.1-m plot at 3% slope using only compaction on the same 

soil and within 100 m of the site used for this study. By comparison 

the runoff ratios from Table 4 for the 6m,1% and 6m,5% treatments 

are 0.55 and 0.56, respectively. Rands' plot also exhibited a lower 

runoff efficiency at 0.53 and higher threshold rainfall at 7.4 mm than 
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did the 6m,1% and 6m,5% treatments which had runoff efficiencies of 

0.77 and 0.83 and threshold rainfalls of 3.5 and 3.8 mm, respectively. 

This is fairly conclusive evidence of the beneficial effects of the 

NaCl treatment on this soil since Rands' compaction methods were very 

similar to those used in this study. 

Soil Erosion and Modeling 

Total soil losses (metric tons per hectare) from the eight 

treatments for the 11 runoff events are shown in Table 9. Unlike runoff 

soil loss per unit area was strongly dependent on slope with losses on 

15% slopes being from two to three and a half times those on 1% slopes. 

There is little evidence for a relationship between plot length and 

erosion rate, especially for plots with 5 and 10% slopes. The 6m,15% 

plots showed an erosion rate about 50% higher than that shown by the 

3m,15% plots, but the 3m,1% and 6m,1% plots showed the reverse, 

with the 3m,1% plots having higher erosion rates than the 6m,1% 

plots. 

There is good reason to believe that the higher erosion rates 

exhibited by 3m,1% and 6m,15% plots are not representative. Quail 

damaged the surfaces of these plots in February and March, 1982, and 

perhaps earlier, sometimes digging holes as much as an inch deep and 

several inches in diameter. Also some difficulty was experienced in 

compacting the 6m,15% plots due to their steepness and length whereas 

the shorter 3m,15% plots presented no such difficulty. Hollick 

(1974a) reported similar problems using large rollers on steep plots. 

Less compaction would result in higher erosion rates, as discussed in 



Table 9. Average Soil Loss and Percent Loss by Particle Size Class for Each Treatment for 11 
Rainfall Events.a 

3m, 1% 3m, 5% 3m, 10% 

Treatments 

3m,15% 6m,1% 6m, 5% 6m,10% 6m,15% 

Soil loss'3 4.11 4.91 6.63 8.00 3.33 4.98 6.87 11.67 
(metric tons/hectare) 

Gravel loss (%) 5.3 8.9 5.2 8.8 2.5 2.8 9.2 9.3 

Sand loss (%) 38.6 48.3 43.4 43.5 31.2 28.7 36.6 40.3 

Silt loss (%) 15.3 14.7 18.3 16.6 18.4 19.6 17.0 21.8 

Clay loss (%) 40.8 28.1 33.1 31.1 47.9 48.9 37.2 28.6 

Average Soil Composition by Percent in Each Particle Size Class: 

Gravel % 17.1 

Sand % 38.3 

Silt % 21.5 

Clay % 23.1 

aThe number of rainfall erosion index units, R, was 26.70 for the 11 events and total rainfall was 
^15.07 cm. 

Soil loss is based on plot surface area, not on horizontal area. 
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the literature review, and thus might account for the higher erosion 

rates exhibited by the 6 m, 15% plots. 

Examination of Table 9 shows that none of the plots lost gravel 

in as high a proportion as it exists in the soil although the steeper 

plots generally lost sand, gravel, and silt in proportions that more 

closely followed the proportions found in the soil. The relatively high 

sand and gravel loss shown by the 3m, 5% treatments is believed to be 

due to the material loosened and scratched into the collection troughs 

by the quail. All of the plots lost a higher proportion of clay than 

that present in the original soil with the less steep plots generally 

losing a higher proportion of clay. This preferential loss of small 

soil particles caused a gravel and sand mulch to form on the plots as 

illustrated in Figure 15. 

Erosion Modeling 

The first step in modeling was to test the Universal Soil Loss 

Equation (USLE) against the actual erosion data. Recall that the USLE 

was written in equation (8) as: 

A = RKLSCP (60) 

where A is soil loss in metric tons per hectare for a given period. The 

units used for the factors R (or EI) and K were those suggested by 

Wischmeier and Smith (1978) in Agriculture Handbook No. 537. After this 

handbook was published, new metric units were proposed by Foster, McCool, 

et al. (1981) but were discovered by this author too late to be used in 

this report. The new proposed units will be used in the next version 

of the USLE to be published (Renard 1983). To avoid confusion the units 



102 

Figure 15. Photos of Gravel Mulch on Plots After More Than a Year.— 
The top photo shows an area at about 1 meter from the top 
of the 6m,15% right hand plot. The bottom photo shows an 
area at the center of the 3m,1% right hand plot. The 

pencil is about 14 cm long. 
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used in this study and the new proposed units are presented in Table 10. 

Note that these two sets of units are not compatible, e.g. one unit of K 

in the metric units used in this study does not equal one unit of K in 

the new proposed units. However only a simple numerical factor would be 

necessary to convert from one set of units to the other. 

Selection or computation of values for the factors on the right 

side of equation (60) followed the methods of Wischmeier and Smith 

(1978) as presented in the literature review with one exception. Since 

R is an overall sum of erosion index units for all rains in a given time 

period and since the goal here was to model erosion on a rainfall by 

rainfall basis, the R term was replaced by the EI value for each storm. 

Recall that the EI is the product of the energy value, E, for each 

storm, calculated using equations (9) and (10), and the maximum 30 min 

rainfall intensity in centimeters per hour, I^q' f°r that storm. Also 

the El value was calculated using all of the rainfall data for each 

runoff event. Wischmeier and Smith excluded rains of less than 0.5 in. 

that are separated from other rain periods by more than 6 h unless there 

is rainfall of at least 0.25 in. in 15 min. Under cropped conditions 

these small rainfalls might be expected to produce little or no runoff 

or erosion. They were included in EI calculations here due to the high 

runoff potential and increased erodibility of the plots. 

Using a rainfall term, such as EI, that changes with each 

rainfall/runoff event, rather than the R factor which is a lumped 

parameter combining data from all events into a single value, allowed 

estimation of soil losses on an event basis. This was not done in 

disregard of the fact that the USLE was developed to provide estimates 



Table 10. Metric Units for the USLE R, EI, and K Factors as Used in This Study and as Proposed for 
Future Use. 

Factor Units in This Study Proposed Units 

EI (hundreds of metric ton-meters3)(centimeter) (megajoule)(millimeter) 
(hectare)(hour) (hectare)(hour) 

R (hundreds of metric ton-meters)(centimeter) (megajoule)(millimeter) 
(hectare)(hour)(year) (hectare)(hour)(year) 

K (metric ton)(hectare)(hour) (metric ton)(hectare)(hour) 
(hundreds of metric ton-meters)(centimeter)(hectare) (hectare)(megajoule)(millimeter) 

KEI metric ton metric ton 
hectare hectare 

KR metric ton metric ton 
(hectare)(year) (hectare)(year) 

a 
The use of the metric ton as a unit of force in the expression "metric ton-meters" is a departure 
from standard practice. It was established by Wischmeier and Smith (1978), probably in order to pro
vide an analogy to the American usage of the expression "foot-ton" in which ton is a force unit. 
Here the expression "metric ton-meters" is equivalent to units of energy or work as is the expression 
"foot-ton" and the true SI metric unit "megajoule." 
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of long-term average soil loss and is not applicable to estimation of 

of single storm soil losses. Rather the USLE was regarded as a useful 

starting point with the expectation that modifications would be required 

to make the equation more applicable to the conditions of this study. 

The literature review indicated some potentially useful modifications. 

Also it was recognized that despite its limitations the USLE does embody 

the most significant parameters affecting soil loss that were recognized 

over years of research on thousands of plots. 

Selection of the C and P values also merits discussion. The 

cover and management factor, C, was taken to be 1.00 despite the fact 

that some gravel mulch evolved on the plot surfaces during the course 

of the experiment. Longer term studies might show the necessity of 

estimating a C value based on the different amounts and sizes of gravel 

mulch on plots of different slopes. For this study the C value was 

taken to be that for a construction slope with no mulch since the treat

ments had left the soil surface completely without protection and had 

removed the residual effects of prior vegetation (Wischmeier and Smith 

1978, p. 31, Table 9). Since no support practices existed, the support 

practice factor, P, was taken equal to 1.00. 

The soil erodibility factor, K, was calculated from the 

equation: 

100K = 1.292C2.1M1,14(10"4) (12 - a) + 3.25(b-2) + 2.5(c-3)3 (61) 

where a is percent organic matter, b and c are the soil structure code 

and profile-permeability class, respectively, from Soil Taxonomy (Soil 

Survey Staff 1975), and M is defined by the equation: 

M = (% silt + % very fine sand)(100 - % clay) (62) 
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The value 1.292 in equation (61) is a factor to convert the value of K 

2 
from American customary units of (ton)(acre)(hour)/10 (foot-tonf)(acre) 

2 
(inch) to metric units of (metric ton)(hectare)(hour)/10 (metric ton-

meter) (hectare)(centimeter). The units of foot-tonf and metric ton-meter 

are energy units in American customary and metric units, respectively. 

For the WhiteHouse soil at Page Ranch, the value of a is about 

0.5 (Soil Conservation Service 1982), and b and c were taken to be 4 and 

6, respectively (massive structure and very slow permeability). Using the 

data on particle size composition from Table 3, K was calculated to be 

0.415. It is recognized that this K value may be illustory due to the 

enhancement of soil erodibility by the sodium salt treatment. 

The USLE model was thus reduced to: 

A = EIKLS = EI(0.415)LS (63) 

where A represents the soil loss rate in metric tons per hectare and the 

right hand side of the equation is the USLE estimate of soil loss with 

EI replacing R for individual rainfall events. The slope steepness 

factor, S, was calculated from equation (17) and the slope length factor, 

L, was calculated from equation (14). Linear regression analysis of 

actual soil loss data versus the soil loss prediction provided by the 

right side of equation (63) gave the best fit equation: 

A = 0.1652 + 0.9209CEI(0.415)LS3 (64) 

2 
with r = 0.7818 and a standard deviation of 0.3673. 

Length Factor. Dummy variables were used to separate the 

effects of length in a manner analogous to that represented by equations 

(41), (42), and (43) except that the independent variable RN in 

equations (41) and (43) was replaced by the terms in the right hand 
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side of equation (63). For the resulting two equations the intercepts 

and equation slopes were not significantly different even at the 20* 

level as determined by t-tests indicating that the USLE length factor was 

2 2 
appropriate. However, the r value was not improved (r = 0.7848). 

Since the lack of significant difference between the equations 

for 3-m and those for 6-m plots could be interpreted as showing that the 

USLE slope length factor is correct for these conditions, another model 

was examined excluding the slope length factor. This model was: 

A = EI(0.415)S (65) 

When the estimate of soil loss represented by the right hand side of 

equation (65) was regressed against actual soil loss data the resulting 

regression equation was: 

A = 0.1700 + 0.4091CEI(0.415)S3 (66) 

2 
The r value for equation (66) at 0.7551 was not much lower than that 

for equation (64), which included the slope length factor, indicating 

that not much of the variability was explained by the slope length 

factor. 

