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ABSTRACT

The Green-Ampt model was used to evaluate the infiltration 

parameters by testing it on Sambret and Lagan catchments of Kericho 

district, Kenya. The comparison of observed and predicted surface 

runoff formed the basis for evaluating the parameters in the 

Green-Ampt infiltration model. The model parameters were obtained 

frcm texture based nomographs emanating from United States 

Department of Agriculture-Soil Conservation Service (USDA-SCS) . 

Values of antecedent soil moisture were obtained from available 

records. The nomographs have not been previously examined in Kenya. 

The storm hyetographs and hydrographs provided the necessary 

hydrologic information in the analysis.

For the selected events in all catchments, surface runoff was 

overestimated by the model both in its original form, for pended 

conditions and the modified form, for predicting rainfall 

infiltration. This was regardless of the influence of interception 

which was estimated as a percentage of storm rainfall for each 

event considered. Poor prediction by the original Green-Ampt model 
was attributed to its poor representation of infiltration during 

rainfall events. It assumes immediate ponding at the onset of rain 

so that surface runoff starts at the moment rainfall commences. The 

result is an overprediction of surface runoff. Cverprediction of 

surface runoff by the modified Green-Ampt model was attributed to 
the low values of saturated hydraulic conductivity (K.) and
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effective porosity (9S) predicted from the nomographs. A  low value 

of Kg implies that less water is allowed to infiltrate resulting in 

high surface runoff volume. A low effective porosity (0S) means a 

reduced moisture deficit due to the small difference between the 

porosity and antecedent soil moisture.

Attempts were made to establish a correct value of Kg for each 

catchment through an optimization and validation exercise. Kg is 

the most variable and unpredictable parameter. 03 is a function of 

soil texture and varies only slightly with land use changes. The 

measured value of 03 (0S=O. TcrrtVcm3) obtained from records was used 

in the procedure of optimization and validation. Saturated 

hydraulic conductivity (Kg) for Sambret, Sambret sub-catchment, and 

Lagan catchments were found to be 0.03, 0.04, and 0.05cm/h 

respectively. Since these optimized values were those obtained with 

interception taken into consideration, the results therefore show 

that interception has a significant effect on the rainfall- 

infiltration-runoff process in ail the catchments studied. These 

results also show that the nomographs require modifications before 

they can be used on Kenyan catchments.

The infiltration rate curve derived from the original Green-Ampt 

model was compared to the curve obtained from double ring 
inf iitrometer measurements. The results indicated that the

concentric cylinder measurements yield highly 
unreliable results which must be used cautiously.

variaoxe and
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1. INTRODUCTION

1.1 Generail Background

Infiltration is the term applied to the process of water entry into 

the soil, generally by downward flow through all or part of the 

soil surface (Hillel, 1982) . In the context of this thesis, a 

number of terms associated with infiltration are briefly defined. 

The first term is the instantaneous infiltration rate (fj which is 

defined as the rate at which water moves through the soil surface 

(mm/h) . Another term of interest, the infiltration volume or 

cumulative infiltration (F) , is the total volume of infiltration 

from the beginning of a rainfall event (mm) . The infiltration 

process is influenced by many soil and hydrologic factors such as 

the antecedent (initial) soil moisture. Wet soils will absorb less 

water than dry soils. Another factor is the soil surface condition. 

Tillage and the presence of cracks may lead to higher infiltration. 

The soil type also influences infiltration. Soils with ccarse 
texture will have higher infiltration. Vegetation, through 

retarding velocity, and increasing the time water is resident on 

the soil surface, increases infiltration. Many other factors 

influence the infiltration process. These include landslope, soil 
compaction, surface sealing, temperature, and duration of 

precipitation among others. The process is, therefore, a complex 
one that has drawn the attention of many research workers.

There is need to find means by which the infiltration process can
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be described by physical analysis based on simplified mathematical 

procedures. An approach of this nature would enable one to 

characterize the infiltration process using a model approach in 

which the concepts can be easily comprehended and where the 

parameters involved are related to the soil physical properties 

that influence infiltration. The parameters in such models should 

be such that they are measurable or can be easily estimated from 

soil properties related to them.

This study focuses on the role of Green-Ampt infiltration model in 

determining the infiltration behaviour of soils on selected 

catchments in Kenya. The model is based on the law of continuity or 

the conservation of mass to describe water flow into a homogeneous 

soil (Chow et al., 1988). The model parameters may be easily 

determined from soil texture. The study further evaluates the 

validity of texture based nomographs originating from United States 

Department of Agriculture-Soil Conservation Service (USDA-SCS) .

1.2 Justification

In the past, cans, ring infiltrcmeters, sprinkling infiltrometers, 
bottle infiltrcmeters and other techniques have been used to 
measure infiltration rates. Due to the temporal and spatial 

variation of infiltration characteristics, these methods have 

yielded highly variable and unreliable results which cannot be used 
reliably in agricultural water management activities. Soil features 

over a given field, however small are never identical. Even if a
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particular method were to be used to measure infiltration in a 

small area such as a field, variation would still be observed in 

the measured values. Therefore there is a need for developing 

techniques by which this process may be described adequately based 

on measurable soil and hydrologic properties. The use of a model 

approach to prediction of infiltration is therefore advisable. The 

advantage of using models is that they predict infiltration taking 

into account soil characteristics that influence the process and 

therefore provides a better estimation of infiltration as compared 

to the measurements carried in some specific sites.

Simple, empirically based models, such as those of Kostiakov and 

Horton are popular because of their simplicity and capability of 

fitting most infiltration data. These models can give reliable 

results when calibrated, however they are limited in their ability 

to incorporate the influence of physical soil properties (e.g. 

texture, bulk density, and hydraulic conductivity) on infiltration 
because the model parameters have no physical meaning (Mullem, 

1991) , and thus cannot be parameterized using these properties. The 

shortcoming of these empirical models therefore is that they have 
no physical basis upon which they can be used to describe 

infiltration. Bradford et al. (1990) point out that the calibration 

of empirical models is impossible because no hydrological records 

exist that are representative of changes in catchment soil 
properties contemplated. Again the models describe the infiltration 
process under pended soil conditions which cannot be used to
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describe rainfall infiltration which often occurs under unsaturated 

soil conditions. In view of this, the need to introduce theoretical 

concepts in predicting infiltration characteristics has become 

necessary, hence the preferable use of physically based models. 

Physically based models can in principle be used to simulate future 

changes in catchment hydrologic response because the plugging of 

changed values of parameters in the model equations allow such 

simulation.

Complex models, despite the fact that they provide a physically 

consistent means of quantifying infiltration in terms of soil 

properties that govern soil water movement are rarely used in 

practice. The shortcoming with these models is the elaborate 

mathematical procedures involved which are of limited use in 

practice. Also a more severe limitation is the difficulty of 

obtaining the necessary soil data. Variation of soil properties 

both with depth and from point to point in the field will require 

numerous measurements to adequately describe field conditions. Such 

data are only available for limited soils and the present methods 

for determining properties are difficult. In light of this, the 
need to utilize physically based models that use simplified 

theoretical concepts is required for predicting infiltration 
behaviour.

The use of simplified concepts based on parameters that can be 

quantified using measurable soil and hydrologic properties is
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required to predict infiltration from consideration of the fact 

that neither the simple empirical models nor the complex 

theoretical ones can simplify the determination of infiltration 

characteristics at minimal cost and time. The Green-.Ampt model has 

in the recent past become widely used because of its applicability 

in describing infiltration under various modes of water entry into 

the soil. It is also based on a simplified theoretical concept and 

the parameters in the model can be easily determined from soil 

properties that can be measured. Parameter determination for the 

Green-Ampt model is based on the nomographic technique in which 

information on texture is used in conjunction with nomographs 

developed by Rawls and Brakensiek (1383) to estimate the 

parameters.

Surface runoff may be predicted from rainfall using an infiltration 

approach. This is based on a hydrologic technique which involves 

analysis of rainfall and streamflow on a gauged catchment. By 

prediction of infiltration characteristics using Green-Ampt model 

and super imposing it on a rainfall hyetograph taking into account 

other significant abstractions, surface runoff may be predicted. 

When this is compared with the observed surface runoff derived by 

hydrograph analysis, an assessment can be made of the parameters 

involved in the Green-Ampt model. By adjustment of suspect model 
parameters, an appropriate set of parameters maybe established for 

which the measured and predicted surface runoff compare reasonably 
well. Thus the hydrologic technique plays a significant role on
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evaluation of infiltration characteristics of a catchment. Such an 

approach for estimating infiltration in Kenyan catchments has not 

been applied so far. The majority of the infiltration studies in 

Kenyan catchments are based on concentric ring inf iltrometers which 

at times are known to yield exaggerated values of infiltration 

rates. It is against this background that the present study is 

directed to evaluate the infiltration characteristics using the 

observed rainfall, runoff and soil data from the gauged catchments.

1.3 Objectives and Scope of the Study

The objectives of the study are as follows:

1. To test the applicability of the USDA-SCS texture based 

nomographs for estimating the Green-Ampt infiltration 

parameters.

2. To calibrate and validate the Green-Ampt infiltration model 
using the rainfall-runoff data from the gauged catchments.

The study is intended to evaluate the infiltration process by 

analyzing the surface runoff predicted from the Green-Ampt 
infiltration model. The model parameters are to be estimated from 

textural soil properties using nomographs. The analysis will be 

based on the available data on rainfall, streamflcw and soil 

moisture from the gauged catchments viz. Sambret and Lagan in 
Kenya. Good quality data on rainfall, streamflow and soil moisture 

are available from these catchments for a period of 16 years
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(1958-75) .

1.4 The Study Area

Two catchments, namely Sambret and Lagan in Kericho district, Kenya 

were chosen for the study (Fig. 1.1) . The catchments are situated 

in the south west Mau forest reserve in Western Kenya within the 

Lake Victoria drainage basin (Fig. 1.2) .

The catchments consist of two parallel valleys at a mean altitude 

of 2200m. Figs. 1.3 and 1.4 show the catchments indicating the 

location of the recording raingauges, river gauging stations, and 

moisture sampling sites. Before 1958, both catchments were under 

unbroken forest cover and topographically similar with mean slopes 

of 4 percent for Lagan and 4.5 percent for Sambret. Following the 

completion of negotiations in 1957, between the Kenya government, 

East African Agricultural and Forestry Research Organization 

(EAAFRO) and the Kenya Tea Company, now 3rooke Bend Liebig (Kenya) 

Limited, a suitable area of forest within the West Mau Forest 

Reserve was to be made available for a catchment study designed to 

evaluate the changes in total water yield and its seasonal 
distribution that might result from replacing natural forest by tea 

estates. The Sambret catchment was chosen as the experimental 

catchment. Sambret was originally mostly evergreen forest with 
montane bamboo appearing at 2300m. The area of the catchment is 702 
hectares of which 376 ha became tea estate which include roads and 
estate buildings as well as stands of tea, 129 ha remained under
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forest, and 190 ha contained mixed bamboo with scattered evergreen 

forest elements. There is also an 8 ha, partially enclosed drainage 

basin (Fig 1.3) in the upper part of the catchment. Under the 

experimental programme, Lagan (544 ha) remained as control 

catchment entirely under moist evergreen high forest. Detailed 

description of the vegetation of these catchments has been 

presented by Kerfoot (1962) and is presented in Appendix 1.

The soils in these catchments consist of deep, stone free, clay 

soils heavily leached and uniform in physical structure to a depth 

of 6m (Edwards et al., 1979) . A  summary of soil survey observations 

in the Sambret catchment is well presented by Scott (1962) and is 

also shewn in Appendix 2. The climatic envircnmenc of the two 

catchments, based on 16 years record, is summarized by 

meteorological data in Table 1.1.
Table 1.1 Mean monthly rainfall and tenperature data (1958-74) for 

the Sambret: and Lagan catchments (adapted from Tea 
Research Foundation)

Altitude 2073m, Latitude 0° 21'S, Longitude 35= 20'E

Rainfall (mm) Temperature (0C) .
Mcnnh1y total Max.' Min. Mean

January 92.6 23.9 9.0 16.5
February 104.8 24.1 9.1 16.6
March 171.5 24.1 9.5 16.8
April 264.4 22.8 10.0 16.4
May 282.8 21.9 9.8 15.3
June 209.3 21.3 9.1 15.2
July 197.0 20.5 9.2 14.9
Aucrust 213.2 20.8 9.1 15.0
September 131.3 21.9 3.6 15.3
October 172.3 22.3 9.1 15.7
November 151.0 22.3 9.7 16.0
December 98.2 23.0 9.1 15.1
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1 KM

*ig. 1.3 The Sambret catchment (adapted from Edwards et al.,1976)>-



w  Weir

(7) Gravimetric soil moisture sampling site

« Recording raingauge 
— Catchment boundary.

Fig. 1.4 The Lagan catchment (adapted from Edwards et al., 1979) .
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2. LITERATURE REVIEW

2.1 Infiltration Related Studies in Kenya

Infiltration studies have been carried out in Kenya using 

inf iltrometers. These studies have indicated that:

i) For a given method of measuring infiltration, say double ring

infiltrcmeter, infiltration characteristics vary over space 

even cn the same soil type (Mwaura, 1980) .

ii) Infiltration characteristics of different soil types vary with

the methods used (Njuguna, 1979) .

The above mentioned infiltration studies were largely focused to 

provide empirical relationships for application in flood irrigation 

systems. The physics of flow during the process of infiltration 

using the physical soil properties and hydrological factors were 

not .analyzed.

Infiltration related work has also been carried out in Kenya using 

rainulators and disc permeameters. Chiti (1991) used rainfall 
simulators to determine infiltration rates while conducting soil 

erosion studies under laboratory conditions. The author has 
mentioned the influence of certain soil properties on infiltration 

e.g. antecedent soil mo is cure and rainfall variability, however the 
mathematical analysis of the infiltration process as influenced by 
these properties was not part of the study. The author was 

primarily concerned with the total infiltrated water and net the
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description of the infiltration process under water application 

using the simulators. The use of such simulators does not represent 

natural rainfall conditions in terms of droplet size and terminal 

velocity. Gachene (1995) used the disc permeameter to determine 

steady state infiltration rates as well as unsaturated and pended 

hydraulic conductivities while carrying out studies to asses the 

influence of cumulative soil loss on soil physical and chemical 

properties of a nitisol in the highlands of central Kenya. Field 

studies associated with this work were conducted using runoff plots 

at Kabete campus, Nairobi. These studies in Kenya were not aimed at 

describing the infiltration process by physical analysis especially 

on a catchment scale. A  study of this nature is one of determining 

a spatially averaged infiltration rate on the basis of catchment 

characteristics like lanause, vegetation, soil texture, etc. that 

influence infiltration. In short, the aforementioned studies in 

Kenya are of limited physical analysis of water flow into the soil 

for description of the infiltration process.

2.2 Infiltration. Equations and Models
Numerous formulations, some entirely empirical and others 

theoretically based, have been proposed over the years in repeated 

attempts to express infiltration rate or cumulative infiltration as 

a f-unction of time. [Models that are strictly empirical require 
parameters that must be obtained from measured infiltration data or 
estimated from more approximate procedures. On the other hand 
theoretically based equations are used to characterize infiltration
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by solving the relevant differential equations using numerical 

methods. These solutions provide a physically consistent means of 

quantifying infiltration in terms of the soil properties governing 

the movement of water and air.

Attempts to characterize infiltration for field applications have 

usually involved simplified concepts which permit the infiltration 

rate or cumulative infiltration volume to be expressed 

algebraically in terms of time and certain soil parameters 

(Skaags and Khaleel, 1982) . In developing these approximate models, 

simplified principles of the soil water movement have been applied. 

The parameters in such models can be determined from soil water 

properties when they are available.

