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ABSTRACT

The one dimensional problem of the diurnal variations of moisture and

temperature at different depths of the thermally active, non-frosen,

non-swelling soil layer is considered.

It is assumied that we know: (I; values of all meteorological elements at

anemometer level at any time, (21 Moisture and temperature distribution with

depths at some Initial moment.3) Physical parameters and caracteristics of

the soil and vegetation cover which we shall call canopy for brevity.

The model consists of: (I) Partial differential equations of the

subsurface hydrology for a non-saturated vapor-liquid flow in the soil, allowing

for the moisture removal by the roots of plants. (2) Algebraic empirical and

ordinary differential equations ugges-t~d b, , rr (17 for the

description of the radiative and turbulent heat transfer between the atmosphere

and the soil through the canopy allowing for the influence of condensation or

evaporation at the foliage and also the retention of a part of the precipitation

by its the foliage. (3) Moisture and vapor balance equations at the surface of

the soil. (4 Continuity conditions for heat and vapor fluxes at the top of the

canopy. (5 Semiempirical algebraic equations of the type of surface layer

equations for a thin atmospheric layer between the canopy and anemometer level.

The method of solution is the following:

1. Transforming and solving the equation describing the effect of canopy, we

construct boundary condition for moisture and temperature at the soil surface

which takes into account that effect. 2. The soil (emperature and moisture :

equations as well as the boundary and initial conditions are approximated by the .

finite-difference equations in accordance with known Crank-Nicolson schemce

-I,-



krespectively. These schemes are quite simple and provide the convergence and

the second order of the accuracy with respect to the time and space steps. 3.

The finite-difference equations are solved by the tridiagonal algorithm in

combination with iteration method. -

The solution has been programmed. Results of computations are in

agreement with experimental data. A few examples of soil moisture computations

are presented together with experimental data.
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I. INTRODUCT I ON

Information on soil moisture and temperature at the surface and at

different depths is of interest in numerous fields of human activity, e.g.,

underground structures (water pipes, sewage, electric and other cables), road

building, some military problems (for example, road practicability for tanks),

etc. In agriculture and agrometeorology, this information is often very J

necessity. For semiarid and arid zones such information becomes especially

important.

There is usually a great deal of technical difficulty and expense involved

in conducting special soil moisture and temperature measurements. Therefore, it

is very tempting to have a model which would allow the computation of soil

moisture and temperature from routine meteorological observations available for

many regions of the globe. Moreover, such a model would enable the prediction

of soil moisture and temperature using the meteorological forecast.

The construction of a model encounters some difficulties such as

inhomogeneities of the land surface and of the soil at various depths, lack of

information on physical parameters and presence of different urban constructions

and artificial covers (such as concrete), as well as natural vegetation cover.

It has been shown that vegetation can significantly influence the heat and

moisture transfer between the earth's surface and the atmosphere. Therefore,

since most of the land surface of the globe is covered by vegetation, it is

desirable to include the vegetation effect in a model which simulates the heat

and moisture transfer at the land surface.

The object of the present paper is to construct a model for an operational

soil moisture and temperature computation from meteorological data, taking into

N.
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account the effect of the vegetation cover which hereafter will be referred to

as-a canopy. To avoid the other difficulties mentioned above, we assume that

the soil is homogeneous, and the land surface is horizontal and free of urban

constructions.

To our knowledge, there are no publications devoted even to such a

simplified problem, although there are many papers in which soil moisture and/or

soil temperature computations have been carried out. These works have been

directed at the investigation of soil physics or of a methodology of numerical

solution (e.g., [M], [2]). In these papers, the boundary conditions at the

surface are mostly simplified, e.g., evaporation from the surface is assumed

constant and known. Such assumptions are not sufficient for our problem.