Dummy variables were then introduced into equation (65) in order 

to separate the effects of length in a fashion analogous to that 

employed in equations (41), (42), and (43). The new model could be 

broken down into two equations, one each for 3-m and for 6-m plots. 

The two equations had significantly different slopes (0.1% level) but. 

2 
the r value for the overall interaction model at 0.7771 was only 

slightly higher than that for equation (66) indicating again that not 

much of the variability was explained by length. 
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Subsequent analysis used dummy variables in equation (65) to 

separate the effects of slope. Also the data were divided into two 

groups, one for 3-m plots and the other for 6-m plots in order to 

separate the effects of length. Thus, fitting of the equation using the 

dummy variables produced two sets of four equations each. The intercepts 

of these equations were not significantly different even at the 20% 

level. For plots with slopes of 5 and 10% the equation slopes were 

identical to three places indicating no influence of plot length. An 

effect of length was evident between plots of 1 and 15% slope but the 

effect was reversed between 3 and 6-m plot lengths with 3m,1% plots 

having an equation slope of 3.24 versus 2.77 for the 6m,1% plots, and 

the 6m,15% plots having an equation slope of 0.501 versus 0.324 for the 

3m,15% plots. Thus it was impossible to find a consistent effect of 

plot slope length and it is this author's conclusion that these apparent 

effects of slope length are probably really due to the action of quail 

and perhaps poor compaction as mentioned previously, and that little or 

no slope length effect exists under these experimental conditions. The 

following paragraphs will show how theoretical considerations support 

such a conclusion. 

The largest value of I3Q (the maximum 30 min rainfall intensity) 

for any of the 11 rainfall/runoff events was 1.68 cm/h for the September 6, 

1981, event. This storm caused from 31 to 42% of the total soil losses 

from the plots in this study. If the I3^ value of 1.68 cin/h or 16.8 mm/h 

is assumed to be a good measure of maximal rainfall intensity it can be 

substituted into equation (7) from Shanan and Tadmor (1979) to produce 

the equation: 
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L2S = 73.3 (67) 

Using equation (67) to calculate the combinations of maximum length and 

slope that will still produce runoff depths and velocities satisfying 

the Reynolds criterion for laminar flow reveals that up to as high as 

15% slope and 22 m length the Reynolds criterion is still satisfied. 

Since the maximum combination of length and slope in this study was 

12 m and 10%, one might reasonably expect no rilling to have occurred 

under the rainfall intensities encountered. Thus the dominant erosional 

process should have been interrill erosion on all of the plots if the 

theory of Shanan and Tadmor reflects reality. 

If interrill erosion dominates, then the rill erosion term in 

equation (15) from Foster, Simanton, et al. (1981) could be eliminated 

making their qualitative erosion model independent of slope length 

within the limites of the experimental conditions of this study. Thus 

the fact that the experimental results for 3- and 6-m plots can be 

interpreted as indicating that erosion rate is independent of slope 

length is not surprising. In fact an examination of the plots in late 

August 1982, more than a year after they were compacted, showed no 

appreciable rilling on any of the plots except for the 12-m 10% plot. 

During the course of the study it was noticed that, although 

very minor almost undiscernable rills would at times form on some of the 

other steep plots, these rills invariably disappeared. However, the . 

rills on the 12-m 10% plot began to form immediately after it was 

compacted, getting their start in shallow depressions that were left on 

the plot surface after compaction, depressions that were also present 
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on other plots after compaction. These rills on the 12-m plots have 

grown larger throughout the course of the study. 

Figure 6 from Foster, Simanton, et al. (1981) indicates that, 

up to plot lengths of about 20 ft or 6 m, the soil loss rate is 

relatively independent of slope length, reflecting the dominance of the 

interrill component of the erosion process. At lengths greater than 6 m 

the rill component of equation (15) becomes increasingly important and 

erosion rates become increasingly dependent on slope length, reflecting 

the increasing importance of the rill erosion process. The presence of 

severe rilling on the 12-m 10% plot supports this interpretation of events 

even though the 12-m 5% plot showed no such rilling. 

It is noteworthy that the appearance of rilling on the 12-m 

10% plot is in apparent contraction to the result expected from applica

tion of equation (7) from Shanan and Tadmor (1979) for the rainfall 

intensities encountered in the course of the experiment. In other words 

rill erosion appears to become important before the upper limit of the 

theoretical laminar flow condition is surpassed. This contradiction is 

probably due to the fact that the theoretical laminar flow condition of 

Shanan and Tadmor ignores velocities that would be imparted to the surface 

flow by the impact of raindrops. As noted on page 36 of the literature 

review, there is very good evidence to support the conclusion that the 

energy from raindrop impact is much more important than is the energy 

of surface sheet flow in causing soil particle detachment and transport. 

Also, raindrop impact may decrease by 50% the runoff flow rates necessary 

to initiate erosion in rills. 
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Slope Factor. Analysis of the slope factor first used dummy 

variables to separate the effects of slope. The general equation was 

analogous in form to equation (32). The dummy variables X^, X,., X1Q» 

and x^j. were computed as: 

!1, if slope = i 
(68) 

0, otherwise 

for slopes of 1, 5, 10, and 15% and the dummy variables *54' xio4' 

and X, were described by: 
154 

X. = X.CEI(0.415)LS] (69) 
i4 x 

2 
The resulting regression equation had an improved r of 0.8860 

and a standard deviation of 0.2702. Table 11 shows the individual 

equations which were broken out of the overall regression equation for 

each slope treatment. The equation slopes were significantly different 

at the 0.1% level (t-test) between the 1 and 5% treatments and between 

the 5 and 10% treatments. This, plus the fact that introduction of the 

2 
slope interaction terms (dummy variables) caused an increase in r from 

0.7818 for equation (64) to 0.8860 for the equation with the slope 

interaction terms, indicated that the USLE slope steepness factor did 

not adequately account for the effects of slope within the range of 

1 to 10%. 

Since the effect of slope was not well represented by the USLE 

slope steepness factor a model was tested which included slope as a 

power term, S , where S is slope in percent arid x is the power parameter. 

As mentioned in the literature review, under some conditions erosion 

rate might be proportional to the slope squared. In order to estimate 

the parameter x using linear regression the terms in the model would 
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Table 11. Regression Equations, for Each Slope Treatment, of Actual 
Soil Loss Versus Soil Loss Estimated by the USLE. 

Treatment Slope Equation 

1% A = -0.0041 + 4.739[EI(0.415)LS3 

5% A = 0.0074 + 2.175CEI(0.415)LSI 

10% A = 0.0734 + 1.052CEI(0.415JLS3 

15% A = -0.0254 + 0.930CEI(0.415)LS] 
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have to be converted to logarithmic form. Since this procedure tends to 

overemphasize the larger data values, it was discarded in favor of the 

SPSS NONLINEAR regression program. 

The model tested had the forms 

A = (BxS(B2) + B3)(0.415)EI (70) 

where B^, B2, and B^ are the parameters to be fitted and the other terms 

are as defined above. The constant B^ was included since it was recog

nized that some erosion could take place even at zero slope. The fitted 

equation was: 

1 769 
A = (0.004397S + 0.3538)(0.415)EI (71) 
e 

where A£ is the estimated soil loss (ton/ha). The root mean square 

residual (RMSR), which is a statistical parameter similar to the standard 

deviation from linear regression, was 0.673. The approximate 95% 

confidence interval for the constant B^ was 0.2970 to 0.4105 indicating 

that it should be retained in the model since the confidence interval 

did not include zero. In order to discern if equation (71) was any 

improvement over the USLE a model of the form: 

A = B. + B_A (72) 
l 2 e 

was fitted using linear regression. The resulting equation was: 

A = - 0.0016 + l.OOllA (73) 
e 

2 2 
with an r value of 0.8746, a consxderable improvement over the r value 

of 0.7818 obtained when the USLE was fitted to the data (equation [64]). 

The standard deviation was 0.2784. When dummy variables were used to 

separate the effects of the four slope treatments, there was no 

significant difference at the 10% level (t-test) among the slopes or 

intercepts of any of the four resulting equations. 
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The USLE slope steepness equation was also fit to the data using 

nonlinear regression and a model of the form: 

A = (B sin20 + B2sin 0 + B3)(0.415)EI (74) 

where B^, B^, and B^ were the parameters to be fitted. The fitted 

equation was: 

A = (18.84sin20 + 0.8302sin 0 + 0.3443)(0.415)EI (75) 

The RMSR value at 0.672 was practically identical to that obtained for 

equation (71) with the slope power term. When equation (75) was tested 

against actual soil loss using linear regression, the resulting equation 

was: 

A = - 0.0016 + 1.001A (76) 
e 

2 2 
with r = 0.8748 versus r = 0.8746 for the test of equation (71) with 

the slope power term (see equation C73]). Since both equation (71) and 

equation (75) are thus shown to be equally good predictors of erosion 

but equation (71) is simpler, the latter equation with its slope power 

term was retained for the erosion model. 

Figure 16 shows a plot of the USLE slope steepness equation 

(equation Hi7]) compared with a plot of the slope power term from 

equation (71). Also shown are plots of the combined USLE slope steep

ness and slope length (equation [14]) equations (LS) for 6-m and 3-m 

slope lengths. These latter are included since the exponent in the 

slope length equation is a function of slope steepness. Despite the . 

fact that the exponent in the slope power term is fairly high at 1.77, 

it is obvious that this term represents a weaker dependence of soil loss 

rate on slope than that represented by any combination of the USLE terms. 
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Figure 16. Comparison of USLE Slope Steepness Equation With the Power 
Terms from Equations (71) and (56).—Also shown are the 
combined USLE slope length factor (equation El43) and the 
slope steepness factor (equation El73) which give the LS 
factor for 6 meter and 3 meter slope lengths. 
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These results tend to support those presented by Meyer, Foster, 

and Romkens (1975) and illustrated in Figure 17. Their results show 

that soil losses from short interrill areas are not as strongly influenced 

by slope as would be indicated by the USLE slope steepness factor. For 

an increase in slope of from 1 to 15% the USLE slope steepness factor 

predicts a more than 18-fold increase in erosion. Figure 17 shows that, 

2 
for no-mulch conditions, soil loss from 2 ft soil pans increased only 

about two to three times as slope increased from 1 to 15% in the study of 

Meyer et al. Figure 16 shows that the slope power term in equation (71) 

also predicts only about a two to three times increase in soil loss as 

slope is increased from 1 to 15%. 

Rainfall Erosion Index. Tracy (1982) has indicated that the 

energy associated with a particular rainfall intensity is higher in 

southern Arizona than would be predicted by the energy-intensity relation

ship of Wischmeier and Smith (1978). Tracy's energy-intensity equation 

is: 

1 7,q. 0.5 
ek = 0.269 (- 1040e * + 1274) (77) 

where e^ is in metric ton-meters/hectare-centimeter, the number 0.269 

is a factor to convert from foot-tons/acre-inch to metric ton-meters/ 

hectare-centimeter, e is the natural logarithmic base, and i^ is rainfall 

intensity in inches/hour. 