Some of the more widely applied equations are presented brierly as 

follows.

2.2.1 Kostiakcrv Equation (Proposed in 1932)
This is one of the simplest and among the most commonly used 

empirical infiltration equations. It is expressed as

f=at~b c> 0 (2.1)

where
fp = infiltrability at time t (mm/h) 
t = time after infiltration starts (h)

a and b are constants which depend on soil and initial conditions.
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The parameters in this equation have no physical interpretation and 

must be evaluated from experimental data.

2.2.2 Horton Equation (Proposed in 1940)

This is a three parameter infiltration equation which may be 

written as

fp= ^ ( f 0- g e - f c (2.2)

where

fp= infiltrability (mm/h) at time t 

fc = the final infiltration rate (mm/h) 

f0 = infiltrability at t = 0 (mm/h) , and 

S is a parameter which controls the rate of decrease of 

infiltration rate. The parameters fa and S depend on the initial 

water content as well as the application rate, and for homogeneous 

profiles, f= will be somewhat smaller than the saturated hydraulic 

conductivity. Again the equation parameters must be evaluated from 

experimental infiltration data.

2.2.3 Richards Equation (Proposed in 1931)

This is the most theoretically based equation which uses the 
general equation of flow for unsaturated porous media derived by 

Richards. It is a second order, non-linear partial differential 

equation which may be written as,
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c9 __d_ cij; _ cif(6)
dt dz' dz dz

(2.3)

where
0 = volumetric moisture content (rmt/nm3) 

z = distance below the soil surface (mm) 

i|r = soil water matric potential (mm)

K(0) = unsaturated hydraulic conductivity (mm/h) and is 

dependent on the moisture content.

The equation is derived by combining the Darcy's law with the law 

of conservation of mass to obtain the general flow equation for 

water in the soil. Derivation of Richards equation from 

aforementioned physical laws is documented in Hillel (1982) .

2.2.4 Phillips Equation (Proposed in 1957)

Phillips solved Richards equation (Eq. 2.3) for a ponded surface 

and deeo homogeneous soil and proposed the following infiltration

e q u a tio n .

JL
F=St 2 +AC (2 .4 ) .

where
F = volume of infiltration at time t (mm)

3 = sorptivity (mmh'1/2)
A = transmissivity (mm/h)

3 and A are constants depending on soil properties and initial



17

moisture content. In its differentiated form, the equation may be 

expressed as

where f? is as defined previously.

2.2.5 Hoi tan Equation (Proposed in 1961)

This is an empirical equation described by Hoi tan in 1961. Skaags 

and Khaleel (1982) point out that several modifications from the 

original form yield the following equation.

SA = available storage in the surface layer (mm)

GI = growth index of crop in percent of maturity 

a = an index (mm/h per (irm)1-4 of storage) of surface 

connected porosity which is a function of surface conditions and 

^ the density of plant roots.
fc = steady state infiltration rate (rrm/h)

Detailed description of the above models are well documented in 

Hillel (1982), Slack and Larson (1981), Skaags and Khaleel (1982) 

and Chow et al. (1988).

(2.5)

£=GI.a.SA1-i+f„p
(2 .6 )

wnere
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2.2.6 The Green-Amp t Infiltration Model for Ponded Conditions 

(Proposed in 1911)

Green and Ampt developed an approximate theory that has an exact 

analytical solution to derive an infiltration model (Chow et al., 

1988) . The derivation was based on the following assumptions.

- the surface is ponded to a negligible depth.
- soil profile is deep, homogeneous and has a uniform initial 

moisture.
- diffusion of soil moisture is negligible.

However the eouation is by far one of the best models available to 

describe infiltration during a rainfall event and the prospect for 

an improved analysis is promising (Chu, 1978) . The model has 

’undergone numerous modifications to cater for conditions under 

which the assumptions do not apply. Bcuwer 1969, quoted by Skaags 

and Khaleel (1982) has shown that the model may also be used for 

ncn-uniform initial water content. The Green-Ampt equation has 

further been used with good results for profiles that become denser 

with depth, those where hydraulic conductivity increases with depth 

and also for soils with partially sealed surfaces. The form of 

equation remains the same when simultaneous movement of both water 
and air is considered (Skaags and Khaleel, 1982)

The model utilizes Darcy's law and the law of continuity. Water is 
assumed to enter the soil as slug flew resulting in a sharply 

defined wetting front which separates a wetted zone from the 
unwetted one. The simplified picture of infiltration as proposed by
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Green and Ampt is shown in Fig. 2.1.

Fig. 2.1 Definition sketch for Green-Ampt Model 
(adapted from Viessman et al., 1989).

Referring to Fig. 2.1 

Kj=ponded depth (mm)

L=depth to the wetting front (mm)

03=water content behind the wetting front (mm3/mmJ)

©^initial water content (rnmYnm3)

Application of Darcy's law and the law of continuity yield the 

following original form of Green-Ampt equation.

F-*<-1-0Jln(l.yr^ > = . V  (2.7)
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where

F = cumulative infiltration (mm) 

ijr = suction at the wetting front (nm) 

t = infiltration time (h) 

r\ = total porosity (rrmVinn3)

©i = initial water content (mrf/rrm3)

Kg = hydraulic conductivity of the wetted zone (mm/h) 

The differentiated form of the equation is expressed as

£-Ks[
4r (r| -0v) 

p -1] ( 2 . 8 )

where
f = infiltration rate (itm/h)

Detailed derivation of equations (2.7) and (2.8) may be found in 

Chow et al. (1988) .

It should be pointed out that the derivation of these equations 

assume a ponded surface so that infiltration rate is equal to 

infiltrability all times. The original derivation also assumed 

total saturation behind the wetting front so that the moisture 

deficit is given by (fj -0^, however this requirement has been 

relaxed (Skaags and Khaleel, 1982) hence the difference between 
initial and final moisture content becomes 0S - (tillable 
porosity) . 03 is constant but net necessarily equal to total 

porosity. The modified equations thus take the following forms.
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(2.9)

and the integrated form

(2 . 10 )

Where

Sav = average suction at the wetting from: (mm)

9S = actual moisture content behind the wetting

front (mmVnm3)

S* = effective suction at the wetting front (mm)

Other parameters are as previously defined.

2.2.7 Application, of Green-Ampt Model to Rainfall Infiltration

The Green-Ampt infiltration model and even the other models 

discussed in the previous sections are based on assumptions that 

water is pended to a small depth on the soil surface so that all 

the water the soil can infiltrate is available at the surface. 

However, during a rainfall event, water will pond on the surface 

only if the rainfall intensity is greater than the infiltrability 

of the soil. During a rainfall event there are periods of heavy 

downpour and periods of light drizzle. Under heavy intense 

rainfall, the soil surface becomes ponded with water. When 
intensity is light there is no surface pending. As pointed out: by 
Chu (1978), there are two distinct stages of infiltration during a 
rainfall event: a stage in which the ground surface is ponded with
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'^ter and a stage without surface ponding. Under ponded conditions, 

infiltration occurs at the maximum rate and is referred to as the 

infiltrability (f?) . However without surface ponding, all the 

rainfall infiltrates into the soil and the rate of infiltration 

equals the rainfall intensity, which is less than the 

infiltrability. The Green-Ampt equation was originally formulated 

to describe the infiltration process under a ponded surface. The 

time that separates the two stages of infiltration should be 

determined to offset the difficulty of modelling infiltration 

during a rainfall event. The infiltration for different stages can 

thus be treated separately.

Mein and Larson (1971) utilized concepts of flow similar to those 

of Green and Ampt to develop a relationship for predicting 

infiltration volume prior to surface ponding for the case of an 

initial uniform moisture profile and constant rainfall rate. At the 

time of surface ponding, from Eq. (2.9),

£=£p=R=Ks( 1 + i ^ )  (2.11)

Where

m = e3 - et
FP = cumulative infiltration (nm) at ponding time (tp)

R = rainfall intensity (mm/h)
Substituting Sav for Sf and solving for Fp, the equation may be 

expressed as,
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(2.12)

Prior to surface ponding, f = R
Hence, for steady rainfall, the infiltration rate may be expressed

as,

f=R C<tp (2.13)

and

S M O t p (2.14)

Where

(2.15)

I f  R < Kg, surface ponding will not occur provided the profile is 

deeo and homogeneous as is assumed in the original Green-Ampt 

equation.

Studies suDporc the use of Green-Ampt equation for unsteady 

rainfall. A study quoted by Skaacs and Khaleel (1982) found cut 
that the poterxial infiltration race (f?) cor unsceady ramcail 
could be approximated as a function of cumulative infiltration -(F)
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regardless of the application rate versus time history. The 

Green-Ampt equation expresses f as a function of F for steady 
rainfall, a special case of unsteady rainfall, hence it follows 
that the equation should hold for unsteady case as well. A 

comprehensive study of the application of the Green-Ampt equation 

for unsteady rainfall was carried out by Chu (1978) who found a 

good agreement between the predicted rainfall excess (based on 

the modified equation) and measured runoff from a 113-acre 

watershed. A simplified approach to rainfall infiltration is 

given by

Skaags and Khaleel (1982), which may be expressed as,

ic, < e- V  c*> sF's» In (l* ,o J  ,c > <2 •16 >J av.

where
ts=equivalent time to ponding (h) i.e. the time to 

infiltrate volume F? under initially ponded surface 

conditions.

2.2.8 Determination of Green-Ampt Model Parameters
2.2.8.1 Hydraulic Conductivity
The accurate determination of Ks poses problems because of its 

variation over space and time. A number of techniques have been 
proposed to determine saturated hydraulic conductivity. Field 

methods of measuring saturated hydraulic conductivity include 

augerhole and piezometer methods (below the water table). Above 
water table methods include the shallow well pumping and field
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permeameter methods. Saturated hydraulic conductivity may also be 

determined by laboratory techniques. Laboratory permeameters 

(constant and variable head permeameters) are used as laboratory 

techniques. Field techniques present more representative field 

conditions and hence give better results.

3.2,9.2 wetting Front Suction
A technique to determine wetting front suction from field 

measurement is presented by Ecuwer (1966) . He developed an 

apparatus to measure the air entry suction of the soil from which 

an estimate of Sav may be made. Mein and Larson (1971) proposed that 

the average suction at the wetting front Sav can be conveniently 

expressed in terms of relative conductivities as

Where
Kj. = relative conductivity 

S = soil suction (mm)
K(0) = hydraulic conductivity at moisture content (0) 

(mm/h)
K(0S) = hydraulic conductivity at saturated soil 

moisture content (mm/h)

1
(2.17)

3

(2.18)
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This suggests that S-K relationship for the soil in question is to 

be known. From Eq. (2.17) the wetting front suction is simply the 

area under the S-K,. curve. In practice the S-K, relationship near 

K,=0 is hard to define, so, the area in the range K, = 0.01 to 

X, =1.0 may be used (Mein and Larson, 1971) .

The theoretical justification for determining the wetting front 

suction parameter in the Green-Ampt equation is presented in detail 

by Mein and Farr el (1974) . The need for hydraulic conductivity 

versus capillary conductivity relation for the soil is emphasized. 

However the authors point out that the S-K relationship for a soil 

is both tedious and time consuming to determine and hence suggests 

that things would be simplified if Sav could be obtained from S-0 

carve (moisture release curve) . This may be achieved by making use 

of equations which relate hydraulic conductivity to pore size 

distribution so as to permit Sav to be estimated from S-0 carve 

without any measurement of conductivity.

Marshal (1958) presented an appropriate technique for calculating 

permeability from the curve relating water content to suction. The 
calculated values were found to agree satisfactorily with measured 

values ever a wide range of permeability. The hydraulic
conductivity may be obtained in cm/s from the intrinsic 

permeability using the formula

(2.19)



27

Where

p = density of water (g/cm3) 

g = acceleration due to gravity (cm/s2) 

k = intrinsic permeability (cm2) 

ix = viscosity of water (g cm'1 s'1)

K = hydraulic conductivity (cm/s) .

2.2.8.3 Effective Porosity

According to Ahuja et al. (1988) , the effective porosity of a soil 

may be regarded as the difference between the total porosity and 

water content at -33 kpa potential.

2.2.8.4 Antecedent Moisture Content

The soil water content prior to a storm, Qtl should be obtained 

from soil moisture measurements. However the modeller may selecc 0._ 

cased on soil texture and antecedent rainfall conditions 

(Madramoctoo and Enright, 1989) .

2.3 Measurement of Infiltration

The rate at which water can enter the soil when not limited by the 

rate of supply is measured in the field with water either ponded on 

the surface or falling on it as artificial or natural rain at a 
race sufficient to cause seme runoff (Marshal and Holmes, 1988) . 
Several methods of determining infiltration characteristics may be 
found in literature, the most carmen being the double ring
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infiltrometer. These methods are discussed briefly as follows.

2.3.1 Ring Infiltrcmeters

An infiltrometer is a wide short tube or other impervious boundary 

surrounding an area of soil (Wilson, 1974) . In the case of ring 

infiltrometers, the infiltration characteristics of the soil is 

determined by ponding in a metal cylinder installed on the field 

surface and observing the rate at which water lowered in the 

cylinder. Michael (1987) points out that in earlier studies only a 

single cylinder was used and many of the data indicated a high 

degree of variability due to the uncontrolled lateral movement of 

water from the cylinder after the wetting front reaches the bottom 

of the cylinder. While the wetting front is in the cylinder, the 

■water subsidence rate corresponds to the infiltration rate. When 

the wetting front passes below the cylinder, a more or less 

divergent flow will occur. The lateral movement of water from the 

cylinder is minimized by ponding in a guard cylinder of buffer area 

around the cylinder, hence the double ring infiltrometer. The 

cylinders are usually about 25cm deep and formed from 2mm rolled 

steel. The inner cylinder, from which the infiltration measurements 
are taken is usually 30cm in diameter. The outer cylinder, used to 

form the buffer is about 60cm in diameter. The cylinders are 
installed about 10cm deep in the soil. Figs. 2.2 and 2.3 show the 

two types of ring infiltrometer.
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Metal rings

Fig. 2.2 Double ring infiltrameter

Fig. 2.3 Single ring infiltrcmete:



30

Details of the experimental set-up and description of infiltration 

measurements using the cylinder infiltrcmeters may be found in 

Michael (1978). While ring infiltrometers give useful comparative 

results, they do not simulate real conditions e.g. those under 

which instantaneous flooding does not occur like during rainfall 

infiltration. Hence they have been replaced by sprinkler tests on 

larger areas.

2.3.2 The Sprinkling Infiltrameter

The sprinkler simulates rainfall which is measured as inflow. The 

runoff as outflow from the plot is collected and measured. The 

difference between inflow and outflow is assumed to be infiltrated. 

Despite rain-simulating sprinklers being a good deal more realistic 

than the flooded rings, there are limitations to the reliability of 

results thus obtained, which usually give higher values of 

infiltration rate than natural conditions do (Wilson, 1974) .

2.3.3 Drainage Basin Rainfall-Runoff Analysis

An improvement on sprinkling infiltrometer may be achieved by 
choosing small 'homogeneous' drainage basins and carefully 

measuring precipitation, evaporation and surface runoff as outflow. 
Techniques are available by which, through elimination of 
everything except infiltration, average infiltration rate values 

may be obtained for such casins (Wilson, 1974) . Where interception 
losses and surface depression storage are significant, these have
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to be taken into account together with infiltration before the 

surface runoff may be predicted accurately. These abstractions are 

briefly discussed as follows.

2.4 Interception Losses

The precipitation that actually reaches the ground surface is 

significantly influenced by interception. Factors affecting 

interception, methods of measuring interception and its 

significance in water balance have been discussed by Ward and 

Robinson (1992) . Estimated interception losses from selected types 

of vegetation have also been given. In an attempt to model 

interception, simple equations that have been developed for 

calculating interception are based upon the principle factors that 

influence it and can be found in the text.