Included in this group are some papers in which an attempt is made of coupling

-. the soil part of the problem with a rather primitive atmospheric model assuming

bare soil with attention directed mainly at the soil (e.g., [3], [4]). These

works have allowed us to arrive at the important conclusion that, in principle,

soil moisture and temperature computationwith the accuracy necessary for many

aimsis possible.

Another group of papers is devoted to meteorological and climatolooic:l

problems in which the soil moisture and temperature play an auxiliary role. In

the majority of these works the soil part of the problem is highly simplified

(e.g., (5]) or, if not oversimplified, cumbersome calculations and the lack of

necessary information make it very difficult to reliably estimate the accuracy

with which soil moisture is determined (e.g., E6]). In this group of papers, we

refer only to those in which attempts to allow for the vegetational cover effect

have been made. Obviously, canopy models accessible for inclusion into complex

models containing soil and atmospheric parts, must be sufficiently simple with

a. _
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respect to mathematics. Nevertheless, there have been attempts to construct

rather complicated two-level, or even multi-level, biosphere models for

inclusion into general circulation models of the atmosphere E7]. Deardorff

(1978) [51 has suggested a single-level canopy model, sufficiently simple with

respect to mathematics and at the same time rather comprehensive with respect to

physics. The model is based on moisture and heat balance equations for the

vegetation layer and for the surface of the earth and on some empirical

relationships. Deardorff's model has already been employed by some authors C

([61, (81). In the present paper we also use Deardorff s model while

introducing minor modifications for its improvement.

Unlike Deardorff and the authors mentioned above, we have made some

preliminary analytical transformations in an attempt to simplify the solution of

the vegetational part of the problem. The present paper includes only the

physical and mathematical formulation of the problem and its method of solution.

Results of computations and comparisons with observations, as well as physical

conclusions, will be published separately.

pop
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2. NOTATION

Arabic

a anemometer level height

bT empirical value dependent on type (textural class) of soil only

C volumetric heat capacity of soil

C; heat or moisture transfer coefficient for the foliage element

CHO heat and moisture transfer coefficient applicable to bare soil.

CH,: to soil under a canopy, CHA: to the top of a dense canopy.

D0 moisture diffusivity of soil

DT  thermal moisture diffusivity of soil

E evaporation rate, if E)O, or condensation rate is E<O

E Y transpiration rate (per unit soil surface area)

g gravity acceleration

h thickness of the vegetation layer

H sensible heat flux, positive upwards

i,j depth and time indices

K hydraulic conductivity of soil

L latent heat of vaporization

L If length of roots per unit soil volume

N number of levels in soil

P precipitation rate

0 soil heat flux density, positive downward

q specific humidity

saturated humidity

r fraction of potential evaporation rate from foliage

\q.'
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re. atmospheric resistance

r. resistance coefficient dependent upon plant type

generalized stomatal resistance

R surface runoff

Rl downward directed longwave radiative flux

RS downward directed shortwave radiative flux

-. a maximum value of RS

Rw  gas constant for water vapor

RiB. bulk Richardson number

t time

T temperature

u wind speed

IA flux density of soil water transfer, positive downwards

z vertical coordinate positive downwards (depth in soil)

z lower boundary of the solution domain

z depth of root zone

Greek

01 1 foliage albedo

ground surface albedo

Az, At depth and time increments

volumetrIL moisture content

residual water content

mass of liquid water retained by foliage per unit horizontal area

* , maximum value of , beyond which runoff to soil occurs

- minimum value of In the root zone
R1 ,



value of at saturation

wilting point value of

density of water

density of air

thermal conductivity of soil

soil moisture potential

6 Stefan-Boltzman constant

S cloud fraction

6,j foliage shielding factor of ground from shortwave radiation

(area average.)

