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INFILTRATION OF WATER AND ITS EFFECTS ON SOIL
EROSION:A COMPUTATIONAL ANALYSIS PERTAINING

TO CENTRAL TUNISIA

INTRODUCTION

There are many examples showing that the abundance

of food in one place in the world does not help prevent

starvation in another. Pressure is growing to use land

and water resources more effectively in order to

increase agricultural production in all parts of the

world.

To do so many aspects of soil and water management

have been studied. These studies are not complete but

continue in order to find appropriate solutions for all

parts of this world. One problem that continues to be

studied is infiltration of water into soils. Being able

to describe the process of infiltration in the field is

needed for successful design of irrigation systems, for

improved understanding of soil erosion and for design of

practices that control soilerosion.

Unfortunately, it remains technically impossible to

give a complete description of the process of infiltra-

tion as it is affected by many variables such as: shrin-

king and swelling of soil particles, presence of so-

lutes, soil temperature, air movement, soil surface

disturbance, soil stability, and structural breakdown.
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From a practical standpoint one should hope to

arrive at a reasonable estimate of the infiltration

process and gain the ability to predict the time-

dependent behavior of the process under different con-

trollable variables, such as water application rate and

initial water content (Hachum and Alfaro, 1980).

In this study, and with the great help of computers,

a computational analysis of the infiltration of water

into soils is used to evaluate infiltration behavior

under conditions that prevail in Central Tunisia.

Soil and water characteristics used in this study such

as hydraulic conductivity, initial water content, soil

depth, as well as rainfall and potential evaporation

rates, are based on knowledge from this region.

Calculations of non-steady infiltration behavior will

be made with the computer program called OR-NATURE

( Ungs et al, 1985).

This study is about the central part of Tunisia

where soil erosion constitutes a major threat to

agriculture which is the main activity of most of the

people in this area.

The objectives of this study were to obtain

infiltration rates in relation to the initial conditions

given in advance and determine how much water enters the

soil and how much, if any, runs over the soil surface

and might lead to soil erosion.
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LITERATURE REVIEW: THE PROCESS OF INFILTRATION

Introduction

When water is supplied to the soil surface by

precipitation or by irrigation, part of this water is

absorbed into the soil by penetrating the surface while

other parts pond at the surface or become runoff.

Subsequently, these parts are divided between that

amount which goes back to the atmosphere through evapo-

transpiration, that amount which recharges the groundwa-

ter table through percolation, and that amount which

goes to the sea through runoff and streamflow.

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, 1980).

Examining and knowing the rate of infiltration relative

to the rate of water supply allows us to determine how

much water will be available to the root zone and how

much, if it does exist, will constitute runoff.

Consequently, the rate of infiltration has an

effect on the water economy of plant communities as well

as on the amount of surface runoff and its dangerous

concomitant, soil erosion.

Physical Principles of the Infiltration System

Figure 1 shows a hypothetical distribution of water



4

in a vertical column of soil. Also shown is a correspon-

ding hypothetical distribution of potential with depth.

The change in potential over a certain depth increment,

Wif/Pz, is called the potential gradient.

Experience (Hillel, 1982) shows that the discharge rate

or flow rate is directly proportional to the cross

sectional area and to the hydraulic head drop (-WV )

and inversely proportional to the length of the column

(Az), as follows:

Q = -AK 6.4)/Lz (cm3/hr).

Dividing by A yields

Q/A = -K t4' /Oz , Q/A being thewater flux

q = - K 6,4)/Az

denoted by q (cm/hr),

withK being a proportionality

factor which is called the hy-

draulic conductivity (cm/hr).

As more water infiltrates into the soil, the water

content increases and the hydraulic conductivity

changes. This is indicated by showing the two profiles

labeled 1 and 2. The water flux will be determined by

the hydraulic conductivity and the potential gradient.

The hydraulic conductivity is a function of pore size

distribution. The potential gradient is a function of

the soil water characteristic curve.
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Figure 1: Hypothetical distribution of water and potential in a vertical

column of soil.
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Variables That Affect the Infiltration Process

The infiltration process is a complex phenomenon

greatly influenced by any change in soil properties and

soil water content (Hachum and Alfaro, 1980). Among the

many variables that affect the process of infiltration

are:

hydraulicconductivity,

soil texture,

soil structure,

pore size distribution,

initial water content,

water quality,

temperature,

vegetation,

method and rate of water application,

interaction between physical and chemical factors which

cause the shrinking and swelling of soil, and

hysteresis.

These variables are reviewed in the following parts of

this chapter.

Hydraulic conductivity

Hydraulic conductivity, K, which has the dimension

of velocity (LT-1)isdefined asthe coefficientof

proportionality between the volume flux of water (q) and

the space gradient of the potential of water (y),



7

q = K grad(T).

The higher the saturated hydraulic conductivity of the

soil is, the higher its infiltration rate tends to be

(Hillel, 1980).

Soil texture

Soil texture refers to the distribution of size of

the particles in the soil. Qualitatively, it represents

the "feel" of the soil material; quantitatively, it

denotes the measured distribution of particle sizes or

the proportions of the various size ranges of particles

which occur in a given soil (Hillel, 1982).

Soil structure

Soil structure refers to the arrangement and

organization of the particles in the soil.

Pore size distribution

Pore size distribution refers to the frequency

distribution of pore sizes found in the soil. It is more

important than the total pore space when dealing with

infiltration, since the soil water potential is

determined by pore size.

Initial water content

Many experiments have been conducted to evaluate
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the effect of initial soil water content on rate of

infiltration. It was found that the rate of infiltration

decreases with increasing initial water content (Phillip

1957b) for both short and long time infiltration.

Comparison of horizontal and vertical infiltration

showed that for vertical infiltration gravity

contributed significantly to water movement at high

initial water content (Gumbs & Warkentin, 1972).

Water quality

Pure water has many unique and well-known proper-

ties. Unlike nearly all other materials it expands upon

freezing; moreover, its boiling point, melting point,

and specific heat are unusually high (Soil Water; Ameri-

can Society of Agronomy and Soil Science Society of

America, 1972). When electrolytes are added, properties

of the water, such as dielectric coefficient, weight

concentration, surface tension, and viscosity, all

change. These changes imply that the water quality has

an effect on the infiltration process.

Temperature

Temperature has an effect on water by changing its

properties, as well as on soil by influencing biological

processes, seed germination, seedling emergence and

growth, root development, and microbial activities.
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Since infiltration is affected by water and soil proper-

ties it follows that the infiltration process is influe-

nced by water and soil temperature. The most important

effects of changes in soil temperature are changes in

viscosity.

Vegetation

McGinity, Smeins, and Merrill (1979) found that the

terminal infiltration rates for one pasture in a 4-

pasture deferred-rotation grazing system with a 27-year

long exclosure were similar (10.40 and 10.24 cm/hr,

respectively). A heavily, continuously grazed pasture

had less than one-half the infiltration rate (4.41

cm/hr) of the rotation pasture and exclosure. The dec-

rease in infiltration rate was attributed to the compac-

tion of the upper soil layers by the hooves of the

grazing animals. Infiltration rates increased on all

sites as the period of rest from grazing increased

(Busby and Gifford, 1981). This study was conducted on

sandy loam soils in southeastern Utah. It showed that

when the range (cover) and hydrologic conditions were

improved, the infiltration rate increased by nearly 100

percent.

Method and rate of water application

Water is supplied to the soil surface by irrigation
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or precipitation. There-are several methods of irriga-

tion, from furrow irrigation to drip irrigation.

Rainfall varies in intensity and duration. It follows

that the process of infiltration is influenced by the

method and rate of water application through its impact

on the soil surface.

Interaction between physical and chemical factors

This interaction adds to the complexity of the

infiltration process caused by shrinking and swelling of

the soil. The presence of clay in the soil influences

its physical behavior because the clay particles adsorb

water and thus cause the soil to swell and shrink upon

wetting and drying (Hillel, 1982). This process affects

the structure of the soil by affecting the pore size

distribution, i.e. the pathway of water.

Hysteresis

Soil-water is a hysteretic system, which means that

the relation between water content and the energy status

of water in the soil depends on prior history of the

system. Gradually drying a soil sample, initially satu-

rated (desorption) is one way to determine the relation

between matric potential and soil water content. The

other way is to take a dry sample and gradually wetting

it (sorption) until saturation. This relation is a
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continuous curve in both ways, but the two curves are

different. At a given water content, the matric poten-

tial obtained by drying is greater than obtained by

wetting.

Definition of Terms Related to Infiltration

The infiltration rate

The infiltration rate is defined as the volume flux

of water entering the soil profile through the soil

surface (Hillel, 1980). This term has also been referred

to as infiltration velocity because it has units of

velocity (LT-1) .

L3T-1L-2 = L T-1

Infiltration capacity or infiltrability

When water is supplied to the soil surface at a

steadily increasing rate, the soil will initially absorb

the water by infiltration at a rate at which it is

applied. However, at a later time, water will begin to

accrue over the soil surface and run over it. This is

the time where the rate of supply exceeds the soil's

rate of absorption.

Horton (1940) defined infiltration capacity as the

rate of infiltration where it proceeds at its maximal

rate. Richards (1952) did not agree with this defini-
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tion, pointing out that it implies an extensive aspect

rather than intensive aspect. He suggested infiltration

rate instead of infiltration capacity and infiltration

velocity instead of infiltration rate. However, this

proposition has not been widely adopted.

In order to avoid the extensive-intensive contradic-

tion in the term infiltration capacity and to allow the

use of the term infiltration rate in the ordinary

literal sense, Hillel (1971) introduced a single word:

infiltrability.

Infiltrability represents the infiltration flux resul-

ting when water at atmospheric pressure is made freely

available at the soil surface (Hillel, 1980).

Soil infiltrability depends upon:

1) time from the onset of water supply,

2) initial water content,

3) hydraulic conductivity,

4) soil surface conditions, and

5) the presence of impeding layers.

Water Content Profile During Infiltration

Four different zones of water content can be distin-

guished at any moment of infiltration of an initially

dry soil with ponding water at its surface (Figure 2).

A saturated zone from the soil surface to a depth

of several millimeters or centimeters.



13

A transmission zone beneath the saturated zone

where wetness is nearly uniform. Its thickness is more

than that of the saturation zone and its water content

is less.

A wetting zone where water content decreases with

depth.

And finally, a wetting front zone where the water

content decreases rapidly. This zone forms a sharp

boundary between the wetted soil above and the

relatively dry soil beneath.

As time goes by, the saturated transmission zone

becomes continuously longer. It follows that the wetting

zone as well as the wetting front move downward conti-

nuously, but at a decreasing rate. As the wetting front

moves deeper, it becomes less steep (Hillel, 1980).

Infiltrability as a function of time

Infiltrability, which was defined earlier as the

infiltration flux when water is made freely available at

the soil surface at atmospheric pressure, varies in

time. This variation is generally a decrease. Infiltra-

tion is a process that can continue indefinitely if the

conditions of, the soil column permit. It is known also

that infiltrability depends on uniformity of the pro-

file, soil texture and structure, and on initial water

content and water potential of the soil column (Hil-
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Figure 2: The infiltration moisture profile (drawn after fig. 2.3, Hillel, 1980)
with at left, a schematic section of the profile, and at right, the
water content versus depth curve. Wi = initial water content; Ws = water
content at saturation.



15

le1,1980).

Under conditions of rain where R is the rate of

application, the soil surface moisture increases with

time until it reaches a given limit, el,. If the rate of

application, R, is less than the saturated hydraulic

conductivity, K(es), this limit is defined by R = K(OL),

where eL is less than the saturated water content, es

and K(eL) is less than the saturated hydraulic

conductivity. In this case water will not pond at the

surface unless the impact of rain drops on the soil

surface is strong enough to develop sealing of the soil

surface.

On the other hand, if the application rate is grea-

ter than K(es), the soil water content at the soil

surface will equal 8
s'

It follows that the rate of

infiltration becomes less than the application rate and

water ponds at the soil surface. Consequently, runoff

might develop and cause relatively serious damages to

the soil (Hachum and Alfaro, 1980).

Figure 3 shows infiltrability as a functionof time

for a sandy soil at different initial water contents:

6%, 10%, 15%, and 20%. The saturated water content of

this soil is 35%. The four curves show that

infiltrability started at high rates initially, then

decreased exponentially to reach a constant rate (0.58

cm/hr). When the soil is dry, the matric potential is
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17

very high in absolute value so that the potential gra-

dients are high and constitute the driving force for

water movement. As the soil water content increases, the

soil matric potential increases exponentially and the

potential gradients decrease. Consequently, the infil-

tration rate decreases and water movement is driven by

gravity. At saturation the matric potential is equal to

zero and the only driving force for water movement is

gravity and the rate of infiltration reaches a constant

value. The final constant rate is often called final

infiltration capacity. The adjective "final" does not

mean the end of the process. It is preferable to call

this rate the steady-state infiltrability (Hillel,

1982) .

In this example the constant rate is equal to the

saturated hydraulic conductivity.

Infiltration Equations

Over the years many different infiltration equa-

tions have been proposed. These equations are either

theoretically or empirically based. Furthermore, in

these equations the infiltrability is expressed as a

function of time or of the total quantity of water

infiltrated into the soil. The equations discussed below

have been widely used.

In 1911 Green and Ampt introduced the earliest
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i = is + b/I,

where:

18

is Infiltrability (cm/s)

Cumulative volume of water infiltrated

during time t per unit area of soil

surface (cm)

i c : Constant rate reached when I becomes

large (cm/s)

b: Constant.

The Green and Ampt equation was based on the follo-

wing assumptions:

A distinct and precisely definable wetting front

does exist.

The matric potential at this wetting front re-

mains effectively constant, regardless of time and posi-

tion.

Behind the wetting front, the hydraulic conducti-

vity is assumed to be constant and the soil is uniformly

wet.

In 1932, Kostiakos proposed the following equation:

i = Bt-n,

where B and n are constants.

This equation implies that as t increases i

approaches zero and not a constant is as definedin the
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Green and Ampt equation.

Horton (1940) suggested:

i = ic + (io ic) e-kt,

where ic, io, and k are constants. In this equation, i

varies from i o for t = 0 to i c for large values of t.

The disadvantage of this equation is that it contains

more constants which have to be evaluated experimental-

ly.

Philip (1957c) proposed:

c
+ s/(2t 1/2 ),

where ic and s are characterizing constants.

Holtan (1961) :

i = ic + a(M I)n,

where ic, a, M, and n are characterizing constants.

Holtan specified M as the water-storage capacity of

the soil above the first impeding stratum, which can be

calculated by subtracting the antecedent soil water from

the total porosity. Two points have to be clarified.

First, what will be the meaning of M expressed in

units of equivalent depth when the impeding stratum does

not exist? This was not made clear.

Second, when I exceeds M, M I will be negative,

then it depends on n whether it is even, odd, or frac-

tional.

If I = M, then i = ic
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If I > M, then i = is

So a condition must be set: 0 < I < M; and another

specification should be added to Holtan's mathematical

equation:

i = is for I > M.

Conclusion

Hillel (1980, p. 13) indicates that:

"the Green-Ampt and Philip equations both arise out
of mathematical solutions to well-defined physical-
ly based theories of infiltration. The Horton and
Holtan equations, on the other hand, are essential-
ly empirical expressions selected to have the cor-
rect qualitative shape. For this reason, therefore,
they are not quite so inherently restrictive as to
the mode of water application, since they do not
imply surface ponding from time zero on, as do the
Green-Ampt and Philip equations. In fact, for a
flux-controlled type of beginning infiltration, the
finite initial infiltration rate of the Horton and
the Holtan equations is obviously the more
realistic. The larger number of characterizing
constants in these two equations,however, can at
times hinder their usefulness, while at other times
it might help to provide a betterdescription of
the phenomenon. Both of these aspects have been
recognized and demonstrated."
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LITERATURE REVIEW: APPROACHES TO INFILTRATION THEORY

Horizontal Infiltration

The gravitational force is equal to zero in this

case and water movement is described by the Darcy equa-

tionand the continuity equation:

Darcy's law

continuity equation: 1 e/Zt = a q/ax

By combining the two equationsabove for one-

dimensional flow, the flow equation becomes:

ze/bt = "b/ax * (I< -atr/ax), (1)

where:

8: volumetric wetness (cm3 /cm3 )

t: time (s)

K: hydraulic conductivity (cm/s)

kV: matric potential (cm)

x: distance along the direction of the flow (cm).

The diffusivity D, which is a function of volumetric

wetness e , is defined as:

D (e) = K -'atrae (2)

Substituting equation (2) into equation (1), the flow

equation becomes:

7)9/at = a/ax [ D(e) Ze/ax 1. (3)
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with the conditions: 0 = ei for x 0, t = 0 ; 0 = 00

for x = 0, t > 0.

Ludwig Boltzmann (1894) introduced a transformation

that applies to equation (3), as follows:

A(9) = xt-1/2 or x = >(&)t1/2

Hillel (1980) stated that during infiltration into

an initially dry and stable soil column, the wetting

front zone is usually visible and shows a moving zone of

practically constant wetness (Figure 1). Assuming X(e)

to be constant, therefore, the distance x to the wetting

front is proportional to t1/2.

If the composite variable A(0) is introduced in

equation (3), the latter is transformed from a partial

to an ordinary differential equation:

-A/2 de/dA = d/d [ D(8) de/dX ] (4)

with the conditions: A = Ai when ,

and A = 80 when A = 0

The soil being assumed homogeneous, any change in

volumetric wetness from el to 82,&01 = e2 -el for a

distance x is followed by a change in the cumulative

infiltration I= 12 Il and

I= x A 8.

To find the cumulative infiltration I at a time t, the

following integration should be done:
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A
I

o
xd& with ei being constant.

Ai=

Using the Boltzmann variable x A(e)t1/2, I will equal:

1/2 80
I = t N(e)de,

P
o%

where A(e)de is called the sorptivity, S (Philip,
Ai

1969) .