From literature revisited on the approach by a number of authors in 

quantifying interception and depression storage when modelling 

interception, it is observed that no universally accepted 

technique was used in doing so. Morel-Seytox (1981) has assumed a 

value of 1.27mm for interception while modelling infiltration 
during a variable rainfall event using the Green-Ampt model. The 

storm was arbitrary and the author aces not elaborate how the value 

was arrived at.

2.5 Depression Storage

The depression storage is closely linked to interception. It
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conprises the water retained in hollows and depressions on the 

ground surface during and after rainfall. The water may be 

evaporated back directly or used by vegetation or else infiltrate 

into the soil, so that none of it appears as surface runoff.

Depression storage is commonly thought of as a small scale 

phenomena related to minor depressions and puddles but may be 

significant on a larger scale where topographical conditions are 

particularly favourable, in which case the surface retention 

storage must be filled before surface runoff can begin. That is, if 

infiltrability falls below rainfall intensity, water will be pended 

on the surface until the ponded depth reaches the maximum value. 

After this, rainfall in excess of infiltration will be available 

for runoff. The nature of depressions, as well as their size is 

largely a function of the original landform and local lanause 

practices and because of the extreme variability in the nature of 

depressions, no generalized relation with enough specified 

parameters is feasible (Viessman et al., 1989). The geometry of 

land surface is usually complex and thus the depressions vary 

widely in size, degree of interconnection, and contributing 
drainage area (Viessman et al., 1989) . The aforesaid authors quote 

depression losses from intense storms as 5.08mm for sand, 3.81mm 

for loam and 2.5nm for clay. A depth of 6.35mm is quoted for 

pervious urban areas and 1.59mm for pavement:s.

Maaramcotoo and Enright (1989) assumed a value of 1cm depression
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storage for a Canadian watershed of 8.13km2 area on which they 

carried out studies on the use of Green-Ampt infiltration model to 

predict surface runoff. The rural watershed had a variable soil 

type and landuse described in detail by the authors who also 

indicated that the aforementioned value of depression storage suits 

large storms. However for smaller storms the assumed value would be 

too large. The value to be used for smaller storms was not 

indicated.

Studies in Kenya have ignored the role of theoretical analysis in 

determining the infiltration characteristics of soil. It is against 

this background that the current study is carried out. The study is 

intended to introduce theoretical concepts in describing the 

infiltration process. The Green-Ampt model, known for its wide 

applicability in predicting infiltration rates on a catchment scale 

has been chosen in the first instance. The model parameters ( i.e. 

saturated hydraulic conductivity, wetting front suction, antecedent 

soil moisture, and saturated soil moisture content) , can either be 

measured or estimated from related soil properties. The parameters 

may also be obtained from information available on soil maps and 

soil survey reports.
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3. MATERIALS AND METHODS

3.1 Data Acquisition

The data acquisition for use in the research were basically on soil 

properties, rainfall and streamflow. Records on the required 

information were obtained from the archives of Kenya Agricultural 

Research Institute, Tea Research Foundation, Kericho, and Ministry 

of Water Development headquarters, Nairobi, Kenya.

3.1.1 Abstraction of Hyetographs

Rainfall charts showing daily rainfall records for the period 

1953-74 were acquired. Days were identified for which records on 

moisture content prior to a storm were available. Bearing in mind 

that rainfall occurred on the identified days, rainfall hyetographs 

for the days selected were derived from the rainfall charts.

3.1.2 Abstraction of Hydrographs

The hydrcgraphs resulting from the selected storms were developed 

from charts showing the stagegraphs. Charts giving the streamflow 

records for the period 1958-74 were obtained from the archives of 
Kenya Agricultural Research Institute. Table 3.1 shows the rating 

equations used to convert the stage graphs to hydrcgraphs resulting 

from the selected storms.
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Table 3.1 Rating equations for the gauging stations at the research 
catchments

Station Catchment and its Rating equations
Uq - Land use

1JC13 Sambret (main outfall) q = 2.2344 H1-5264 H<=0.1677m
Tea

q = 1.0797 H1-2191
0.1677m < H <=0.2622m

q = 4.5606 H2-2954 H>0.2622m

1JC14 Lagan (main outfall)
Indigenous forest q = 2.243 H1-3 for all H

UC15 Sambret (sub-catchment) q = 1.343 H2-47 H<=0.1373m
Bamboo

q = 6.5178 H3-2673 H>0.1373m

where,
q= discharge in nf/s 

H= gauge height in m.
3v hydrograDh analysis surface runoff resulting from selected 

storms were determined and quantified in mm.

3.1.3 Abstraction of Soil Moisture Data

Measured values of soil moisture content (gravimetric method) were 
abstracted from available records. The gravimetric moisture content 

values from the records were available for some days in a month tor 
the period 1965-74 for the catchments selected. The values selected 
were these which were monitored on days in which storms occurred. 

Antecedent soil moisture, 0._ (volume basis) is an important 
carameter in the Green-Ampt model. To convert the mass water 
contents to volumetric moisture content bulk density measurement is

WIJVEBS/TY OF HA,BOB,
UBBABT
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used. The relationship is as follows:

«V-Pb0» <3.1)

where

Qm = mass water content (g water/g soil ) . 

pb = dry bulk density (g/crrt3) .

9V = volumetric water content (cm3/cm3) .

The moisture content in most cases is expected to lie between the 

permanent wilting point and field capacity hence the need to 

incorporate these parameters in the data collection. Table 3.2 

shows the bulk density and moisture contents at the said limits. 

The saturated soil moisture content for these soils is O.TcmVcm3 

for the uppermost soil layer where infiltration takes place.

3.1.4 Abstraction of Soil Hydraulic Parameters in the Green-Ampt 

Equation

It is cheaper and easier to estimate parameters from soil texture 

data rather than make detailed measurements of each parameter 

especially on a catchment scale as this would require a large 
number of sites. Rawls and Brakensiek (1983) recognizing the 

desirability of parameter estimation developed a series of 

equations and nomographs to generate the parameters in the 
Green-Ampt equation based on soil texture. The latter can be easily 

measured or evaluated. The data on texture was abstracted from the 
archives of Tea Research Foundation, Kericho. These were used in 

conjunction with the nomographs to determine the Green-Ampt
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parameters. Since the soils in these areas are uniform, the same 

texture was used for Lagan and Sambret for analysis. Table 3.3 

shows the textural composition of Sambret soils.

Table 3.2 Bulk density and soil moisture data for soils in Sambret 
catchment (adapted from Tea Research Foundation)

Deoth Range Bulk Density Moisture Content Moisture Content 
(cm) (g/cm31 at 1/3 bar tension at 15 bar tension

(cmVcm3) (cmVcm3)

0-15
15-30
30-60
60-90
90-120
120-150
150-180
130-210
210-240
240-270
270-300

0.96
0.92
1.07
1.07
1.13 
1.00 
1.11 
1.15
1.13 
1.12
1.07

46.00
55.00 
52.10
54.60 
50.40 
52.70
51.60
51.00 
48.80 
53.30
61.00

29.00
30.50
34.50 
32.70 
34.10
30.20
33.50 
34.40
34.20 
33.80
51.00

Table 3.3 Soil texture for Sambret catchment

Depth range 
(cm)

Textural composition.of. 
% sand % silt

soil 
% clay Texture

0-15 20 13 67 Clav
15-30 13 17 65 Clav
30-60 14 14 72 Clay
60-90 07 13 75 Clay
90-120 15 12 72 Clay
120-150 14 17 69 Clay
150-180 07 23 70 Clay
130-210 06 20 74 Clay
210-240 04 15 81 Clav
240-270 10 16 74 Clay
270-300 11 19 70 Clav

The soil moisture release curve for Sambret. is shown in Fig. 3.1
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16

10 20 30 40 SO 60
Volumetric moisture content (%)

Fig. 3.1 Soil moisture release curve for Saxnbret (adapted from 

Tea Research Foundation)

Figs. 3.2-3.5 show the nomographs used in conjunction with texture 

to obtain the Green and Anpt parameters.
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S a n d  (%)
0 1 0 20 no HO 50 60 70 80 90 1 0 0

Fig. 3.2 Ncmogxaph for saturated hydraulic conductivity (cm/h)

(adapted frcm Rawls and Brakensiek, 1983)
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Sand (%)
0 10 20 30 <0 50 60 70 fl0 90 100

Fig. 3.3 Nomograph for wetting front suction (cm) (adapted from

Rawls and Brakensiek, 1983)
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o Sand (%)
10 20 30 40 50 00 70 00 90 100

Fig. 3.4 Nomograph for effective porosity (cmVcm3) (adapted from 

Rawls and Brakensiek, 1983)
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o
Sand (%)

10 20 30 -40 f>0 80 70 80 90 100

Fig. 3.5 Nomograph for water retention at 1/3 bar suction (cmVon3)

(adapted from Rawls and Brakensiek, 1983)
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Sand (%)
0 10 20 30 40 50 80 70 80 90 100

rig. 3.6 Nomograph for wacer retention at 15 bar suction 

(cm5/cm3) (adapted from Rawls and Brakensiek, 1983)

The Green-Ampt parameters derived were as follows: 

Saturated hydraulic conductivity, K.=0.005cm/h 

Average wetting front suction, Siv= 150cm 

Saturated soil water content, 03=O.45cmVcm3
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3.2 Data Analysis

3.2.1 Determination of Measured Surface Runoff

This was done by hyarcgraph separation. The straight line method 

was used to separate the baseflcw from surface runoff (Chow et al., 

1988) . The surface runoff volume was determined using the dot 

pianimeter. For illustration, consider the hydrograph that resulted 

from the storm that occurred on 10-9-69 in Sambret catchment 'See 

Fig. 3.7)

0.25 -r
B

i
0.05 -!

0 +
10

— I---------- 1 
20 30
Time in hours

40 50

Fig. 3.7 Hydrograph resulting from the storm that occurred cn 

10-9-69 in Sambret catchment, Kericho, Kenya

Referrir.a no Fic. 3.7 abcve the line AC separates the oaseflow zrom 
surface runoff as indicated. The area enclosed under the curve ABC
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ana the line AB, determined using the dot planimeter gives the 

measured surface runoff. The hydrograph is indicative of high 

infiltration capacity in the catchment. This may have been 

associated with high evapotranspiration losses which reduces soil 

moisture to a very small value (Wisley and Brater, 1959) . Under 

these conditions, even intense rains falling rarely produce 

substantial stream rises because most of the water enters the soil 

and is held there as soil moisture. Also a large proportion of 

rainfall may have been retained on the irregular ground surface and 
eventually infiltrated resulting into high infiltration capacity.

3.2.2 Prediction of Surface Runoff (Without Interception)

The exercise involved separating infiltration component:, predicted 

by the Green-Ampt model, from the rainfall amount. The abstraction 

by the process of interception is regarded negligible. The author 

developed a comouter programme, written in Pascal language to 

perform the separation, through the following procedure for each 

event.
i) Model parameters were read into the programme so that the time 

distribution of infiltration rate may be determined from the 

model (incorporated in the programme) for any given time 

interval.
ii) Knowing the intensity distribution of rainfall obtainable 

from the hyetographs, each intensity and its time interval is 
entered into the program in the time sequence in which they 

appear in the hyetcgraph.
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iii) Having entered an intensity and its time interval, the time 

distribution of infiltration rate is obtained in the interval 

of the intensity. The area under the resulting infiltration 

rate carve (infiltrated water) subtracted from the fall (mm) 

of rain during the intensity interval gives the surface runoff 

within the interval.

iv) The surface runoff obtained in each of the intensities are 

summed up to obtain total surface runoff during the event.

A simple illustration of hew surface runoff is obtained from the 

modified and original Green-Ampt models is presented in Figs. 3.8 

and 3.9 respectively. These models have been previously described 

in sections 2.2.6 and 2.2.7. Fig. 3.8 shows the infiltration rate 

curve derived from the modified form of the model for unsteady 

rainfall on 10-9-69 in Sambret catchment super imposed on a 

hyetograph of the same date. Fig. 3.9 shows the infiltration carve 

derived from the original Green-Ampt model superimposed on the same 

hyetograph. The area between the hyetograph and the curve gives the 

predicted surface runoff. The Green-Ampt parameters used to predict 

infiltration characteristic curves are those based on the USDA-SCS 

texture based nomographs.

3.2.3 Prediction of Surface Runoff (With Interception)
To determine surface runoff including interception, the intercepted 
water for an event determined from a given model is subtracted from 
surface runoff obtained without regard to interception as presented
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in Che previous section. Figs. 3.10 and 3.11 show the flow charts 

for the programs used in predicting surface runoff from the 

original and modified Green-Ampt models respectively. The programs 

are appended. It should be noted that evapotranspiration losses are 

being regarded negligible during the storm duration while computing 

the infiltration. An example on how surface runoff is determined 

from the Green-Ampt model is appended in Appendix 3.

3.2.4 Determination of Interception Loss

No methods have so far been developed to estimate interception 

losses for Kenyan catchments. As a result of this, methods 

developed elsewhere in Europe, America and Asia had to be used. 

Ward and Robinson (1989) estimated interception for tropical forest 

in Indonesia, China, Brazil and Puerto Rico as varying from 12 to 

54 percent. Interception for heather grass is estimated as varying 

from 34 to 65 percent. On the basis of this information, 

interception for the forests in Lagan and Sambret sub-catchment was 
averagely taken as 30 percent of precipitation taking the forests 

as being tropical forests. Tea shrubs in Sambret were assumed to 

have the same interception characteristics as grass and a value of 

42 percent of precipitation was assumed.
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g. 3.8 Infiltration curve derived frcm modified Green-Ampt model 

superimposed, on rainfall hyetograph.
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,g. 3.9 Infiltration crr/e derived frcm the original Green-Ampt 

model superimposed on a rainfall hyetograph
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Fig. 3.10 Flow chart of program used in determination of surface 
runoff from rainfall using original Green-Ampt irodel 
for ponded conditions
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3.2.5 Optimization of the Green-Ampt Model Parameters

The nomograph predicted parameters in the Green-Ampt equation may 

indicate a disparity in the measured and predicted values of 

surface runoff, hence the need to optimize them so as to establish 

an optimal set for which the measured and the predicted values of 

surface runoff compare reasonably. In a case for which only one 

parameter is to be optimized, the procedure is to change it 

systematically while keeping all other parameters constant until a 

suitable value which makes the predicted surface runoff compare 

closely to measured value is obtained. The objective function for 

establishing the correspondence between the measured and predicted 

surface runoff for a given set of parameters is based on computing 

a statistic (similar to chisquare) given by the following

relationship (Yomota et al., 1993).

Qo = observed runoff (mm)
Qp = predicted surface runoff (mm)

M = total number of data points
The best correspondence is achieved when is minimum.