* foliage emissivity

" ground surface emissivity

Subscripts

a reference "anemometer level" height

f foliage surface

g value at the ground surface

af mean value within a canopy

h value at the top of the canopy

s value for saturated soil

.. -. '
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3. FORMULATION OF THE PROBLEM

We consider the problem of diurnal moisture and temperature variations in

the upper thermally active soil layer which we assume to be non-swelling. In

addition, we assume that we know the values of the wind, temperature, pressure,

humidity, precipitation, direct and scattered radiation at the shelter level at

all times and that we have all the necessary information about the physical

parameters of the soil and the canopy. We imply that there is a layer of air

between the shelter and the canopy.

To describe the heat and moisture transfer in the soil, we employ a system

of subsurface hydrology equations for unsaturated vapor-liquid flow [9], [10).

Ue assume that nothing depends on the horizontal coordinates and that the ground

surface is horizontal. The soil moisture equations will be supplemented by the

w..,ater extraction term [II] which parameterizes the moisture removal from the

soil by the roots of the plants.

As a result, the soil-moisture equations are reduced to the following

one-dimensional, non-stationary system of partial differential equations.

*- AirA

oDI

(2)

where

T3.
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(4)

In these equations the z axis and fluxes are positive downward.

Unl ike (9], eq. (4)~ does not take into account the transfer of latent heat

by vapor movement induced by the moisture gradient. The possibility of omitting

this effect can be shown by elementary estimation. The fact is that the thermal

vapor diffusivity coefficient becomes extremely small for soil moisture values

observed in nature (see e.g., Fig. 2 from (9]).

Neglecting the effect of hysteresis, one can consider parameters C, D,

D , K, A and also ? as unique functions of and of the textural class (or
T

type) of the soil, whereas parameters j5 , , depend only on textural class

of the soil. Following [121-[151 we set9

(5)

, 7 -1 .. . + .0 6.2 ',-/._' 0 P( ,"<,.C, .4 -,, .o J
The values 9~r CS , and "for different soil are given in .

Table 2 from [12].

To parameterize the soil moisture removal by roots, we adopted an

expression for S, suggested recently by [11] (see also (16]).

The expression for A approximates quite accurately the experimental

data plotted in Fig. 4 from [13].
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assuming that Zz) and zr are known.

We now proceed to the formulation of boundary and initial conditions of the

problem.

Since the ground surface is assumed to be horizontal, one can, with slight

simplification, consider that surface runoff occurs only if the precipitation

water has no time to infiltrate into the soil and to evaporate from the ground

surface, which becomes saturated instantly:

either and R > 0

at z =0 (7)

or and R 0

where

(8)

df$-~ P if 0(9),\a'

(7) is actually an upper boundary condition for the soil moisture. (8) is the

surface moisture balance equation. (9) allows for the retention of part of the

*.. precipitation by the foliage. As an upper boundary condition for the soil

temperature, we shall use the ground surface heat balance equation

-.

iI
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where

00!

We assume that $ is known for any time from observations. It is also possible

to use astronomic formulas for Rs, as in [6].

Eq. (10) contains additional terms, which take into account the effect of

the canopy. If = 0, eq. (10) becomes the well-known ground surface heat

balance equation for the bare soil.

Equations which have to parameterize the influence of the canopy and

meteorological conditions on the heat and moisture transfer between the

atmosphere and the ground are:

1. Canopy energy balance equation

(12)

+i

7!
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where

(13)

f,< * I /O-'ZC:<+ :.3,/,,e )

2. The relationsnip between the moisture characteristics atthe foliage surface

and the in-canopy air humidity.

Pa 79Yrfs~jf (5

where

_, C 4 a
R 2 (d)
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0 if there is condensation onto the foliage surface

P 9Af > c/ ,-:)

(17)

I if there is evaporation from the foliage surface

-ST

r.C, TtcfLRS 0.3 Pf,,ft Iix I II (18)

3 s(r- t -ex ep 67 (19)

This empirical formula is actually one possible version of the well-known

Clausius-Clapeyron equation.