Figure 18 is a plot of total kinetic energy, E, per storm 

calculated using equation (71) and equation (10) versus the kinetic 

energy calculated using the USLE energy-intensity relationship, equation 

(9), and equation (10). The relationship shown in Figure 18 is fairly 

linear and on this basis one might expect the only effect of higher 
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Interrill Areas.—From Meyer, Foster, and 
Romkens (1975, Fig. 6). 
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Figure 18. Storm Energy, E, Derived from Tracy's Equation 
Versus that Derived from the USLE Energy-Intensity 
Relationship.—Plot of E calculated using equations 
(77) from Tracy and (10) versus E calculated using 
equations (9) and (10) from the USLE. Units are 
lO^ metric ton-meters/hectare-centimeter. 
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energies on a USLE type model to be multiplicative in nature. Figure 19 

shows a plot of EI values for each storm calculated using Tracy's 

equation versus EI values calculated using the USLE equations. Again 

the relationship appears linear. When equation (70) was fitted to the 

data using nonlinear regression and EI values calculated from Tracy's 

equation the residual sum of squares was actually higher (84.70 versus 

78.32) than it was for equation (70) fitted to the original data 

indicating a worse fit using values of EI from Tracy's equation. Also 

2 
the r value for the linear regression test using a model of the form of 

equation (72) was slightly lower (0.8645 versus 0.8746). Thus values of 

EI calculated using Tracy's equation were not used in subsequent 

analyses.-

Since the erodibility of sodium affected soils has been shown to 

be unrelated to erodibility as predicted by the USLE (Singer et al. 

1980), it was thought that the effect of the rainfall parameter EI might 

be other than linear as presented in the USLE. A model of the form: 

A = (B^S32 + B3)(0.415)EI®4 (78) 

was fitted using nonlinear regression resulting in the equation: 

A = (0.002835S1*8059 + 0.2565)(0.415)EI1,1748 (79) 
e 

The RMSR value for this model was lower than that for equation (71) 

2 
(0.659 versus 0.673) and the r value for the linear least squares fit 

of equation (79) by the model of equation (72) was slightly higher than 

that for the fit of equation (71) (0.8832 versus 0.8746). Moreover, 

the approximate 95% confidence interval for the parameter was 1.060 

to 1.290 indicating that the EI exponent was significantly different 

from one for these data. 
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Figure 19. Storm EI Values Derived from Tracy's Energy-Intensity 
Equation Versus Those Derived from the USLE Equation.— 
Plot of EI20 calculated using equation (77) from Tracy 
versus EI30 calculated using the USLE energy-intensity 
relationship (equation C9D). 
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However, if the (JSLE rule for exclusion of small rainfalls is 

applied, only five the the 11 rainfall events are included and the EI 

values of two of these are reduced. These five events produced over 

85% of the total erosion on all plots, and they accounted for 90.8% of 

the EI as calculated without using the USLE exclusion rule. Two of 

these events, occurring on September 6, 1981, and on March 14, 1982, 

produced over 50% of the total erosion on all plots and accounted for 

39.8 and 22.2% respectively of the total EI as calculated using the 

USLE exclusion rule. 

Using only data from these five rainfall events and using EI 

values calculated according to the USLE rules, models having the forms 

of equations (78) and (70) were fitted to the data by nonlinear 

regression. Fitting of equation (78) resulted in the equation: 

A = (0.003169 s1'8373 + 0.3119)(0.415)EI1"1019 (80) 
e 

A linear least squares fit of equation (80) by the model of equation 

2 
(72) resulted in an r value of 0.8492. Since the approximate 95% 

confidence interval for the exponent of EI included one, this model was 

discarded in favor of the model expressed by equation (70) which fixes 

the exponent of EI at one. 

Fitting of equation (70) by nonlinear regression using only data 

from the five rains resulted in the equation: 

1 8152 
A = (0.004103 S + 0.3761) (0.415)EI (81) 
e 

Linear least squares fitting of this equation by the model of equation 

2 
(72) resulted in an r value of 0.8477, only a minor reduction from the 

2 
r value obtained for a similar fit of equation (80). Equation (81) is 
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quite similar to equation (71) obtained by fitting the same model to all 

of the data. 

Estimating Average Annual Erosion 

Although it is derived from a limited amount of data (80 cases) 

equation (81) might be used to estimated the average yearly soil losses 

if the average annual value of R (the average yearly stun of EI) were 

known. Unfortunately yearly R values are not available for Page Ranch. 

However, Simanton and Renard (1982) offer an equation for estimating the 

average annual R value in southern Arizona and New Mexico using the 2-year 

6-hour rainfall reported in the NOAA Atlas 2 (Miller, Frederick, and 

Tracey 1973). The equation can be written: 

R= (0.2690)(27.23)P*'62 (82) 
6 

where R is the rainfall erosion index, the factor 0.2690 converts from 

English to metric units, and P is the 2-year frequency 6-hour duration 
6 

rainfall in inches. 

The NOAA Atlas 2 gives the 2-year 6-hour rainfall as 1.58 inches 

for Page Ranch. Using this value with equation (82) gives an estimated 

average annual R value of 15.4. The sum of EI values for the five 

rainfall-runoff events included under USLE rules was 22.8 or 48% greater 

than the estimated R value. Such a deviation from the estimated mean 

value is not uncommon in southern Arizona where runoff-producing 

precipitation is dominated by unpredictable air-mass thunderstorms 

(Renard and Simanton 1975b, Simanton and Renard 1982). However, it 

should be noted that all but one of the summer rains were not included 

in this study. These summer rains represent at least one-half of the 
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total annual rainfall and could be expected to contribute more than one-

half of the total annual EI. 

Simanton and Renard (1982) do not give the variance for equation 

(82) but some uncertainty should be expected. Equation (82) is based on 

log-normal probability distributions of annual EI from four recording 

rain gages on each of three watersheds in New Mexico and southern Arizona 

and one recording gage on the Albuquerque watershed, plus the correspond

ing 2-year 6-hour precipitation amounts from the NOAA Atlas 2. A look at 

the isolines for 2-year 6-hour rainfall and at the gage locations for 

sourthern Arizona reveals a lack of fine detail. At 1:1,000,000 

(reduced to 1:2,000,000 for publication) the map scale is small. Miller 

et al. (1973) stated that the "geographic network of stations does not 

reveal with complete accuracy the very detailed structure of the iso-

pluvial patterns in the mountainous regions of the West." This is 

especially true of areas such as southern Arizona where the density of 

rain gage placement is relatively low. Also, although statistical 

relationships between variations in precipitation frequency and 

variations in topography were used to guide placement of the isopluvial 

lines, "only topographic features of a major scale could be considered." 

Research has shown that both the mean and the variance of the 

probability distribution of annual EI can vary widely over distances of 

less than 10 miles in the Southwest (Renard, Simanton, and Osborn 1974; 

Renard and Simanton 1975a, b). Thus the actual average annual R value 

for a specific location might be considerably different from the 

estimated value. All this should not be taken to imply that equation 



124 

(82) is inaccurate but only that care should be taken in using R values 

obtained from the equation. 

Nevertheless equation (82) provides the best estimate of average 

annual R value available. On the basis of this estimate and using 

equations (81) and (71), Table 12 was generated showing the estimated 

soil loss rates for each treatment. It is interesting to note that 

equation (71) gives estimated erosion rates only 5 to 6% less than the 

estimates from equation (81). 

The estimated erosion rates are small, especially when one 

considers that for the highest erosion rate of 5.48 metric ton/hectare-year 

it would take an average of 68 years to remove 2.5 cm of soil which is 

the minimal thickness of the NaCl treated layer. However it must be kept 

in mind that the data base obtained during this study is limited in size 

(only 11 runoff events) and in time span (only 7 months). In particular 

the fact that only one summer rain was included limits the applicability 

of these results since the summer rains are typically more intense and 

thus more erosive than the winter rains. Also observations of the plot 

surfaces at the time the photographs in Figure 15 were taken showed that 

some good size gravel, up to 15 mm and above in diameter, had been 

washed free on the plot surfaces. This would seem to indicate that the 

actual erosion in the first year was much more than the average annual 

estimate. In fact the actual soil losses as shown in Table 9 were about 

twice as high as the estimated annual losses and occurred in only 7 

months under mostly winter rains. 

The fact that the first year EI value was much above the estimate 

of the average annual R value may be taken as the cause for the increased 



Table 12. Estimated Average Annual Erosion Rates in Metric Tons Per Hectare and Estimated Depths 
of Soil Loss. 

Prediction Treatments 
Equation 
Used 3m,1% 3m,5% 3m,10% 3m, 15% 6m,1% 6m,5% 6m,10% 6m,15% 

Equation (81) Average Soil Loss in Metric Tons Per Hectare Per Year: 

2.22 2.65 3.77 5.48 2.22 2.65 3.77 

Depth in Millimeters of Soil Eroded on an Average Annual Basis3: 

0.148 0.177 0.251 0.365 0.148 0.177 0.251 

5.48 

0.365 

Equation (71) Average Soil Loss in Metric Tons Per 

2.10 2.51 .358 5.17 

Hectare Per Year: 

2.10 2.51 3.58 5.17 

aDepths were calculated assuming a bulk density of 1.5 g/cm3. 
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erosion. But it remains obvious that the erosion prediction equations 

presented here are only first approximations and await the results of a 

longer term study including several seasons of both winter and summer 

rainfall before they can be validated. 

Salt Loss and Water Quality 

Table 13 presents the average salt loss in grams for each treat

ment, for each rainfall event, along with cumulative total salt losses. 

Table 14 gives the average sodium loss in grams for each treatment for 

each rainfall event broken down into the losses as soluble sodium and 

the losses as exchangeable sodium on the eroded clay. 

Losses of Sodium 

It appears that only a small fraction of the sodium lost is lost 

in exchangeable form. However, several assumptions that were made in 

calculating the exchangeable sodium (ES) could each contribute to some 

error in the result. Recall that the calculation of exchangeable sodium 

in milliequivalents per 100 g of clay (equation C26]) relied on estimates 

of the CEC of the clay and the SAR of the runoff. The CEC of the clay 

was estimated from the data from Dutt and McCreary (1974) for the top 

21.6 cm of WhiteHouse soil at Page Ranch. Assuming that the reported 

CEC was entirely due to the clay fraction and multiplying that CEC by a 

factor equal to 100 divided by the clay percentage in the soil, an 

estimated CEC for the clay fraction was calculated to be = 30 meq/100 g. 

Using the same procedure for the B2 horizon which averages 77% clay, a 

CEC of = 41 meq/100 g was calculated for the clay fraction. The lower 

CEC value was used in the ES calculations since the plots were built with 



Table 13. Averages of Total Soluble Salt Loss (T) and Cumulative Total Salt Loss (C) for Each Treat
ment, in Grams. 