3.2.5 Validation of the Green-Ampt Model

Having established the optimal set of parameters in the model for 
the catchments under investigation, the model is applied cn the
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same catchments using a different set of storms. It is on the basis 

of this validation exercise that model parameters can be said to 

be applicable to the catchments. In the validation exercise, 

predicted surface runoff is computed for the selected catcnments 

with the optimized set of parameters. The quality of fit is 

determined from comparisons between the measured and predicted 

values about the 1:1 line. The R2 statistic (coefficient of 
determination) between predicted and observed suriace runoff volume 

was used as a measure of correspondence between predicted and

observed values.
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4 .  R E S U LT S  AND D IS C U S S IO N

4.1 Prediction of Surface Runoff Using Parameters in Green and Ampt 

Model

Numerical values of the soil parameters in the Green-Ampt model 

derived from the texture based nomographs were Sav=l50cm, 

Ks=0.005cm/h, and 6s=0.45cm3/cm3. The initial moisture content, et, 
also a parameter in the model was obtained from available records 

on measured values, at the Kenya Agricultural Research Institute 

(KARI) , Muguga, Kenya. While applying the model in predicting 

surface runoff, the soil was assumed saturated when 0j_ exceeded 0S,

i.e. 0i was taken as 0.45cm3/cm3. It should be borne in mind that 

the losses through evapctranspiration during a storm have been 

disregarded in the entire analysis for being very small in 
magnitude. Likewise, the losses in depression storage have been 

neglected in view of limited documented information on the 

behaviour of this process for the vegetated catchments. Using the 

indicated values of the Green-Ampt model parameters, surface runoff 

was predicted in Sambret, Lagan and Sambret sub-catchments and the 

results are discussed below.
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4.1.1 Performance of the Original Green-Ampt Model (Developed for 

Ponded Conditions)

Predicted surface runoff from selected events using the Green-Ampt 

model for pended conditions, was compared to the measured with and 

without taking into account the influence of interception. The 

values are shown in Table 4.1 through 4.3 for Sambret, Sambret sub

catchment and Lagan catchments respectively. Figs. 4.1 through 4.6 

show the comparisons graphically for the said catchments. It is 

evident that surface runoff was overpredicted for all the events in 

the three catchments whether interception was assumed negligible or 

taken into account. Interception reduces the amount of the falling 

rain that is made available for surface runoff. Seme of the rain is 

intercected by the leaves and evaporated back to the atmosphere 
therefore failing to be available for surface runoff. It was 

therefore felt that the influence of interception be included in 

testing the performance of the Green-Ampt moael. Pcor prediction of 

surface runoff by the original Green-Ampt moael is attributed 

mainly to the fact that the model does not simulate correctly the 

behaviour of infiltration during rainfall events.
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Table 4.1 Measured and predicted surface runoff for Sambret catchment based on the original Green-Ampt model 
using nomograph parameters

Surface runoff
Antecedent Measured Predicted
Moisture Without With

Rainfall Content Intersection Interception Interception
Date mn (attVcm1) mn mn rrm mn
10-9-So 15.30 0.42 6.35 0.36 9.54 2.69
10-2-59 22.36 0.40 9.60 0.22 14.66 5.06
11-7-59 7.37 0.54 3.10 0.21 6 .S3 3.48
10-9-59 27.43 0.38 11.52 0.40 16.41 4.39
11-10-59 13.97 0.40 5.37 0.02 7.61 1.74
10-2-70 22.35 0.47 9.50 0.16 18.77 9.17
13-5-70 20. S7 0.40 3.54 0.20 13.89 5.25
15-1-71 18.90 0.34 7.94 0.31 12.61 4.67
24-4-71 15.20 0.46 5.38 0.13 13.43 7.05
3-5-72 22.30 0.51 9.37 0.33 18.01 8.64
12-2-73 29.40 0.41 12.35 0.50 20.64 8.29

Tabie 4.2 Measured and predicted surface runoff for Santo ret sub-catchment based on the original Green-Ampt 
model using nomograph parameters

Surface runoff

Dace
Rainfallmn

Antecedent
Moisture
Content
(onVcm1!

Interception
mm

Measured

mn

Predicted
Without With 

Interception Interception 
mm mm

10-2-65 12.20 o.so 3.56 0.12 11.57 7.91
10-3-56 13.30 0.52 3.99 0.30 11.23 7.29
12-4-55 9.40 0.55 2.32 0.13 3.74 5.92
10-2-70 43 .13 0.39 12.95 0.70 27.63 14.70
10-4-70 22.35 0.47 6.71 0.26 19.93 13 .27
10-4-70 20.40 0.52 6.12 0.21 13.31 12.19
15-1-71 17.50 0.41 5.28 0.18 10.54 5.36
26-5-71 20.30 0.44 6.24 0.23 13.42 12.18
31-1-72 17.50 0.39 5.25 0.21 9.34 4.59
25-10-72 18.40 0.33 5.32 0.22 3.36 2.34
15-1-73 23.20 0.37 6.95 0.30 17.35 10.39
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Table 4.3 Measured and predicted surface runoff for lagan catchment based on the original Green-Arapt model 
using nomograph parameters

Antecedent Surface runoff
Moisture Measured Predicted

Rainfall Content Interception Without With
Date mm (cm1/cm’) mm ran Interception Interception
21-10-66 14.29 0.49 4.29 0.08 11.20 6.91
21-11-66 19.05 0.43 5.72 0.16 14.47 8.75
5-3-66 17.50 0.42 5.25 0.40 12.42 7.17
21-8-67 21.59 0.39 6.46 0.46 13.64 7.16
22-8-67 27.0 0.49 8.10 0.35 25.64 17.54
21-4-69 12.95 0.53 3.89 0.16 10.46 6.57
21-5-69 27.80 0.44 6.34 0.30 23.42 15.08
21-7-69 15.24 0.51 4.57 0.22 13.61 9.04
29-3-74 17.0 0.42 5.10 0.10 11.64 6.54
30-5-74 11.50 0.46 3.45 0.09 10.99 7.54
29-6-74 17.80 0.39 5.34 0.13 10.64 5.30

The original Green-Ampt model was developed to predict infiltration 
behaviour under ponded conditions, which assumes potential 
infiltration rate from the beginning to the end of water 
application i.e. ponded conditions prevail throughout the period of 
water application. Under ponded conditions, it is assumed therefore 
that water is made available for surface runoff immediately at the 
onset of the rains. This will result into high predicted surface 
runoff. However during rainfall, infiltration occurs in two stages: 
the stage without surface ponding and the stage with surface 
ponding. The stages interchange in a recurrent style depending on 
the intensity distribution of rainfall. Ponding only occurs when 
the rainfall intensity exceeds the infiltration capacity of the 
soil. Should the reverse be true, then no ponding will occur.
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Fig. 4.1 Comparison of predicted surface runoff to measured for 
Sambret catchment based on the original Green-Ampt model using 
nomograph parameters and assuming negligible interception

P red ic ted  su rface  runo ff (mm)
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Measured surface runoff (mm)

?1g- 4 -2 Comparison of predicted surface runoff to measured for
Sambret catchment based on the original Green-Ampt model using
nomograph parameters and taking into account interception
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Predicted surface runoff (mm)
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Fig. 4.3 Comparison of predicted surface runoff to measured for 
Sambret sub-catchment based on the original Green-Ampt model using 
nomograph parameters and assuming negligible interception
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?ig. 4.4 Comparison of predicted surface runoff to measured for
Sambret sub-catchment based on the original Green-Ampt model using
nomograph parameters and taking into account interceDCion
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Fig. 4.5 Comparison of predicted surface runoff to measured for 
Lagan catchment based on the original Green-Ampt model using 
nomograph parameters and assuming negligible interception
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?-9- 4.5 Comparison of predicted surface runoff to measured for
-agan catchment based on the original Green-Ampt model using
-amograph parameters and taking into account interception



Some values of measured antecedent moisture contents from the 

ava--labie records were observed to be higher than the nomograph 

value of O.aScmVcm3, in which case the soil was assumed saturated. 

This means that the infiltration rate curve takes the form of a 

horizontal line. This resulted into gross overprediction of surface 

runoff especially in Sambret sub-catchment and Lagan where the soil 

moisture contents prior to the storms were very high. The saturated 

soil moisture contents or effective porosity may have been 

underpredicted by the nomographs. Such anomaly in the nomograph 

predicted value has been predicted by Madramootoo and Enright 

(1989) . They further point out that much of the data which form the 

basis of ncmograph development were derived from coarse textured 

soils. The nomographs may not have been applicable in fine textured 

soils (e.g. clay) . On the other hand, the available records on 
antecedent moisture contents may not be representative of the 

catchment average as only three sites were monitored.
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4.1.2 Performance of the Modified Green-Ampt Model (Developed for

Rainfall Infiltration)

In view of the poor performance by the original Green-Ampt model, 

the modified version of the model for unsteady rainfall was 

implemented. The modified Green-Ampt model, developed for 
predicting infiltration behaviour during rainfall events is a 

better technique for predicting infiltration behaviour where 
rainfall is the mode of water application. The modified model

simulates correctly the behaviour of infiltration during rainfall
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events. The surface runoff was predicted with and without 

considering interception. The results of analysis are presented in 

Tables 4.4 through 4.6 and Figs. 4.7 through 4.12 . Evidently again 

surface runoff was overpredicted for all the events in the three 

catchments whether interception was assumed negligible or taken 

into account.

4.1.3 Suspected Reasons for Overprediction

Despite implementing the modified version of Green-Ampt mcael, the 

predictions of surface runoff hardly improved. The poor 

predictability can be associated with the improper values of 

parameters such as Kg, 03/ and Sav as has been noted elsewhere 

(Madramcotoo and Enright, 1989) . The value of saturated hydraulic 

conductivity (Kg) predicted from the nomographs is 0.005cm/h, where 

as the Kg value documented in texts (Chow et al., 1988) is 0.03cm/h 

for clay soils.
-an>  4.4 Measured and predicted surface runoff for Sambret catchment based on the modified Green-Arrcc model 

using nomograph parameters

Gate
Rainfall

Tm

Antecedent
Moisture
Content
(ctr/cnr)

Interception
mm

Surface runoff
Measured Predict 

Without
nm Interception

ed
With

Interception

10-9-56 16.30 0.42 6.35 0.36 14.13 7.33
10-2-69 22.36 0.40 9.50 0.22 17.32 7.72
11-7-69 7.37 0.54 3.10 0.21 5.53 3.48
10-5-69 27.43 0.38 11.52 0.40 22.36 lu.34
11-10-59 13.97 0.40 5.37 0.02 11.54 5. o7
10-2-70 22.35 0.47 9.50 0.16 18.77 9.17
13-5-70 20.57 0.40 3.54 0.20 17.55 9.01
16-1-71 13.90 0.34 7.94 0.31 15.41 7.47
24-4-71 IS. 20 0.46 6.38 0.18 13.43 7.05
3-5-72 22.30 0.51 5.37 0.33 18.01 3 .o4
12-2-73 29.40 0.41 12.35 0.50 26.41 14.06
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4.3 Measured and predicted surface runoff for Sanoret sub-catchment based <21 the modified Green-Airpt 
model using nomograph parameters

Antecedent Surface runoff
Moisture Measured Predicted

Rainfall Content Interception Without With
3ace TTTO (air/cm') mm rrm Interception Interception

10-2-65 12.20 o.so 3.66 0.12 11.57 7.91
10-3-56 13.00 0.52 3.99 0.30 11.28 7.29
12-4-56 9.40 0.55 2.82 0.13 3.74 5.92
10-2-70 43.18 0.39 12.9S 0.70 36.41 23.46
10-4-70 22.35 0.47 6.71 0.26 19.87 13.16
24-4-70 20.40 0.52 6.12 0.21 18.31 12.19
10-2-70 17.60 0.41 5.28 0.18 14.61 9.33
10-4-70 20.30 0.44 6.24 0.23 19.41 13.17
13-1-72 17.50 0.39 5.24 0.21 11.61 6.37
23-10-72 18.40 0.33 5.52 0.22 12.43 6.91
15-1-73 23.20 0.37 6.96 0.30 16.51 9.55

Table 4.6 Measured and oredicted surface runoff for Lagan catchment cased on the modified Green-Ampt model 
using nomograph parameters

Gate Rainfallmu

Antecedent
.'Moisture
Content
(cmVcnt)

Interceptionrm
Surface runoff

Measured Predicted (trtnj
Without With

ini Interception Interception

:i--:-65 
21-11-56 
3-3-67
21- 3-67
22- 3-67 
21-4-53 
21-3-53 
21-7-53
29- 3-74
30- 5-74 
29-6-74

14.29 
19.05
17.50 
21.59
27.0 
12.95
27.30 
15.24
17.0
11.50
17.30

0.49
0.43
0.42
0.39
0.49
0.53
0.44
0.51
0.42
0.46
0.39

4.29 0.08
5.72 0.15
5.25 0.40
5.48 0.46
8.10 0.35
3.39 0.16
8.34 0.30
4.57 0.22
5.10 0.10
3.45 0.09
5.34 0.13

11.20 5.91
17.63 11.91
13.65 3.40
16.95 10.47
25.54 17.54
10.46 6.57
25.24 16.90
13.61 9.04
14.48 9.38
10.99 7.54
14.65 9.31
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Fig. 4.7 Comparison of predicted surface runoff to measured for 
Sambret catchment based on the modified Green-Ampt model using 
nomograph parameters and assuming negligible interception
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4.3 Comparison of predicted surface runoff to measured for
-ambret catchment based on the modified Green-Ampt model using
acstcgraph parameters and taking into account interceotion
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Predicted surface runoff (mm)
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Measured surface runoff (mm)
Fig. 4.9 Comparison of predicted surface runoff to measured for 
Sambret sub-catchment based on the modified Green-Ampt model using 
nomograph parameters and assuming negligible interception
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?-g. 4.10 Comparison of predicted surface runoff to measured for
lambret sub-catchment based on the modified Green-Ampt model
-ŝ ag nomograph parameters and taking into account interception
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Fig. 4.11 Comoarison of predicted surface runoff to measured for 
-agan catchment based on modified Green-Ampt model using nomograph 
Parameters and assuming negligible interception
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yiixitii (1994) presents an average value of Kg= 12.03cm/h for the 

top layer of Kabete soils which are similar in texture and 

hydraulic characteristics (Table A2 and Fig. A2 in Appendix 4) to 

the soils in Sambret catchment ( Table 3.2 and Fig. 3.1) . A low 

value of Kg predicted from nomographs implies a reduced rate of 

infiltration ( Eq. 2.8) . This means less water from the rain 

infiltrates and a large amount runs off and therefore explains the 

very high predicted surface runoff volumes based on low values of 

Kg when compared to the observed values. The saturated soil 

moisture content, 9S, has also been predicted too low by the 

nomographs as mentioned previously. Other parameters predicted by 
nomographs fall within the acceptable limits. For example the value 

of Sav i.e. the wetting front suction for clay soils is documented 
to lie in the range 6.39-156.5cm in the hydrologic texts (Chow et 

al., 1988) . The nomograph value of 150cm falls within this range. 

Unrepresentative measurement of antecedent soil moisture obtained 

frcm records may also have contributed to the poor prediction by 

this model.

The techniques used in estimating interception in the catchments 

under study were developed in the European, American and Asian 
environments where vegetation and climatic conditions are difrerent 
from these in Kenya. No studies have been carried out to find means 

'ey which interception can be determined for tea shrubs which is the 
predominant vegetation in Sambret catchment. Although methods are



67

ava-ilable for estimating interception in forested areas, they were 

developed for catchments with climatic conditions different from 

those in Kenya. Hence the interception values used in analysis for 

Sambret, Lagan and Sambret sub-catchments may not represent the 

true situation. This might have contributed to the poor prediction 

of surface runoff when interception is considered.

Among the parameters considered as having resulted into poor 

prediction of surface runoff using the Green-Ampt model, the 

hydraulic conductivity (Kg) is the most variable and unpredictable. 

It is hard to establish an exact value for any given soil. 

Different methods of measurement also yield different values. The 

saturated soil moisture content for the soil of a given texture can 

be regarded as constant. It rarely varies with landuse. For the 

soils in Sambret catchment, the measured value is about O.VcmVcm3• 

This was taken as the value for Sambret and Lagan catchments whicn 

are similar in texture and therefore expected to have the same 

value of porosity. The nomograph value of 0.45cm3/cm3 is too low and 

should be discarded. Since the most suspected parameter in the 

Green-Ampt model appears to be the saturated hydraulic conductivity 

an attempt was made to establish a representative value of Kg for 

each of the catchments by an optimization exercise. The exercise 

was carried out as follows.