Hillel (1980) indicated that equation (4) must be

solved numerically since the D(A) relationship is non-

linear. Philip (1955) described an iterative procedure

for the numerical solution of equation (4). Parlange

(1971) introduced a quasi-analytical technique. DeWit

and Van Keulen (1972) and Elrick (1979) have developed

computer based simulation procedures for solving the

equation.

For horizontal infiltration, Bruce and Klute (1956)

published a technique for determining D(A) from experi-

mentally obtained water content distributions.

By multiplying both sides of equation (4) by dX ,

then integrating from A =00 to A (e), the following

equation is obtained:

-1/2 fe. Ade = [D(8)de/dA ]e.

O

for A = Oi (A ) , [D(0)dO/dA] = 0
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so, -1/2 ci9 = D(8)d8/dA
8.

(5)

D(9) = -1/2 dA/d8 de . (6)

G.

By plotting 8 vs.A and by determining the slopes

and areas corresponding to 6 , D(e) can be obtained.

Crank (1956) stated that the time dependence of

the cumulative infiltration I and the infiltration rate

can be expressed in terms of the weighted mean diffusi-

vity 5 ,for sorption process

2/3
5 = 5/3[1/(e0 ei)] eie° D(e)(e-ei) d(e)

Assuming D(8) constant, analytical solutions can be

found to equation (3). Then the following equations are

obtained:

i = 1/2 (80 9i)(15/17t)1/2

I It idt = (90 - 9i) (5t/.m)1/2

(7)

(8)

Combining equations (7) and (8), the infiltration

rate i can be expressed as a function of the cumulative

infiltratration I (Hillel, 1980).

i = (e0 9i) 2 (577 i) (9)
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Vertical Infiltration

In contrast with horizontal infiltration, the

gravitational force is to be considered in vertical

infiltration. The gravitational head decreases at the

rate of 1 cm with each centimeter of vertical depth

below the surface.

Again, Darcy's law combined with the continuity

equation are used to obtain the general flow equation:

-b e / I t = -6 Paz (K -64)/? z) ZK/az, (10)

where:

03: volumetric wetness (cm3 /cm3 )

t: time (s)

K: hydraulic conductivity (cm/s)

4): matric potential (cm)

z: depth from the soil surface (cm)

If a unique relationship between & and 41 exists,

ae/at can be written as ae/aty* 14,/at

-64Yaz can be written as -09' /8 * Ze/a.z

Substituting these equalities into equation (10),

yields to the following equation:

ae/at = Waz ( K /C* ae/az ) aK/az (11)

where:

C =zeiaty is the slope of the & vs \ relationship

defined as the specific water capacity
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and K/C = D, which is referred to as the soil-moisture

diffusivity.

Hillel (1980) proposed to call D the hydraulic diffusi-

vity defined as D(e) = K-b4drae.

In both equations (10) and (11), two terms are contained

in the right-hand side, namely a contribution by the

suction gradient in the first term and a contribution by

gravity in the second term. Predominance of the first or

the second term depends on the initial and on the

boundary conditions. The gravity term is significant in

a soil near saturation, but plays only a minor role in a

dry soil.

Philip (1957a) gave the first mathematically

rigorous solution of the flow equation. His solution is

applicable to the case of an infinitely deep, uniform

soil of constant initial volumetric wetness ei.

At t = 0, this profile is assumed to be submerged

by a thin layer of water that instantaneously increases

soil wetness at the surface from 9i to 80 (80 is not

necessarily equal to the saturation wetness); 80 is

thereafter maintained constant.

t = 0 , z > 0 A= ei

t>o,z=o 8 =eo

Go

z(8,t) = n;
1 n

ep,)tn/2 (12)

where fn(8) are calculated from the diffusivity and
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conductivity functions.

Philip's solution describes the time dependence of

cumulative infiltration I in terms of a power series:

00

r
I (t) = n

_ J
=1 n

tn/2

where Jn's are constants which depend on ei and &o. The

equation can be written as

1/2 3/2 2 n/2
I (t) = St + (A2 + Ko) t +A3t +A

4
t +.+Ant (13)

with the coefficient S, is called sorptivity.

To find the infiltration rate i(t), equation (13)

is differentiated with respect to t:

i(t) = 1/2St-1/2 + (A2 + Ko) + 3/2A3t1/2

+ 2A 4t+---+(n/2)Antni2
1 (14)

When t is small, it is sufficient for an approximate

description of the infiltration rate to replace (13) and

(14) by:

I(t) = St1/2 + At (13a)

i(t) = 1/2St-1/2 + A (14a)

Hillel (1980) pointed out that at large values of t, it

is possible to represent equations 13a and 14a by:

I = St1/2 + Kt

i = 1/2St-1/2 + K

and Philip's analysis yields to

(13b)

(14b)
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i = K (15)

Infiltration into Layered Soils

Bruce and Whistler

Solutions of all of the equations mentioned above

were based on the assumption that the soil is uniform

with depth. However, natural soils have a heterogeneous

profile where soil characteristics change with depth,

and thus changes in the hydraulic characteristics occur

as a function of depth.

To solve the flow equations in such cases the

finite difference approach must be used (Bruce and

Whistler, 1972). The general flow equation for vertical

flow in a homogeneous, noncompressible porous material

is:

C(40) a4' /at = "a / -a z [ K(y) -a41/-az ] 70K (y) /az (16)

where: C: volumetric water capacity ( de/dY)

': matric potential (cm)

t: time (s)

z: depth (z = o at the soil surface)(cm)

K: hydraulic conductivity (cm/s)

This equation is assumed to hold for each layer of a

field soil. But for the total profile, C, K, e, and y

vary from one soil horizon to another, thus they vary
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with z.

Equation (10) becomes:

c(o, z) -64,/at = Waz ( K(4,,z) -?w/az) aK(w,z)/az) (17)

Bybordi Experiments

Bybordi (1972) conducted experiments on

infiltration of water into nonuniform soils, applying

the Green and Ampt approach. He started with developing

equations based on theory.

Using Darcy's law, the infiltration rate is:

i = K [1 + (H- y) /L] (18)

where:

K: Saturated hydraulic conductivity

of a uniform profile (cm/s)

y: matric potential at the wetting front (cm)

H: Depth of ponded water at the soil

surface (cm)

At a depth of L for the wetting front, equation

(18) can be written:

i = q = A + B/L (19)

where A = K and B = K(H -kV). The function q vs 1/L

gives a straight line with A as the intercept with the

q axis and B the slope of the line.

With passage of the wetting front, the water

content increases: i = YdL/dt where Y is the increase



of water content.

Integration of equation (18) leads to:

(K/Y) t = L (H -kV) Ln [( 1 + L/(-1-y)]

Darcy's law should be rewritten as follows:

dQ/dt[0L (1/K) dL = L + H y

for a nonuniform soil profile.
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(20)

(21)

If the profile is layered with L1, L2, ...LR,

thicknesses of the layers and corresponding hydraulic

conductivities, counting from the surface, the infiltra-

tion rate q when the water front has penetrated into the

Nth layer is:

tsi

q = (L + H yN ) LR/KR (22)
R=1

Rain Infiltration

The infiltration process differs, depending on the

duration and the intensity of the rain. Hillel (1980)

mentioned that if the rain intensity exceeds the soil

infiltrability the process is similar in principle to

the case of shallow ponding. He added:

"If rain intensity is less than the initial infil-
trability value of the soil but greater than the
final value, then at first the soil will absorb at
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less than its potential rate and the flow of water
in the soil will occur under unsaturated conditions
however, if the rain is continued at the same
intensity, and as soil infiltrability decreases,
the soil surface will eventually become saturated
and henceforth the process will continue as the
case of ponding infiltration (Hillel, 1980, pp. 34-

35) ft

If the rain intensity is lower than the soil infil-

trability during the whole period of rain, the soil will

never reach saturation.

Hillel (1980) mentioned that Rubin studied the

infiltration process under rain in 1966 and recognized

three modes of infiltration due to rainfall:

Nonponding infiltration, which occurs when the

rain intensity is not high enough to cause ponding.

Preponding infiltration, which occurs when the

rain can cause ponding, but has not yet done so.

Rainpond infiltration, which is usually preceded

by preponding infiltration. It is characterized by the

presence of ponded water.

The transition between the two latter modes of infiltra-

tion is called "incipient" infiltration. Infiltration

of a high intensity rainfall is often accompanied by

transient sealing of the soil surface (Ahuja & Romkens,

1974) .

Such sealing of the soil surface is caused by the

rain drop impact on the soil surface. Therefore, an

upper, thin, impermeable layer will be formed prohibi-

ting the water entry through the soil surface. Then,
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water runs over the soil surface and carries soil parti-

cles causing soil erosion.
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Conclusion

Since the infiltration process is affected by many

factors which can not be studied all at once, studies

based on several important factors can be conducted

basedupon consideration of an adequate set of assump-

tions.

Over the years many different infiltration equa-

tions have been proposed. These equations were either

theoretically or empirically based. Those widely used

were discussed earlier in this study. These equations

are:

i = is + b/I Green and Ampt,

i = Bt-n Kostiakos,

i = is + (io io)e-kt Horton,

i = is + s/2t1/2 Philip,

and i = is + a(M I)n Holtan.

Presently, computers can be helpful to solve these

flow equations. Consequently, the five equations

mentioned above will no longer be used and solutions

given by computer can be compared to those given by

these equations.

The computer program uses three different solutions

based on three different independant variables, namely,

the volumetric water content, 8, the water potential,

4), and the diffusivity potential given by the Kirchhoff
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transform. These solutions will be discussed in the

following chapter.



PHYSICAL ENVIRONMENT IN CENTRAL TUNISIA

Typical Soils Used

Introduction
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Information pertaining to typical soils from

Tunisia, more precisely the central part of the country

(Figure 4), will be used for this study.

There are several reasons to work on this specific

area in the country. Central Tunisia is marked by

heterogeneity in terms of topography, climate, and avai-

lable land and water resources. Also, severe damage to

the soil is caused by high intensity rainfall events,

even though these are generally of short duration and

occur irregularily. Both sheet and gully types of

erosion are seen everywhere in this area, causing major

problems for the local, regional, and federal

authorities, as well as for the farmers.

Brief Background

The target area for this study covers all the

delegations (counties) of the governorat (state) of

Kasserine, and three delegations of the governorat of

Siliana (Figure 4).

Most of the valley areas are at elevations between

500 to 700 meters, but plateaus above 800 meters are not

uncommon. The population is predominantly rural. People
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live in widely dispersed dwellings.

Cropping patterns depend on the availability of

irrigation water. The people who try to make their

living on rainfed farms follow the traditional grain-

fallow rotation and graze animals, which often adds to

the severity of soil erosion.

Types of Soils

There are various types of soil in central

Tunisia. In the valleys, fluvial deposits created soils

with fine texture that are not well developed, deep,

poorly drained, and often saline. However, some of the

valleys have high quality soils consisting of loamy

silts that are well drained. Similar differences are

found in the plateau areas as well. Rocks and depleted

soils are found on the slopes.

Clayey soils are found in the northern region. As

one moves southward, the percentage of sand increases

and soils in the southern zone are mostly sandy. In the

central region soils are mostly sandy clays (Figure 5).

Another characteristic of some of the valley soils

is the presence of salt (Kasserine, Foussana, Rouhia and

Sbiba), which causes the dispersion of the clays

resulting in a powdery structure. The result is that

the soils are susceptible to wind erosion.

Samples of soils from different delegations of the
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Figure 5: Texture of soils found at indicated locations.

Locations are marked in Figure 4, and generally

are from north to south, with Thala in the north

and Sbeitla in the south.
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area were tested in the soils laboratory at "Ecole

Superieure des Grandes Cultures du Kef". The test

results are summarized in Table 1.
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Table 1: Soil test results: Texture analysis(*)

Delegation
(location)

Sample Sand Silt Clay Soil texture

% %

Majel bel abbes 1 47.2 28 24.8 Loam
2 71.2 16 12.8 Sandy loam

Feriana 3 57.9 26 16 Sandy loam
Kasserine sud 4 63.9 0 36.1 Sandy clay

5 53.9 26 20.1 Sandy clay
loam

Kasserine nord 6 63.9 20 16.1 Sandy loam
7 75.9 16 8.1 Sandy loam
8 77.9 10 12.1 Sandy loam

Sbeitla 9 55.9 28 16.1 Sandy loam
10 87.9 8 4.1 Sandy
11 91.9 4 4.1 Sandy

Sbiba 12 47.9 14 38.1 Sandy clay
Thala 13 33.9 36 30.1 Clay loam

14 21.9 42 36.1 Clay loam
15 49.9 30 20.1 Clay

Foussana 16 29.9 24 46.1 Clay
17 81.9 10 8.1 Loamy sand

Maktar 18 23.9 28 48 Clay
19 21.9 30 46.1 Clay
20 35.1 40 34.1 Clay loam
21 24.6 6 69.4 Clay
22 34.6 24 41.4 Clay

Jedeliene 23 37.9 32 30.1 Clay loam
24 21.9 36 42.1 Clay

Haidra 25 26.6 40 33.4 Clay
26 30.4 38 31.4 Clay loam

El Ayoun 27 20.6 24 55.4 Clay
28 22.6 32 45.4 Clay
29 40.6 26 33.4 Clay loam
30 20.6 40 39.4 Clay loam
31 30.6 32 37.4 Clay loam

Rouhia 32 26.6 18 55.4 Clay
33 18.6 20 61.4 Clay
34 28.6 10 61.4 Clay

(*) Samples were taken from the upper 30 cm layer.
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Climate

The target area is influenced by air masses

coming in from the Mediterranean Sea during fall and

spring, from the Sahara during the summer, and from the

Atlantic Ocean during the winter. The presence of the

mountains in the north of the country constitutes an

obstacle to the humid air masses, which explains the

continental climate that central Tunisia has.

Rainfall

Rainfall is scant, averaging less than 300mm/year

in Kasserine and Sbeitla. The annual amount of rainfall

decreases from the north to the south and is less than

200mm/year in the south around Majel bel Abbes, but

450mm/year in the north around Thala (Figure 6).

Yearly variability increases as the annual

rainfall amount decreases from the north to the south.

In Thala (north) the maximum annual rainfall is 958 mm

and the minimum is 233 mm. In Kasserine (center) the

maximum annual rainfall is 726 mm and 147 mm is the

minimum. In the south (Sbeitla) the maximum annual

rainfall is 599 mm and the minimum is 117 mm (Table 2).
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Figure 6: Average of annual and seasonal rainfall at

fourteen. locations in Central Tunisia.

Locations are shown in Figure 4.
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Table 2. Annual rainfall in mm at three locations
of the study area

Station

Thala Kasserine Sbeitla

Maximum Annual
Rainfall (1)

Minimum Annual
Rainfall (2)

Coefficient of
Variability (1)/(2)

MM

958

233

4.1

MM

726

147

4.9

mm

599

117

5.1

Source: "Sols de Tunisie:Bulletin de la division des
sols numero 11, 1980."

Each month of the year can be totally dry or an

abundant rainfall may be received, sometimes more than

100 mm per year. October is the month when maximum

variability is registered. Fall and spring are the two

seasons when the variability is the highest (Figures 7

through 10), as a result of the occurrence of violent

and stormy rains received during this period (Table 3).
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Locations are shown in Figure 4.
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Table 3. Average Intensity of rainfall in Sbeitla based
on 48 years of records

Fall Winter Spring Summer Total

Intensity
During 24 # of # of # of # of # of
Hours Rains Rains Rains Rains Rains

mm % % % % %

0 10 41 11 58 23 59 19 52 27 210 18

20 30 184 50 126 50 167 52 98 50 575 51

30 50 96 26 48 19 68 21 34 18 246 22

> 50 47 13 19 8 28 9 10 5 104 9

Source: "Sols de Tunisie: Bulletin de la division des
sols numero 11,1980."

The highest rainfall intensity in Central Tunisia

occurs during the fall season, and constitutes a major

danger to the soil from the point of view of soil

erosion.

At this time of the year most soils are bare and

mellowed after preparation of a seedbed for the next

cereal crop. Consequently, substantial damage in terms

of soil erosion takes place.

Another problem, caused by violent rains, occurs

when an impermeable thin layer forms at the soil surface

due to the impact of rain drops. The infiltration rate

is then greatly reduced and all the rain contributes to

runoff. Floods can take place, as happened during Septe-

mber-October period in 1969 (Table 4).
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Table 4. Rain Intensity in September-October, 1969

Station

September October

Total Date
Inten-
sity Total Date

Inten-
sity

mm mm/day mm mm/day

Thala 203 26 118 305 27 97

Kasserine 229 26 110 415 28 93

Sbeitla 313 27 176 406 29 74

Feriana 177 26 101 251 27 87

Source:"Sols de Tunisie: Bulletin de la division des
sols numero 11,1980."

Temperature

As with rainfall, yearly variability of tempera-

ture can be very important. However, monthly and yearly

amplitudes are constant and define the continental

climate (Table 5).

In this study extreme temperatures are most impor-

tant because of the effects that high temperatures have

on the macrostructure of the soil. Evaporation dries

the soil and creates cracks. Gully erosion can start in

these cracks .

The hottest months of the year are July and August,

just before the fall rainfall occurs.

The following table gives the extreme tly and

yearly amplitudes are constant and define the continen-

tal climate (Table 5).
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In this study extreme temperatures are most impor-

tant because of the effects that high temperatures have

on the macrostructure of the soil. Evaporation dries

the soil and creates cracks. Gully erosion can start in

these cracks .

The hottest months of the year are July and August,

just before the fall rainfall occurs.

The following table gives the extreme tempera-

tures in different stations in the target area.