Treatments 
Date 

(rainfall, cm) 3m,1% 3m,5% 3m,10% 3m,15% 6m,1% 6m,5% 6m,10% 6m,15% 

09/06/81 T 42. .50 51. 33 51. ,22 60. 84 101. 61 59. ,32 111 .54 180. 52 
(2.39) 
01/02/82 T 27. .69 47". 19 36. ,35 44. ,99 66. 09 84. .31 83. 36 95. ,55 
(2.46) 

01/07/82) T 38. ,11 43. 22 38. .25 46. ,74 86. 08 92. ,94 93. 54 94. ,15 
(1.73) 

01/13/82 T 34. .04 41. 95 37. 87 46. .86 76. ,05 84. ,07 75. 79 87. .09 
(1.45) 

02/12/82 T 4. .06 8. 51 7. ,56 12. .39 12. ,83 14. ,32 14. 99 22. .34 
(0.64) 

02/19/82 T 0. ,60 2. 42 1. ,92 3. .38 1. 28 2. .68 3. 01 5. .17 
(0.43) 
02/25/82 T 2. .52 5. 00 4. ,75 6. .48 6. ,37 11. ,37 8. 84 11. .46 
(0.46) 
03/14/82 T 22. .33 29. 54 30. ,16 34. .94 54. ,82 73. .01 66. 89 73. .29 
(3.02) 
03/19/82 T 6. ,38 6. 98 8. ,49 8. ,90 17. 91 21. ,69 18. 74 19. .76 
(0.76) 

03/27/82 T 6. .49 8. 36 9. ,61 11. .68 19. ,38 23. ,89 19. 63 24. ,67 
(0.76) 
03/30/82 T 10. ,54 12. 05 13. ,44 14. ,43 27. ,02 32. ,86 29. 85 30. .88 
(0.97) 

C 195. ,27 256. 55 291. ,62 269. ,63 469. ,43 500. ,45 526. 18 644. .88 

Cumulative Total Loss 
(metric ton/ha) 0. .326 0. 429 0. .406 0. ,503 0. ,391 0. ,419 0. 445 0. .556 
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Ap horizon soil. However, assuming the higher CEC would not have changed 

the total sodium loss values by more than 0.25%. 

The major assumptions in the calculation of SAR (equation [29]) 

were total soluble salt (TSS) concentration in meq/L is equal to 10 times 

EC and th^t Ca , Mg , and Na make up close to 100% of the soluble 

cations. Previous analysis of runoff water from very similar sodium 

treated catchments over a period of 2 years at the same site (Dutt and 

McCreary 1974) showed that the latter assumption is well supported 

although K+ might make up as much as 5% of the total concentration in 

meq/L. Bresler, McNeal, and Carter (1982, pp. 11-13) stated that work 

since Handbook 60 was published supports the equation: TSS (meq/L = 

10 EC (mmhos/cm) for EC values between 0.1 and 10 mmhos/cm. At the values 

of soluble sodium concentration (meq/L) and EC commonly encountered 

negative errors in the calculated concentration of Ca plus Mg of as 

much as 50% would still usually result in SAR values less than 10. The 

effect on the calculated ES value might be as much as + 100% but this 

would only increase the total calculated sodium loss by about 1%. 

Examination of Tables 13 and 14 reveals that sodium losses 

paralleled total salt losses and that they both showed a fairly strong 

dependence on slope with sodium loss being somewhat more affected by 

slope. This could be interpreted as a dependence of salt loss on either 

runoff efficiency or on erosion rate both of which increase with slope. 

Since salt losses were calculated as functions of runoff and erosion, it 

was difficult to interpret the results of regression analyses using 

these variables. Therefore it was decided not to continue with efforts 

at modeling salt loss. 
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Table 14. Average Sodium Lost for Each Runoff Event by Each Treatment in 
Soluble Form (S), in Exchangeable Form (E), and Total Loss (T) 
(Grams). 

Treatments 
Date 

(rainfall, cm) 3m,1% 3m,5* 3m,10% 3m,15% 6m,1% 6m,5% 6m,10% 6m,15% 

09/06/81 S 11. ,71 13. 96 14. 40 17. 11 21. 98 13. 86 29. 62 42. 01 
(2.39) E 19 15 27 34 20 20 53 67 

T 11. 90 14. U 14. 67 17. 45 22. 17 14. ,06 30. 14 42. ,68 

01/02/82 S 7. 39 12. 87 10. .03 12. 39 15. .53 20. 47 20. 55 23. ,27 
(2.46) E 03 04 05 07 05 08 11 11 

T 7. 42 12. 91 10. 08 12. 46 15. 58 20. 55 20. 66 23. 38 

01/07/82 S 10. 38 11. 63 10. 83 12. 91 22. 31 24. 46 23. 21 24. 78 
(1.73) E 04 04 06 08 ,07 11 13 18 

T 10. 42 11. 67 10. 89 13. 00 22. 38 24. 57 23. 33 24. 95 

01/13/82 S 9. 15 11. 19 10. 27 12. 34 19. 86 21. 20 20. 37 22. 28 
(1.45) E 04 03 04 05 06 08 09 10 

T 9. 18 11. 22 10. 32 12. 39 19. 93 21. 28 20. 46 22. 38 

02/12/82 S 1. 06 2. 28 2. 07 3. 13 2. 75 3. 13 3. 53 4. 83 
(0.64) E 00 01 . 01 . 01 01 . 01 . 01 02 

T 1. 06 2. 29 2. 08 3. 14 2. 76 3. 14 3. 54 4. 85 

02/19/82 S 14 59 49 77 31 71 78 1. 24 
(0.43) E 00 . 00 00 . 00 . 00 01 . 01 01 

T 14 • 60 • 49 • 78 • 32 • 72 • 78 1. 24 

02/25-82 S 66 1. 30 1. 29 1. 64 1. 70 2. 40 2. 06 2. 46 
(0.46) E 00 01 01 01 01 01 01 01 

T 66 1. 30 1. 30 1. 65 1. 70 2. 41 2. 06 2. 47 

03/14/82 S 5. 85 7. 77 8. 18 9. 15 11. 29 16. 04 15. 56 17. 78 
(3.02) E 04 04 07 . 08 04 09 12 . 13 

T 5. 89 7. 82 8. 25 9. 23 11. 34 16. 13 15. 68 17. 91 

03/19/82 S 1. 62 1. 74 2. 13 2. 19 3. 88 4. 78 4. 13 4. 09 
(0.76) E . 00 . 00 . 01 . 01 . 01 . 01 . 01 01 

T 1. 62 1. 74 2. 14 2. 19 3. 89 4. 79 4. 14 4. 10 

03/27/82 S 1. 70 2. 19 2. 59 3. 09 4. 27 5. 49 4. 48 5. 20 
(0.76) E . 00 .00 . • 01 , 01 . 01 . 01 01 , 01 

T 1. 70 2. 20 2. 59 3. 10 4. 27 5. 50 4. 49 5. 21 

03/30/82 S 2. 63 2. 99 3. 42 3. 65 5. 77 7. 20 6. 35 6. 45 
(0.97) E . 01 . 01 • 01 . 01 . t)l . 02 02 02 

T 2. 64 3. 00 3. 43 3. 67 5. 78 7. 22 6. 37 6. 47 

Cumulative S 52. 28 68. 52 65. 69 78. 39 109. 66 119. 74 130. 63 154. 40 
E . 36 • 33 . 55 67 . 46 . 63 1. 04 1. 26 

Total Loss T 52. 64 68. 84 66. 25 79. 06 110. 12 120. 36 131. 67 155. 66 

metric ton/ha T 0.0877 0.115 0.112 0.136' 0.0918 0.101 0.111 0.134 

As NaCl, metric 
ton/ha 0.223 0.293 0.285 0.347 0.233 0.256 0.283 0.341 
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Nevertheless, the results shown In Table 14 indicate that losses 

of sodium calculated as NaCl were between 0.22 and 0.35 ton/ha for the 

15 cm of rainfall occurring when runoff samples were taken. Since this 

is slightly less than one-half the average annual rainfall and since the 

summer rains are typically more intense than the predominantly winter 

rains in the study, it is safe to assume that the first year losses of 

NaCl ranged from at least 0.44 to 0.70 ton/ha. Actual first year losses 

may have been much higher. Both this study and the study of Dutt and 

McCreary show that sodium losses are relatively high initially. Since 

several summer storms occurred before runoff troughs and reservoirs were 

installed but after the salt treatments were applied it is likely that 

a large part of the initial sodium loss was not measured. 

Water Quality 

Average concentrations in ppm of total soluble salt and of 

soluble sodium in the runoff water are given in Table 15 by runoff event 

and by treatment. Table 16 shows the average EC in mmhos/cm and the 

average SAR of runoff from each treatment for each runoff event. The 

values presented in Tables 15 and 16 are corrected for the dilution 

caused by rain falling directly into the runoff troughs, sand traps, 

and reservoirs so that the values presented reflect the quality of runoff 

water alone. The correction factor applied to the raw data values of. 

EC and ppm so um was the ratio V1/V2 where VI is the volume of runoff 

plus direct rainfall (i.e. the volume actually measured in the runoff 

reservoir) and V2 is the volume of runoff alone. The value of V2 was 
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calculated by subtracting the estimated volume of direct rainfall from 

the value of VI. 

There was some inaccuracy in the estimation of the volume of 

direct rainfall and this, coupled with the fact that runoff volumes were 

measured only to the nearest one-half liter at best, indicates that the 

correction factor, V1/V2, becomes increasingly inaccurate as rainfall 

amount becomes small and as the estimated runoff volume, V2, approaches 

zerc. Therefore the large values of salt and sodium concentration, of 

EC and of SAR given in Tables 15 and 16 for the rains of February 19 and 

25, 1982, may be in error. Values of VI and V2 were as small as 10 

liters or less for most of the treatments for both of these rains. 

However, the amounts of salt and sodium loss occurring during those two 

rains were only 3.7% or less of the total amounts lost for all rains. 

Also, runoff from those two rains represented less than 2% of total 

runoff. 

In order to illustrate what the overall quality of water would 

have been if the runoff from all events had been collected and allowed 

to mix in a single reservoir for each treatment, the values of total 

soluble salt (TSS) in ppm, soluble sodium in ppm, EC in mmhos/cm, and 

SAR were calculated for each treatment from the cumulative totals of 

soluble salt presented in Table 13, the cumulative totals of soluble 

sodium presented in Table 14, and the total runoff volumes for each 

treatment. The runoff volumes were corrected by subtracting from each 

the estimated volume of rain falling directly into sand traps, runoff 

troughs, and reservoirs. The calculated values of EC, SAR, TSS, and 

soluble sodium concentration are presented in Table 17. 
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Table 15. Averagea Concentrations in ppm of Total Soluble Salt (S) and 
of Soluble Sodium (N) in Runoff Water by Treatment and by 
Runoff Event. 