4.2 Optimization of Saturated Hydraulic Conductivity (Kg)
The exercise for optimization was begun using the Kg values ranging
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:rccn 0.01 upwards with a step of 0.01 until the predictions 

approached measured surface runoff. The measured value of 0S was 

oaken as 0.7cm3/cm3 as was retrieved from record as a measured value 

and the nomographic value (0S=O.45cm3/cm3) was discarded. However 

the value of the wetting front suction Sav was taken as 150cm from 

the nomographs without alteration. The soil moisture content, 0X, 

were used in the same way as was used in the preceding sections. In 

case (with or without interception), the surface runoff was 

predicted with the modified Green-Ampt model for all the catchments 

’under study. It was observed that for most of the events, the 

predicted surface runoff continued to drop as Kg was raised from

0.01 to 0.1 (Tables 4.7 through 4.13) . The predicted surface runoff 

reached zero when Kg assumed the value of O.lcm/h. Such a behaviour 

in runoff response suggested that an optimal value should lie 

within the range of 0.01 to O.lcm/h. In order to determine the 
optimal value of Kg, the objective function J:(S was computed and 

plotted against Kg values rising from 0.01 with a step 0.01. A 

typical plot is shown in Fig. 4.13 which corresponds to Sambret 

catchment. The coordinates for the plot, i.e., abscissa (Kg) and 

ordinate (J^) are shown in Table 4.8. It can be seen that the plot 

dips at the value of Kg = 0.08cm/h and the minimum value of J:ts is 
0.02. Therefore, the optimal value of Kg shall be regarded 0.08cm/h 

for the Sambret catchment without taking interception into account. 

The optimization results for all catchments with and without 

interception are shown in Tables 4.14 through 4.16. The optimized 
values of Kg are indicated summarized in Table 4.17.
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■^aole 4.7 Measured and oredicted surface runoff, obtained without considering interception for Sarrcret
catchnent. at limits between which the optimal value of K, (cm/h) is expected

3ace Rainfall
!*in

Antecedent
Moisture
Content
(cmVcn1)

Interception
rttn

Surface
Measured
rrm

runoff
Predicted 

K,«0.01
(tim)
K.-0.1

10-9-66 16.30 0.42 6.35 0.36 7.76 0
10-2—€9 22.36 0.40 9.30 0.22 13.04 0
11-7-49 7.37 0.54 3.10 0.21 4.20 0
10-9-49 27.43 0.38 11.52 0.40 15.03 0
11-10-49 13.97 0.40 5.37 0.02 7.03 0
10-2-70 22.85 0.47 9.60 0.16 9.46 0
13-5-70 20. S7 0.40 8.54 0.20 10.53 0
16-1-72 18.90 0.34 7.94 0.31 3.72 0
24-4-71 15.20 0.46 5.38 0.18 8.91 0
3-5-72 22.30 0.S1 9.37 0.33 15.96 0
12-2-73 29.40 0.41 12.35 0.50 15.21 0

Value of objective function (J„) 625.19 0.26

Table 4.3 Variation of the objective function with saturated, 
hydraulic conductivity within the ranee 
0.01cm/h<=Ks<=0. lem/h for Sambret catchment without 
interception

Saturated hydraulic Objective function (J:<s)
conductivity (Kg) (n™)

(cm)

0.01
0 . 0 2
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10

625.19
508.30
430.30 
302.13 
178.0
92.53
22.670 .02
0.16
0.26
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Fig. 4.13 Variation of objective function (Ĵ ) with saturated

hydraulic conductivity (Kg) within the range 0.01<=Ka<-0. lcm/h for

Sambret catchment without considering interception

Table 4.9 Measured and predicted surface runoff, obtained considering interception, for Sambret catchment at 
the limits between which the optical value of K, (cm/h) is expected

Antecedent
Moisture Surface runoff

Zate Rainfall
rm

Content
(ac3/cm3)

Interception
nm

Measured
rm

Predicted (rm) 
K,=0.01 K,=0.1

10-9-66 16.30 0.42 6.85 0.36 0.91 0
1C-2-69 22.86 0.40 9.60 0.22 3.44 0
11-7-69 7.37 0.54 3.10 0.21 1.10 0
10-9-69 27.43 0.38 11.52 0.40 3.51 0
11-10-69 13.97 0.40 5.87 0.02 1.16 0
10-2-70 22.85 0.47 9.60 0.16 0.81 0
13-S-70 20.57 0.40 8.64 0.20 0.82 0
16-1-71 18.90 0.32 7.94 0.31 0.78 0
24-4-71 15.20 0.46 6.38 0.18 0.43 0
3-5-72 22.30 0.51 9.37 0.33 6.59 0
12-2-73 29.40 0.41 12.35 0.50 2.90 0

Value of objective function (J„) 25.16 0.26
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Table 4.10 Measured and predicted surface runoff, obtained without considering interception, for Sanforet
sub-catchment' at the limits between which the optimal value of K, tan/h) is expected

2ata Rainfall
nrn

Antecedent
Moisture
Content
(attVcn*)

Intercept: ion
Tin

Surface runoff
Measured Predicted (itm) 

tim K,=0.01 K,=0.1

10-2-56 12.20 0.50 3.66 0.12 7.13 0
10-3-66 13.30 0.S2 3.99 0.30 7.92 0
12-4-56 3.40 0.55 2.32 0.13 5.42 0
10-2-70 43.18 0.39 12.95 0.70 28.24 0
10-4-70 22.35 0.47 5.71 0.26 12.73 0
23-4-70 20.40 0.52 6.12 0.21 10.98 0
15-1-71 17.60 0.41 5.23 0.18 3.38 0
26-S-71 20.30 0.44 6.24 0.23 10.13 0
31-1-72 17.50 0.39 5.25 0.21 7.66 0
25-10-72 18.40 0.33 5.52 0.22 9.46 0
15-1-73 23.20 0.37 6.96 0.30 12.97 0

Value of' objective function J*,) 469.67 0.26

Table 4.11 Measured and predicted surface runoff, obtained considering interception, cor Sambret Sub-catchment 
at the limits between wnich the optimal value of K, (cn/h) is expected

Date
10-2-56
10-3-56
12- 4-66 
10-2-70 
10-4-70 
23-4-70
13- 1-71 
26-5-71 
31-1-72 
25-10-72 
13-1-73

Rainfall
rrm

Antecedent
Moisture
Content
(cnr/cir)

Interception
TTTO

Measured
rrm

Surface
K.-0.

runoff
Predicted (urn) 
01 K,=C.l

12.20 0.50 3.66 0.12 3.47 0
13 .30 0.52 3.99 0.3 3.93 0
9.40

43.18
0.55
0.39

2.32
12.95

0.13
0.70

2
15

. 50 

.29
0
3

22.35 0.47 5.71 0.26 o. 02 0
20.40 0.52 5.12 0.21 4. 36 0
17.60
20.30

0.41
0.44

5.28 
5.24

0.18
0.23

3
3
.10
.39

0
3

17.50 0.39 5.25 0.21 2.41 3
18.40 0.33 3.34 0.22 3.94 3
23.20 0.37 5.36 0.30 6.01 3

Value of objective function (Ĵ ) 463.57 0.26
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^sbie 4.12 Measured and predicted surface runoff, obtained without considering interception for Lagan catchment
at tiie limits between which the optimal value of K, (an/h) is expected

3ace Rainfall
mn

Antecedent
Moisture
Content
(anVcan1)

Incercepcion
mil

Surface
Measured
mn

runoff
Predicted (mm) 

K.-0.01 <C,»0.1
21-10—56 14.29 0.49 4.29 0.08 3.45 0
21-11-65 19.05 0.43 5.72 0.16 12.0 0
21-3-57 17.50 0.42 5.25 0.40 11.41 0
21-3-57 21.53 0.39 6.48 0.46 13.50 0
22-3-57 27.0 0.49 9.10 0.35 16.41 0
21-4-53 12.95 0.53 3.39 0.16 3.64 0
21-5-63 27.80 0.44 3.34 0.30 16.43 0
21-7-53 15.24 0.51 4.37 0.22 10.91 0
29-3-74 17.0 0.42 5.10 0.10 11.61 0
30-5-74 11.50 0.46 3.45 0.09 4.94 0

17.80 0.39 5.34 0.13 9.38 0
Value of objective function (J„) 666.4 0.22

Table 4.13 Measured and predicted surface runoff, obtained considering interception, for Lagan catchment at 
the limits between which the optical '/alue of K, (cm/h) is expected

Late Rainfall
mn

Antecedent
Moisture
Content
(cnr/air)

IrxerceDCion
mn

Surface runoff
Measured Predicted (mm) 
nm K,=0.01 K, *0.1

21-10-66 14.29 0.49 4.29 0.08 4.16 0
21-lX-oo 19.05 0.43 5.72 0.16 6.28 0
5-3-57 17.50 0.42 5.25 0.40 6.16 0
21-3-67 21.59 0.39 5.43 0.46 7.02 0
22-3-67 27.00 0.49 3.10 0.35 3.31 0
21-4-53 12.95 0.53 3.39 0.15 4.75 0
21-5-53 27.30 0.44 3.34 0.30 3.09 0
21-7-53 15.24 0.31 4.57 0.22 5.34 0
29-3-74 17.00 0.42 5.10 0.10 6.SI 0
30-S--4 11.30 0.46 3.45 0.09 1.49 0
29-6-74 17.80 0.39 5.34 0.13 4.54 0

Value of objective function (J„) 172.10 0.22
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Table 4.14 Measured and predicted surface runoff at the optimized values of K, (cm/h) for Sambre1

Rainfall
rnn

Antecedent
Moisture
Content
(an3/cm3)

Interception
rrm

Surface runoff
Measured Predicted

Without With 
Intercession Intercession 

me (K,»0.09an/h> (K,=0.03cm/h)
10-9-6€ 16.30 0.43 6.35 0.36 0.29 0.31
10-2-69 22.36 0.40 9.50 0.22 0.17 0.41
13.-7-S9 7.37 0.54 3.10 0.21 0.13 0.18
10-9-59 27.43 0.38 11.52 0.40 0.37 0.45
11-10-59 13.97 0.40 5.37 0.02 0.00 0.20
10-2-70 22.3S 0.47 9.60 0.16 0.21 0.22
13-5-70 20.57 0.40 3.64 0.20 0.18 0.28
IS-1-71 18.90 0.34 7.94 0.31 0.28 0.26
14-4-71 15.20 0.46 5.38 0.18 0.21 0.14
3-5-72 22.30 0.51 9.37 0.33 0.30 0.38
12-2-71 29.40 0.41 12.35 0.50 0.41 0.46

Value of objective function (J„) 0.02 0.18

Table 4 .IS Measured and predicted surface runoff at the optimized values of X. (an/h) for Sambret sun-catchment
Surface runoff

Antecedent Measured Preoic'ted (trmi
Moisture Without With

9am£all Content Incerceocion Interceocion Interception
lare mil (cnf/oir) rrm mn (K,=0.09cm/h) (K,»0.04cm/h)

10-2-65 12.20 0.50 3.66 0.12 0.09 0.20
13-3-6© 13.30 0.52 3.99 0.30 0.12 0.27
12-4-56 9.40 0.55 2.32 0.13 0.21 0.13
10-2-70 43.13 0.39 12.95 0.70 0.92 0.91
10-4-70 22.35 0.47 5.71 0.26 0.51 0.31
23-4-70 20.40 0.52 5.12 0.21 0.32 0.29
15-1-71 17.50 0.41 5.28 0.13 0.42 0.22
16-5-71 20.30 0.44 S.24 0.23 0.11 0.21
21-1-72 17.50 0.39 5.25 0.21 0.14 0.25
25-10-72 18.40 0.33 5.52 0.22 0.16 0.24
15-1-73 23.20 0.37 €.96 0.30 0.20 0.30

Value of objective function (J,,) 0.09 0.32
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4 -s Measured and predicted surface runoff ac the optimized values of K, (an/h) for lagan catchitent

Rainfall
Antecedent
Moisture
Concent
(cm3/cm3)

Interception
rrm

Measured

rim

Surface runoff
Without

Incerceotion
(K,=»0.09cnvh)

Predicted
With

Incerceotion 
(K.-0. OScm/hl

11-10-66 14.25 0.49 4.29 0.08 0.16 0.10
19. OS 0.43 5.72 0.16 0.19 0.235-3 —67 17.50 0.42 5.25 0.40 0.21 0.2921-3-37 21.39 0.39 6.48 0.46 0.31 0.3612-3-37 27.00 0.49 3.10 0.35 0.11 0.4121-4-35 12.95 0.53 3.39 0.16 1.92 0.19

21-5-55 27.30 0.44 3.34 0.30 0.41 0.28
21-7-59 15.24 0.51 4.57 0.22 0.32 0.25
25-3-74 17.00 0.42 5.10 0.10 0.00 0.24
30-5-74 11.50 0.46 3.45 0.09 0.07 0.00
25-3-74 17.80 0.39 5.34 0.13 0.11 0.15

Value of objective function (Ja i 1.81 0.20

-'able 4.17 Summary of the optimized values of saturated hydraulic 
conductivity (Kg) for the catchments

Optimized Kg (an/h) value
Catchment Without With

Interception Interception

Sambret 0.08 
Sambret sub-catchment 0.09 
Lacran 0.09

0.02 0.03 0.13 
0.09 0.04 0.02 
1.81 0.05 0.20

Cne can see that optimal values of Kg (Table 4.17) without 

interception are nearly constant for all the catchments. However, 

they tend to vary when the interception is taken into account. The 

variation of Kg is expected to vary in response to vegetal cover 

even for the same textural classification. Hence a need arises to 

validate the role of interception and subsequently the value of Kg. 

The results of validation exercise are described below.
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4-3 Validation of Hydraulic Conductivity (Kg)

-or each optimal value obtained, the goodness of fit was determined 

between the measured and predicted surface runoff. The criteria for 

ieternrining this goodness of fit was based on the coefficient of 

determination (R2) . For each catchment, the value of Kg that 

results into a higher R2 is taken as the valid one.

Fourteen storms were used for validation in the Sambret catchment. 

Of the two optimized values (K.=0.08 and 0.03cm/h), a better 

quality of fit was obtained at Kg=0.03cm/h which pertains to the 

situation when interception is taken into account. The comparison 

of treasured and predicted values is shown in Table 4.18 and Figs. 

4.14 and 4.15 for both values of Kg. Also in Sambret sub-catchment 

fourteen storms were considered for the validation exercise. Of the 

two optimized values, 0.09cm/h and 0.04cm/h (without and with 

interception) , The better quality of fit between the measured and 

predicted values of surface runoff was obtained for the latter 

value (0.04cm/h) . The results are shown in Table 4.19 and Figs 4.15 

and 4.17. In Lagan catchment, a better correspondence was obtained 

at K-=0.05cm/h which corresponds to the situation in which 

interception is considered. The results of validation exercise are 

shown in Table 4.20 and Figs. 4.18 and 4.19.