3. The conservation equation for

where

ei 2

, C:
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4. Continuity conditions of the heat and water vapor fluxes at the top of the

canopy layer

where

(23)

We denote

ff(

7h ~GJ + (24)
.- The last two relationships are constructed in accordance with an idea of the

simplest linear interpolation with 0.' , also suggested in [5].

f
5. Continuity condition for q at the ground surface, g.

6. Semiempirical relationship for C Ph (see (8])

4.2 'oSKY -' f -J '

where

r (26)
C O

UcI S- TAlL T-

* 7I-
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These relationships imply that a thin constant flux layer exists between the

canopy and the anemometer level.

For the formulation of the lower boundary conditions for* and T , we

assume that at a certain depth (which is usually 1-2 m), diurnal variations oft

and T can be neglected. We consider two cases: the soil below that depth is

dry; the soil below that depth is saturated (water table):

Thus, the lower boundary conditions fore and-Tare

= const (dry soil)

or

= const (saturated soil)
at Z = z (27)

T = const

The values 9 and Z are assumed to be known from climatic and edaphic
S T£

data.

To close the problem, one needs to formulate the initial conditions.

We assume that, at a given moment of time t= 0, Oand7'are given

-a functions of ;Z

(( ((28)

Eq. (20) also requires an initial condition for . Evidently it is

difficult to obtain information concerning liquid water on the foliage.

Therefore we set

-=o at -=0 (29)

assuming that our computation starts at the moment when all the water retained

by the foliage after the last rain has evaporated.
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4. SOLUTION OF THE PROBLEM

First of all we introduce a finite-difference time grid.6

1,2,..., where T9 is any function or parameter of the problem (including

those which are independent of Z ).

- To clarify the explanation of the computation scheme, we shall assume that

T2. are known. We then describe the iterations involved in advancing to the

next time step. This procedure will then be used to continue for all J . For

brevity we shall omit the index when it isj. This notation permits us to

regard eqs. (12)-(19), (21)-(24), as written for the moment--.

Eq. (20) can be approximated by the following finite-difference form

(30)

This implicit scheme is chosen in order to refer dependent variables in

(30) to the moment , as in eqs. (12)-(19), (21)-(24).

Considering the crudeness of eq. (20), the first order approximation of the

time derivative in (30) appears to be sufficient.

Let us assume temporarily that T and I(i e.,  and/ ). ) are known.

Then, as one can show, (12)-(19), (21)-(24) together with (30) is a closed

algebraic system from which we shall find T in the following way.

First, substituting (13), (23) and (24) into (22) and making some simple

"* transformations, we obtain

(31)

U.!

4.4



- 17 -

where &

- ¢3~ - -(33)

if

In the right hand sides of (31) and (32) all quantities with the exception

Vof and T ,are known. Indeed and are known from observations,

and are known, as a consequence of our assumption and eq. (25) respectively.

Concerning 6L, i2 and4, we note the following. In [5] it was assumed

that C,,, is known constant. We calculate Ck from (26), but in ( ) we

'-. shall use I 1  . Then , and can be calculated with the aid of

(33). It should be noted that (31) and (32) are similar to relationships

suggested in [5], where 0 f and 6t were assumed to be given functions 04

C;,lone. Eqs. (15) ad(1cnbesolved for and Sbtttn

obtained in this way, into the expression forEl from (13), we get

where

7 ,7 '( 3 5 )

Note, that o 1 and o a - . Therefore the sign of d. depends only on

%" 4
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the sign of the difference in the brackets in (34).

Substituting (34) into (12) yields an equation, which links with )-

F(, r) [~7d "(36)

where

in which

(38)

W. 71-)TJ (39)

The expressions F(7,r) and 'Tjcan be treated as given functions of their

arguments.
'.

From (34) and (36) we obtain

(40)

In this formula, unlike (34), the explicit dependence Eont is absent.

Combining (13), (31), (35) and (40), we derive:

- J j  -41)

Recalling the expressions for E,: (13), (34) and (40), one can understand from 2:

*= (41) why the differences q(T,)-q, q(1,)-q and q(Tj)-q always have the same signs.