Date 
(rainfall, cm) 3m, 1% 3m, 5% 3m, 10% 

Treatments 

3m,15% 6m,1% 6m, 5% 6m, 10% 6m, 15% 

09/06/81 S 404 451 454 552 567 
658b 

615 1058 
(2.39) N 111 123 128 155 122 154 164 246 

01/02/82 S 254 416 325 370 334 384 367 397 
(2.46) N 68 113 89 102 78 93 91 97 

01/07/82 S 507 589 529 625 621 707 654 608 
(1.73) N 138 159 150 173 161 186 162 160 

01/13/82 S 576 705 605 740 680 745 676 670 
(1.45) N 155 188 164 195 178 188 182 172 

02/12/82 S 393 542 468 736 681 1217 623 887 
(0.64) N 102 145 128 186 146 263 146 192 

02/19/82 S 2637 1102 753 1126 1038 694 729 699 
(0.43) N 575 268 192 258 257 185 187 167 

02/25/82 S 608 849 577 729 667 1352 1073 1181 
(0.46) N 158 221 157 185 177 285 249 254 

03/14/82 S 165 208 217 251 228 283 252 290 
(3.02) N 43 55 59 66 47 62 59 70 

03/19/82 S 294 306 328 353 400 488 391 473 
(0.76) N 75 76 83 87 87 108 86 98 

03/27/82 S 402 440 466 536 713 1038 646 901 
(0.72) N 105 116 126 142 156 238 147 190 

03/30/82 S 288 304 315 327 400 464 389 413 
(0.97) N 72 75 80 83 85 102 83 86 

aAverage of two replicates for all but the 6m,15% treatment, for which 
^only data from the left hand plot are reported. 
Not an average; data from only one replicate are presented. 



133 

Table 16. Average3 EC in mmhos/cm and SAR of Runoff from Each Treatment. 

Date Treatments 
(rainfall, 

cm) 3m,1% 3m, 5% 3m,10% 3m,15% 6m,1% 6m,5% 6m,10% 6m,15% 

09/06/81 EC 0.631 0.705 0.709 0.862 0.887 1.028 0.961 1.653 
(2.39) SAR 5.65 5.76 6.33 7.00 4.00 4.98 6.52 6.28 

01/02/82) EC 0.397 0.651 0.508 0.578 0.522 0.600 0.574 0.621 
(2.46) SAR 4.13 5.57 5.07 5.41 3.58 4.11 4.15 4.21 

01/07/82 EC 0.793 0.921 0.827 0.977 0.970 1.104 1.022 0.950 
(1.73) SAR 6.13 6.48 6.96 7.08 5.99 6.65 5.70 6.18 

01/13/82 EC 0.899 1.102 0.945 1.156 1.063 1.164 1.056 1.048 
(1.45) SAR 6.33 6.86 6.64 6.82 6.40 6.20 6.85 6.08 

02/12/82 EC 0.615 0.847 0.731 1.150 1.065 1.901 0.973 1.385 
(0.64) SAR 4.80 6.08 5.94 6.25 4.33 5.79 4.91 5.03 

02/19/82 EC 4.121 1.722 1.177 1.759 1.623 1.084 1.140 1.092 
(0.43) SAR 8.57 7.08 6.39 6.28 6.87 6.81 6.39 5.38 

02/25/82 EC 0.950 1.327 0.901 1.138 1.042 2.112 1.676 1.846 
(0.46) SAR 6.03 7.09 6.50 6.21 6.58 5.93 6.31 5.74 

03/14/82 EC 0.259 0.326 0.339 0.392 0.356 0.441 0.395 0.452 
(3.02) SAR 3.19 3.64 3.98 3.92 2.34 2.92 3.07 3.57 

03/19/82 EC 0.459 0.479 0.513 0.552 0.625 0.762 0.611 0.739 
(0.76) SAR 3.96 3.85 4.09 4.05 3.38 3.85 3.45 3.40 

03/27/82 EC 0.628 0.688 0.729 0.838 1.115 1.622 1.010 1.407 
(0.76) SAR 4.94 5.22 5.72 5.87 4.62 6.00 4.73 4.84 

03/30/82 EC 0.449 0.475 0.493 0.510 0.626 0.726 0.607 0.645 
(0.97) SAR 3.78 3.83 4.12 4.15 3.29 3.71 3.24 3.23 

aAverage of two replicates for all but the 6m,15% treatment for which. 
only data from the left hand plot are presented. 
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2 
The revised FAO classification of irrigation water quality 

classes waters having an EC of less than 0.75 mmhos/cm as presenting no 

salinity problem while waters having an EC of from 0.75 to 3.0 mmhos/cm 

are classed as presenting a slight to moderate salinity problem (Ayers 

and Tanji 1981). Values of EC from Table 17 show that for all but the 

6 m, 15% treatment the runoff would present no salinity problem while 

for the 6 m, 15% treatment there would be a slight salinity problem 

according to the FAO criteria. Values of runoff EC for individual 

events, as presented in Table 16, indicate that for some events, such 

as the 1.73 cm rain of January 7, 1982, there would be a slight to 

moderate salinity problem with the runoff from all treatments. 

Whether or not those salinity levels would present an actual 

problem would depend largely on how a microcatchment farming system was 

designed. The ratio of catchment area to cultivated area, also known as 

the catchment/cultivated area ratio or CCAR, would be important (see 

Rands C19803 for a discussion of the CCAR). A relatively efficient 

catchment, such as the one used in this study, would require a fairly 

low CCAR to provide the crop water needs. If the CCAR were of the order 

of 2:1 to 3:1 then there would be considerable dilution of runoff water 

by the rain falling directly onto the cultivated area. For most of the 

EC values presented in Table 16 such a dilution would reduce salinity to 

"no problem" levels. Also if runoff from each treatment were collected 

2. The United Nations Food and Agriculture Organization will 
publish a new version of their book Water Quality for Irrigation under 
their series titled Irrigation and Drainage Papers. It will include 
new guidelines for the interpretation of irrigation water quality 
published by Ayers and Tanji (1981) (Ayers 1983). Ayers is one of the 

authors. 
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Table 17. Computed Average EC in mmhos/cm, SAR, and Concentrations of 

Total Soluble Salts (TSS) and Sodium (Na) in ppm for All 
Runoff. 

Treatments 

3m,1% 3m,5% 3m,10% 3m,15% 6m, 1% 6m, 5% 6m,10% 6m,15% 

TSS 341 422 475 429 453 471 470 568 

EC 0.533 0.660 0.742 0.670 0.708 0.736 0.734 0.888 

SAR 4.91 5.40 4.02 6.97 4.18 4.47 4.84 4.95 

Na 92 113 108 126 106 113 118 137 
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in reservoirs for later use in irrigating the crop, the resultant mixing 

of runoff would eliminate any salinity problem for all but the 6m,15% 

treatment as seen from the overall EC values presented in Table 17. 

As shown in Figure 4 soil permeability depends on both soil 

exchangeable sodium percentage, which is a function of the SAR, and on 

the soil water electrolyte concentration which can be expressed in terms 

of the EC. The revised FAO classification of irrigation waters with 

respect to permeability problems is presented in Table 18 in terms of 

criteria for levels of EC and SAR. Applying the FAO criteria to the EC 

and SAR values in Table 17 reveals that for all treatments there would 

be a slight to moderate permeability problem classification. The same 

classification generally results from applying the FAO criteria to the 

values of EC and SAR presented in Table 16 for individual runoff events. 

Permeability problems could actually be increased by dilution of 

the runoff with rainfall occurring on an adjacent cropped area. This is 

because dilution decreases EC faster than it does SAR. For example, the 

runoff from the 3m,15% treatment on March 30, 1982, had an EC of 0.449 

mmhos/cm and a sodium concentration of 72 ppm. Using these values in 

equation (29) allows calculation of the SAR which comes out to be about 

3.8. Under the FAO classification this runoff presents a slight to 

moderate permeability problem. If the runoff is diluted so that the EC 

value is reduced by 75% to 0.112 and the sodium concentration is reduced 

to 18 ppm, then the SAR value is reduced by only about 50% to about 1.9. 

For an SAR of 1.9 and an EC of 0.112 mmhos/cm the FAO classification 

indicates a severe permeability problem. In actual practice one would 

not expect this much dilution, and permeability problems would not be 
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Table 18. Revised FAO Irrigation Water Quality Classification for 
Permeability Problems. 

If SAR = 0 to 3 and EC 

= 3 to 6 

= 6 to 12 

= 12 to 20 

= 20+ 

Degree of Problem 

No Slight to 
Problem Moderate Severe 

> 0.9 0.9 to' 0.2 < 0.2 

> 1.3 1.3 to 0.25 < 0.25 

> 2.0 2.0 to 0.35 < 0.35 

> 3.1 3.1 to 0.9 < 0.9 

> 5.6 5.6 to 1.8 < 1.8 

To evaluate irrigation water quality, first find the range of 
SAR values that includes the SAR of the water in question. Then move 
horizontally to the right in the table and find the range of EC values 
that includes the EC of the water in question. Finally, move vertically 
in the table to find if the permeability problem is categorized as "no 
problem," a "slight to moderate" problem, or a "severe" problem. After 
Ayers and Tanji (1981). 
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expected to increase very much. But, the relationship between dilution 

of runoff and a consequent increase in permeability problem illustrated 

above should be kept in mind for design of farming systems using these 

microcatchments. 

Dutt and McCreary (1974, p. 314) reported concentrations of total 

soluble salts and of soluble sodium for earth-tank-held runoff water from 

compacted earth, NaCl-treated catchments similar to the ones used in this 

study. Their values were not corrected for dilution by rainwater falling 

directly into the tank. They reported initial values of 610 ppm total 

soluble salts and 200 ppm soluble sodium declining to about 200 ppm total 

soluble salts and about 50 ppm soluble sodium after 2h years. The latter 

values correspond to an EC of about 0.31 mmhos/cm and an SA-R of about 3.2. 

These values, like those from this study, indicate a slight to moderate 

permeability problem according to the FAO criteria. The values of overall 

EC and SAR shown in Table 17 for treatments in this study are within the 

range of values reported by Dutt and McCreary. 



SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Summary 

Sixteen runoff plots were built at Page-Trowbridge Experimental 

Range during the spring and summer of 1981, using the compacted earth 

and NaCl treatment method previously reported by Dutt and McCreary (1974). 

There were eight different doubly replicated plot treatments consisting 

of all combinations of four slopes (1, 5, 10, and 15%) and two downslope 

lengths (3 and 6 m). All plots were 2 m wide. Objectives of the experi

ment were to characterize the performance of the compacted earth NaCl 

treatment in three areas—runoff potential, erosion rate, and salt loss— 

as affected by plot slope and length; and, to modify the USLE to predict 

erosion from the plots on both a rainfall by rainfall and on a yearly 

basis. The study was intended to provide basic performance data, in 

equation form if possible, to aid in the design of microcatchments using 

the compacted earth NaCl-treated surface. 

Total runoff and sediment was collected in individual reservoirs 

for each plot for each of 18 rainfall events in the fall, winter, and 

early spring of 1981-1982. Runoff was measured volumetrically and 

samples of runoff and sediment were analyzed in the laboratory to deter

mine sodium content, total soluble salt content, and the amount and 

particle size distribution of eroded soil. 