76

4 -18 Measured and predicted surface runoff for Sambret catchment during validation of previously optimized 
values of saturated hydraulic conductivity (K,)

Surface runoff
Antecedent Measured Predicted (crm)

:are Hainfall
im

Moisture
Content
(cnVcm1)

Interception
urn Tin

Without
Interception
(K,»0.08cm/h)

Witil
Interceotion
(K,*0.03cm/h)

'.1-1-S5 20.32 0.36 3.13 0.31 0.14 0.29
J -12 —55 18.30 0.23 7.52 0.11 0.00 0.01
IT-I-'SS 15.50 0.44 5.20 0.41 0.36 0.38

17.53 0.43 7.01 0.34 1.67 0.40
12-11-56 19.30 0.41 7.72 0.16 1.71 0.19
15-3 -67 20.10 0.53 3.04 0.30 2.03 0.26
.2-3-57 37.35 0.54 15.14 0.28 3.52 0.27
13-7-57 17. S3 0.46 7.01 0.10 1.38 0.13
9-2-o 3 20.07 0.31 3.03 0.20 0.19 0.26
3-5-68 27.70 0.36 11.08 0.31 0.41 0.30
12-3-53 16.26 0.39 6.50 0.23 0.17 0.21
1C-3-59 19.05 0.S1 7.52 0.13 1.56 0.26
-3-5-70 20.57 0.40 3.23 0.28 0.40 0.25
.4-7-70 25.40 0.27 10.16 0.34 0.26 0.40

Table 4.19 Measured and predicted surface runoff for Sanbret sub-caccbnent during validation of previously 
optimized values of saturated hydraulic conductivity (K,)

Surface runoff

Ia.ce
Rainfall

T in

Antecedent 
Moisture 
Content (cm3 / cm3) Interceptionrim

Measured

rrm

Predicted
Without With 

Interceotion Intercsi 
(K,=0.09cm/h) (K,»0.04c

31-1-55 21.90 0.49 5.57 0.28 2.31 0.27
4-7-ss 27.0 0.54 3.10 3.30 2.51 0.31
13-5-55 18.70 3.57 5.61 0.26 1.92 0.25
9-5-57 26.0 0.39 7.30 0.28 2.98 0.26
13-11-57 26.40 0.41 7.92 0.24 3.02 0.28
26-11-57 13.30 0.37 5.49 0.14 1.31 0.13
?-2-63 20.50 0.37 6.18 0.22 2.31 0.24
15-5-53 29.30 0.53 3.34 0.36 3.41 0.34
17-~-59 22.50 0.47 6.T3 0.25 2.42 0.27
24-11-59 20.90 0.43 5.27 0.21 2.37 0.24
15-3-70 36.40 0.56 10.92 0.44 4.94 0.41
26-3-70 24.3 0.54 7.20 0.27 3.36 0.31
17-1-71 . 30.30 0.36 4.71 0.29 4.71 0.29
27-5-71 29.30 0.41 4.56 0.29 4. So 0.25
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■3Dle 4 - -° Measured and predicted surface runoff for Lagan catchment during validation of previously optimized 
_______ values of saturated hydraulic conductivity (K,)

Surface runoff
Antecedent Measured Predicted (mm)

> c a R a i n f a l lm
M o isc u re
C oncent:

(cm V cm )
I n c e rc e p c io nmm mm

W ichoucIn c e rc e D C io n
(K ,» 0 .0 9 a n /h i

M id iIn c e rc e p c : (K ,*0. OSctV
— 3  - 5 3 2 2 . S I 0 .2 3 6 .7 8 0 .3 2 2 .9 8 0 .2 7

1 4 .2 2 0 .3 6 4 .2 7 0 .2 0 2 .7 4 0 .2 1
4  ~ 1 — 0 0 1 3 .2 1 0 .3 1 3 .9 6 0 .1 5 1 .3 9 0 .1 7* ;“ 2 -  0 0 2 4 .1 3 0 .4 7 7 .2 4 0 .2 6 3 .4 1 0 .3 0- ~ 3 — 5 7 2 2 .9 6 0 .S 1 6 .8 6 0 .3 1 2 .4 1 0 .2 9£ - 3 - S 3 1 7 .7 8 O.SS 5 .3 3 0 .2 0 3 .0 1 0 .2 53 - 2 - 7 0 1 1 .6 0 0 .4 1 3 .4 8 0 .1 3 0 .4 2 0 .1 53 - L 2 - 7 0 2 7 .6 9 0 .1 0 3 .3 1 0 .3 0 1 .42 0 .2 32 - 3 - 7 X 1 8 .0 0 .6 2 5 .4 0 0 .2 4 1 .94 0 .2 3:o - 7 - t x 1 7 .0 0 .5 1 5 .1 0 0 .2 5 2 .4 1 0 .2 0

1 4 .4 8 0 .5 2 4 .3 4 0 .1 6 1 .96 0 .1 71 4 - 2 - 7 2 1 2 .8 0 0 .3 5 3 .3 4 0 .2 0 0 .9 8 0 .1 91 3 - 2 - 7 2 1 4 .2 0 0 .2 1 4 .2 6 0 .1 3 1 .22 0 .1 41 5 - 3 - 7 3 1 0 .0 0 .5 6 3 .0 0 0 .1 5 0 .9 1 0 .1 0

Th.e validation exercise supports the hypothesis that the 

interception is an inportant process in the rainfall-iniiltration- 

ru n e  ff interaction in the catchments under study. The interception 

p r o cess influences the availability of the rainfall for 

infiltration significantly and cannot be regarded as negligible. 
Tne modest variations among the Kg values in the catchments is 

expected in view of the landuse and a crude procedure of accounting 
for the intersection losses. In Sambret sub-catchment, the 

evergreen forest is mixed with bamboo whose interception behaviour 

-must be different from those of pure evergreen forests. Hence the 

validated value of Kg tends to differ for Lagan and Sambret sub- 

catchment when interception is taken into account.
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6 Predicted surface runoff (mm)
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!#'
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Y=6 . 9x+0.46

g0 -Wf
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Measured surface runoff (mm)
:ig. 4.14 Comparison of predicted, surface runoff to measured for
;smb:ret catchment during validation at K4=0.08cm/h pertaining to 
‘he situation when interception is assumed negligible

1.2 P red ic ted  su rface  runo ff tmm)

o.a -
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0.2 K
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-t. •

/

R; = 0 .75 
Y=0.85x+0.03 i

0 0.2 0.4 0.6 0.8 1 1.2
Measured surface runoff (mm)

-a- 4.15 Comparison of predicted surface runoff to measured at the 
value K, = 0.03cm/h pertaining to the situation when 

' e~ception is taken into account
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Predicted surface runoff (mm)

5 -i *

4 -i
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I
*

X RJ = 0 .57 
Y=ll.8x-0.24

1 1
X

U -r------ 7------ !---—---7------ r-------:------
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Measured surface runoff (mm)
4.15 Comparison of predicted surface runoff to measured for 

:afcret sub-catchment at K. = 0.09cm/h pertaining to the situation 
-2u interception is assumed negligible

Pred icted  su r fa ce  runoff (mm)
rI

ij-
j

0.8 

0 . 6  rIt
0.4 \- 

0.2

y* R‘ = 0.89 i
Y=0.73x+0.08

0 0.2 0.4 0.6 0.6 1 1.2
Measured surface runoff (mm)

'-3- 4.17 Comparison of predicted surface runoff to measured for 
-iabret sub-catchment at the validated value K„ = 0.04cm/h pertaining 
-- the situation when interception is taken into account
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Predicted surface runoff (mm)

5r

l:
1 *

2
Il *1
-fc

r2 = 0 .000 6 
Y=0.26x+0.95

0 1 2 3 4 5 6
Measured surface runoff (mm)

Fig. 4.18 Comparison of Predicted surface runoff to measured for 
Lagan catchment at K, = 0.09cm/h pertaining to the situation when 
interception is assumed negligible
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o.a -
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0.2
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, •' -fr
0 k

j
R; = 0 .81

Y=1.03x- 0.005

0 0.2 0.4 0.6 0.3 1 1.2
Measured surface runoff (mm)

?*3 - 4 -19 Comparison of predicted surface runoff to measured for 
-igan catchment at the validated value of K. = 0 .05cm/h pertaining to 
— e situation when interception is taken into account
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-n a nutshell the validated values of Kg were found as 0.03, 

1*04, and 0.05cm/h for Sambret, Sambret sub-catchment and Lagan 

catchments. The aforesaid values fall close to the values 

documented in hydrologic texts (Chow et al., 1933) for clay soils 

which is K3=0.03cm/h. This correspondence further strengthens the 

validity of analysis and significant role of the interception 
process.

4.4 Comparison of Infiltration Characteristics Based on the 
Original Green-Ampt Model and Cylinder Infiltrometer 
Measurements

k comparison was carried out on Kabete soils which are similar 
in texture and hydraulic characteristics (Table A2 and Fig. A2 

in Appendix 4) to the soils in Sambret and Lagan catchments 

where this study was conducted. The purpose of this exercise is 

to compare the performance of concentric cylinder infiltrometers 

in relation to predictions derived from the physically based 

Oreen-Ampt model under the same soil and moisture conditions. 
This would enable one to establish the accuracy and reliability 

of concentric infiltrometers as far as determining infiltration 

behaviour of the soil in question is concerned. Based on the 
Sreen-Ampt parameters for the soils in question, the time 

variation of infiltration was determined using the Green-Ampt 
2odel for ponded conditions. Fig. 4.20 shows the infiltration 
-naracteristic curve so obtained. The final infiltration rate is 

I5an/h. The plotted points represent infiltration rates derived 

averaging the values obtained from predictions at three spots
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;n K a b e t e  soil where infiltration measurements were also carried 

u s i n g  the double ring infiltrometers. It should be noted that 
jt t h e s e  sites initial moisture contents were different and were 

found as 0.13cm3/cm3, 0.13cm3/cm3 and 0.23cm3/cm3. However the

values of soil hydraulic parameters viz. 03, Ks, and Sav were 

•.early same. Fig. 4.21 shows the time variation of infiltration 

rate based on the cylinder infiltrometer measurements. Each point 

plotted on the graph of infiltration rate against time represents 

in average of three values derived from the readings taken at the 

*-hree spots where the infiltration measurements were carried out. 

The final rate is about 36mm/h which is nearly three times as 

:reat in relation to Green-Ampt based value. Evidently, the 

infiltration rates measured by cylinder infiltrometers are very 
nigh as compared to the model predictions. Also it is expected 

that the infiltration rate decreases consistently with time so 

that when a curve is drawn through all the points in the 

infiltration rate Vs time graph, a smooth curve reflecting a 

gradual decrease of infiltration rate (f) with time (t) is 

obtained. This was only observed with the Green-Ampt model. With 
the infiltrometer measurements, the curve is smoothened to 

establish a trend of variation of infiltration rate with time. 

If the points were joined by lines during measurement by 

infiltrometers one may get infiltration rates behaving 

erratically.
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•olr instance, the infiltration rate after 0.4 hours is 50mm/h as 

g a i n s t  64mm/h at 0.55h during the measurement as depicted in 

- 4.21. Comparison of the physically based Green-Ampt model

"i-h the cylinder infiltrometers (already discussed) portrays the 

• atlability and unreliability of the ring infiltrometer data. The 

t g h ,  variable and unreliable data derived from the cylinder 

:nf iltrometer measurements may be attributed to a number of 

reasons. During an infiltration measurement exercise, an attempt 

.3 usually made to maintain a constant head of water above the 

sell surface. This is done by adding water periodically to raise 

the water level to the desired depth above the soil surface. 
Every time this is done, the infiltration rate behaviour is 

usually observed to change and therefore not maintaining 

consistency with the trend of infiltration rate variation with 

time as it was before the water was added. The rate is observed 

to suddenly increase in relation to the previous rates before the 

water was added. This explains the poor placement of points in 

che graph when plotting, making it difficult to establish the 

accurate curve. The infiltration rate curve obtained during a 

measurement will depend on the soil conditions at the spot where 

che experiment is being carried out. If the soil at the spot had 

been compacted e.g. by a moving track, the infiltration rate 

vculd be lower than expected under undisturbed conditions. 
Termite activity or the presence of mole holes in the soil under 
the area of test may result into exaggerated infiltration rates 

•hich may not be representative of the true rate in the area. 

Another important source of error is associated with the
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jestr-uction of soil structure while cylinders are driven. Driving 
:wo cylinders by hammering certainly destroys the soils natural 

tilth, and structure and hence the infiltration behaviour.

Green-Ampt model for ponded conditions is physically based 

and. predicts infiltration based on soil hydraulic parameters that 

aa.n be estimated from texture. It gives a sensible estimate of 

-be infiltration behaviour of the soil under study. It can 
•lierefore serve as a reliable standard for evaluating the 

performance of a technique for measurement. The model predictions 

ire not subject to errors that are associated with cylinder 

inf i ltrometers e.g. those caused by water additions, poor 

techniques of driving the cylinders without disturbing the soils 

and human reading errors among others. The model, however depends 

on accurate determination of the parameters associated with the 

model.
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5 .  C O N C L U S IO N S

lhie following conclusions may be drawn from the study.

1- The USDA-SCS texture based nomographs appear not to give 

reliable estimates of the Green-.Ampt model parameters for the 

soils of the area under study. Only the wetting front suction, 

Sav (150cm) is reliably predicted. The saturated hydraulic 

conductivity (K-=Q. 005cm/h) , predicted from the nomographs was 
found to be far too low for the clay soils in Sambret and 

Lagan catchments. The saturated soil moisture content:, 03, 

from the nomographs was also found out to be lower 

(0.45cmVcm3) than would be expected for these soils. The 

measured value (0 .latf/cm?) available from the records was much 

higher than the nomograph value.

2. After the optimization process and subsequently by validation, 

the saturated hydraulic conductivity (Kg) was found to be 

0.03cm/h for Sambret catchment, 0.04cm/h for Sambret sub- 

catchment and 0.05cm/h for Lagan catchment. Since the value of 

Kg for all the catchments was obtained considering 

interception, the influence of interception in surface runoff 
prediction using the Green-Ampt model should be considered in 

all the three catchments.
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The measured value of 03 (0.TcmtVcm3) may be used reliably for 

the catchments studied instead of the nomograph value of 

6S= Q . 450^/01^ which has been discarded as being too low for 

soils of the catchments studied. The measured values of 

antecedent soil moisture {QL) should be used with caution in 

the Green-Ampt model. Seme of the measured values were 

unexpectedly high hence the need to select carefully the 

reliable values. The value of wetting front suction, Sav=150cm, 

(nomograph based) can be relied on for the catchments studied.

The double ring infiltrometers yield highly inflated, variable 

and unreliable infiltration data when compared to the data 

from physically based Green-Ampt model developed for pended 

conditions. Such data should be used cautiously in hydrologic 

calculations.
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3 - RECOMMENDATIONS

"he hollowing recommendations may be made from the research carried 
: u t .

1- - The nomographs for predicting effective porosity need 

modification before they can be used on Kenyan catchments. 
Since they were developed for coarse textured soils further 

work needs to be done for fine soils.

2. Derivation of hvetographs from rainfall charts, besides being 

tedious and time consuming also requires them to be available 

though daily rainfall records may be more common. There is 

need to develop techniques by which the time distribution of 

rainfall may be derived from daily rainfall data.

3 . Records on measured antecedent moisture contents are rarely 

available and yet this is an important parameter in the 

Green-Ampt model. There is need to develop modelling 

techniques by which the moisture contents prior to a storm may 

be determined.

4. Better accuracy can be achieved by experimenting this kind of 

work on a microcatchment scale e.g. on runoff plots where the 
Green Arnct parameters can be easily determined with less cost 

and time.
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Double ring infiltrometers when used to measure infiltration 

yield highly variable and unreliable results. Therefore there 

is need to test other types of infiltrometers which would 

simulate infiltration behaviour similar to actual flow of 

rainwater into the soils.

There is need to develop techniques by which interception loss 

can be determined for Kenyan catchments instead of relying on 

models developed elsewhere such as America and Europe where 

vegetation and climatic conditions differ from those in Kenya.
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APPENDIX 1

T H E  VEGETATION OF THE SAMBRET A N D  LA C A N  EXPERIMENTAL
C A T C H M EN T S

By 0. Kcrioof, E.A.A.F.K.O.