Table 5: Average of maximum and minimum temperatures in
degrees C

Station

Average of maximum Average of minimum
temperature of the temperature of the

hottest month coldest month

oC oc

Thala (North) 33.4 1.9

Bou Deries (North) 33.5 1.5

Rouhia (North) 37.3 2.1

Kasserine (Center) 34.5 2.2

Feriana (South) 36.0 2.1

Source:"Sols de Tunisie: Bulletin de la division des
sols numero 11,1980."
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Conclusion

Based on this information about soil, rainfall,

and temperature, a subdivision of the target area into

three subzones can be made .

The Northern Subzone covers Maktar, Kesra, Rouhia,

Haidra, Thala, El Ayoun, and Jedeliene. The average

temperature of the hottest month is 33.5 °C, the average

annual rainfall is 450 mm, and the soil is clayey.

The Central Subzone covers Sbiba, Kasserine Nord,

and part of Foussana. The average temperature of the

hottest month is 34.5 °C, the average rainfall is 350

mm, and the soil is sandy clay.

The Southern Subzone covers Sbeitla, Kasserine

Nord, Feriana, Thalepet, and Majeb bel Abbes. The

average temperature of the hottest month is 37 °C, the

average annual rainfall is 250 mm, and the soil is sandy

Initial and boundary conditions for the study of

infiltration can be made using this information. These

conditions include soil depth and soil physical parame-

ters,such as the soil water content.

The following table gives a summary of all

conditions.
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Table 6. Summary of properties that describe
the study area

Soil Rain- Temper- Soil Water Content, A at
Subzones Depth fall ature Texture satu- air-

ration dry

mm oc
)

% %

North deep 450 33.5 clay 55 8

Center deep 350 34.5 sandy clay 45 5

South deep 250 36 sandy 35 3
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COMPUTER MODEL OF INFILTRATION AND EVAPORATION

Introduction

Ungs et al (1985) prepared a report called OR-

NATURE:THE NUMERICAL ANALYSIS OF TRANSPORT OF WATER AND

SOLUTE THROUGH SOIL AND PLANTS. It presents numerical

solutions for problems of infiltration of rainfall or

irrigation water, evaporation, and redistribution of

water in the soil layer available to the plant roots.

Also adressed are solutions for the problems of solute

transport and uptake of nutrients by plant roots. OR-

NATURE's language is FORTRAN. The program is "user frie-

ndly", it can be used by persons who are not skilled in

the use of computers. Users do not necessarily have to

understand the language to use the program but some

knowledge and understanding of FORTRAN language is help-

ful.

Equations used

To solve the problem of water flow, Ungs et al

(1985) used the general partial differential equation

given by Philip (1969) for the flow of water into a soil

column in the vertical direction.

where:

a6/at = -)/zz [K(9) "b4' /1)z] 'DR(6)/az (1)

6 : volumetric water content (Lw3 /L 3 )
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y : matric potential of the soil water (Lp)

z : vertical coordinate, e.g.soil depth (L)

t : time (s)

K(8):hydraulicconductivity (Lw3 /L2 /T).

The computer program OR-NATURE uses three different

solutions based on three different independant variab-

les. The first solution is based on the volumetric water

content, 9, the second is based on the water potential,

and the third is based on the diffusivity potential

given by the Kirchhoff transformation.

Solutions based on 9

A function called D may be defined if the soil is

homogeneous and the hydraulic conductivity K, and the

water potential* are single-valued functions of the

volumetric water content, 9.

where:

D = K -641/ae*CNVRSN (2)

D : diffusivity (L2/T)

CNVRSN: term that converts the units of

potential to the units of pressure

head (1022 cmH20/bar).

Taking in consideration a root sink, the transient,

isothermal, one-dimentional equation based on water

content for the flow of water in the vertical direction
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will be

'De/at = a/7z [D(9) 'aetaz K(e)] + A(z,e, yips) (3)

where

ps : water potential in the plant at

the intersection of the soil

surface with the plant stem

(L p)

A(z,60,4)ps ):water uptake rate by roots at a

depth z (L134/0/T).

The negative of the expression between brackets,

i.e., -[D(e) ae/az K(8)] is called theDarcian flux

expressed in (Lvi/L2/T).

The volumetric water content varies between the air-

dry, ed, and the saturated, es conditions,

Ad e(z,t) 8 s (4) .

For lack of field data and for computational pur-

poses, Feddes et al.(1974) suggested to choose for ed

the value that corresponds to the water content at

equilibrium with an environment at very low relative

humidity,

where

with

Ad e(Wd) (5)

Yd = [(RT0/Mwg) In(RH) /CNVRSN (6)
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R : the universal gas constant (ML2 /T2/°K/mole)

To: the absolute temperature (°K)

Mw: the molecular weight of water (M/mole)

g : the acceleration due to gravity (LT-2)

RH: the relative humidity of the air above the soil

surface given as a ratio. (dimensionless)

The initial, upper, and lower boundary conditions in

the soil column must be specified in order to obtain a

unique solutionto equation (3).

The expression of the initial condition is

(9(z,0) = eo(z), t=0 , 0 S z zmax. (7)

where

zmax. = depth of lower boundary (L)

eo (z)= the initial soil water content (LW /L3).

The three most common boundary conditions are the

Dirichlet or 1st type, the Neuman or 2nd type ,and the

flux or 4th type.

The 1st type boundary condition specifies the water

content, A, the 2nd type specifies the water content

gradient, ( "ae/7)z), and the 4th type specifies the surfac

flux, R= -D* "a A/ z + K.

At the soil surface (z=0), the flux, R, can be

greater than, equal to, or less than zero. When R is

positive we are dealing with infiltration, when it is

equal to zero, redistribution or drainage is taking
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place, and when the soil is losing water by evaporation,

the flux R is negative.

Solutions based on kV

For the conditions described above, Equation (3) can

be written in terms of matric potential as

1W/Ibt(WlY) = Waz[K Whoz*CNVRSN K] + A(z,V(IDs) (8)

where ae/ay represents the slope of the Soil Water

Characteristic Curve and it is called the specific water

capacity.

To solve Equation (8), limits on water content at

air-dry and saturated conditions, initial and boundary

conditions must be specified as

41d W(z,t)

The initial condition is

4/(z,0) = 4o (z) at t=0, 0 z < zmax.

where

(9)

(10)

4 (z) is the initial matric potential.

The upper and lower boundary conditions are the same

as those defined for the equations based on 6 with

appropriate notations used as follows

1st type: specifies matric potential, 9/ ,

2nd type: specifies gradient, -atli/ a z,
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4th type: specifies surface flux,

R = -K W-az * CNVRSN +K.

Solutions based on diffusivity potential (or Kirchhoff
transform)

A new variable, called the diffusivity potential,

denoted by F, was introduced by numerous investigators.

This type of variable is usually referred to as the

Kirchhoff transform variable. F can be expressed as a

function of e ark,' as follows

F(e) = re D(e') de' (11)

e' =8d

fVF (41) = CNVRSN* K(9/,) ay' .

'ed
(12)

Where e and k+i are uniquely related by the given

Soil-Water Chracteristic Curve,

F(e) = F(4/) for kV = (e) (13)

For different soils, different values of F were

given by Braester (1972) in form of tables.

The lower limit of F is at the air-dry soil water

content and it is defined as a positive quantity. From

air-dry to saturated conditions, the value of F monoto-

nically increases.

F (ed) = 0 F (e) F (es) (14)



59

F(1/4rd) = 0 < F(41) F(Ws) (15)

Integration of Equations(11) and (12) by using

Leinbnitz rules gives

'24F/at = Ze/at * D; 'aF/Dt = CNVRSN* -04VIt * K (16)

)F/z = ae/az * D; 1F/zz = CNVRSN* U/a * K (17)

Substituting the Kirchhoff transform of the latter

two equations into Equations (3) and (8) gives the

transformed flow equations based on 9 and 4, , respecti-

vely

1/D * "OF/1t = Waz ( -oF/az K) + A (18)

'Zse/ZF * aF/at = a/az ( aF/az K) + A (19)

The initial condition and the upper and lower boun-

dary conditions must be specified in order to obtain a

unique solution to the Kirchhoff transformed flow

equations based on water content given by Equation (18),

and on matric potential given by Equation (19).

For the Kirchhoff transformed flow equation based on

9, the initial condition is defined as

F(z,0) .)(e(z,0) Dde'
e'=ed

(20)

where 9(z,0) is the same as in Equation (7).

The upper and lower boundary conditions are

computed as

1st type: F(z',t) 7)(e(z''t) Dde' (21)

e'=ed
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where z' referred to z = 0 or z = zmax.

2nd type: -bFPaz (z',t) = ZePaz (z',t) * D (22)

4th type: -F/az + K = D * "68/az + K. (23)

The limits of the transform variables are

F(8d) = Fd F(z,t) F(8s) = Fs. (24)

For the Kirchhoff transformed flow equation based on

4/, the initial condition is defined as

F(z,0) 4'(z,0) Kdy ' * CNVRSN

d

where Y(z,0) is the same as in Equation (10) .

as

(25)

The upper and lower boundary conditions are computed

1st type: F(z',t) =/47(z' it) KOV * CNVRSN (26)

Yd

2nd type: 1.F/zz (z',t) = 14//zz (z',t) * CNVRSN (27)

4th type: "bFizz + K = -K "VV/-az * CNVRSN + K (28)

The limits of the transform variables are the same a

in Equation (24).

Symbols

Different kinds of symbols were used in the para-

graph labelled "Equations used". The Greek symbols such

as 8, W , etc. were defined each time they were used.
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The unit symbols are defined as

(Lw): fluid length (e.g., 1 cm of water)

(LP ): potential (e.g., 1 millibar) (MLT-2)

(L) : gross length (e.g., 1 cm of soil)

(M) : mass (e.g., 1 gram.)

(T) : time (e.g., 1 second)

(°K): absolute temperature (Kelvin scale).

The subscript symbols are as follows

d: water content at air-dry

o: initial condition

s: water content at saturation.

Information needed

In order to run the OR-NATURE program for a given

soil, basic information pertaining to soil properties,

is needed, namely, water content, matric potential,

hydraulic conductivity, and diffusivity.

The program OR-NATURE will be applied to soils of

the three subzones described earlier. Runs will be made

for the fall and for the spring conditions. The fall and

spring arethetwoseasons when rainfall isnot only the

highest but also the most irregular. Other reasons for

these choices are the initial conditions and the surface

coverage.

The soil is dry and its surface mostly bare when the
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first rains occur at the beginning of the fall season.

During the spring, the soil contains some water and the

surface is mostly covered.

During the spring, the water content is assumed to

be uniform with depth and equal to 0.16, 0.10, and 0.06

cm 3/cm 3 for the northern, the central, and the southern

subzones, respectively; While during the fall, the water

content is assumed to be uniform with depth and equal to

0.08, 0.05, and 0.03 cm3/cm3 for the northern, the

central, and the southern subzones, respectively.

Only the upper 150 cm of the soil will be

considered. Water that moves below this level will be

considered lost by percolation. The water movement will

be evaluated over seven day periods.

Properties of the soils from the three subzones were

summarized in Table 7.

For the central subzone where the soil is layered,

three layers of sandy clay, sand, and clay were speci-

fied with two transition zones as follows

0 - 30 cm layer #1: sandy clay

31 40 cm transition zone #1

41 90 cm layer #2: sand

91 100 cm transition zone #2

101 150 cm layer #3: clay.

Conditions of precipitation, evaporation, and

redistribution are specified for the northern, the
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central, and the southern subzones based on general

knowlege about the climate and the weather in the target

area where the intensity of a single rain increases from

north to south while its duration decreases. Temperature

which has an effect on the atmospheric evaporative

demand increases from north to south as well.
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Table 7: Summary of properties of the clay, sand,
and sandy clay soils.

soil water matric hydraulic
texture content potential conductivity

e W(9) (1) K(0) (1)

cm3/cm3 bar cm/hr

Clay 0.03 -7000.000 2.25*10-11 *

0.08 -4676.080 2.25*10-09
0.16 31.590 3.00*10-07
0.22 5.720 4.10*10-06
0.38 0.460 1.70*10-04
0.55 0.001 1.25*10-01

Sandy- 0.03 -09300.000 2.10*10 *

clay 0.05 10.000 2.10*10-07
0.10 3.160 1.90*10-06
0.18 0.750 5.60*10 -05

0.30 0.260 1.10*10-02
0.45 0.001 0.58

Sand 0.03 -3157.700 3.25*10-10
0.06 6.330 7.90*10-07
0.11 0.770 5.60*10-05
0.29 0.080 02

0.35 0.00098 g
:8080:

1°0

:
01

(1): Source : E.L.McCOY et al.1984. Toward Under-
standing Soil Water Uptake by Plant
Roots. Soil science, vol.137, No.2,
p.72.

(*) these values are estimated.
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Problem to be solved

One of the main problems in Central Tunisia is soil

erosion. Much good top soil is lost every year by

several kinds of soil erosion caused by rainfall.

Topography, type and texture of the soils, and atmosphe-

ric conditions are behind this dangerous and serious

problem.

After rainfall or irrigation water reaches the soil

surface, part of it infiltrates into the soil, and the

remaining part runs off over the soil surface. The

latter part is the one that causes soil erosion.

As more water infiltrates into the soil, less water

runs off over the soil surface and consequently, less

soil will be eroded.

The computer program OR-NATURE can be applied to the

subzones with the different soil textures and atmosphe-

ric conditions, to obtain an idea about how much water

infiltrates and how much water runs off. Thus a better

understanding of the soil erosion problem will be

gained. The exercise will be helpful for finding ade-

quate solutions to lessen the danger of this problem.
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DETERMINATION OF HYDRAULIC CONDUCTIVITY FROM THE SOIL
WATER CHARACTERISTIC CURVE

Procedure

T.J.Marshall (1958) derived an equation for calcula-

ting the K(&) function from the size distribution of the

pores in an isotropic, porous material.

Using Poiseuille's equation for laminar flow of a

fluid in a narrow tube of radius rt, the mean velocity,

u' is

u' = (rt dye /dl) (1/8x),

where

(29)

u' : mean velocity (cm/s)

rt radius of the tube (cm)

dY/d1 :potential gradient (cm of

water/cm of soil depth)

11.
:viscosity of the fluid (0.01

poise for water at 20 °C).

The apparent linear velocity for the whole porous

medium is

where

u" = (E rt dtV/d1) (1/8q), (30)

u" : apparent linear velocity (cm/s)

E : porosity of the medium (cm3/cm3).

If the medium is divided into n equal intervals,

where the mean radii are ri,r2,r3,.,rn, the average



67

area of the cross-section for all the n2 portions is

EITn-2[rf. + 3r3 + 5r3 + +

where ri > r2 > r3 > > rn.

The area is the cross-sectional area, (114) of the

tube of radius rt where water flows.

So

or

Ttrt = E1ln-2[rf +3r3 + 5r3 +...+(2n-l)r12.1)

r2 n-2[ri. +3r2 +5r3 +...+(2n-1)r,21]. (31)

Substituting rt in Equation (30) gives

u = - 62n-2(d4//d1)[rf +3r2 +5r3 +...

+(2n-l)rii]/811, (32)

where u is the linear velocity (cm/s).

The linear velocity given by Darcy's law for the

flow of fluids through a porous medium is

u = Kr rcl c141/d1

where K' : the intrinsic permeability (cm2 ).

From Equations (32) and (33)

(33)

K' = 62n-2[ri +3r2 +5r3 +...+(2n-l)rM/8. (34)

Then using the equation K = K' pg/rt_ , the hydraulic

conductivity, K (cm/s) can be obtained. The intrinsic

permeability and the hydraulic conductivity given by
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equation (34) are referred to saturation.

For the flow of liquid in anunsaturated material,

T.J.Marshall (1958) suggested to replace E in Equation

(34) by the volume concentration "c" (cm3 of liquid per

cm 3 of porous medium) so that the pores filled with air

are excluded from the calculation of the permeability.

This procedure can thus be used to obtain the K(9)

function.

Methods of calculation

After dividing the Soil-Water Characteristic Curve

into n equal intervals based on water content, an

average water content is taken and water potential is

determined for each interval. Then using the equation of

the capillary rise, an average pore radius can be

calculated,

r = 2 T
s
/pgh

where r : pore radius (cm)

Ts: surface tension (dyn/cm)

p : density of water (g/cm3)

g : gravity (cm/s2)

h : hydraulic head (cm).

Substituting r into Equation (34) gives

K'= 2 n-2 /8 [(2Ts/pg) 2 (1/hi2 + 3(2Ts/pg) 2 (1 /h2) + ...+

2+(2n-1)(2Ts/pg) (l/hn)]
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62n-2 /8(2Ts/pg)2((l/hf.) + 3(1/q) + 5(1/hi) +...+

+(2n-1)(1/hi21)].

For water at 20°C,

Ts = 75 dyn/cm

P = 1 g/cm3

g = 1000 cm/s2

K' = (62/8h2)(2*75/1*1000)2[(1/hi) + 3(1/q) + 5(1/hi) +

...+ (2n-1) (1 /illi)]

K' = 28 *10-4(s2/n2 )[(1/hf) + 3(1/q) + 5(1/hi) +

...+ (2n-1)(1/11121)]

To make the calculations easier, the following table

suggested.
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Table 8: Type of summary recommended to use (*)
to determine the hydraulic conductivity
from the Soil Water Characteristic Curve.

interval e h 1/h2 Multiplier Product

# (cm 3/cm3) (cm) (cm-2)

1 1

2 3

3 5

n

z Sum of products =

(*)Source: T.J.Marshal1.1958.Journal of soil science,
vol.9, No.1,p.6.

Example

As an illustration of the method of calculation,

data for Woodburn soil were used.

The porosity is equal to 0.55, the Soil-Water Chara-

cteristic Curve was divided into 8 intervals (Figure

11) .

K' sat = 28*10-4*(0.55/8)2[(1/hi) + 3(1/q) +...+

+(2*8-1)(1/4)]

= 0.133*10-4*[(1/h1) + 3(1/q) +...+ 15 (1 /h8)
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Table 9: Summary table for the Woodburn soil example.