139 
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Runoff-Rainfall Relationships 

Statistical analysis of the runoff-rainfall data showed that 

runoff efficiency tended to increase with increased slope and with 

decreased length of the plots, but that only the inverse relationship 

between runoff efficiency and plot length was highly statistically 

significant under the conditions of the study. On the whole, the runoff 

efficiency of 3-m plots was 0.894 versus 0.816 for the 6-m plots. 

Threshold rainfalls were similar for all treatments and were not 

statistically different. Analysis using nonlinear regression resulted 

in an equation that predicted runoff efficiency in terms of plot slope 

and length. But the exponents of slope and length in the equation are 

not statistically significant. 

Nonlinear regression was also used to fit a model that predicted 

the normalized runoff ratio, RRN^, in terms of the plot slope and length 

provided that the runoff ratio, RR^, was redefined as: 

RR^ = (runoff depth + threshold rainfall)/rainfall depth 

where the threshold rainfall is in the same units as are the runoff and 

rainfall depths; and, is the threshold rainfall value from the runoff-

rainfall relationship for all plots (i.e. the value 0.3404 cm from 

equation [31]). The normalized runoff ratios for each runoff event were 

defined as the values of RR^ for each plot each divided by the largest 

value of RR^ observed for that event. Since the threshold rainfall is 

accounted for in its definition, the new normalized runoff ratio, RRN^, 

is conceptually similar to the runoff efficiency and might offer another 

way in which to estimate the latter parameter. The equation estimating 

RRN^ is: 
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_ n 0*2813 _ 0.8331 ___ 
RRN^ = 0.2368 S L + 0.7750 

where S is in percent slope and L is in meters. 

Average runoff depths from the eight treatments were found not 

to differ significantly even at the 20% probability level even though 

the most efficient treatment, the 3-m 15% treatment, produced 25% more 

runoff than did the least efficient treatment, the 6-m 1% treatment, 

over the course of the experiment. 

Comparison of runoff efficiencies and threshold rainfalls from 

this study to those from a similar study done on the same soil, but 

excluding the NaCl treatment, indicated that the NaCl may increase runoff 
/ 

efficiencies by as much as 50% and decrease threshold rainfalls by about 

50%, causing an increase of about 66% in the overall runoff ratio over 

that for the unsalted treatment. 

Erosion 

Statistical analysis of the soil loss data used dummy variables 

as a means to examine the effects of plot slope and length in the USLE 

based soil erosion model. It was shown that plot length was probably 

not an important factor in determining soil loss per unit area over the 

range of plot lengths up to 6 m. The slope length factor in the erosion 

model was therefore eliminated. Also it was shown that a factor 

involving plot slope raised to a power was simpler and just as effective 

as the USLE slope steepness factor. The best fit equation was: 

1 76Q 
A = (0.004397 S + 0.3538)(0.415)EI 
e 

where Ag is the estimated soil loss in metric tons per hectare, S is the 

plot slope in percent, the value 0.415 is the value of the soil 
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erodibility factor, K, and EI is the rainfall erosivity term (for units 

of K and EI see p. 104). 

The EI data values used in fitting the above equation were cal

culated using all rainfall data. When rainfall data were excluded, 

according to the criteria of Wischmeier and Smith (1978) for the proper 

use of the USLE, only five of the 11 rainfall-runoff events were retained. 

The best fit equation using the remaining data was: 

A = (0.004103 Sx + 0.3761)(0.415)EI 
e 

which is quite similar to the first best fit equation resulting from use 

of all the rainfall data. Although some uncertainty was^encountered in 

estimating an average annual value of EI, predictions of average annual 

erosion were generated and these indicated that even the most severe 

soil loss under the conditions of this study would average less than 0.5 

mm depth per year. 

Salt Loss 

Losses of NaCl from the plots probably ranged from at least 0.44 

to 0.77 metric tons per hectare in the first year. But data were not 

collected for several summer storms that occured after the NaCl was 

applied and the actual values may have been much higher. Considering 

the rate of loss during the period of measurement and the average annual 

rainfall at Page Ranch it could easily take 10 or more years before one-

half of the NaCl treatment is removed from the plots. 

Total soluble salt and soluble sodium concentrations in the 

runoff water generally indicated that it would cause little or no 

salinity problem, but it would cause a slight to moderate permeability 
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problem depending on soil texture and mineralogy. Runoff from individual 

rainfalls could cause a slight to moderate salinity problem but over the 

long term it is expected on the basis of previous studies that there 

would be no salinity problem. 

Conclusions and Recommendations 

The runoff-rainfall relationships summarized in equation form 

in Table 5 provide a reasonable basis for the design of microcatchments 

using the compacted earth NaCl treated surface on soils similar to the 

WhiteHouse, and for catchment downslope lengths of 6 m and shorter. But 

/ 

it should be kept in mind that long-term changes in runoff-rainfall 

relationships are probable due to buildup of a gravel and sand mulch on 

the surface; and, due to movement of sodium out of the treated surface 

layer. The extent and rapidity of these changes were not addressed by 

this study. 

The higher runoff efficiencies from the 3-m plots tend to support 

Hollick's (1974a, b) conclusion that catchment downslope lengths should 

be limited to 6 m, or shorter where practical, for highest runoff 

efficiency. On the other hand, whereas Hollick recommended slopes of 

from 10 to 20%, the results presented here indicate that the effect of 

increases in slope to increase runoff efficiency is relatively minor and 

a 5% slope may serve as well or nearly as well as a 10 or 15% slope. 

Since some microcatchment uses might dictate the use of catch

ments longer than 6 m it is recommended that further study be done using 

plot lengths up to at least 12 m. Also, since the WhiteHouse soil 

seems to be rather ideal for this type surface treatment, it is importaint 



144 

that the treatment be studied on other soils, especially those of widely 

different clay mineralogy such as soils whose clays are dominated by 

kaolinite. Verification on other soils of the benefits of the compacted 

earth NaCl treated catchment would encourage more widespread use of this 

treatment. 

The use of equation (51) to predict runoff efficiency on the 

basis of plot slope and length should be limited to situations closely 

similar to the conditions of this study. Also it should be kept in mind 

that the exponents in the equation are not significantly different from 

zero at the 5% probability level, therefore the reliability of predic

tions based on equation (51) is very low. 

Equation (58) which predicts the normalized runoff ratio may be 

used in instances when the threshold rainfall is known or can be 

estimated. This study and cases from the literature summarized in 

Table 8 suggest that a good estimate for the threshold rainfall would 

lie between 3 and 5 mm for a compacted earth NaCl treated catchment as 

long as the soil was neither sandy nor clayey, was fairly low in organic 

matter, and did not have an unusually stable structure. Neither 

equation (51) nor equation (58) should be used for catchments longer 

than 6 m. Further work needs to be done to verify and perhaps modify 

equations (51) and (58) before they can be considered very reliable. 

Also, long-term changes in the plot surfaces would probably render both 

equations invalid. 

The relative size of the exponents of slope and length in 

equations (51) and (58) indicates that length influences runoff 

efficiency much more than does slope, over the range of these two 
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parameters included in this study. This finding reinforces the earlier 

conclusion, based on t-tests for differences amongst the slopes of the 

runoff-rainfall equations in Table 5, that catchment length is much more 

important in determining runoff efficiency than is catchment slope for 

these conditions. 

Either equation (71) or (81) may be used to estimate erosion 

from NaCl-treated compacted earth catchments provided that the catchment 

slopes and downslope lengths are within, or close to, the range of 

values included in this study; and, provided that the soil is reasonably 

similar to the WhiteHouse. In this regard, the percentage of coarse 

sand and gravel in the soil is very important. Equation (71) can be 

used if information on individual storm EI values is available for a 

reasonably long period of time. These EI values should be calculated 

without regard to the USLE rules for exclusion of small rainfalls. 

Equation (81) may prove more useful since it can be used with an average 

annual R value in place of the EI value. Both equations support the 

conclusion that interrill erosion is very much more important than rill 

erosion on the 6-m and 3-m plots that made up this study. 

The soil erodibility factor, K, should probably not be used to 

predict the erodibility of NaCl-treated compacted earth catchments on 

other soils since the literature indicates that it is an unreliable 

indicator of soil erodibility under sodium-dispersed conditions. 

All of the equations presented in this report are based on 

limited data and should be verified and extended to catchments of longer 

length and to soils of different texture and clay mineralogy by further 

plot studies. 
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The data on total solvable salt loss and sodium loss indicate a 

possible slight to moderate soil permeability problem associated with 

the quality of water provided by the NaCl treated compacted earth 

catchment. Estimates of the longevity of the NaCl treatment are hindered 

by a lack of data on the movement of sodium in the soil under the catch

ment surface. Further studies should include study of the degree and 

rapidity of sodium movement into the soil beneath the treated layer, and 

monitoring of the permeability of cropped areas irrigated with runoff 

from these treatments. 

In sum, continuation and extension of this study po longer plot 

lengths and to other soil textures and clay mineralogies would serve to 

accomplish the following: 

1. Promote use of the NaCl treated compacted earth catchment 

system through demonstration of its feasibility on a range of soils rather 

than on only a single soil. 

2. Provide data on the long-term reliability of the runoff 

characteristics of the system; and, on the efficiency of the system on 

other soils and on catchments of longer lengths. 

3. Increase the reliability of the erosion equations and extend 

their use to longer catchments and to other soils. Important information 

on the usefulness of the soil erodibility factor, K, under these con

ditions would result and it might be possible to generate a replacement 

for the K factor equation including parameters that are more important 

in determining erodibility under sodium dispersed and compacted 

conditions. 
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4. Provide needed data on the long-term movement of sodium out 

of the treated layer leading to better estimates of the longevity of the 

treatment. 



APPENDIX: 

LISTING OF THE EXPERIMENTAL DATA 

The experimental data are listed below in tabular form by 

rainfall/runoff event. The symbols heading each column are defined 

below. Note that the runoff volumes listed for the 6-meter, 15%, right 

hand plot (replicate #1 for the 6m,15% treatment) are erroneous due to 

a leak in the runoff reservoir. 

I 
Definition of Symbols 

CN = case number. 

DIS = downslope length of the plot, in meters. 

SLO = slope of the plot, in percent. 

T = treatment number. These were the numbers 1 through 8, with 

a separate number assigned to each combination of plot 

slope and length. 

R = replicate number, either 1 or 2. The number one was 

assigned to the right hand plots and the number two was 

assigned to the left hand plots. The right hand side was 

to the viewer's right when the viewer was standing at the 

bottom of the plots and facing the plots. 

E = runoff/rainfall event number, numbered chronologically 

1 through 11. 

SG = grams of sand and gravel from "sand" sample. 

148 
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G3 = grams of gravel greater than 3 mm in diameter from "sand" 

sample. 

G23 = grams of gravel between 2 and 3 mm in diameter from "sand" 

sample. 

SC = grams of silt plus clay (particles < 0.05 mm in diameter) 

in "sand" sample. 

SED = concentration in grams/liter of total sediment in "silt 

and clay" sample. 

SIL = concentration in grams/liter of silt plus clay in "silt 

and clay" sample. , 

CLY = concentration in grams/liter of clay (particles < 0.002 mm 

in diameter) in "silt and clay" sample. 