I l i e  w h o l e  of Lagan, and m o a t  o f  S u m  b id  
•*r c  c o v e r e d  w i t h  e i t h e r  m a t u r e  m o i s t  i m m -  

e v e r g r e e n  h i g h  f o r e s t  o r  s e e u i t i l a r y  

g r o w t h  d e r i v e d  f r o n t  it. A b o v e  7,5UO It. o i l  

S u i u b i e t .  t h e  l o r e s !  is d i s p l a c e d  b y  m o n t a n e  

b a m b o o  f o r e s t  w i n c h ,  h o w e v e r ,  c o n t a i n s  e v e r 

g r e e n  f o r e s t  e l e m e n t s  s c a t t e r e d  t h r o u g h  Ih e  

m a t r i x ,  l ' h c  b a m b o o  is v e r y  m u c h  t h i c k e r  a n d  

c o v e t s  w i d e r  l im i t s  o f  e l e v a t i o n  in  Ih e  S W .  

“v J a n  f o r e s t  th an  a n y w h e r e  e l s e  o n  Ih e  r a n g e .

1 h t s  m a y  be  d u e  to  l i r e ,  d i s t u r b a n c e  b y  

a n i m a l s  o r  m a n .  o r  l o  t h e  h i g h  r a i n f a l l  

e x p e r i e n c e d  in th is  s e c t o r  ( b e t w e e n  70  a n d  

“• * »  i n . ) .  A t  t h e  l o w e r  e n d  o f  S a m b r c t ,  e l e m e n t s  

‘ > f  m o n t a n e  A c a c i a  w o o d l a n d  a n d  s a v a n n a  

a p p o a r ,  a l b e i t  s p a r s e l y .  T h e  i m m e d i a t e  e n v i i o n s  

o t  l i r e  s t r e a m s  o n  b o t h  c a t c h m e n t s  a r e  d e n s e l y  

p o p u l a t e d  w i t h  m o r e  h y d r o p h i l o u s  s| )cc ics  

• • v l i t ie l t  i n c l u d e  th e  t r e e  f e r n  Cynthia nuinniima. 
h e  g i a n t  l o b e l i a ,  Lubeiut gilibcrmi, a n d  a w i l d  

o a n a n a  hnxclc vciitricuxum.
T h e  d o m i n a n t  a n d  h i g h  f o r e s t  s p e c i e s ,  

r e a c h i n g  a  h e i g h t  o f  o v e r  7 0  f t .  in  f a v o u r a b l e  

l o c a l i t i e s ,  a r e  Albizin guiuini [citi. 1‘ulyxt ins 
fuivu. f'uytira muent phyllu ( l a r g e l y  r e m o v e d  b y  

o g g n i g  o p c r a l i o u s ) ,  Syzvyimu giiiiivinxc a n d  

Cuxeuria butliscuinbci. T h e s e  p l a n t s  f o r m  a n  

- d i u i r s C  c u t l l i n i i o u s  c a n o p y  w i t h  a d e n s i t y  o l  

b e t w e e n  3U-5U t o  I h e  a c r e ,  a n d  a r e  u s u a l l y  

r e i n f o r c e d  a t  e o -  o r  s u b - d o u u u a i i t  l e v e l  o y  

/ ' y s ' r s H i  ufriuiniiin. Lkcbery.ia rttv piiclluum, 
Nuxiu r iH i v r v / a ,  l-itux sp p .  a n d  (mlmi imnru- 

hyx. . S e c o n d a r y  o r  n t i i u e r i e a l l y  s u b o r d i n a t e  
m e m b e r s  o f  d ie  up| ier  s t r a t a  i n c l u d e  Tiirnuu 
hirixtii. I ru tillitt vulkcnxii. I'mliHiir pus mil- 

mi litmus. Iltigcniu abysiimiii. Ncuhiiutoniii 
ftuurtn uty.x. iVtiuaruiiga kitiiiiiiiiUsiliuriiii, 
Outnbeya yuetzemi a n d  Sflii'ljlcru vulki ii.sii. 
I l i e  u t u l c i s l o r e y  s p e c i e s  a r e  a l m o s t  e u l i i e l y  

c o m p r i s e d  o f  e v e r g r e e n  r t l b i a c e o u s  g e n e r a  

u n d c i  3U It  in h e i g h t ,  s u c h  a s  I'uiiriiliiiiilliu 
hui.sm. (ji ituiilcu iiicgislusiiihi a n d  (iiilitiu-ru 
■ ■ • l / t « i J r i ,  h il t  v e i y  c o n s p i c u o u s  11 let n i te rs  o l  

• .i>s > n a l i i t i i  in c lu d e  Cuimpliiii vitgia jtiliiisUuui. 
■ r e/ »n  i  giiiuciiisis. Allupli yl us iibysuniais. 
Dhii .u-rm .1 /miitijuiiiuu, Miivhttns sciiigulcn w\. 

- o w l  Xyiiiulm nit utus/uirii. 1 l i c s e  m a y  be a u g -  

n c t i i e d  o n  the l i g h t e r  a n d  s e c o n d a r y  m a r g i n s  

t)y I  lutiui bun iiilulti a n d  11 vpa imm rcvul- 
■‘Hirti l l i e  l o w e s t  s t r a t u m  is o c c u p i e d  l a r g e l y  

j y  A e a i t t h a c e o u s  g e n e r a  s u c h  a s  Miutiiliipxis 
• a n d  \l hi  bin emus, b i l l  n e t t l e s  a i e  w e l l  

1 - r » " o e i i l c d ,  /•/, itryu ucsliuuis. Uh iu / i v f i v f i i i/ -  

m j a  >m a n d  t.iiihisicniiiui tilniltiib: b e in g  ( h e

e o i n n i o t i e s l .  T h e r e  is a n  a b u n d a n c e  o f  s e d g e s  

a r id  I c t u s ;  a n d  c l i m b e r s  a n d  e p i p h y t e s  i n c lu d e  

llusclhi ul ba, I’iper mpunxc, Cl ill cits ill sciltulcits. 
\l ilttlhi in s p p ,  Citiiuriitu ubyssiiiicii a n d  

l‘e pcrmitm spp.

I l i e  b a m b o o  / o n e  is  d o n m i a l e d  b y  

Aniiiiliiiiiriu ulpiiut b u t  f o r e s t  d e e s  i n c lu d e  

1‘yyiiun ulticunitrii. I‘mlucarpus iiiiliuijitinux. 
hki:bii giu rm ppell imm. a n d  Myrim xuliciluliti. 
Myiicu sulu if ol in m a y  n o l i e c a b l y  i n v a d e  

p a t c h e s  o l  b u r n t  o r  d e g r a d e d  b a m b o o  at 

h i g h e r ,  c o l d e r  a l t i t u d e s  a n d  m a i n t a i n  t h e m 

s e l v e s  s a t i s l a e t o i  i l y .  'I h e  h e r b  l a y e r  is  p o o r l y  

r e p r e s e n t e d  il l  l l i i s  r o n e .  N o n e  o f  th e  s p e c i e s  

r c p i c s c u t c d  o n  lhc.se c a t c h m e n t s  e x c e e d s  ‘JO It. 

in  h e i g h t .  Alliiziii gmmm/crit is th e  t a l l e s t ,  a n d  

o n  a n  a v e i a g e ,  t h e  m o s t  r o b u s t  d o m i n a n t  w i t h  

a n  o p t i m u m  c i r c u m f e r e n c e  a t  b r e a s t  h e i g h t  

o l  7 0  m .  T h e  s p e c i e s  o f  /•’« • / «  m a y  e x c e e d  6 0  f l .  

b u l  a i e  n e v e i  a b u n d a n t .  I n  d i e  b a m b o o  z o n e ,  

g r o w t h  is g c n c t a l l y  m o r e  s t u n t e d  a n d  5 0  f l .  is 

d i e  o p t i m u m  l o r  e m e r g e n t  f o r e s t  d e e s .  T h e r e  

is a  m a r k e d  t e n d e n c y  l o r  th e  h e i g h t  o f  

b a m b o o s  l o  i i i c i c u s c  a b o v e  the 7 ,5 0 0  fl . 

c o n l o t i i ,  l o  a  i i t u M iu u m  o f  -10 ft.

1 l y d l o l u g i e a i l y ,  the  v e g e t a t i v e  c o v e r  is  c o m 

p l e t e ,  l o r  e v e n  w h e i e  t h e  u p p e r  c a n o p y  has 

b e e n  d is t t i i  l ied  o r  r e m o v a l  o f  p r i m a r y  v e g e t a 

t i o n  l ia s  l e l l  g a p s ,  r a p i d  c u l m i n a t i o n  b y  s e c 

o n d a r y  s p e c ie s  h a s  b e e n  e l l e e t e d .

N e a r  d i e  u p p e r  r im  o f  Ih e  S a m b r c t  e a l c h -  

i n e u t  l l i e i e  is a  2d a c r e  " v l e i "  o r  e n c l o s e d  
d r a i n a g e  b a s in ,  w h i c h  o v e r - i l u w s  in t o  t h e  m a in  

s l r e a t i i  w h e n  d i e  d e p t h  o l  w a t e r  e x c e e d s  

a p p r o x i m a t e l y  2 It. l 'h c  v e g e t a t i o n  l i c i o  c o n 

sis ts  e n t i r e l y  o l  g ra s s e s ,  s e d g e s  a n d  a  f e w  

g c o p l i y l c s  w i th  c o m p o s i t e  h e rb s .  D o m i n a n t  

g r a s s e s  a r c  t'liluiimgrustis ipigejus v a r .  nipin- 
six. Leerxiu hcMitulni. lithium lihia pyruniiilulis 
a n d  Si hirtii trinervio.

I l i e  m a r g in s  o l  l l i i s  / o n e  a r e  p o p u l a t e d  b y  

a n  i m p o v e i  is l ied  w o o d y  c o v e r ;  s p e c i e s  in c lu d e  

lletstiiiiii iibyssiiiuil v a i .  iibvssmii u. Ai iu iii 
litbui. Oiiitilui siiiiiiimi a n d  a v a t i c l y  o l  l l i i e k c t  

g e n e r a .  C i r o w i l i  o f  m o s t  o f  th e  d e c s  a t  the 

f r i n g e  o f  the  v l e i  is s t u n t e d .

I l i e  . lu lus o l  th e  S W  M a i l  I ' l i i c s t  in  the 

5.i m l n c t  ;u e a  is o p e n  t o  d e b a te ,  T h e r e  is 

r e a s o n  t o  b e l i e v e  that  m a n y  o l  d ie  d o m i n a n t  

g e n e r a  o f  d ie  e x i s t i n g  h i g h  l o i e s l  a r e a  a r e  ot 

s e c o n d a r y  o r i g in  a n d  d i a l  p o s s i b l v  1‘iut.u mpus 
mil hi i ihinii i, ( . / t i i / v i i i i ' t l  iiuilinmw .*ml \'ti\m 
iiiiif-i-slii m e  m o s t  l e p i c s e i t l a l i v c  o l  d ie  p i u u . o y  

“ c l i m a x ' '  type.



96

APPENDIX 2

SU M M A R Y  OF SOIL SU R VEY O BSER VA TIO N S O N  TH E 
SAM BRET V A L L E Y

By R. M. Scott.
T h e  v e g e t a t i o n  s u r v e y  i n d i c a t e d  a  v e r y  s h a r p  

tra n sit io n  f r o m  ta l i  m o n t a n e  r a i n  f o r e s t  l o  

b a m b o o  a t  a n  a l t i t u d e  o f  s o m e  7 .500  f t .  in 

t l i e  S a m b r e t  V a l l e y .  T o  i n v e s t i g a t e  w h e t h e r  

t h i s  w a s  l i n e  t o  a  c h a n g e  o f  s o i l  t y p e ,  a  s o i l  

s u r v e y  o f  t h e  c a t c h m e n t  w a s  c a r r i e d  o u t .

T  l i e  t w o  m a i n  s o i l s  a r c  d e e p  f t i a h i o  c l a y s  

a m i  c h i T e r  f r o m  e a c h  o t h e r  o n l y  in  th a t  o n e  

i ' a s  a  t h i n  n s h - d e r i v e d  so i l  o v e r l y i n g  it.

I n  t h e  p a s t  a n  a s h  l a y e r  w a s  l a id  d o w n  o v e r  

: l i e  w h o l e  a r e a  o i l  w e l l - d e v e l o p e d  r e d  s o i l s  

d e riv e d  f r o m  t h e  p h o n o l i t c .  S i n c e  th e n  th e  

a s l i - < i c r i v e i l  s o i l  r e m a i n s  o n l y  o n  the m o r e  

protected s i t e s .

T h e  a s h - d e r i v e d  o v e r l a y ,  w h i c h  is n o t  so  

b r i g h t  r e d  in  c o l o u r ,  is e a s i l y  r e c o g n i z e d  b y  

t h e  p r e s e n c e  o f  a  b u r i e d  h u m i c  h o r i z o n  o f  the  

u n d e r l y i n g  s o i l  a b o u t  2 l 'l. b e l o w  the  s u r f a c e .

1 h i s  b u r i e d  h u m i c  h o r i z o n  c o n t a in s  l a r g e  

p i e c e s  o f  c h a r c o a l  a n d  in  o n e  c a s e  a p i e c e  o f  

o b s i d i a n ,  w h i c h  m a y  h a v e  b e e n  a n  a r t i f a c t ,  

s h o w i n g  t h a t  th is  h u m i c  l a y e r  w a s  n o t  c a u s e d  

b y  p e d o l o g i c a i  p r o c e s s e s  b u t  h a s  b e e n  b u r i e d .

I h e  h i g h  o r g a n i c  m a t t e r  e d n t e n t  a m i  th e  n o n -  

s i  . c k y  n a t u r e  o f  th e  c l a y  in  t h e  s o i l  a b o v e  th e  

b u r i e d  h u m i c  l a y e r  s u p p o r t s  th is  v i e w .

T h e  p r o f i l e ,  w i t h  th e  a s h - d e r i v e d  o v e r l a y ,  

c o n s i s t s  o f  a v e r y  d a r k  b r o w n  t o  r e d d i s h  

b r o w n  h i g h  o r g a n i c  m a t t  l a y e r  u p  l o  5 in. 

t h i c k  p a s s i n g  i n t o  a  d a r k  r e d d i s h  b r o w n  f r i a b l e  

c l a y ,  n o i l - s t i c k y  b u t  s l i g h t l y  p la s t i c ,  h a v i n g  

m a n y  s m a l l  p i e c e s  o f  c h a r c o a l  a n d  a h ig h  r o o t  

d e n s i t y .  I i n s  o v e r l i e s  a t  a b o u t  2 f t .  a  b u r i e d

E .A .A .F .R .O .

h u m i c  h o r i z o n  d a r k  r e d d i s h  b r o w n  in  c o l o u r  

w h i c h  in  turn p a ss es  a< a b o u t  3 ft. i n t o  a d a r k  

r e d  s u b a n g u la r  b l o c k y  f r i a b l e  c l a y ,  s t i c k y  a n d  

p l a s t i c ,  s h o w i n g  c l a y  s k i n s  o n  th e  p e d  s u r fa c e s .

In  th e  d e e p  r ed  f r i a b l e  c l a y s ,  t h e  p r o f i l e  

c o n s i s t s  o f  a  3 in. r e d d i s h  b r o w n  t o  d a r k  

b r o w n  o r g a n i c  m a t t  l a y e r  o v e r  a d a r k  r ed  

c r u m b y  l o  s u b a n g u l a r  b l o c k y  f r i a b l e  c l a y
which is sticky anil plastic. This passes at 
21 3fi in. into a daik red siibaiignlur block) 
clay with day skins.