Interval e h 1/h2 Mul- Product
plier

cm3/cm3 cm cm-2

1 0.525 2.5 0.16 1

2 0.475 10 0.01 3

3 0.425 34 8.60E-4 5

4 0.375 80 1.60E-4 7

5 0.325 180 3.10E-5 9

6 0.275 860 0.13E-5 11

7 0.225 3200 1.00E-7 13

8 0.175 7400 1.80E-8 15

0.16
0.03
4.30E-3

11.20E-4
27.90E-5
15.00E-6
12.70E-7
2.70E-7

E Sum of products = 0.1957

K'sat 0.133*10-4*0.1957 = 26*10-7

Ksat = 26*10-7* (1*1000/0.01) = 26*10-2 cm/s

Ksat = 0.26 cm/s

For the unsaturated hydraulic conductivity, is

replaced by "c", the volume concentration (cm3 of liquid

/cm3 of porous medium).

K'c = 28*10-4* c-2*n-2 [h12 +311.2 +...+(2n-1)hr-12]

[ ... ] = sum of products

Kc = K'c * pgnTi

Kc = 28*10-4*(cn)-2*(sum of products) * egliT1

Kc = 280*(cn) -2 *(sum of products)
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Figure 11: Soil-Water Characteristic Curve for

Woodburn soil.
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c/ .525 .475 .425 .375 .325 .275 .225 .175
n=8 n=7 n=6 n=5 n=4 n=3 n=2 n=1

h

.16 1

.01 3 1

8.6E-4 5 3 1

1.6E-4 7 5 3 1

3.10E-5 9 7 5 3 1

0.13E-5 11 9 7 5 3 1

1.00E-7 13 11 9 7 5 3 1

1.80E-8 15 13 11 9 7 5 3 1

sum of .1957 .0136 1497E-6 262E-6 368E-7 26E-7 7E-7 2E-7
products

K(c=.525)= 280*(.525/8) 2*0.1953 = 0.240 cm/s

K(c=.475)= 280*(.475/7) 2*0.0136 = 0.018 cm/s

K(c=.425)= 280*(.425/6) 2 *1497E-6= 0.002 cm/s

K(c=.375)= 280*(.375/5)2* 262E-6= 4E-4 cm/s

K(c=.325)= 280*(.325/4)2* 368E-7= 68E-6 cm/s

K(c=.275)= 280*(.275/3)2* 26E-7= 6.1E-6 cm/s

K(c=.225)= 280*(.225/2) 2
* 7E-7= 2.5E-6 cm/s

K(c=.175)= 280*(.175/1)2 * 2E-7= 1.7E-6 cm/s

Hydraulic conductivity decreases with decreasing

water content in the soil. Figure 12 shows the relation-

ship between hydraulic conductivity and water content.
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PRINCIPLES OF FLOW OF WATER NEAR THE SOIL SURFACE
DURING INFILTRATION AND EVAPORATION

Evaporation

Water movement near the soil surface during

infiltration, evaporation, or rewetting following

evaporation is characterized by large water potential

gradients, rapid changes in the water potential

gradients, rapid changes in water content, and

corresponding rapid changes in the hydraulic

conductivity. It was shown earlier that rate of water

movement is described by the equation

q = K ((3) {d /dz} .

The gradient (d9' /dz) and the hydraulic conductivity

change rapidly. The consequences of these changes will

be demonstrated by following evaporation rate (flux) and

changes in soil water content during a period of high

evaporative demand in a Chino soil. The initial

conditions and results of evaporation are shown in

Figure 13. The upper part of the diagram shows water

fluxes and the lower part shows water content at four

soil depths. Calculations of changes in flux and water

content were made with the computer program OR-NATURE.

Fluxes are shown at the soil surface, 0.5 cm below the

surface, 1 cm below the surface, and 1.5 cm below the

surface. At 0 hours, the water content was the same at
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all depths and equal to 0.47 cm3/cm3. At this time, an

evaporative demand equal to 0.30 cm/hr was imposed. The

evaporative demand remained constant at 0.30 cm/hr until

6 hours. The evaporative demand of 0.30 cm/hr requires

energy at the rate of about 175 calories/cm2/hr, a

radiation intensity which is not very extreme and often

exceeded in Tunisia.

The radiation intensity went from 0 to 0.30 cm/hr at 0

hours, and from 0.30 cm/hr to 0 cm/hr at 6 hours. In

nature, changes would not occur so abruptly. The

evaporation demand would increase gradually to reach a

maximum and then decrease gradually to a low level.

Fluxes plotted as function of time show that the

soil was able to supply the evaporative demand during

the period from 0 to 1 hrs. See "actual surface flux".

During this time, the water content at the soil surface

decreased rapidly from 0.47 to 0.175 cm3/cm3. The water

content also decreased at the depths 0.5 cm, 1 cm, and

1.5 cm, but not as rapidly. The relationship between

hydraulic conductivity and water content, K(8) is not

shown. However, it is clear from general principles that

the hydraulic conductivity decreased rapidly as the

water content decreased. The consequences of this

decrease in hydraulic conductivity is the abrupt

decrease in "actual" surface flux at 1 hrs (See stippled

line). The fact that this rapid decrease occured at 1
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hrs is coincidence. If a soil with different properties

had been chosen or if the evaporative demand had been

chosen at a different rate, the period of time during

which the evaporative demand could be sustained would

have either been longer or shorter. Of importance here

is to note that the rapid decease in the actual flux

occured when the soil surface approached a water content

equal to the air dry water content (9 = 0.16 cm3/cm3).

At this point the upper surface layers no longer had any

water available to contribute to the evaporative demand.

All the water to sustain the evaporative demand had to

come from layers below the soil surface. Thus, we see

the water content at the depths of 0.5 cm, 1.0 cm, and

1.5 cm continue to decrease. While water content

decreased, fluxes at 1.0 cm and 1.5 cm increased.

The fluxes at depths below the soil surface increased

rapidly during the first hour to meet the evaporative

demand. The "actual" surface flux rapidly decreased at 1

hrs. However, at lower depths, the fluxes continued to

increase in response to increasing potential gradients.

The maximum flux at 1.5 cm was reached at about 2 hrs.

The maximum flux towards the soil surface at 1 cm was

reached at approximately 1:20 hrs. Fluxes at the lower

depths, 0.5 cm, 1.0 cm, and 1.5 cm decreased because the

rate of water loss at the soil surface decreased

rapidly. The decrease in the flux at the soil surface
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was due to the rapid decrease in the hydraulic

conductivity as the soil dried out. Thus, the upper

layer of soil acts as insulation against rapid drying of

the soil.

The evaporative demand was removed at 6 hrs. There was

an immediate response at the soil surface where the

water content increased very rapidly. This rapid

increase occured because, with the evaporative demand no

longer present, the water content could increase. Water

flowed to the soil surface in response to existing

potential gradients; hydraulic conductivity increased as

water content increased. Thus, the initial increase in

water content was exponential. The increase in water

content at lower depths lagged behind that at the soil

surface. For example, the water content at 1.5 cm

continued to decrease until well past 7 hrs. This is so

because water from this depth continued to flow towards

the soil surface to rewet the soil there. At 13 hrs, the

water content at all depths shown in the diagram were

nearly equal, with a difference of only about 0.01 cm3/

cm 3
.

The fluxes shown in the upper part of Figure 13 further

ellucidate the behavior of water movement near the soil

surface. The flux at node one decreased rapidly after 6

hrs. The water passing this node rewets the soil between

0.5 cm and the soil surface. The decrease in the flux at
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Figure 13: Evaporation rate and corresponding changes in
soil water content at the soil surface and
depths of 0.50, 1.00, and 1.50 cm resulting from
a constant evaporative demand of 0.30 cm/hr from

0 to 6 hours.
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1.5 cm was slower because water continued to move in the

upward direction wetting the soil between 1.5 cm and the

soil surface.

Infiltration

Surface fluxes and water content during a period of

infiltration are shown in Figure 14. The period is

characterized by a small evaporative demand ( 0.01

cm/hr) from 0 to 2 hrs. Then the evaporative demand

decreased to 0 at 4 hrs. At this time, rainfall started

and slowly increased to 0.1 cm/hr at 6 hrs, then rapidly

increased to 2.1 cm/hr at 8 hrs. The rainfall rate

remained constant for one hour, then decreased from 2.1

cm/hr to 0.05 cm/hr at 11 hrs, and then to 0 at 12 hrs.

From 12 to 14 hrs, the surface flux was zero.

The water content at the soil surface initially was

equal 0.07 cm 3 /cm 3 (air dry). When the rate of

evaporation started to decrease, at 2 hrs, the water

content of this layer began to increase, slowly until 4

hrs, then more rapidly until 6 hrs. The increased rate

from 2 to 4 hrs is because the upward flow of water is

greater than the evaporative demand, thus allowing

storage of water. The increase in water content from 4

to 6 hrs resulted from rainfall as well as from a

continued upward movement of water. Upward movement of

water continued as long as the surface layer remained
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dryer than the layers below it, or until 5:30 hrs. At 6

hrs, a downward gradient of water content and potential

existed. At this time, the water content was highest at

the soil surface. The water content increased rapidly,

starting at 6 hrs. At 8 hrs, the water content at all

three depths was the same representing a classic

infiltration profile. At this time, the water movement

through the layer from 0 to 1.5 cm was driven by gravity

potential and small matric potentials. The rate of

downward movement was controlled by the hydraulic

conductivity which was not large enough to absorb the

rate of rainfall. Thus, the rate of infiltration was

less than the rate of rainfall, or, in other words, the

actual flux was less than the potential surface flux.

The actual flux is shown by a stippled line. This

difference existed until the potential surface flux, or

rainfall rate, decreased so that at 9:50 hours, actual

surface flux and potential surface flux were equal to

each other. The water content of the four depths

remained the same during the rest of the cycle, because

an evaporative demand was not imposed after rainfall

ceased.

How to read graphs in following chapters

Infiltration

There will be shown graphs of rainfall and
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infiltration rates versus time (Figures 14, 15a through

49a, 50, 51, and 52). Each graph is plotted over 24 hour

period (one day) except for Figure 14 where the total

time is 14 hours. The potential flux (rainfall rate) is

represented by small circles (Figure 14) and by

asteristics (*) in the rest of the graphs. The amount of

rain is given every hour. The actual surface flux

(infiltration rate) starts high then decreases

exponentially over time. These rates are represented by

stippled lines in some graphs and by lines connecting

"+" or "Y" signs in the others. For the northern, cen-

tral, and southern subzones, "+" signs represent infil-

tration rates during fall season, and "Y" signs repre-

sent infiltration rates during spring season. The diffe-

rence between rainfall rate and infiltration rate con-

stitutes the amount of water that ponded over the soil

surface.

Evaporation

Figures 15a through 49a, 50, 51, and 52 show the

potential surface flux (evaporative demand) and the

actual surface flux (evaporation rate). Potential fluxes

are represented by asteristics and actual fluxes are

represented by both "+" and "Y" signs. The evaporation

rate meets the evaporative demand whenever the soil

profile is wet enough to supply water to the atmosphere.



83

2.5

2.0
cc -1

4o 1.5

z
.7x 1.0-

0.5-

_J
0.0

>0.01°
w

.40-

C) .35
to
2 .30

.25 -

z
0 .15
L.)

L0
rr: .10

< .05

I I
POTENTIAL SURFACE FLUX

/6

///
//,:.1,t 5 cm

o cm

o.5 CM

SOIL SURFACE

1_1_1 I L I L I_00
1 2 3 4 5 6 7 0 9 10 11 12 13 14

ELAPSED TIME (HOURS)

Figure 14: Evaporation rate and infiltration rate with
corresponding changes in soil water content
at the soil surface and at depths of 0.50,
1.00, and 1.50 cm resulting from evaporative
demand (0 to 4 hours) and rainfall (4 to 12 hours).



84

INFILTRATION INTO PANOCHE CLAY LOAM SOIL

Example 1

Rainfall and evaporation regimes were specified and

infiltration rates and evaporation rates were calculated

for a Panoche clay loam soil. Input data were taken from

a numerical example used in the study conducted by Ungs,

Boersma, and Akratanakul (1985). This example consisted

of a modification of a problem discussed by Warrick,

Biggar, and Nielsen (1971).

Air-dry water content and saturated water content

of the soil are 0.07 and 0.38 cm3/cm3, respectively. The

soil physical properties of the Panoche clay loam soil

are summarized in Table 10. Rainfall rates and potential

evaporation rates for a six day period were specified as

shown in Table 11.

Table 10: Summary of properties of the Panoche
clay loam soil (Warrick et al, 1971)

Water Matric Hydraulic
Content Potential Conductivity

%V (8) K (e)

Diffusivity

D(5)

cm3 /cm3 bars cm/hr cm2 /hr

0.02 -294.1000 1.628*10-13 4.000 *10 -6
0.07 4.9020 2.551*10 -09 4.655*10 -4
0.15 0.2645 1.200*10 04 3.403*10 -1
0.38 0.0000 1.585 400.2
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Table 11: Hourly values of thepotentialflux, R(0,t),
used in example 1 for the Panoche clay loam
soil. Positive quantities are net rainfall
available for infiltration, negative quanti-
ties are potential evaporation demand (after
Ungs et al, 1985)11

Hour 1st 2nd 3rd 4th 5th 6th
day day day day day day

cm/hr

0 -.0200 .1000- .0100 -.0100 -.0100 .0000
1 -.0200 .1000- .0125 -.0200 -.0100 .0000
2 -.0200 .1000- .0150 -.0300 -.0100 .0000
3 -.0200 .0000- .0175 -.0400 -.0100 .0000
4 -.0200 .0000- .0200 -.0500 -.0100 .0000
5 -.0100 .0000- .0400 -.1100 -.0050 -.0300
6 .0000 .0000- .0600 -.1700 .0000 -.0600
7 .0500 .0000- .0800 -.2300 .0500 -.0900
8 .1000 .0000- .1000 -.2900 .1000 -.1200
9 .1000 .0000- .1200 -.3500 1.1000 -.1500

10 .2000 .0000- .1400 -.4100 2.1000 -.1800
11 .2000 .0000- .1400 -.4100 2.1000 -.2000
12 .2000 .0000- .1400 -.4100 1.1000 -.2200
13 .7000 .0000- .1400 -.4100 .0500 -.2000
14 1.2000 .0000- .1400 -.4100 .0000 -.1800
15 1.2000 .0000- .1200 -.3500 .0000 -.1500
16 .6000 .0000- .1000 -.2900 .0000 -.1200
17 .5000 .0000- .0800 -.2300 .0000 -.0900
18 .4000 .0000- .0600 -.1700 .0000 -.0600
19 .4000 .0000- .0400 -.1100 .0000 -.0300
20 .9000 .0000- .0200 -.0500 .0000 -.0200
21 .9000 .0000- .0175 -.0400 .0000 -.0100
22 .7000 .0000- .0150 -.0300 .0000 -.0100
23 .4000 .0000- .0125 -.0200 .0000 -.0100
24 .1000 -.0100- .0100 -.0100 .0000 -.0100

(1) These values, together with the calculated flu
are shown in Figures 15a through 21a.

The flow equations were solved for the above

conditions over the 144 hours (6 days) period. Hourly

values of the actual flux are in Table 12. Two types of

figures were drawn, namely figures of rainfall rate and

infiltration rate or evaporation rate versus time and
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soil water content as a function of depth at 12 hour

intervals during the infiltration cycle.

Figures 15a through 20a show rate of rainfall and

both potential and calculated or actual flux at the soil

surface for each day. Figure 21a shows the results for

the six days together. These figures were drawn for

successive 24 hour periods to obtain the amount of

runoff, if any. The rate at which water accumulates at

the soil surface is the difference between the rainfall

rate and the infiltration rate.

Rainfall, Evaporation, and Infiltration

Two important phenomena cause water to pond at the

soil surface. The first one is low infiltration due to

low potential gradients which exist when the soil sur-

face is saturated. The second reason is the creation of

a thin, impermeable layer at the soil surface by the

impact of rain drops on the soil surface. This layer

then prohibits infiltration so that ponding occurs cau-

sing runoff and consequently soil erosion. In this study

no allowance was made for the occurence of surface

layers of low permeability. No allowance was made in the

program for changes in the K(e) function due to raindrop

impact.

During the first day (Figure 15a) all the water

received as rainfall infiltrated through the soil sur-
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face and runoff did not occur. The high rate of infil-

tration can be explained by the fact that the soil was

dry and consequently the hydraulic gradient was very

high. It follows then that all the water received was

easily absorbed by the soil. The effect of initial water

content on rate of infiltration was explained earlier.
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Table 12: Hourly values of the actual flux, q(0,t) for
the upper soil surface as computed bythe OR-
NATURE program, based on data shown in Table
14. Positive values are infiltration, nega-
tive values are actual evaporation

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

cm/hr

0 -.020 .100 -.010 -.010 -.009 .005
1 -.020 .100 -.013 -.020 -.009 .005
2 -.020 .100 -.015 -.030 -.009 .005
3 -.001 .010 -.018 -.040 -.009 .005
4 -.001 .010 -.020 -.008 -.009 .005
5 -.001 .010 -.040 -.010 -.005 -.030
6 -.001 .010 -.060 -.011 -.001 -.060
7 .050 .010 -.080 -.011 .050 -.090
8 .100 .010 -.100 -.011 .100 -.120
9 .100 .010 -.027 -.011 1.090 -.150

10 .200 .010 -.029 -.011 1.950 -.040
11 .200 .010 -.028 -.011 1.620 -.039
12 .200 .010 -.027 -.011 1.100 -.036
13 .700 .010 -.025 -.011 .050 -.033
14 1.200 .010 -.024 -.011 .005 -.031
15 1.200 .010 -.023 -.011 .005 -.029
16 .600 .010 -.022 -.011 .005 -.028
17 .500 .010 -.021 -.011 .005 -.026
18 .400 .010 -.020 -.010 .005 -.025
19 .400 .010 -.019 -.010 .005 -.024
20 .900 .010 -.018 -.010 .005 -.020
21 .900 .010 -.018 -.010 .005 -.010
22 .700 .010 -.015 -.010 .005 -.010
23 .400 .010 -.013 -.010 .005 -.010
24 .100 -.010 -.010 -.009 .005 -.010

(1) These values, together with the potential flux are
shown in Figures 15a through 21a.