VI = volume in liters of all liquid in runoff reservoirs. 

V2 = volume in liters of runoff after correction by subtracting 

the estimated volume of rain that fell directly into 

troughs, sand traps, and reservoirs from VI. 

RN = rainfall depth in centimeters. 

2 
EN = rainfall energy, E, in 10 metric ton-meters per hectare. 

See Table 10 and explanation in text. 

EI = the product of E times I3q# the maximum 30 minute rainfall 

2 
intensity in centimeters/hour. Units are (10 metric ton-

meters) (centimeter)/(hectare)(hour). See Table 10 and 

explanation in text. 

A = horizontal area of the plot, in meters squared. 

SOD = concentration in ppm of sodium in the runoff water. 

EC = electrical conductivity in mmhos/cm of the runoff water. 



Experimental Data 

September 6, 1981 

CN DIS SLO 1 R E SG G3 G23 SC SEO SIl CIV VI V2 RN EN EI A SOD EC 

1 3.0 1.0 1 1 1 334.1 25.6 35.5 98.0 5.45 4.69 3.92 117. 101. 2.39 5.406 9.082 5.999 98.26 .5546 
2 3.0 1.0 1 2 1 288.6 23.9 33.7 57.4 4.68 4.24 3.48 124. 109. 2.39 5.406 9.C82 5.999 96.14 .5473 
3 3.0 5.0 2 1 1 763.9 55.4 74.0 0.0 4.46 4.19 2.80 129. 113. 2.39 5.406 9.082 5.977 94.6C .5467 
4 3.0 5.0 2 2 1 612.8 91.6 76.8 O.C 4.37 3.80 2.46 131. 114. 2.39 5.406 9.082 5.977 120.38 .6883 
5 3.0 10.0 3 1 1 536.9 54.0 54.0 127.4 5.93 5.71 4.36 131 .  115. 2.39 5.406 9.082 5.909 115.01 .6279 
6 3.0 10.0 3 2 1 549.5 46.5 58.2 28.6 6.73 6.48 4.54 127. 111. 2.39 5.406 9.082 5.909 107.93 .6117 
7 3.0 15.0 4 1 1 693.1 74.4 84.5 14.8 8.59 7.86 5.47 127. 111. 2.39 5.406 9.082 5.796 152.35 .8583 
8 3.0 15.0 4 2 1 750.1 102.0 110.4 0.0 6.92 6.30 4.55 124. 109. 2.39 5.406 9.C82 5.796 119.14 .6499 
9 6.0 1.0 5' 1 1 346.6 11.5 28.1 0.0 5.17 4.46 2.95 246. 170. 2.39 5.406 9.082 11.998 74.67 .5711 

10 6.0 1.0 5 2 1 358.3 22.0 30.3 17.9 5.14 4.65 3.27 262. ie7. 2.39 5.406 9.082 11.998 97.73 .6763 
11 6.0 5.0 6 1 1 394.5 25.1 37.3 33.5 7.46 7.01 4.93 265. 162. 2.39 5.406 9.082 11.954 0.00 0.0000 
12 6.0 5.0 6 2 1 335.7 24.5 35.1 0.0 7.46 7.01 4.93 253. 180. 2.39 5.406 9.oe2 11.954 109.53 .7327 
13 6.0 10.0 7 1 1 1188.0 218.2 183.9 173.1 6.81 6.22 4.95 248. 172. 2.39 5.406 9.082 11.818 123.27 .6780 
14 6.0 10.0 7 2 1 403.8 38.8 55.0 0.0 6.40 5.90 4.41 260. 190. 2.39 5.406 9.082 11.818 110.47 .6952 
15 6.0 15.0 8 1 1 1707.2 273.9 246.4 92.0 11.00 10.12 6.17 266. 154. 2.39 5.406 9.082 11.591 139.84 .8954 
16 6.0 15.0 6 2 1 2545.6 368.1 300.3 121.3 11.10 10.61 6.17 277. 171. 2.39 5.406 9.082 11.591 151.67 1.0183 

f 
i 

01 
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January 2, 1982 

CN 0IS SLO T R E SG G3 G23 SC SEO SIL CLY VI V2 RN EN EI A SOD EC 

17 3.0 1.0 1 1 2 79.5 2.0 4.5 14.5 1.44 1.09 .96 129. 111. 2.46 5.069 4.636 5.999 60.16 .3542 
16 3.0 1.0 1 2 2 65.3 2.5 4.4 10.9 1.22 1.06 .92 124. 107. 2.46 5.069 4.636 5.999 56.97 .3316 
19 3.0 5.0 2 1 2 100.6 1.6 4.5 17.6 1.24 .96 .70 136. 119. 2.46 5.069 4.636 5.977 86.88 .4920 
20 3.0 5.0 2 2 2 96.0 3.4 4.2 11.3 1.17 .69 .75 127. 109. 2.46 5.069 4.636 5.977 108.99 .6307 
21 3.0 10.0 3 1 2 217.7 1.5 4.6 31.6 1.41 1.36 1.03 142. 124. 2.46 5.069 4.636 5.909 79.51 .4421 
22 3.0 10.0 3 2 2 173.9 2.6 5.6 40.3 1.58 1.29 .97 116. 100. 2.46 5.069 4.636 5.909 74.20 .4299 
23 3.0 15.0 4 1 2 319.9 3.4 9.0 57.2 1.94 1.62 1.29 144. 127. 2.46 5.06 9 4.636 5.796 91.65 .5221 
24 3.0 15.0 4 2 2 191.9 3.2 9.4 42.2 1.46 1.43 1.12 134. 116. 2.46 5.069 4.636 5.796 86.35 .4872 
25 6.0 1.0 5 1 2 78.1 1.3 3.9 10.4 1.33 .96 .64 290. 198. 2.46 5.069 4.636 11.998 45.77 .3116 
26 6.0 1.0 5 2 2 90.7 2.0 6.4 13.8 1.31 .96 .66 290. 196. 2.46 5.069 4.636 11.998 61.22 .3998 
27 6.0 5.0 6 1 2 144.6 1.5 6.5 21.4 1.44 1.14 .91 343. 216. 2.46 5.069 4.636 11.954 63.88 .4157 
26 6.0 5.0 6 2 2 136.5 8.0 13.3 19.6 1.79 1.31 1.05 313. 223. 2.46 5.069 4.636 11.954 60.81 .3662 
29 6.0 10.0 7 1 2 577.8 50.2 52.0 61.1 2.55 2.03 1.47 326. 233 .  2.46 5.069 4.636 11.616 67.65 .4247 
30 6.0 10.0 7 2 2 264.6 8.7 16.7 33.6 1.75 1.45 1.09 305. 220. 2.46 5.069 4.636 11.818 62.46 .4000 
31 6.0 15.0 6 1 2 562.2 26.9 37.7 80.7 2.14 1.70 1.21 339. 201. 2.46 5.C69 4.636 11.591 65.23 .4204 
32 6.0 15.0 6 2 2 659.6 34.4 51.6 92.4 2.34 1.83 1.21 372. 241. 2.46 5.069 4.636 11.591 62.52 .4011 

January 7, 1982 

CN CIS SLO T R F SG G3 G23 SC SEO SIL CLY VI V2 RN EN EI A SOO EC 

33 3.0 1.0 1 1 3 88.7 2.6 6.2 29.6 1.71 1.34 .92 68. 76. 1.73 3.040 3.552 5.999 117.61 .6771 
34 3.0 1.0 1 2 3 69.4 7.6 12.6 17.4 2.11 1.64 1.15 65. 74. 1.73 3.040 3.552 5.999 123.34 .7059 
35 3.0 5.0 2 1 3 166.1 8.4 16.8 35.1 2.55 2.12 1.03 64. 72. 1.73 3.040 3.552 5.977 126.34 .7059 
36 3.0 5.0 2 2 3 156.1 10.8 15.0 21.7 1.76 1.43 .96 86. 74. 1.73 3.040 3.552 5.977 147.49 .8836 
37 3.0 10.0 3 1 3 383.5 16.1 35.4 57.6 2.78 2.46 1.44 85. 74. 1.73 3.040 3.552 5.909 129.58 .7100 
36 3.0 10.0 3 2 3 243.2 12.6 22.1 60.4 2.75 2.39 1.48 83. 71. 1.73 3.040 3.552 5.909 128.05 .7125 
39 3.0 15.0 4 1 3 502.8 26.6 46.1 98.1 3.74 3.39 1.91 85. 74. 1.73 3.040 3.552 5.796 154.06 .8682 
40 3.0 15.0 4 2 3 563.4 98.8 92.0 64.7 3.41 3.11 1.74 67. 76. 1.73 3.040 3.552 5.796 145.62 .8266 
41 6.0 1.0 5 1 3 57.1 .6 3.0 13.5 1.44 1.28 .62 184. 130. 1.73 3.040 3.552 11.998 99.44 .6130 
42 6.0 1.0 5 2 3 125.4 12.6 17.5 17.0 1.66 1.54 .96 200. 146. 1.73 3.040 3.552 11.996 131.23 .7787 
43 6.0 5.0 6 1 3 261.5 21.6 34.3 31 .8 2.51 2.12 1.19 197. 123. 1.73 3.040 3.552 11.954 128.4C .7763 
44 6.0 5.0 6 2 3 227.7 25.9 27.2 33.1 2.49 2.04 1.28 196. 143. 1.73 3.040 3.552 11.954 120.79 .7029 
45 6.0 10.0 7 1 3 1232.7 267.1 179.0 75.6 3.61 3.12 1.60 202. 147. 1.73 3.C40 3.552 11.616 123.09 .7202 
46 6.0 10.0 7 2 3 537.5 100.4 94.6 47.0 3.03 2.59 1.46 169. 139. 1.73 3.040 3.552 11.618 114.01 .7768 
47 6.0 15.0 8 1 3 974.0 16.6 20.1 113.2 4.19 3.55 1.73 206. 126. 1.73 3.040 3.552 11.591 103.75 .6362 
48 6.0 15.0 8 2 3 1990.0 319.6 299.2 148.9 4.93 4.15 1.91 232. 155. 1.73 3.040 3.552 11.591 1C6.93 .6349 