B o t h  t yp es  o f  s o i l s  a r c  d e e p ,  an a u g e r  b e i n g  

p u l  d o w n  to 11 ft. a n d  n o  a p p r e c i a b l e  c h a n g e  

b e i n g  s e en  in ( l i e  s u b s o i l .

C h e m i c a l l y  t h e  s o i l s  a r e  v e r y  s im i l a r .  I b is  

o n e  w o u l d  e x p e c t  s in c e  a l t h o u g h  th e  o n e  s o i l  

t y p e  d o e s  m i l  c o n t a i n  a  n o t i c e a b l e  a s h  o v e r l a y ,  

in  a l l  p r o b a b i l i t y  it w o u l d  h a v e  b e e n  c o n t a m i n 

a t e d  w i t h  ash  t o  a  g i e a t e r  o r  lesse r  e x t e n t  a n d  

b o t h  s o i l s  h a v e  b e e n  c o n s i d e r a b l y  l e a c h e d .

I t  w i l l  b e  s e e n  f r o m  I a b l e  I I  that t h e s e  s o i l s  

a r e  v e r y  l o w  in  t o ta l  e x c h a n g e a b l e  b a s e s  w i th  

a  v e r y  l o w  s a t u r a t i o n  a n d  it m a y  w e l l  b e  

a d v a n t a g e o u s  l o  a p p l y  f e r t i l i z e r s  to  o b t a i n  th e  

o p t i m u m  y ie lds .

T h e  s o i l  t y p e s  l e n d  l o  b e  r e l a t e d  t o  t o p o 

g r a p h y ;  th e r e  is n o  c o r r e l a t i o n  b e t w e e n  tile- 

s o i l s  a n d  v e g e t a t i o n ,  a n d  th e  so i ls  d o  n o t  

a c c o u n t  fu r  t h e  t r a n s i t i o n  f r o m  f o r e s t  t o  

b a m b o o .  "I l ie  p r e s e n c e  o f  l a r g e  b u r n e d  t r e e  

s t u m p s  a m o n g  t h e  b a m b o o  s u g g e s t s  th a t  it h as  

i n v a d e d  th e  ate-a a f t e r  d e s t r u c t i o n  o f  t h e  fo r e s t  
c o v e r  b y  lire.

T a r i.f I I—-An alys is  «»► m»: M ain  Soil I y i**

D e p thillincites

MechanicalAnalysis
pit

Cakiion/N ii rocfn Ra i it) l:XCIlAN<;fAIII.H RaSLS W11 ItM/UIVAU-Nr M.K./I00 tiM.
e* c 2 *
II
iiK B UJ

is Sat.o r a -aiue
. .

Saint Silt ('lay •x\ ",;n C/N ( a M* Mn K Na Total
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APPENDIX 3
DETERMINATION OF SURFACE RUNOFF FROM RAINFALL USING GREEN-AMPT 

— JFXL.TRATION MODEL

^ M p r  p  3 . -■

Consider a hypothetical storm with intensity distribution presentee 

in T a b l e  Al. Fig. A1 shows the storm hvetograph.

Table Al Intensity distribution for a hypothetical storm________

Time (h) Intensity (mn/h)

0-0.5 H - 4
0.5-3.4 15.0
3 . 4 - 6.0 15 • 0

Jig. Al Rainfall hyetograph for a hypothetical storm



m

98

impose surface runoff is to be predicted from the storm using 

}rsen-Anpt model. Let the model parameters be Sav=150cm,

1. 'O - 7cm3/cm3 9i=0.SScmVcm3, and K^O.lcm/h. The prograrrme will 

^-ermine the surface runoff as follows.

O n  running the progranrne, it will request for the Green-Ampt 

parameners to be entered. These are already mentioned.

2. T h e  first intensity and its time limits will then be

requested. These will be entered as 

To=0 {lower time limit}

Tn=1.5 { Upper time limit}

Intensity = 11.4nm/h
the tonal fall of rain in the interval will be computed 

(i.e 11.4(1.5-0.0)=5.71mm.

L The total infiltration in the interval will be computed using 

the tracezium rule and subtracted from the fall of rain within 

this interval.
Steps 2 and 3 will be repeated for the second and third 

innervals of inoensities.
. Finally the total surface runoff will be compuned by adding 

values of surface runoff for the intervals 

5. In this example the result is
Total surface runoff = 0mm {original Green-Ampn model}
Total surface runoff = 19.5irm {modified Green-Ampt model}

Mote the procedure is the same for both the original and modified 

Gresn-Amct model excect that in the latter the time of ponding is



99
APPENDIX 4

;31E S O I L  CHARACTERISTICS OF KABETE SOILS

A2 Texture and porosity for Kabete soils ( adapted from 
Sessanga, 1982)

pell Sand
%

Silt
o,o

class

Clav
%

content

Textural
Saturated 

soil moisture

■s 13.53 24.46 62.01 clay 0.70

1 
1 

1 u l 0
\

1 8.01 1.66 67.25 clay 0.68

.-56 8.01 22.SI 69.33 clay 0.65

20 30 40 50 60
Volumetric moisture content (%)

Jig . a 2 Soil ncisture characteristic curve for Kabete soils
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APPENDIX 5

COMPUTER PROGRAMS

rrocpram GreenAmpt (input:,output) ;
'.'-'his program works out the time distribution of

iitration rate and cumulative infiltration for 
t h e  original Green-Ampt model given, the model parameters} 
V a r
1st.: text;
C s  ,Oi, k, s, t, F,pr,d,br, 1, r,add, diff, inf, int,sd:real; 

= s c i n  
^*-=0;
w r i teln (1 enter Os Oi k sd s m t  F ') ;

Os 
Oi 
k 
sd 
s
int =

w r d t e l n  ( 
wrriteln ( 
w r i t e l n ( 
writeln (' 
writeln (' 
w r i t e l n (' 
wrriteln (' 
writeln (
writeln( ' Os Oi 
read{Os,Oi,k, sd, s, int, f) ; 
assign (1st, ' p m ' ) ; 
rewrite (1st) 
w r  iteln (1st,
K  = • , K: 3 :3, 
writeln(1st, 
writeln (1st,
(cm3/cm3) 1) ; 
writeln (1st, 
writeln (1st, 
writeln (1st, 
writeln (1st, 
writeln(1st, 
writeln (1st, 
writeln(1st,
Kepeat 

Begin 
repeat 

Begin
pr:=S*(Os-Oi); 
cl: =F/pr;Wy* • —1 . ̂f
l:=or*ln(br) ; 
r :=(k*t)/50; 
add:=abs (l*r) ; 
diff : =abs(F-add);
F:=add;

) ; . saturated soil moisture content');
initial moisture content') ; 

saturated hydraulic conductivity') ;
storm duration in minutes'); 

wetting front suction'); 
time interval in minutes');

F = initial trial cumulative infiltration rate');
F ');sd int

' when Os= ', 0S:1:3,' oi = ',ci:2:3, 
' ana S=1,s :3:3);
' ') ;1 where Cs= initial soil moisture content

' 0i= initial soil moisture content');
' K = Hydraulic conductivity (cm/h) ') ;
1 s = wetting front suction In cm');
' and') ;
' F = cumulative infiltration (cm) ') ;
' f=inf iitration rate (cm/h) ') ;
' t = time in minutes');
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erbd;
until diff<=0.00001; inf : =k* (1+cr/F) ; write (1st) ;writeln(lst, 1 at t=',t:2:2/l end;
t:=t+int; until t>sd; close (1st) ; end.

F =',F :5 :8,' f=',inf:3:8);
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PROGRAM GREENAMPTTp;
{This program works out the time distribution 
c f  infiltration rate and cumulative infiltration using 
the Green-Ampt model modified for rainfall infiltration} 
V A R
—»st * text *
P , Sav, O s D i f  f , Oi, Ks, F, R, Sd, int, D , Fp, Tp, T s , t, s, B , Rt, Lt, A,
i n f , stop: Real ;
begin
repeat
BEGIN
Writeln (1 enter Sav Os Oi Ks F R Sd 
int s stop') ;
writeln(' Sav=wetting front suction in cm'); 
writeln (' Os = saturated water content in cm3 /cm3 ') ; 
writeln (' Ks = hydraulic conductivity (cm/h) ') ; 
writeln (' F = cumulative infiltration (cm)'); 
writeln (' R = initial rainfall intensity (cm/h)'); 
writeln (' Sd = storm duration (hrs)'); 
writeln ('int = time interval for plotting in hrs') ; 
Read (Sav, Os, Oi,Ks, F,R,Sd, int, s, stop) ; 
assign (1st, ' p m ') ; 
rewrite(1st);
writeln(1st,'When Sav=',Sav:3:3, ' Os=',0s:3:3,
Oi=',01:3:3,'
Ks=',Ks:3:3, ' and R=1 , R:4:6);
P :=Sav*(Os-Oi);
D :=R/Ks;
F p :=P/(D-l); 
tD:=Fo/R;
T s : = (Fp- (P*ln (1+Fp/P))) /Ks;
writeln (1st, ' then tp=', tp: 3:3, ' ts= ' , ts: 3:3, ' and') ;t . — .- “ '-s> /
Repeat

Receat 
B :=1+(F/P);
Rt:=P*ln(B);
Lt:=ks*(t-tp+Ts);
A:=abs (Lt+Rt) ;
F:=A;
Diff:=?-A;
until abs(Diff)<=0.0001;
Inf:=Ks*(1+(P/F)); _ , _ _ . .
Writeln(1st,1 when t=',t :3:4, ' F= , F : 3:4,
£=', INF:3:4); 
t:=t+int; 
until t>Sd; 
close(1st) ; 

end;
until s=stop 

end.
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jrrgram surf acerunof fgreenampt (input, output) ;
Trus program predicts surface runoff from rainfall 
^ m g  the original
;reen-Arnpt model derived for ponded conditions}

1st: t e x t ;
:Jml, totsro,pr,os,oi,k, sd, s, sro, to, tn, f, int, intr, t,d,br,
; rint, r , add', dif f , inf, f o , f n , sum2, intf, int sro, totr, tsro: real ;
:egin 
.um2: =0;
:*jnl : =0;
:otsro: =0 ;
- t r •=o *
•riteln (1 enter Os, Oi, K, Sd, S, F, int'); 
• n t e l n ('where Os=saturated water content in cm/h');
.riteln (' Oi=initial water content in cm3/cm3');
'.riteln (• K=hydraulic conductivity at natural saturation
ITl/h' ) ; .
.riteln (’ Sd=storm duration in _ minutes1) ;
•riteln (' S=wetting front suction in cm') ;
/riteln (' F=initial trial cumulative infiltration in cm');
r i t e l n (' int = time interval in minutes for computation1);
:ead{cs, oi,k, sd, s, f , int) ; 
assign (1st, ' p m ' ) ; 
rewrite (1st) ;
bi:3:3,'cm3/cm3 K = ' , K:3 :3,'cm/h S=',S:3:3,'em') ; 
retest
vriteln(' enter to, tn and rintensity') ;
readln (1 0, tn, rint) ;
1: =t0 ;
Intr:= (rint* (tn-tO)) /60;
repeat
repeat
pr :=s* (os-oi) ;
i:=f/pr;
or: =l-*-d ;
I:=cr*ln(br) ; 
r:=k*t/60; 
add:-abs (1+r) ; 
diff: =abs (f-add) ; 
f: =add ;
until diff<=0 .0 0 0 0 0 1 ; 
inf :=k*(1+pr/f)*1/6 ; 
s u m : =suml+inf ; 
if t=t0 then fo:=inf; 
if t=tn then fn:=inf;
* — ~ / 

mill t=tn+l; 
sun2: =suml - fo-fn; 
ir.tf : = (int/2) * (fo+fn+ (2*sum2)) ;
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intis ro: = intR- int f ; 
i f  intsro<0 then intsro:=0; 
tcctR: =totR+intR; 
h ctsro: =totsro+intsro ; 
until tn=sd;
writeln(1st,'when total rainfall =',totr:4:6); 
writeln(1st,1 total surface runoff =',totsro:4:6); 
close (1st) 
end.
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PROGRAM GRNAMPLATEST; {This program predicts surface 
runoff from a rainfall event using the Green-Ampt 
model derived for rainfall infiltration.}
VAR
1st:text;
Sav,Os,Oi,Ks,fu,prR,R,ti,P,F2,t2,I,S,D,Fp,Br, tp,ts(F, 
tn, to,B ,Rt,Di,t,tl, inf, suml, fo, fn, sum2, intf, rint, intr, 
incsro, totR, totsro,RO,sro,tR:real; 

begin 
totr:=0; 
suml:=0; 
intR: =0; 
totsro:=0;
writeln (1 enter Sav Os Oi Ks PrR 
R ti-1 t2 I S'); 
read(Sav,Os,Oi,Ks,PrR,R,ti,t2,I,S); 
assign (1st, 'pm') ; 
rewrite(1st);
writeln({1st,}'when Sav=',Sav:3:3,1 Ks=1,Ks:3:3, 1
0 S = 1,O s :3:3);wriceln({1st,}1 Oi=',0i:3:3,' R=I,R:3:3,'
S=1,S :3:3, ' PrR=',PrR:3:3);
P : =5av* (Os-Oi) ;
D :=R/Ks;
Fp: =P/ (D-l) ;
Br: = (Fp-PrR) ; 
tp: =ti+ (Br/R) ;
ts:=((Fo-(P*ln(l+Fp/P)))/Ks);
F:=Fp; 
tn:=t2; 
tO:=0;
if r<ks then writeln('equation invalid');
If tp>t2 then writeln (' tp exceeds ') ;
Repeat

Receac
B : =1+ (F/P) ;
Rt:=P*ln(B) ;
Di: = (F-Rt) /Ks; 
t:=Di+tO-tS;
If F=Fp^I then tl:=t; 
inf:=Ks*(1+P/F) ;
If t<=t2 then F2:=F;
If F<F2 then suml:=0 
else suml: = suml-rinf ;
If t<=tn then fn:=inf;
{writeln(Iso, ' when t=',t:3:3, ' F= ' ,F:3:3,
' f=', inf:3:3) ;}
F:=F+I; 

until t>=tn; 
fu:=inf; 
suml: =suml-fu;

gSlVrr -;r

•CS/
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sum2:= (suml-fo-fn);
If tn=t2 then intf:=0
else intf:=((tl-tp)/2)* (fo-fn+(2*sum2)); 
intsro:=intR-intf; 
if intsro<0 then intsro:=0;
t OtR: = tOtR-r int R ;
totsro:=totsro+intsro; 
writeln('enter to tn rint'); 
read(t0,tn,rint); 
intR:=Rint*(tn-tO) ; 
fo:=fn; 
suml:=fo+inf; 
sum2:=0; 

until t0=tn;
RO:=(R*(t2-tp) ) - (F2-Fp) - (S) ;
SRO:=(tOtsrc+RO)*10;
TR:=((totR)+ (R*(t2-ti))+PrR)*10; 
writeln( {1st,}'when total rainfall=';TR:3:5); 
,writeln((1st,}'total surface runoff=',sro:3:5); 
{ writelntlst,'tp=',tp:3:5) ;
'writeln(1st,'ts=',ts:3:5); 
writeln(1st,'F2=',F2:3:5) ; 
writeln(1st,'Fp=',Fp:3:5); 
writeln(1st,'RO=',R O :3:5); 
writeln(1st,'fo=',fo:3:5); 
writeln(1st,'fn=',fn: 3:5); 
writeln(1st,'suml=',suml:3:5); 
writeln (1st, ' sum2=' , sum2:3 :5) ; 
writeln(1st,'tl=', tl:3:5) ; 
writeln(1st,'intf=',intf:3:5) ; 
writeln(1st,'inf=',inf:3:5); 
writeln(1st,'intsro=',intsro:3:5);} 
close(1st); 

end.