Rain did not occur during most of the second day

(Figure 16a) except for the first three hours.

Evaporation was allowed to start late during the last

hour of this day (Table 12). During the third day (Fi-

gure 16a) a severe evaporative demand cycle was imposed.
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The actual evaporation rate was less than potential

rate after 8:00 hours. This was so because low water

content of the upper soil layers limited water transport

to the evaporating surface. Later in the day the evapo-

rative demand decreased, so that actual and potential

evaporation became equal at 20:00 hours. The rate of

evaporative demand could be met at this time. At this

time the soil surface could wet up. The same sequence of

events occured during the fourth day (Figure 18a); the

only difference was that the evaporative demand was more

severe.

Potential evaporation rates were maximum during the

hours between 10:00 and 14:00. Actual evaporation rate

was very low because of the low water content near the

soil surface, shown in Figure 18b.

Evaporation of water in the field takes place from

the plants, the soil surface, and sometimes from a free

water surface. In places where rainfall is scarce, which

is the case in Central Tunisia, evaporation causes not

only loss of water, but also salinization of soils.

There are three physical conditions that have a

large impact on evaporation rates. Two conditions are

external to the evaporating body, the soil in this case,

and the third depends upon the soil or the evaporating

body itself.

The first two conditions, namely, supply of energy
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and removal of water vapor are influenced by air

temperature, humidity, and wind velocity. The third

condition depends upon soil conditions such as soil

water content and potential, and conductive properties

of the soil as given by the soil water characteristic

curve.

The first two conditions determine the atmospheric

evaporativity or the atmospheric evaporative demand

which is the maximum flux at which the atmosphere can

vaporize water from a free-water surface and remove it.

The third condition determines the maximum rate at which

the soil can supply water to the soil surface for evapo-

ration (Hillel, 1980).

During the fifth day (Figure 19a) the rainfall rate

reached a very high intensity (2.10 cm/hr), and exceeded

the infiltration rate causing water to accumulate at the

soil surface and cause runoff. This is shown by the

difference between potential rate and actual rate. Howe-

ver, as soon as the rate of rainfall decreased from 2.10

cm/hr to 1.10 cm/hr, and then to 0.05 cm/hr, the rate of

infilration was equal to the rate of rainfall. Evapora-

tion was initiated again on the sixth day and reached

its maximum value at the noon of that day (Figure 20a).

During days 3, 4, and 6, the actual evaporation rates

were smaller than the potential rates most of the time.

During periods of high evaporative demand the soil could
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not supply water at a sufficiently high rate to meet the

evaporative demand at the soil surface, as a result of

the dryness of the upper, thin layer of the soil column.

These water contents are in Figures 17b, 18b, and 20b.

The hydraulic conductivity became low enough to restrict

the upward water flux.

Soil Water Content

Soil-water content curves were drawn at each 12th

hour of the six day period to show how the water content

profile appeared at that time (Figures 15b through 20b).

Figure 21b shows the results during the six days toget-

her.

After the first 12 hrs (Figure 15b), a small amount

of water was received which was stored in the upper 7 cm

thick layer of the soil. At the end of the day 1 (24

hrs) when more water was received, a classic

infiltration profile was observed showing a transition

zone and a wetting front. During the second day (Figure

14b) when no rain occured and no evaporation took

place, redistribution occured. The progress of redistri-

bution can be seen by comparing Figure 16b, Curves 36

and 48 hrs. Figure 17b shows .results at 60 and 72 hrs

after both evaporation and redistribution had occured.

The soil surface was at the air-dry water content at 60

hrs but at about 0.12 cm 3 /cm 3 at 72 hrs. The 60 hrs time
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corresponds to noon during the third day when evapora-

tive demand had been high for several hours. The 72 hrs

time was at the end of the day after rewetting of the

soil surface had occured. During the fourth day (Figure

18b, curves 84 and 96) the evaporative demand had in-

creased to reach 0.41 cm/hr. Little redistribution oc-

cured, while evaporation and drying at the soil surface

continued (Figure 18b). However, as described earlier,

the soil column could not supply the evaporative demand

and the actual evaporation rate was much lower than the

potential rates. This was due to the low water content

at the soil surface. Note that the soil surface was at 9

= air-dry at 84 hrs and also at 96 hrs. Rewetting was

slower to occur on this day than on the preceeding day.

Day 5 (Figure 19b) was characterized by nonuniform infi-

ltration profile (Curve 108 hrs) when rainfall was at

its maximum rate. We see here an "infiltration" profile

imposed on a "distribution" profile. At 120 hrs redis-

tribution had smoothed out the water content. During the

sixth day (Figure 20b,curves 132 and 144), both evapora-

tion and redistribution occured. At 132 hrs, when the

potential evaporation rate was high (0.22 cm at 22 hrs)

the soil surface was at 8 = air-dry; at 144 hrs, when

rewetting had occured the soil surface was at 8 = 0.16

cm3/cm3.
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Figure 15: Infiltration of water into Panoche clay loam soil (example 1, day 1). (a) Potential (R)
and actual (q) surface fluxes, (b) soil water content as a function of depth, where 12
and 24 hrs correspond to 12 and 24 hrs in (a).
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Figure 16: Infiltration of water into Panoche clay loam soil (example 1, day 2). (a) Potential (R)

and actual (q) surface fluxes, (b) soil water content as a function of depth, where 36
and 48 hrs correspond to 12 and 24 hrs in (a).



C21

O

O
O
O

O
O

CO0
0

I

C;

CD

O

O
C

O

+: q (o, t) Y: R (o. t)

Y V '

0. 5. 10. 15. 20.
TIME (MRS)

(a)

25.

rn

o 0
rn
413

=
.

VOLUMETRIC WATER CONTENT
0.00 0.08 0.16 0.24 0.32 0.40

(b)

Figure 17: Infiltration of water into Panoche clay loam soil (example 1, day 3). (a) Potential (R)

and actual (q) surface fluxes, (b) soil water content as a function of depth, where 60

and 72 hrs correspond to 12 and 24 hrs in (a).
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Figure 18: Infiltration of water into Panoche clay loam soil (example 1, day 4). (a) Potential (R)

and actual (q) surface fluxes, (b) soil water content as a function of depth, where 84

and 96 hrs correspond to 12 and 24 hrs in (a).
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Figure 19: Infiltration of water into Panoche clay loam soil (example 1, day 5). (a) Potential (R)

and actual (q) surface fluxes, (b) soil water content as a function of depth, where 108

and 120 hrs correspond to 12 and 24 hrs in (a).
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Figure 20: Infiltration of water into Panoche clay loam soil (example 1, day 6). (a) Potential (R)
and actual (q) surface fluxes, (b) soil water content as a function of depth, where 132
and 144 hrs correspond to 12 and 24 hrs in (a).
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Conclusion

During the six day period the soil column received

15.75 cm of water as rainfall, which was not evenly

distributed, neither over time nor in intensity. Of

the total amount, 1.96 cm (almost 12.5 percent of the

total) was lost by evaporation and 0.64 cm (4 percent of

the water) ponded on the soil surface and was available

for runoff.

The soil was dry enough so that the rate of

infiltration followed the rate of rainfall, except

during the last storm. If another storm had occurred

during the second half of the fifth day or during the

sixth day, the amount of runoff water would have been

greater and therefore, damage to the soil due to soil

erosion could have become a problem.

An important reason behind the capability of the

soil to absorb the amount of water received was that the

potential gradient, which is the main driving force for

the downward movement of water, remained high. When the

soil is dry, its potential is low (far below zero) so

that when water is added potential gradients are high.

Consequently the water flux is high. When the soil water

content increases the water potential increases so that

potential gradients decrease and consequently the infil-

tration rate decreases (Figure 3). At saturation, the

matric potential becomes equal to zero and the only
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driving force remaining is the gravitational force.

The water content over the soil depth increment

from 20 to 90 cm representing water that which would be

available to plants at the end of the six day period

(Figure 21b), was about 0.30 cm3/cm3. Thus much of the

rainfall was stored and available for plant growth. The

amount of water added to the soil is approximately equal

to 100 cm (0.28 0.15) = 13 cm. The 15.75 cm of

rainfall were disposed of as 1.96 cm evaporation, 0.64

cm ponding, and 13.15 cm of storage in the soil. The

water in the soil remained near the soil surface.

The exercise shows how efficient processes are organized

in nature. The high potential gradients allow the dry

soils to absorb water efficiently, but during

evaporation the dry soil surface insulates the stored

water against loss.
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Example 2

The same example was run a second time, but with

changes in some soil properties. The hydraulic

conductivity was reduced by 50 percent at all water

contents and rainfall was added by repeating the regime

of the first day during the second day. The rainfall

sequence of the second day was assumed to be the same as

during the first day (Table 13).

The objective of this second run was to determine

whether or not an increase in the amount of ponding

would occur by decreasing the hydraulic conductivity and

to examine its consequences with respect to soil ero-

sion. Table 14, gives the calculated hourly values of

the actual flux, q(0,t).
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Table 13: Hourly values of the potentialflux, R(0,t),
boundary conditions for the upper soil surface
used in example2.Positive quantities are net
rainfall available for for infiltration, nega-
tive quantities are potential evaporation
demand')

Hour 1st 2nd 3rd 4th
day day day day

5th 6th
day day

0 -.0200 .1000
1 -.0200 .1000
2 -.0200 .1000
3 -.0200 .0000
4 -.0200 .0000
5 -.0100 .0000
6 .0000 .0000
7 .0500 .0500
8 .1000 .1000
9 .1000 .1000

10 .2000 .2000
11 .2000 .2000
12 .2000 .2000
13 .7000 .7000
14 1.2000 1.2000
15 1.2000 1.2000
16 .6000 .6000
17 .5000 .5000
18 .4000 .4000
19 .4000 .4000
20 .9000 .9000
21 .9000 .9000
22 .7000 .7000
23 .4000 .4000
24 .1000 .1000

cm/hr

.1000 -.0100 -.0100
-.0125 -.0200 -.0100
-.0150 -.0300 -.0100
-.0175 -.0400 -.0100
-.0200 -.0500 -.0100
-.040D -.1100 -.0050
-.0600 -.1700 .0000
-.0800 -.2300 .0500
-.1000 -.2900 .1000
-.1200 -.3500 1.1000
-.1400 -.4100 2.1000
-.1400 -.4100 2.1000
-.1400 -.4100 1.1000
-.1400 -.4100 .0500
-.1400 -.4100 .0000
-.1200 -.3500 .0000
-.1000 -.2900 .0000
-.0800 -.2300 .0000
-.0600 -.1700 .0000
-.0400 -.1100 .0000
-.0200 -.0500 .0000
-.0175 -.0400 .0000
-.0150 -.0300 .0000
-.0125 -.0200 .0000
-.0100 -.0100 .0000

.0000

.0000

.0000

. 0000

. 0000
-.0300
-.0600
-.0900
-.1200
-.1500
-.1800
-.2000
-.2200
-.2000
-.1800
-.1500
-.1200
-.0900
-.0600
-.0300
-.0200
-.0100
-.0100
-.0100
-.0100

(1) These values, together with the actual flux
are shown in Figures 22a through 28a.
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Table 14: Hourly values of the actual flux, q(0,t) for
the upper soil surface as computed bythe OR-
NATURE program. Example 2. Positivevalues
areinfiltr4tion,negative values are actual
evaporation."

Hour 1st 2nd
day day

3rd
day

4th
day

5th
day

6th
day

cm/hr

0 .0000 .1000 .1000 -.0100 -.0100 .0000
1 -.0200 .1000 -.0125 -.0199 -.0100 .0000
2 -.0200 .0999 -.0149 -.0299 -.0100 .0000
3 -.0200 .0099 -.0174 -.0399 -.0100 .0000
4 -.0200 .0099 -.0199 -.0499 -.0100 .0000
5 -.0100 .0099 -.0399 -.1090 -.0050 -.0299
6 .0000 .0000 -.0599 -.1330 .0000 -.0599
7 .0499 .0500 -.0799 -.1330 .0499 -.0899
8 .0999 .1000 -.0999 -.1330 .0999 -.1190
9 .1000 .1000 -.1190 -.1330 1.090 -.1490

10 .2000 .2000 -.1390 -.1330 1.590 -.1550
11 .2000 .2000 -.1400 -.1330 1.590 -.1550
12 .2000 .2000 -.1400 -.1330 1.100 -.1550
13 .7000 .7000 -.1400 -.1330 .0509 -.1550
14 .1200 1.200 -.1400 -.1330 .0000 -.1550
15 .1190 1.200 -.1200 -.1330 .0000 -.1500
16 .5990 .6000 -.1000 -.1330 .0000 -.1200
17 .4990 .5000 -.0800 -.1330 .0000 -.0900
18 .4000 .4000 -.0600 -.1330 .0000 -.0600
19 .4000 .4000 -.0400 -.1100 .0000 -.0300
20 .9000 .8990 -.0200 -.0500 .0000 -.0200
21 .8990 .9000 -.0175 -.0400 .0000 -.0100
22 .6990 .7000 -.0150 -.0300 .0000 -.0100
23 .3990 .4000 -.0125 -.0200 .0000 -.0100
24 .1000 .1000 -.0100 -.0100 .0000 -.0100

(1) These values, together with the potential flux are
shown in Figures 22a through 28a.
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Rainfall, Evaporation, and Infiltration

Figures 22a through 27a show rate of rainfall rates

and both potential and actual fluxes at the upper soil

surface for each day. Figure 28a shows the curves for

the six day period together.

Eventhough the amount of rainfall was higher and the

hydraulic conductivity was lower than in the first exam-

ple, infiltration rates matched rainfall rates during

the first two days so that all the water received as

rainfall infiltrated through the soil surface (Figures

22a and 23a). Once again, the reason is that the soil

water content was low, the water potential were low so

that the potential gradients were high enough to allow

the rate of infiltration to follow the rate of rainfall.

Note that throughout the two rainfall periods the water

content near the soil surface was always less than the

saturated water content of 0.38 cm3/cm3. This water

content was approached very closely at 48 hrs at depths

near 60 cm (Figure 23b).

Evaporation started during the third day (Figure

24a). Potential and actual evaporation rates were equal

because there was sufficient water in the soil profile

to allow the soil to supply water to the evaporating

surface to meet the evaporative demand. Evaporation

continued during the fourth day (Figure 25a), at a high

rate. Potential and actual evaporation rates were equal
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during the first 5 hours, but then the actual evapora-

tion rate became less than the potential evaporation

rate because of the dryness of the upper soil layers. A

unique condition developed so that the actual evapora-

tion rate remained constant until 18:00 hrs when a

decrease occured. The constant rate was 0.1330 cm/hr

(Table 14). A constant rate is achieved when the soil

surface remains at a constant water content. Evaporative

demand started to decrease at 14:00 hrs and the rate of

water supply to the soil surface could meet the evapora-

tive demand at about 19:00 hours.

The fifth day (Figure 26a) was characterized by a

very high intensity burst of rainfall, during which

rainfall rate exceeded infiltration rate. Excess water

accumulated at the soil surface and could have produced

runoff. The degree of ponding of water in this example

was more than in the first example (Figure 19a) because

the soil profile contained more water and consequently

potential gradients were smaller. Furthermore, the

hydraulic conductivity was smaller. Note that the soil

surface was at saturation at 12:00 hrs (Figure 26b,

curve 108 hrs).

During the sixth day (Figure 27a), evaporation star-

ted at the fifth hour. Potential and actual evaporation

rates were equal up to 9:00 hrs because the soil was wet

enough to meet the evaporative demand. Then, the water
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content of the upper soil layers decreased and conseque-

ntly the actual evaporation rate decreased. As time went

by, the potential evaporation rate decreased, so that

the evaporative demand could be met at around 15:00

hours. Again we note the phenomenon that the actual

evaporation rate remained constant. The constant rate

was 0.1555 cm/hr (Table 14).

Soil Water Content

Figures 22b through 27b show soil water content

as a function of soil depth at each 12th hour over the

six day period. Figure 28b shows the thirteen curves for

the same period together.

After the first 12 hours (Figure 22b, Curve 12 hrs),

the small amount of water that was received had been

stored in the upper 6 cm layer of the soil. The change

in the hydraulic conductivity had little effect on the

rate of water entry into the soil because the soil was

dry enough to absorb the water that was received at the

rate of rainfall. At the end of the first day (Figure

22b, Curve 24 hrs), a classic infiltration profile was

found showing a transition zone and a wetting front as

in the first example. Note that the wetting front was

less deep but that the water content was higher ( about

0.34 vs about 0.36 cm 3 /cm 3
) than in the first example.

This is so because of the lower hydraulic conductivity
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of the soil. Infiltration rates are the same but once in

the soil the water moved slower in the second example,

thus accumulating more near the soil surface. This dif-

ference between examples 1 and 2 can be observed in all

corresponding water content graphs. This difference

emphasizes the importance of both hydraulic conductivity

and hydraulic gradients.

During the second day (Figure 23b) and after the

first 12 hours (Curve 36 hrs) when more water was

received, redistribution of water started. The water did

not penetrate as deep as in the first example (Figure

16b) because of the lower hydraulic conductivity of the

soil. At the end of the second day (Curve 48 hrs) when

more water was received, the column of soil from 20 to

60 cm deep was close to saturation, and once again, a

classic infiltration profile was found to exist with a

steep wetting front.