January 13, 1982 

CN DIS S10 T R E SG G3 G23 SC SED SIL CLY VI V2 RN EN EI A SOO EC 

49 3.0 1.0 1 1 4 57.7 .7 2.5 7.7 1.62 1.40 1.17 69. 60. 1.45 2.417 1 .474 5.999 130.57 .7693 
50 3.0 1.0 1 2 4 47.9 1.3 2.2 7.0 1.24 1.10 1.01 67. 58. 1.45 2.417 1.474 5.999 137.20 .7e73 
51 3.0 5.0 2 1 4 69.1 .6 2.2 6.7 1.13 1.02 .89 68. 58. 1.45 2.417 1.474 5.977 145.62 .8655 
52 3.0 5.0 2 2 4 72.2 2.7 2.4 5.8 1.17 .85 .75 71. 61. 1.45 2.417 1.474 5.977 177.51 1.0273 
53 3.0 10.0 3 1 4 110.4 1.5 3.2 12.5 1.44 1.40 1.15 75. 65. 1.45 2.417 1.474 5.909 140.84 .7972 
54 3.0 10.0 3 2 4 108.0 3.1 4.5 18.3 1.56 1.40 1.16 71. 61. 1.45 2.417 1.474 5.909 142.21 .8340 
55 3.0 15.0 4 1 4 127.2 5.3 4.6 20.1 1.72 1.62 1.39 76. 66. 1.45 2.417 1.474 5.796 175.73 1.0443 
56 3.0 15.0 4 2 4 103.4 5.4 7.6 13.6 1.63 1.49 1.29 70. 61. 1.45 2.417 1.474 5.796 162.54 .9627 
57 6.0 1.0 5 1 4 41.2 .1 1.3 4.4 1.28 1.06 .86 158. 112. 1.45 2.417 1.474 11.998 111.94 .6766 
58 6.0 1.0 5 2 4 44.7 2.0 1.9 5.4 1 .4 8 1.26 1.02 157. 112. 1.45 2.417 1.474 11.998 140.36 .8327 
59 6.0 5.0 6 1 4 81.7 .7 3.3 10.5 1.47 1.31 1.12 173. 110. 1.45 2.417 1.474 11.954 130.33 .8100 
60 6.0 5.0 6 2 4 74.9 1.1 3.7 11.1 1.60 1.43 1.22 160. 116. 1.45 2.417 1.474 11.954 124.36 .7681 
61 6.0 10.0 7 1 4 196.7 8.1 12.8 22.4 1.93 i.6e 1.42 156. 111. 1.45 2.417 1.474 11.818 134.21 .7752 
62 6.0 10.0 7 2 4 94.8 6.4 6.6 13.1 1.57 1.39 1.13 156. 114. 1.45 2.417 1.474 11.818 126.57 .7411 
63 6.0 15.0 8 1 4 152.4 9.1 6.6 24.3 2.19 1.65 1.30 166. 98. 1.45 2.417 1.474 11.591 113.02 .7200 
64 6.0 15.0 8 2 4 0.0 0.0 0.0 41.4 2.17 1.70 1.31 194. 130. 1.45 2.417 1.474 11.591 114.63 .7000 

February 12, 1982 

CN OIS SLO T R E SG G3 G23 SC SED SIL CLY VI V2 RN EN El A SOO EC 

65 3.0 1.0 1 1 5 21.9 0.0 .4 4.5 1.44 1.15 • 84 13. 8. .64 1.044 .398 5.999 66.00 .4075 
66 3.0 1.0 1 2 5 19.9 .2 .4 4.1 1.45 1.10 .92 16. 12. .64 1.C44 .398 5.999 79.62 .4693 
67 3.0 5.0 2 1 5 25.8 .1 .2 4.5 1.50 1.19 1.02 20. 16. .64 1.044 .398 5.977 117.67 .6786 
68 3.0 5.0 2 2 5 23.0 .7 .4 3.9 1.36 .97 .79 20. 16. .64 1.044 .398 5.977 110.17 .6507 
69 3.0 10.0 3 1 5 38.1 .2 .5 7.5 1.64 1.56 1.27 21. 17. .64 1.044 .398 5.909 104.39 .5895 
7C 3.0 10.0 3 2 5 40.8 .3 • 6 9.6 1 .61 1.45 1.23 20. 16. .64 1.044 .398 5.909 97.02 .5628 
71 3.0 15.0 4 1 5 44.1 .3 .6 14.9 1.62 1.32 1.11 22. 17. .64 1.044 .398 5.796 156.30 .9885 
72 3.0 15.0 4 2 5 34 .0 1.8 1.5 8.0 1.52 1.25 1.09 21. 16. .64 1.C44 .398 5.796 141.85 .8515 
73 6. C 1.0 ft 1 5 16.4 0.0 .3 3.0 1.29 1.05 .78 39. 19. .64 1.044 .398 11.998 62.56 .4667 
74 6.0 1.0 5 2 5 15.5 0.0 .3 3.0 1.31 1.14 .88 39. 19. .64 1.044 .398 11.998 79.03 .5644 
75 6.0 5.0 6 1 5 20.7 0.0 .2 4.2 1.93 1.46 1.11 36. 9. .64 1.044 .398 11.954 88.59 .6533 
76 6.0 5.0 6 2 5 20.8 0.0 .5 6.3 1.95 1.47 1.13 39. 20. .64 1.044 .398 11.954 76.66 .5447 
77 6.0 1C.0 7 1 5 47.9 .2 1.3 12.2 2.21 1.75 1.39 45. 25. .64 1.044 .398 11.816 64.40 .5563 
78 6.0 10.0 7 2 5 23.3 .6 1.0 6.3 1.54 1.21 .97 41. 23. .64 1.044 .398 11.616 76.15 .5221 
79 6.0 15.0 8 1 5 33.9 .6 1.0 8.6 1.87 1.56 1.14 37. 7. .64 1.044 .398 11.591 106.69 .8107 
80 6.0 15.0 8 2 5 49.2 2.6 2.2 13.5 1.61 1.36 1.12 54. 25. .64 1.044 .398 11.591 90.36 .6525 



February 19, 1982 

CN OIS SLO T R E SG G3 G23 SC SED SIL CLY VI V2 RN EN EI ( SOO EC 

81 3.0 1.0 1 1 6 50.9 4.7 6.9 0.0 2.27 2.04 1.07 2. 0. .43 .588 .120 5.999 52.37 .3823 
82 3.0 1.0 1 2 6 43.4 2.7 5.4 0.0 2.95 2.49 1.40 2. 1. .43 .588 .120 5.999 79.03 .5303 
83 3.0 5.0 2 1 6 70.2 5.9 8.7 0.0 2.96 2.58 1.50 4. 3. .43 .588 .120 5.977 146.80 .8845 
84 3.0 5.0 2 2 6 64.3 4.9 8.6 0.0 2.78 2.45 1.46 4. 2. .43 .588 .120 5.977 150.28 1.0177 
85 3.0 10.0 3 1 6 77.6 5.0 7.8 0.0 3.32 3.15 2.11 5. 3 .  .43 .588 .  12C 5.909 113.54 .6776 
86 3.0 10.0 3 2 6 73.1 5.3 7.8 0.0 3.51 3.25 2.23 4. 2. .43 .588 .120 5.909 110.94 .7001 
87 3.0 15.0 4 1 t 85.0 7.5 11.0 0.0 3.47 3.03 2.21 5. 3. .43 .588 .120 5.796 179.50 1.2545 
88 3.0 15.0 4 2 6 71.6 8.4 11.3 0.0 3.08 2.90 2.22 5. 3. .43 .588 .120 5.796 149.23 .9910 
89 6.0 1.0 5 I 6 38.7 1.9 3.8 0.0 2.37 2.02 1.20 3. 2. .43 .588 .120 11.998 85.34 .5533 
90 6.0 1.0 5 2 6 39.7 5.5 4.8 0.0 2.8 2 2.72 1.57 3. 1. .43 .588 .120 11.998 133.65 .8350 
91 6.0 5. C t 1 t 60.7 2.1 5.7 0.0 2.75 2.62 2.02 6. 4. .43 .  588 .120 11.954 140.61 .8201 
92 6.0 5.0 6 2 t 55.2 1.9 5.5 0.0 2.91 2.74 2.05 5. 4. .43 .588 .120 11.954 123.21 .7251 
93 6.0 10.0 7 1 6 74.9 6.4 8.5 0.0 3.16 3.05 2.53 7. 5. .43 .588 .120 11.818 131.76 .7762 
94 6.0 10.0 7 2 6 58.4 10.0 8.6 0.0 3.14 2.96 2.36 5. 3. .43 .588 .120 11.818 132.00 .8301 
95 6.0 15.0 8 1 6 75.6 11.2 11.4 0.0 2.6C 2.20 1.96 8. 7. .43 .588 .120 11.591 168.37 1.1383 
96 6.0 15.0 e 2 e 79.6 12.1 12.9 0.0 2.9b 2.62 2.31 9. 7. .43 . 588 .120 11.591 137.41 .8977 

February 25, 1982 

CN OIS SLO T R E SG G3 G23 SC SEO SIL CLY VI V2 RN EN EI * ' SOD EC 

97 3.0 1.0 1 1 7 39.0 2.6 5.4 0.0 2.31 1.98 1.30 6 .  4. .46 .775 .217 5.999 107.9fc .6571 
98 3.0 1.0 1 2 7 35.7 2.6 4.7 0.0 1.82 1.58 1.15 6. 4. .46 .775 .217 5.999 118.66 .7020 
99 3.0 5.0 2 1 7 50.1 4.0 5.5 0.0 2.58 2.16 1.39 9. 7. .46 .775 .217 5.977 151.49 .9149 

100 3.0 5.0 2 2 7 47.2 2.4 5.4 O.C 2.43 2.26 1.53 7. 5. .46 .775 .217 5.977 ie2.93 1.0933 
101 3.0 10.0 3 1 7 58.4 3.0 4.9 0.0 2.99 2.66 1.61 10. 9. .46 .775 .217 5.909 128.81 .7294 
102 3.0 10.0 3 2 7 59.6 4.7 6.4 0.0 3.10 2.90 1.75 10. 8. .46 .775 .217 5.909 125.63 .7347 
103 3.0 15.0 4 1 7 77.9 4.3 8.4 0.0 3.81 3.54 1.90 11. 9. .46 .•775 .217 5.796 149.26 .9232 
104 3.0 15.0 4 2 7 62 .4 8.1 9.5 0.0 3.07 2.86 1.71 10. 9. .46 .775 .217 5.796 158.17 .9710 
105 6.0 1.0 5 1 7 29.0 1.7 3.8 0.0 1.52 1.41 1.18 11. 10. .46 .775 .217 11.998 115.53 .6952 
106 6.0 1.0 5 2 7 29.8 2.6 3.1 0.0 2.09 1.91 1.64 11. 10. .46 .775 .217 11.998 187.38 1.0830 
107 6.0 5.0 6 1 7 45.6 1.4 3.7 13.4 2.43 1.93 1.31 28. 8. .46 .775 .217 11.954 96.97 .7251 
108 6.0 5.0 6 2 7 43.2 1.8 5.4 13.4 2.84 2.00 1.40 23. 9. .46 .775 .217 11.954 92.54 .6766 
109 6.0 10.0 7 1 7 93.1 6.4 9.6 29.1 2.76 2.24 1.42 23. 9. .46 .775 .217 11.818 96.22 .6194 
110 6.0 10. C 7 2 7 50.5 7.4 7.8 25.1 2.26 1.78 1.28 21. 8. .46 .775 .217 11.818 89.95 .6342 
111 6.0 15.0 e 1 7 79.2 6.7 9.3 31.2 2.32 1.94 1.16 25. 4. .46 .775 .217 11.591 96.27 .7079 
112 6.0 15.0 8 2 7 145.4 11.5 15.6 44.3 2.39 1.98 1.21 30. 10. .46 .775 .217 11.591 82.09 .5967 
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