Both evaporation and redistribution occured during

the third day (Figure 24b, Curves 60 and 72 hrs). The

wetting front moved deeper and both the wetting and the

transition zones were larger than in the first example

because of the larger amount of water added to the soil

column.

The fourth day was characterized by more evaporation

but very little redistribution (Figure 25b, Curves 84

and 96 hrs). From 40 cm deep down to 100 cm deep, the
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soil profile was at nearly constant volumetric water

content of about 0.30 cm3/cm3.

During the fifth day (Figure 26b) when rainfall

with a very high intensity occured (2.1 cm/hr), the

upper 8 cm of soil became saturated. Two distinct zones

each with a wetting front were found at the end of the

first half of the fifth day. The first wetting front was

at about the 20 cm depth of the soil . The remaining

soil column which was not affected by the rain received

during this day and showed the redistribution profile

due to the rain received during the first two days. At

the end of the fifth day (Curve 120 hrs) redistribution

of water had occured and a uniform water content profile

was formed.

During the sixth day (Figure 27b, Curves 132 and 144

hrs) redistribution of water continued and evaporation

occured. At noon during the peak of the evaporation

cycle the water content was at air-dry (8 = air-dry) but

at the end of the day, when the evaporation rate was

low the water content at the soil surface was 8 = 0.23

cm 3 /cm3 .
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Figure 23: Infiltration of water into Panoche clay loam soil (example 2, day 2). (a) Potential (R)
and actual (q) surface fluxes, (b) soil water content as a function of depth, where 36
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Figure 26: Infiltration of water into Panoche clay loam soil (example 2, day 5). (a) Potential (R)

and actual (q) surface fluxes, (b) soil water content as a function of depth, where 108
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Figure 27: Infiltration of water into Panoche clay loam soil (example 2, day 6). (a) Potential (R)
and actual (q) surface fluxes, (b) soil water content as a function of depth, where 132
and 144 hrs correspond to 12 and 24 hrs in (a).
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Conclusion

With example 2 we used the same soil texture and

soil depth, and the same period of time as with the

first example. The hydraulic conductivity at all water

contents was decreased by 50 percent and the amount of

rainfall was increased by assuming that the rainfall

pattern of the first day repeated during the second day.

A change was found in the amount of water that infil-

trated into the soil, in the amount that was lost by

evaporation or runoff, and in the amount stored in the

soil.

The amount of water available for runoff over the

soil surface was higher than in the first example due to

saturation of the upper 8 cm layer of the soil. The

potential gradients near the soil surface were low and

the hydraulic conductivity of the soil was low.

Obviously, damages to the soil by soil erosion would

have been greater because more water was available for

runoff.

The soil was dry enough so that the rate of infil-

tration followed the rate of rainfall during the first

two days. Actual and potential fluxes were equal most of

the time when evaporation occured.

Figure 28b shows that more water was retained by the

158 cm deep soil column, and that the wetting front had

moved deeper than in the first example. This was due to
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the larger amount of water received during the six day

period, specifically during the second day.

The amount of water added to the soil is about 113 cm

(0.32 0.15) = 19.21 cm. Of the amount of rain of 26.90

cm received 5.77 cm of water were lost by evaporation

and 1.02 ponded over the soil surface. The amount of

water stored in the soil profile was approximately equal

19.11 cm.
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INFILTRATION PROBLEMS IN CENTRAL TUNISIA

Introduction

The computer program OR-NATURE was applied to the

northern, central, and southern subzone soils for

conditions during the fall and the spring. The boundary

conditions for each subzone during both seasons were

assumed to be the same, but initial soil water contents

were assumed to be different.

The soils were assumed to be at the air-dry water

content when the first fall rains occur, and at initial

water content equal to two times the air-dry water

content when it rains during the spring season. These

conditions can of course vary from year to year.

Two types of figures were drawn for each subzone.

One shows the potential surface flux, R(0,t), and the

calculated surface fluxes for each season, labelled

of (0,t) for the fall season and qs(0,t) for the spring

season. The second set of figures shows soil water

content as a function of soil depth. The soil water

content figures were drawn separately for fall and

spring seasons. Figures of the first type were drawn for

each 24 hour period of the 7 day period and the second

type of figures were drawn at each 12th hour of the same

7 day period (12, 24, 36,., 156, and 168 hrs).
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Northern subzone

The northern subzone soil was assumed to be a clay

soil, 150 cm deep, with a saturated hydraulic

conductivity equal to 0.125 cm/hr (Table 7). The air-dry

and saturated water contents are 0.08 cm3/cm3 and 0.55

cm3/cm3, respectively. Figures 29a through 35a show

potential surface flux, R(0,t) and actual surface flux

during the fall, qf(0,t), and during the spring, qs(0,t)

for each 24 hour period of the 7 day experimental pe-

riod. Figures 29b through 35b show the soil water con-

tent as a function of soil depth at each 12th hour over

the same 7 day period. Table 15 gives the assumed

rainfall and potential evaporation rates, Tables 16 and

17 give the calculated surface fluxes as computed by

the OR-NATURE program during the fall and spring sea-

sons, respectively.
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Table 15: List of the hourly values of the potential
surface flux, R(0,t) for the northern
subzone.(*) Positive values are net rainfall,
negative values are potential evaporation
demand.

Hour 1st 2nd 3rd 4th 5th 6th 7th
day day day day day day day

cm/hr

0 0.00 0.20 -0.05 0.00 -0.09 0.00 0.00
1 0.00 0.00 -0.05 0.00 -0.08 0.00 0.00
2 0.00 0.00 -0.06 0.00 -0.07 0.00 0.00
3 0.00 0.00 -0.06 0.00 -0.06 0.00 0.00
4 -0.01 0.00 -0.06 0.00 -0.05 0.00 0.00
5 -0.01 0.00 -0.06 0.00 -0.04 0.00 0.00
6 -0.01 0.00 -0.06 0.00 -0.03 0.00 -0.01
7 -0.01 1.00 -0.07 0.00 -0.02 0.00 -0.03
8 -0.02 0.90 -0.08 0.00 -0.01 -0.01 -0.05
9 -0.02 0.80 -0.09 0.00 0.00 -0.05 -0.07

10 -0.03 0.70 -0.08 0.00 0.00 -0.10 -0.09
11 -0.04 0.00 -0.07 0.00 0.00 -0.15 -0.11
12 -0.05 0.00 -0.06 0.00 0.00 -0.20 -0.13
13 -0.06 0.00 -0.05 0.00 0.00 -0.25 -0.15
14 -0.07 0.00 -0.02 -0.01 0.00 -0.20 -0.13
15 -0.08 0.00 -0.01 -0.02 2.00 -0.15 -0.11
16 -0.07 0.00 0.00 -0.03 0.50 -0.10 -0.09
17 -0.06 0.00 2.00 -0.04 0.00 -0.05 -0.07
18 -0.05 -0.01 0.00 -0.05 0.00 -0.01 -0.05
19 -0.04 -0.02 0.00 -0.06 0.00 0.00 -0.03
20 -0.03 -0.03 0.00 -0.07 0.00 0.00 -0.01
21 -0.02 -0.03 0.00 -0.08 0.00 0.00 0.00
22 -0.02 -0.03 0.00 -0.09 0.00 0.00 0.00
23 -0.01 -0.04 0.00 -0.10 0.00 0.00 0.00
24 0.20 -0.05 0.00 -0.09 0.00 0.00 0.00

(*): These values are estimated and not real data.
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Table 16: Hourly values of the calculated surface
flux (qf(0,t)) of the clay soil (northern
subzone) during fall season. Positive
values are net rainfall infiltrated through
the soil surface, negative values are
evaporation rate')

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 .000 .000 -.050 .000 -.033 .000 .000
1 .000 .000 -.050 .000 -.030 .000 .000
2 .000 .000 -.060 .000 -.027 .000 .000
3 .000 .000 -.060 .000 -.025 .000 .000
4 .000 .000 -.060 .000 -.023 .000 .000
5 .000 .000 -.060 .000 -.022 .000 -.000
6 .000 .000 -.060 .000 -.021 .000 -.010
7 .000 .840 -.040 .000 -.019 .000 -.030
8 .000 .330 -.035 .000 -.010 -.010 -.050
9 .000 .260 -.030 .000 -.013 -.050 -.050

10 .000 .220 -.028 .000 .000 -.010 -.030
11 .000 .000 -.026 .000 .000 -.150 -.026
12 .000 .000 -.024 .000 .000 -.070 -.023
13 .000 .000 -.022 .000 .000 -.060 -.021
14 .000 .000 -.021 -.010 .000 -.050 -.019
15 .000 .000 -.010 -.020 .480 -.040 -.018
16 .000 .000 .000 -.030 .300 -.040 -.017
17 .000 .000 .500 -.040 .000 -.030 -.016
18 .000 -.010 .000 -.050 .000 -.010 -.015
19 .000 -.020 .000 -.060 .000 .000 -.015
20 .000 -.030 .000 -.070 .000 .000 -.010
21 .000 -.030 .000 -.080 .000 .000 .000
22 .000 -.030 .000 -.045 .000 .000 .000
23 .000 -.040 .000 -.037 .000 .000 .000
24 .000 -.050 .000 -.033 .000 .000 .000

(1) Data were calculated with OR-NATURE and are shown
in Figures 29a through 35a.
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Table 17: Hourly values of the calculated surface flux
(qs(0,t)) of the clay soil (northern subzone)
during spring season. Positive values are net
rainfall infiltrated through the soil surface,
negative values are evaporation rate')

Hour 1st 2nd 3rd 4th 5th 6th 7th
day day day day day day day

cm/hr

0 .000 .199 -.050 .000 -.041 .000 .000
1 .000 .000 -.050 .000 -.037 .000 .000
2 .000 .000 -.060 .000 -.033 .000 .000
3 .000 .000 -.060 .000 -.031 .000 .000
4 -.010 .000 -.060 .000 -.029 .000 .000
5 -.010 .000 -.060 .000 -.027 .000 -.000
6 -.010 .000 -.060 .000 -.030 .000 -.010
7 -.010 .715 -.070 .000 -.020 .000 -.030
8 -.020 .318 -.046 .000 -.010 -.010 -.050
9 -.020 .248 -.040 .000 -.000 -.050 -.070

10 -.030 .214 -.035 .000 .000 -.100- -.040
11 -.030 .000 -.033 .000 .000 -.149 -.033
12 -.020 .000 -.030 .000 .000 -.086 -.029
13 -.016 .000 -.028 .000 .000 -.064 -.026
14 -.015 .000 -.030 -.010 .000 -.053 -.024
15 -.014 .000 -.010 -.019 .475 -.047 -.023
16 -.013 .000 -.000 -.029 .289 -.042 -.021
17 -.012 .000 .491 -.039 .000 -.038 -.020
18 -.011 -.010 .000 -.049 .000 -.010 -.019
19 -.011 -.019 .000 -.059 .000 .000 -.019
20 -.010 -.020 .000 -.069 .000 .000 -.010
21 -.010 -.030 .000 -.079 .000 .000 .000
22 -.010 -.030 .000 -.060 .000 .000 .000
23 -.010 -.039 .000 -.047 .000 .000 .000
24 .199 -.049 .000 -.041 .000 .000 .000

(1) Data were calculated with OR-NATURE and are shown
in Figures 29a through 35a.
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Rainfall, Evaporation, and Infiltration

During the first day (Figure 29a), of the fall

season, the calculated surface flux, qf(0,t) was equal

to zero since the soil column was at the air-dry water

content and no rain occured. For the spring season, the

actual surface flux, qs(0,t) was equal to the potential

surface flux, R(0,t) during the first 10 hours, because

the soil column contained water in excess of 0 = air-dry

and rates of demand were low. When the soil surface

dried out due to evaporation qs(0,t) decreased and be-

came less than R(0,t). The air-dry upper soil layers

could no longer satisfy demand. Later during the day,

when R(0,t) decreased, the soil near the surface could

wet up and the rate of supply of water to the soil

surface could again meet the evaporative demand. This

occured at 23:00 hours.

During the last hour of the first day, a little rain was

received with maximum intensity of 0.20 cm/hr which

completely infiltrated through the soil surface during

both the fall and the spring seasons. Infiltration pr-

oceeded at a high rate because potential gradients were

high. Figure 29b shows that the soil remained at the

air-dry water content (Curve 12 hrs) during the early

part of the first day because no rain occured. The small

amount of water that was received late in the day was

stored at the upper 0.50 cm layer of the soil (Curve 24
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hrs) during the fall season.

During the spring season and for the same period (Figure

29c), evaporation started and at the end of the first

half of day 1 (Curve 12hrs) and the soil surface became

air-dry. At the end of the second half of the day (Curve

24 hrs), the soil surface had a water content of 0.23

cm 3 /cm 3 after the 0.20 cm of water received during the

last hour of the first day. However the layers below the

surface were still very dry.

A larger amount of water (3.4 cm) was received during

the second day in 3 storms. Almost 50 percent of the

rain infiltrated through the soil surface (Figure 30a).

Infiltration rates of the two seasons were nearly equal.

The infiltration rate was exceeded by the rainfall rate

early during the storm; during the first hour of the

storm. After 5 hours of rain, at 10:00 hrs the

infiltration rate approached 0.20 cm/hr.

Rain that could not be absorbed by infiltration ponded

at the soil surface so that runoff would most assuredly

have occured. Potential and actual surface fluxes were

equal starting at 11:00 hours and remained equal to the

end of the second day because the soil was wet enough to

meet the low evaporative demand.

Development of ponding of water at the soil surface

occured because the rate of rainfall was very high with

a maximum rate of 1 cm/hr. Eventhough the soil was dry,
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the potential gradients and the hydraulic conductivity

were too small to move water at this high rate. The

infiltration rate also rapidly decreased with time du-

ring both the fall and the spring seasons. The rainfall

rate exceeded the rate of infiltration at about 6:40

hrs.

Later, evaporation and redistribution of water occured

and the soil surface was a little dryer during the fall

(Figure 30b, Curve 48 hrs) than during the spring (Fi-

gure 30c, Curve 48 hrs) because the initial water con-

tent of the soil column was higher in the fall season

than in the spring season.

Early during the third day (Figure 31a), evaporation

occured. Calculated surface fluxes for both the fall and

the spring seasons were less than the potential surface

flux during the first five hours, even though the rate

of demand was low. When the potential flux decreased,

the soil could meet the evaporative demand at about 9:00

hrs.

During the second half of the day, 2.5 cm of rain fell.

Only 25 percent of that amount entered the soil and the

rest of it ponded at the soil surface to cause runoff.

The rate of application was higher than the rate of

infiltration because the water content of the upper soil

layers near the soil surface was high so that potential

gradients were low. Figure 3 showed the effect of
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initial water content on infiltration rate.

Evaporation continued during the fourth day. No rain

occured (Figure 32a) on this day. Again, R(0,t),

qf(0,t), and qs(0,t) continued to be equal for most of

the day. At 21:00 hrs actual surface fluxes became less

than potential surface flux because the upper layers of

the soil column that were wet at the begining had dried

out during the process of evaporation as is shown in

Figures 32b and 32c, Curves 96 hrs.

During the fifth day 2 cm of water were received over a

2 hour period (Figure 33a). Of the 2 cm of rain, 25

percent infiltrated into the soil and 75 percent ponded

at the soil surface. The soil surface was not saturated

during either season (Figures 33b and 33c, Curves 108

hrs) when rain started. However, the rate of application

exceeded the rate of infiltration again due to the high

water content so that most of the water that was

received as rainfall caused ponding over the soil

surface. The soil surface was at saturation during the

storm.

During the sixth day (Figure 34a) and the seventh day

(Figure 35a), evaporation continued and potential sur-

face fluxes reached high rates, namely 0.25 cm/hr and

0.15 cm/hr, respectively at 13:00 hours. The actual

surface fluxes did not meet the atmospheric evaporative

demand during either the fall or the spring season.
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Note that an exponential decrease in rate of evaporation

occured during both days. This is in contrast to the

response shown in Figures 25a and 27a where the rate

remained constant. Later during the day, potential sur-

face flux decreased, so that the evaporative demand

could be met and the water content of the upper soil

layers could increase. Potential and actual evaporation

rates were equal at 18:00 hours during day six and

around 20:00 hours during day seven. Figures 34b, 34c,

35b, and 35c, Curves 132 hrs, 144 hrs, 156 hrs, and 168

hrs show that both evaporation and redistribution of

water occured. Water did not penetrate very deep into

the soil profile because the amount of water available

for infiltration was small. During the fall the maximum

water contents were 0.29, 0.23,0.21, and 0.19 cm3/cm3

at 132, 144, 156, and 168 hrs respectively.

Corresponding values were 0.31, 0.27, 0.25, and 0.25

cm3 /cm3 during the spring.

Water Content

Several comments about water content have already

been made. It is of interest to follow the progression

of water content from 72 hrs to 168 hrs. Most of the

water that entered the soil remained in the upper 15 cm

of soil. Water penetrated to below 60 cm but the amount

that penetrated beyond 20 cm was very small. The 2 cm of
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rain during the second half of the third day brought the

soil surface water content to 0.34 cm3/cm3 during the

fall (Figure 31b, Curve 72 hrs) and to 0.35 cm3/cm3

during the spring (Figure 31c, Curve 72 hrs). Redistri-

bution occured during the first 12 hours of the fourth

day (72 to 84 hrs). The evaporation rate was equal zero

so that no water was lost by evaporation (Figures 32b

and 32c, Curves 84 hrs). The second half of the fourth

day was characterized by evaporation starting at 13:00

hrs the upper soil layers lost water due to evaporation

(Figures 32b and 32c, Curves 96 hrs). The potential

evaporation rate deceased and met the actual evaporation

rate at 14:00 hrs (Figure 33a) during the fifth day. At

noon of the fifth day (Figures 33b and 33c, Curves 108

hrs) the soil surface was air-dry.

Another storm of 2 cm on the fifth day (Figure 33a)

brought the soil surface to 0.36 cm 3 /cm3 during the fall

(Figure 33b, Curve 120 hrs) and to almost 0.38 cm3/cm3

during the spring (Figure 33c, Curve 120 hrs). Note that

these water contents were several hours after the storm

ended. During the rain the soil surface was saturated.

Evaporation occured during both the sixth and the

seventh day and reached maximum of 0.25 and 0.15 cm/hr,

respectively. The upper soil layers dried out and

reached the air-dry water content (Figures 34b, 34c,

35b, and 35c, Curves 132 and 156 hrs). When the
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evaporative demand decreased the soil profile could wet

up (Figures 34b, 34c, 35b, and 35c, Curves 144 and 168

hrs). The amount of water that penetrated beyond 20 cm

was very small.

During the seven day experimental period and for

fall season 8.10 cm of water were received as rainfall.

3.03 cm infiltrated through the soil surface, 2.414 cm

were lost by evaporation, and 2.656 cm ponded over the

soil surface. During spring season 2.949 cm of water

were retained by the soil profile, 3.03 cm were lost by

evaporation, and 2.121 cm of water ponded over the soil

surface.
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Figure 32: Infiltration of water into clay soil (northern subzone, day 4). (a) Potential (R) and actual
(q) surface fluxes, where of and qs correspond to fall and spring, soil water content as a
function of depth during (b) fall and (c) spring, where 84 and 96 hrs correspond to 12 and 24
hrs in (a).
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Figure 33: Infiltration of water into clay soil (northern subzone, day 5). (a) Potential (R) and actual
(q) surface fluxes, where of and qs correspond to fall and spring, soil water content as a
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Figure 34: Infiltration of water into clay soil (northern subzone, day 6). (a) Potential (R) and actual
(q) surface fluxes, where of and qs correspond to fall and spring, soil water content as a
function of depth during (b) fall and (c) spring, where 132 and 144 hrs correspond to 12 and
24 hrs in (a).



g qf (o. , qs (o. *: R to. U

o

0
O

= .
o

CU

CO

0
0
O

M X X

0. 5. 10. 15. 20.

TIME (HAS)

(a)

WATER CONTENT (CMA3/CMA31
00.00 0.10 0.20 0.30 0.40 0.50 0.60

I/3

0

O

7L.

25.

16E

441*%Pli, 156 hrs

O

O

(b)

O
171

-4

WATER CONTENT (CMA3/CMA31
00.00 0.10 0.20 0.30 0.40 0.50 0.60

O

03O

O

O

168 hrs '74,156 hrs

(c)
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Central subzone

The soil of the central subzone was assumed to be

layered with sandy clay occupying the top 30 cm of soil,

followed bya transition zone 10 cm thick. The second

layer was assumed to be sand, 50 cm thick, followed by

another 10 cm transition zone. The third layer was

assumed to be clay and also 50 cm thick. The air-dry and

saturated water contents of these layers were 0.05 and

0.45, 0.03 and 0.35, and 0.08 and 0.55 cm3/cm3, respec-

tively.

The saturated hydraulic conductivity was assumed to be

equal to 0.58 cm/hr for the first and second layers and

0.125 cm/hr for the third layer. Table 18 gives the

estimated rainfall and evaporation rates and Tables 19

and 20 show the calculated surface fluxes, qf(0,t) for

the fall season and qs(0,t) for the spring season,respe-

ctively.

Computer difficuties occured for day one of the

spring season with infiltration rate and day four of the

spring season with the output of water content as a

function of soil depth. These difficulties were due to

very large gradients in the dry soil.
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Table 18 : List of the hourly values of the potential
surface flux, R(0,t) for the central
subzone.(*) Positive values are net rain-
fall, negative values are potential evapo-
ration demand.

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 0.0 -0.2 0.0 0.0 0.0 0.0 -0.1
1 0.0 -0.1 0.0 0.0 0.0 0.0 0.0
2 2.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 -0.1 0.0
7 0.0 0.0 0.0 0.0 0.0 -0.2 -0.2
8 0.0 0.0 0.0 0.0 1.5 -0.3 -0.4
9 0.0 -0.2 -0.2 2.5 0.0 -0.4 -0.6

10 0.0 -0.4 -0.5 0.0 0.0 -0.5 -0.8
11 0.0 -0.6 -0.8 0.0 0.0 -0.6 -1.0
12 0.0 -0.8 -1.1 0.0 0.0 -0.7 -1.2
13 -0.1 -1.0 -1.4 0.0 0.0 -0.8 -1.4
14 -0.2 -1.2 -1.7 0.0 0.0 -0.9 -1.6
15 -0.3 -1.4 -2.0 0.0 0.0 -1.0 -1.4
16 -0.4 -1.2 -1.7 0.0 0.0 -0.9 -1.2
17 -0.5 -1.0 -1.4 0.0 0.0 -0.8 -1.0
18 -0.6 -0.8 -1.1 0.0 0.0 -0.7 -0.8
19 -0.7 -0.6 -0.8 0.0 0.0 -0.6 -0.6
20 -0.6 -0.4 -0.5 0.0 0.0 -0.5 -0.4
21 -0.5 -0.2 -0.2 0.0 0.0 -0.4 -0.2
22 -0.4 0.0 0.0 0.0 0.0 -0.3 0.0
23 -0.3 0.0 0.0 0.0 0.0 -0.2 0.0
24 -0.2 0.0 0.0 0.0 0.0 -0.1 0.0

(*): These values are estimated and not real data.



Table 19: Hourly values of the calculated surface
flux (qf(0,t)) of the sandy clay soil
(central subzone) during fall season.
Positive values are net rainfall infil-
trated through the soil surface, negative
values are evaporation rate

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 .000 -.018 .000 .000 .000 .000 -.021
1 .000 -.017 .000 .000 .000 .000 .000
2 .173 .000 .000 .000 .000 .000 .000
3 .000 .000 .000 :000 .000 .000 .000
4 .000 .000 .000 .000 .000 .000 .000
5 .000 .000 .000 .000 .000 .000 .000
6 .000 .000 .000 .000 .000 -.010 .000
7 .000 .000 .000 .000 .000 -.113 -.034
8 .000 .000 .000 .000 .449 -.073 -.024
9 .000 -.024 -.013 .238 .000 -.058 -.021

10 .000 -.017 -.008 .000 .000 -.050 -.019
11 .000 -.014 -.007 .000 .000 -.044 -.018
12 -.000 -.012 -.006 .000 .000 -.040 -.017
13 -.100 -.011 -.006 .000 .000 -.036 -.017
14 -.088 -.011 -.005 .000 .000 -.034 -.016
15 -.059 -.010 -.005 .000 .000 -.031 -.015
16 -.046 -.009 -.005 .000 .000 -.030 -.015
17 -.038 -.009 -.004 .000 .000 -.028 -.015
18 -.033 -.008 -.004 .000 .000 -.027 -.014
19 -.029 -.008 -.004 .000 .000 -.025 -.014
20 -.026 -.008 -.004 .000 .000 -.024 -.013
21 -.023 -.007 -.004 .000 .000 -.023 -.013
22 -.021 .000 .000 .000 .000 -.022 -.001
23 -.020 .000 .000 .000 .000 -.022 -.001
24 -.018 .000 .000 .000 .000 -.021 -.001
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(1) Data were calculated with OR-NATURE and are
shown together with the potential rates in
Figures 36a through 42a.
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Table 20: Hourly values of the calculated surface
flux (qs(0,t)) of the sandy clay soil
(central subzone) during spring season.
Positive values are net rainfall infil-
trated through the soil sur4.ace, negative
values are evaporation rate')

Hour 1st 2nd 3rd 4th 5th 6th 7th
day day day day day day day

cm/hr

0 .000 -.026 .000 .000 .000 .000 -.024
1 .000 -.024 .000 .000 .000 .000 .000
2 .000 -.001 .000 .000 .000 .000 .000
3 .000 -.001 .000 .000 .000 .000 .000
4 .000 -.001 .000 .000 .000 .000 .000
5 .000 -.001 .000 .000 .000 .000 .000
6 .000 -.001 .000 .000 .000 -.010 .000
7 .000 -.001 .000 .000 .000 -.142 -.041
8 .000 -.001 .000 .000 .225 -.090 -.029
9 .000 -.038 -.026 .000 .000 -.070 -.025

10 .000 -.026 -.002 .000 .000 -.059 -.023
11 .000 -.022 -.001 .000 .000 -.052 -.022
12 .000 -.020 -.001 .000 .000 -.046 -.021
13 -.100 -.019 -.001 .000 .000 -.042 -.020
14 -.112 -.018 -.001 .000 .000 -.040 -.019
15 -.072 -.017 -.001 .000 .000 -.037 -.019
16 -.056 -.016 -.001 .000 .000 -.034 -.018
17 -.048 -.015 -.001 .000 .000 -.033 -.018
18 -.042 -.015 -.001 .000 .000 -.031 -.017
19 -.038 -.014 -.001 .000 .000 -.030 -.017
20 -.034 -.014 -.001 .000 .000 -.028 -.016
21 -.032 -.013 -.001 .000 .000 -.027 -.016
22 -.029 .000 .000 .000 .000 -.026 -.002
23 -.027 .000 .000 .000 .000 -.025 -.002
24 -.026 .000 .000 .000 .000 -.024 -.002

(1) Data were calculated with OR-NATURE and are
shown together with the potential rates in
Figures 36a through 42a.
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Rainfall, Infiltration, and Evaporation

Figures 36a through 42a show the potential surface flux,

R(0,t) and both the actual surface fluxes, qf(0,t) for

the fall and qs(0,t) for the spring, as a function of

time. Figures 36b through 42b and 36c through 42c show

soil water content as a function of soil depth, during

the fall and spring seasons, respectively.

During the first day (Figure 36a), 2 cm of rainfall

water were received. Part of it (1.20 cm) infiltrated

into the soil and was stored in the upper 6 cm layer of

the soil profile during both the fall and spring sea-

sons. The remaining of the water ponded at the soil

surface. The ponding occured, because the rate of appli-

cation was higher than the rate of infiltration. Later

during the day at 12:00 hrs, evaporation started and

redistribution occured (Figures 36b and 36c, Curves 24

hrs). Potential and actual surface fluxes were not equal

during evaporation (Figure 36a) because the upper soil

layers dried out quickly and consequently the hydraulic

conductivity decreased to restrict the upward flux of

water.

No rain occured during the second day (Figure 37a), or

the third day (Figure 38a) but evaporation continued.

The water content of the upper soil layers continued to

decrease and the soil surface remained at the air-dry

level (Figures 37b, 37c, 38b, and 38c, Curves 36, 48,
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60, and 72 hrs). Consequently the actual evaporation

rate was very low and could not meet the evaporative

demand. The actual evaporation rates were (Tables 19 and

20) smaller than 0.01 cm/hr. These very low rates are

the result of the physical properties of the sandy clay

soils. Later during the second and the third days, even

when the potential surface flux decreased, the actual

surface fluxes were nearly equal zero because the upper

soil layers were dry (Figures 37b, 37c, 38b, and 38c,

Curves 36, 48, 60, and 72 hrs). Another 2.5 cm of rain-

fall fell during the fourth day (Figure 39a). Of this

amount, 12 percent infiltrated into the soil during the

fall but only 6 percent entered through the soil surface

during the spring. The reason for the difference was

that the soil was drier during the fall season than

during the spring season. The driving force for water

movement, the potential gradient was much higher in the

fall than in the spring and it followed that less water

infiltrated into the soil during the latter season.

Water ponding occured and obviously, damages to the soil

could occur by soil erosion. Later during the day,

redistribution occured (Figure 39b, Curves 96 hrs), but

evaporation was not imposed (Table 18).

During the fifth day 1.5 cm of rain was received (Figure

40a). Since the rate of application during this storm

was less than the rate of application during the



144

previous storm, more of the water could infiltrate into

the soil. The infiltration of water into the soil was

higher during the fall than during the spring because

the soil was dryer and the potential gradients were

higher.

The soil surface was not saturated at 108 hrs (Figures

40b and 40c, Curves 108 hrs) to cause the ponding. This

time is three hours after cessation of rain.

Redistribution had occured during this time so that

water drained from the surface layers. This process

continued from 108 to 120 hrs.

Both evaporation and redistribution took place later

during the day. The water content of the upper soil

layers was higher during the spring (Figure 40c, Curve

120 hrs) than during the fall (Figure 40b, Curve 120

hrs) because of the larger amount of water that had

infiltrated into the soil earlier during the day.

Little redistribution of water occured but evaporation

continued during the sixth day (Figure 41a). Actual

surface flux was very small and much less than the

potential flux during most of the day (Figure 41a)

because of the decrease of the water content of the

upper soil layers (Figures 41b and 41c, Curves 132 hrs

and 144 hrs). The evaporation cycle was repeated during

the 7th day (Figures 42b and 42c, Curves 156 and 168

hrs).
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During the early part and late part of the seventh day

7, potential surface flux was low (Figure 42a), (Figures

42b and 42c, Curves 168 hrs) and the evaporation rate

could meet the atmospheric evaporative demand.

Water Content

Over the seven day period, water did not penetrate

deep enough into the soil column for the second and

third layers to play a role. The upper soil layers

contained more water during the spring than during the

fall because of the higher initialsoil water content.

Evaporation started as early as the 12:00 hrs of the

first day and continued during days two and three. The

upper soil layers dried out quickly and remained at air-

dry water content most of the time (Figures 36b, 36c,

37b, 37c, 38b, and 38c, curves 24, 36, 48, 60, and 72

hrs). When the evaporation rates were low the soil

profile could supply demand (Tables 19 and 20).

During the fourth and fifth days water was received

during two storms (Figures 39a and 40a) which brought

the soil surface to a water content of 0.30 cm 3 /cm 3

immediatly after the storms (Figures 39b and 40b, curves

84 and 108 hrs) during the fall season and tb 0.32

cm 3 /cm3 during spring season (Figure 40c, curve 108

hrs). After each of these storms, redistribution occured

and water moved deeper into the soil profile (Figures
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39b, 40b, and 40c, curves 96 and 120 hrs).

The last two days of the experimental period were

characterized by evaporation cycles (Figures 41a and

42a). Severe drying brought the soil surface at air-dry

water content (Figures 41b, 41c, 42b, and 42c, curves

132, 144, 156, and 168 hrs). The evaporation rate dec-

reased exponentially during the evaporative cycle. It

follows that the soil profile could wet up to supply

water if demand existed (Figures 41b, 41c, 42b, and 42c,

curves 144 and 168 hrs).

At 108 hours the amount of water in the soil was about

13 cm * 0.25 = 3.25 cm and 16 cm * 30 = 4.80 cm during

fall and spring respectively. The amount of water

received was (2.00 + 2.50 + 1.50) cm = 6.00 cm. Thus the

amount of infiltration was about 80 percent.
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actual (q) surface fluxes, where of and qs correspond to fall and spring, soil water content
as a function of depth during (b) fall and (c) spring, where 36 and 48 hrs correspond to 12
and 24 hrs in (a).



2 qf (o, E1 T: qe Co. U R Co. El

0
0

O

2 u9

O

0
L1)

0
0

O

0. 5. 10. 15. 20.

TIME (HF15)

(a)

25.

WATER CONTENT ICHA3/CMA3/

0.04 0.06 0.08 0.10 0.12 0.14 0.16

O

0

0,0
(b)

WATER CONTENT (CMA3/CNA31
00.04 0.08 0.12 0.16 0.20 0.24 0.28

O

O

cn
O °
rn
-4 m
O

0O

1%)O

O

-
a)0

(c)

Figure 38: Infiltration of water into sandy clay soil (central subzone, day 3). (a) Potential (R) and

actual (q) surface fluxes, where qf and qs correspond to fall and spring, soil water content
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Figure 40: Infiltration of water into sandy clay soil (central subzone, day 5). (a) Potential (R) and
actual (q) surface fluxes, where of and qs correspond to fall and spring, soil water content

as a function of depth during (b) fall and (c) spring, where 108 and 120 hrs correspond to

12 and 24 hrs in (a).
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The southern subzone

In this part of Central Tunisia, rainfall is

characterized by the irregularity of its intensity and

timing. The soil was assumed to be a homogeneous, 150 cm

deep, sandy profile. Its air-dry and saturated water

contents are 0.03 cm 3/cm 3 and 0.35 cm 3 / cm 3 ,

respectively. The saturated hydraulic conductivity is

equal to 0.58 cm/hr (Table 7). Figures 43a through 49a

show potential surface flux, R(0,t) (Table 21) and both

actual surface flux, qf(0,t) during the fall (Table 22)

and qs(0,t) during the spring (Table 23). Soil water

content as a function of depth during both seasons are

shown in Figures 43b through 49b for the fall season,

and 43c through 49c for the spring season.
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Table 21: List of the hourly values of the potential
surface flux, R(0,t) for the southern
subzone.(*) Positive values are net rain-
fall, negative values are potential evapora-
tive demand.

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 0.0 0.0 0.0 -0.2 0.0 0.0 0.0
1 0.0 0.0 0.0 -0.1 0.0 2.0 0.0
2 4.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 3.5 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
5 0.0 0.0 0.0 0.0 0.0 0.0 -0.2
6 0.0 0.0 0.0 0.0 0.0 0.0 -0.3
7 0.0 -0.1 -0.1 0.0 -0.2 0.0 -0.4
8 0.0 -0.2 -0.2 0.0 -0.6 0.0 -0.5
9 0.0 -0.3 -0.3 0.0 -1.0 0.0 -0.6

1.0 0.0 -0.4- -0.4 0.0 -1.4 0.0 -0.8
11 0.0 -0.5 -0.5 0.0 -1.8 0.0 -1.0
12 0.0 -0.6 -0.6 0.0 -2.2 -0.1 -1.2
13 0.0 -0.7 -0.7 0.0 -1.8 -0.2 -1.4
14 0.0 -0.8 -0.8 0.0 -1.4 -0.3 -1.6
15 0.0 -1.0 -0.9 0.0 -1.0 -0.4 -1.8
16 0.0 -0.8 -1.0 0.0 -0.6 -0.5 -2.0
17 0.0 -0.6 -0.9 0.0 -0.2 -0.4 -1.8
18 0.0 -0.4 -0.8 0.0 0.0 -0.3 -1.4
19 0.0 -0.2 -0.7 0.0 0.0 -0.2 -1.0
20 0.0 -0.1 -0.6 0.0 0.0 -0.1 -0.6
21 0.0 0.0 -0.5 0.0 0.0 0.0 -0.2
22 0.0 0.0 -0.4 0.0 0.0 0.0 0.0
23 0.0 0.0 -0.3 0.0 0.0 0.0 0.0
24 0.0 0.0 -0.2 0.0 0.0 0.0 0.0

(*): These values are estimated and not real data.
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Table 22: Hourly values of the calculated surface
flux (qf(0,t)) of the sandy soil (southern
subzone) during fall season. Positive
values are net rainfall infiltrated through
the soil surf) e, negative values are eva-
poration rate

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 .000 .000 .000 -.009 .000 .000 .000
1 .000 .000 .000 -.009 .000 1.990 .000
2 2.130 .000 .000 .000 .000 .000 .000
3 .000 .000 .000 2.030 .000 .000 .000
4 .000 .000 .000 .000 .000 .000 -.109
5 .000 .000 .000 .000 .000 .000 -.052
6 .000 -.782 .000 .000 .000 .000 -.039
7 .000 -.100 -.010 .000 .199 .000 -.033
8 .000 -.084 -.022 .000 .090 .000 -.030
9 .000 -.051 -.018 .000 .064 .000 -.027
10 .000 -.041 -.016 .000 .052 .000 -.026
11 .000 -.034 -.015 .000 .045 .000 -.024
12 .000 -.031 -.014 .000 .040 -.010 -.023
13 .000 -.028 -.013 .000 .036 -.199 -.022
14 .000 -.025 -.012 .000 .033 -.118 -.021
15 .000 -.024 -.012 .000 .031 -.085 -.020
16 .000 -.022 -.011 .000 .029 -.068 -.020
17 .000 -.021 -.011 .000 .027 -.058 -.019
18 .000 -.020 -.011 .000 .000 -.052 -.018
19 .000 -.019 -.010 .000 .000 -.047 -.018
20 .000 -.018 -.010 .000 .000 -.043 -.017
21 .000 -.000 -.010 .000 .000 .000 -.017
22 .000 .000 -.010 .000 .000 .000 .000
23 .000 .000 -.010 .000 .000 .000 .000
24 .000 .000 -.009 .000 .000 .000 .000

(1) Data were calculated with OR-NATURE and are
shown together with potential rates in Figures
43a through 49a.
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Table 23: Hourly values of the calculated surface
flux (qs(0,t)) of the sandy soil (southern
subzone) during spring season. Positive
values are net rainfall infiltrated through
the soil sur4ce, negative values are eva-
poration rate')

Hour 1st
day

2nd
day

3rd
day

4th
day

5th
day

6th
day

7th
day

cm/hr

0 .000 .000 .000 -.010 .000 .000 .000
1 .000 .000 .000 -.010 .000 1.990 .000
2 1.940 .000 .000 .000 .000 .000 .000
3 .000 .000 .000 1.990 .000 .000 .000
4 .000 .000 .000 .000 .000 .000 -.010
5 .000 .000 .000 .000 .000 .000 -.058
6 .000 .000 .000 .000 .000 .000 -.042
7 .000 -.100 -.100 .000 .199 .000 -.035
8 .000 -.165 -.026 .000 .099 .000 -.032
9 .000 -.059 -.021 .000 .070 .000 -.030
10 .000 -.046 -.019 .000 .060 .000 -.028
11 .000 -.039 -.017 .000 .049 .000 -.026
12 .000 -.035 -.016 .000 .043 -.010 -.025
13 .000 -.031 -.015 .000 .039 -.199 -.024
14 .000 -.029 -.014 .000 .036 -.127 -.023
15 .000 -.027 -.014 .000 .034 -.090 -.022
16 .000 -.025 -.013 .000 .032 -.073 -.021
17 .000 -.023 -.013 .000 .030 -.062 -.020
18 .000 -.022 -.012 .000 .000 -.055 -.020
19 .000 -.021 -.012 .000 .000 -.050 -.019
20 .000 -.200 -.012 .000 .000 -.046 -.019
21 .000 .000 -.011 .000 .000 .000 -.018
22 .000 .000 -.011 .000 .000 .000 .000
23 .000 .000 -.011 .000 .000 .000 .000
24 .000 .000 -.010 .000 .000 .000 .000

(1) Data were calculated with OR-NATURE and are
shown together with potential rate in Figure
43a through 49a.
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Rainfall, Evaporation, and Infiltration

During the first day (Figure 43a), 4 cm of rain water

fell. Of this 50 percent infiltrated into the soil

during the fall and almost the same amount was absorbed

by the soil during the spring. The soil was dry enough

and its potential gradient was high enough to absorb

this large amount of water in a short period of time.

Another reason behind the high infiltration rate is that

sandy soils are characterized by high infiltration rates

during the early stages of the infiltration process.

Runoff developed because the rate of application

exceeded the rate of infiltration during latter part of

the storm. The rate of infiltration decreased because of

decreasing potential gradients as the soil became wet-

ter. Later during the day, redistribution of water took

place, but an evaporation demand was not imposed.

The higher the soil water content is, the higher its

hydraulic conductivity. Comparison of water content at

24 hrs (Figures 43b and 43c, curves 24 hrs) shows that

water penetrated a few centimeters deeper into the soil

during the spring season than during the fall season.

This occured because the soil profile contained more

water during the spring than during the fall and the

higher conductivity at the higher water content allowed

more rapid flow.

Evaporation occured during the second day (Figure 44a).
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Potential and actual surface fluxes started out to be

equal, but when the evaporative demand increased the

actual rate could not meet this demand (Figure 44a)

because the water content of the upper soil layers was

low. This occured at 7:00 hrs during the fall and 8:00

hrs during the spring. Little redistribution of water

occured (Figures 44b and 44c).

More water was lost by evaporation and redistribution

almost stopped during the third day (Figures 45b and

45c, Curves 60 hrs and 72 hrs). The upper, 1 cm thick

layer of soil was at a water content equal to air-dry

for both fall and spring seasons. Consequently, its

hydraulic conductivity became very low and restricted

the upward movement of water as is shown in Figure 45a

where actual surface fluxes, qf(0,t) and qs(0,t) are

almost equal to zero (also see Tables 22 and 23). This

is very much the response one expects from a sandy soil.

During the fourth day, after two days of evaporation,

3.5 cm of water were received. Nearly 70 percent of the

rain infiltrated into the soil during both seasons (Fi-

gure 46a). This amount of water brought the soil surface

water content to 0.22 cm 3 /cm 3 from the air-dry water

content during the fall (Figure 46b, Curve 84 hrs) and

from 0.06 cm 3 /cm 3 water content during the spring (Fi-

gure 46c, Curve 84 hrs). The 84 hr profile is eight

hours after the rain stopped at 4:00 hrs. Later during
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the day, redistribution took place and water moved dee-

per during the spring (Figure 46c, Curve 96 hrs) than

during the fall (Figure 46b, Curve 96 hrs). Evaporation

did not occur. The soil profile contained more water

during the spring than during the fall so that the

storage at the lower depths was needed. The hydraulic

conductivity played as role as well.

During the fifth day , no rainfall occured (Figure 47a)

but an evaporation cycle was experienced. Potential and

actual surface fluxes started out to be equal, but when

evaporative demand increased (Figure 47a) the soil sur-

face attained the air-dry water content quickly so that

little water could pass the soil surface. During the

second half of the day, demand decreased, and actual and

potential rates became equal (Figures 47b and 47c, Cur-

ves 120 hrs), but at a very low level (see also Tables

22 and 23) .

Two cm of rain were received early during the following

day. This rain completely infiltrated into the soil

profile (Figure 48a). A few hours after the storm evapo-

ration and redistribution of water started (Figures 48b

and 48c, Curves 144 hrs). The profile at 132 hrs is 2

hours after the evaporation started. The soil surface

was still quite wet at about 0.20 cm3/cm3. The profile

at 144 hrs was preceeded by an evaporation cycle, howe-

ver the water content is well above air-dry.
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During the 7th day, a little redistribution took place

and before an evaporation cycle started. The soil sur-

face water content again reached the air-dry level (Fi-

gures 50b and 50c, Curves 156 hrs). The evaporation rate

remained at about 0.02 cm/hr (Table 22, Figure 50a). The

potential rate decreased later in the day and became

equal to zero at 22:00 hours (Figure 49a, Table 21).

The sandy soils are characterized by their high

infiltrability during the early stages of the

infiltration process. The infiltration rate was higher

for initially dryer soil columns because of higher pote-

ntial gradients. Rate of infiltration decreased rapidly

shortly after the begining of the process.

Water Content

Water moved deeper into the soil profile during the

spring than during the fall, e.g. Figure 49b vs. 49c.

This was so because the initial water content was higher

when the first rains were received during the spring

than during the fall and consequently its hydraulic

conductivity was high enough for the infiltration rate

to be larger. Furthermore, sandy soil have small storage

capacity for water to be retained, so that a larger soil

volume was needed.

A classic infiltration profile was seen after the storm

during the first half of the first day (Figures 43b and
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43c, curves 12 hrs) for both seasons with a steep wet-

ting front. During the second half of the day, redistri-

bution took place and water moved a few centimeters

deeper into the soil profile (Figures 43b and 43c,

curves 24 hrs). The second day was characterized by

severe evaporation cycle and the upper soil layers dried

out quickly (Figures 44b and 44c, curves 36 hrs). Later

during the day, potential evaporation rate decreased and

so did the actual evaporation rate. Both rates were

equal to zero at around 21:00 hrs. The soil could wet up

and the soil surface water content increased to about

0.08 cm 3 /cm 3 from air-dry (Figures 44b and 44c, curves

48 hrs).

Evaporation continued during the third day (Figure 45a)

and the soil profile lost more water. The upper layers

were at air-dry water content at the end of the first

twelve hours (Figures 45b and 45c, curves 60 hrs) during

both seasons. The evaporation rate decreased, but the

upper soil layers remained at the air-dry water content

(Figures 45b and 45c, curves 72 hrs).

More water was received in a storm early during the

fourth day (Figure 46a). Water moved deeper into the

soil profile during the spring season (Figure 46c, curve

84 hrs) than during the fall season (Figure 46b, curve

84 hrs) because of the higher initial water content in

the soil column. Later, when no rain occured,
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redistribution took place (Figures 46b and 46c, curves

96 hrs). Severe drying brought the soil surface to the

airdry water content at the end of the first twelve

hours of the fifth day (Figures 47b and 47c, curves 108

hrs). Note that 108 hrs coincides with the peak of the

evaporation cycle. Then the evaporation rate decreased

exponentially to become equal to zero at around 19:00

hrs. After this the soil surface could wet up. The soil

surface water content increased from air-dry to 0.12

cm 3 /cm 3 at the end of the day (Figures 47b and 47c,

curves 120 hrs).

Another storm of two cm occured early during the sixth

day (Figure 48a). All of the water received penetrated

into the soil profile. The water content at 132 hrs,

which is ten hours after rain stopped was well below

saturation (Figures 48b and 48c, curves 132 hrs) at that

time. Later during the day, evaporation started at 11:00

hrs (Figure 48a) the surface water content decreased

again. Little redistribution took place (Figures 48b and

48c, curves 144 hrs).

Evaporation continued during the seventh day (Figure

49a). The upper soil layers dried out quickly to reach

the air-dry water content (Figures 49b and 49c, curves

156 hrs). The evaporation rate decreased exponentially

to become equal to zero at 22:00 hrs. After this the

upper soil layers could wet up and the soil surface was
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at nearly 0.08 cm3/cm3 a few hours later (Figures 49b

and 49c, curves 168 hrs).

Of the 9.50 cm of rainfall received during the seven

day experimental period, 6.15 cm of water infiltrated

through the soil surface, 3.08 cm of water were lost by

evaporation, and 0.27 cm ponded over the soil surface

during fall season. During spring season 5.92 cm of

water were absorbed by the soil column, 3.05 cm evapo-

rated, and 0.53 ponded over the soil surface.
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CONCLUSION AND RECOMMANDATIONS

Water movement in soils related to infiltration and

evaporation depends on many factors. Some of the factors

are related to soil properties such as soil texture and

structure, hydraulic conductivity, initial water

content, presence of layers; others are related to

atmospheric conditions, such as rate of application,

presence of vegetative cover. The properties of water,

such as water temperature, also play a role.

To study the infiltration of water into soils

experimentally is time consuming and expensive. One can

not include all these factors at once and see how they

intertact because they are not all controllable variab-

les. A better understanding of the infiltration pro-

cess, can be obtained by using computers. This was done

here.

This study is about the Central Tunisia area where

three different subzones were identified based on soil

texture, hydraulic conductivity, rainfall rates, and

air-dry and saturated volumetric water content. The OR-

NATURE computer program was run twice for each subzone

at two different initial water contents. The purpose of

the exercise was to see how useful computers are and to

evaluate the movement of water into soil, changes in

infiltration rates and its effect on soil erosion. Fi-

gures 50, 51, and 52 show potential and actual surface
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fluxes during the 7 day period together for the nor-

thern, the central, and the southern subzones, respesti-

vely. Table 24 gives the amount of rain received during

both seasons over the 7 day period and the percentage of

that amount that infiltrated through the soil surface or

ponded over it. Computers can be used to study the

process of infiltration of water into soils and its

effect on the threatening problem, soil erosion.

Evaporation is controlled by the upward movement of

water, which depends on the water content of the soil

profile. The actual evaporation rate was equal to the

atmospheric evaporative demand when there was enough

water in the upper layers of the soil. During the pro-

cess of evaporation, the first layers of soil to dry out

are the upper layers. These reached the air-dry water

content quickly. As the soil dries the hydraulic conduc-

tivity decreases to reach very low values near the air-

dry water content. Upward movement of water is then

restricted. When the potential evaporation rate dec-

reases sufficiently so that it becomes smaller than the

sustainable rate the upper soil layers can wet up.

Two components or driving forces control the

downward movement of water into soils. The first is the

matric potential gradient (dT/dz) and the secondis

the gravitational force. When the soil is initially dry,

the potential gradient is the main driving force for the
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downward movement of water into the soil. The

gravitational force is too small and has a negligeable

effect on the infiltration process in dry soil. As the

soil water content increases, the matric potential

gradient decreases exponentially to equal zero at

saturation. When the water content is near saturation

gravity plays the major role and the infiltration rate

becomes equal to the saturated hydraulic conductivity of

the soil.

The rate of infiltration was equal to the rate of

application whenever the soil was dry, eventhough the

soil surface water content never reached saturation.

When the soil was wet the infiltration rate often was

lower than the rainfall rate. Ponding at the soil

surface occured when the rate of application exceeded

the rate of infiltration.

Runoff is not only a loss of water but also of good

soils and consequently of productivity of these lands

affected by soil erosion. When water is applied

(rainfall or irrigation) to the soil, part ofit will be

absorbed by the soil and the other part ponds at the

soil surface and might flow over it. When the rate of

application is high enough, runoff occurs and water

carries soil particles with it. Depending on water velo-

city, the soil particles will be deposited in soil

depressions or carried to rivers and the sea.



175

A possible reason for the development of runoff which

was not examined in this study is the creation of a

thin, impermeable layer at the soil surface due to the

impact of raindrops on the soil surface and consequently

on the infiltration of water through the soil surface.

The infiltration rate becomes very small to nearly equal

zero and the water received will run off. This phenomena

has serious and dangerous consequences if the rain per-

sists. It can cause floods like those that happened in

Central and Southern Tunisia in 1969. Many human lives

were lost, several houses and shelters were completely

destroyed, many animals were killed, and thousands of

acres of crops were destroyed.

To deal with the soil erosion problem, the amount of

runoff has to be decreased by increasing the

infiltration rate of soils and by reducing the impact of

rain drops on the soil surface to hinder the formation

of the sealing at the soil surface.

The following recommendations help improve soil

conditions by increasing infiltration rates and

decreasing runoff amounts of water and consequently

lessening the danger of soil erosion.

Tillage of soilsto help improve soil structure,

control weeds, conserve moisture, improve soil aeration

and infiltration, incorporate residues and chemicals.

Planting the appropriate plants helps to fix the soil
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and decrease raindrop impact on the soil surface.

Contouring, strip cropping, and terracing helps to

break the slope length of the terrains, decrease their

slope, and consequently decrease the runoff velocity.
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Table 24: Summary of the amount of rain received,
the percent infiltrated, and the percent
ponded over the soil surface during the
seven day period for the three subzones
during both seasons.

time

days

amount of
rain

percent
infiltrated

percent
ponded

CM

fall spring fall spring fall spring

Northern subzone

1 0.2 0.2 100.0 100.0 .0 .0

2 3.4 3.4 48.0 44.0 52.0 56.0

3 2.0 2.0 25.0 24.0 75.0 76.0

4 - -

5 2.5 2.5 31.0 30.0 69.0 70.0

6 - -

7

Central subzone

1 2.0 2.0 66.0 49.0 34.0 51.0

2 -

3 - - -

4 2.5 2.5 12.0 6.0 88.0 94.0

5 1.5 1.5 30.0 15.0 70.0 85.0

6

7

Southern subzone

1 4.0 4.0 53.0 48.5 47.0 51.5
2

3

4 3.5 3.5 58.0 56.0 42.0 44.0

5

6 2.0 2.0 99.5 99.5 0.5 0.5

7
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