Thus, from (34) and (36) it follows that the sign of S(O determines

I,

I'
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whether condensation or evaporation is occuring at the foliage:
4

If ( 0 condensation

a~~ I evaporation 4:

On account of (16) and (17) in the case of condensation, T can be found

aJ from eq. (36) in which r = 1.

According to (17), and (21) E4P 0 in this case. Therefore, in the case

of condensation (30) is reduced to

In the case of evaporation from the foliage, an equation for T can be

obtained by excluding r and i. from (16), (30) and (36).

Indeed, in this case, solving (16) and (36) for and r respectively, and 4

allowing for (41), we express and r in terms of T:

7 'r(44)

(45).

Substituting (40), (44) and (45) into (21) yields an expression for the

transpiration rate

44 
(46)

a'

a' -

a-
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which accompanies evaporation from the foliage.

If we substitute (40), (44) and (46) into (30), we arrive at an algebraic

transcendental equation for T in the evaporation case

I C.

* where the functions and F are specified by (44) and (36) respectively and

(48)

Eq. (36) at V' I, as wellI as at r= /(+ , are solved numerically by the

Newton-Raphson method (171. Eq. (47) is solved using the so-called "rule of

false position" [17).

As a result of (42), (44), (45) and (47) one can find T and determine

whether condensation or evaporation at the foliage is occurring at the moment

Details are given in APPENDIX A.

Once we obtain T , then, using (13), (32), (37), (40), (41), (43)-(46), we

can calculate the quantities:

q T E and ,4 ,(-."

,,.wj .'

which are necessary for the computation of the soil temperature T(z,t) and

moisture
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El iminating 1A. and R from(1)-(4) yields

aor _d 7'~c --E = A (---- z Z

- -a - (51)

N

Note that these equations are written in their "prior to introducing the

time indices" form.

Let us consider the soil temperature eq. (50). Sophocleous (1979) [18]

solved the temperature equation in a more general form (including the moisture

influence term). His estimates indicated that the dependence of the soil

temperature on the soil moisture field is weak.

This fact justified the use of the simplified eq. (4) and also shows that

changes of the parameters C and A with 19 only slightly affect T. This is

reasonable because the changes of C and A have to be mutually compensated to a

certain extent.

The variables (49) depend on only through the soil moisture potential

which appears in (25). It is easy to show that the exponential factor in

(25) is close to unity, if the soil is even slightly wet.

However, in the case of extremely dry soil, the value of I is verx small.

Therefore, in both cases the effect of on the values (49) is insignificant.

Thus, taking into account the weak dependence of the soil temperature field

on the soil moisture, we shall use instead of for solving eq.

(50).

To transform (10) into a convenient linear boundary condition for T, we
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shall use the fact that the numerical procedure for solving eq. (50) contains a

certain iteration process.

Let us turn to an approximate relationship

which is valid when the temperature difference between two consecutive

iterations is relatively small.

In (52) Tr'r) is taken from the (n - P)th iteration. In analogy with the

time indices, hereafter the iterative index in brackets will be omitted whenever

it is (n) (i.e., referring to the n-th iteration). For example in (52) T

means (T)n

Substituting (13) and (52) into (10), we arrive at a linear boundary

condition for T at the ground surface,

/z (53)

where

.S"12 Eq. (50) is rewritten in the finite differences in accordance ,.jith the

..',, ,. ellknov'n Crank-Nicolson scheme. The boundary and initial conditions_ ((27),

-. 54-K/ 
Rz

+C, 2(

Iwe I I koki rakNiclsnshm Thbonayadiiilodt i(2)
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(53) and (28)) are also presented in finite difference form. Such a

y. finite-difference problem is solved at each iteration with the aid of the

so-called tridiagonal algorithm (see e.g. [19]).

Details are presented in APPENDIX B.

Once T(z,t) is known, we proceed to the solution of the soil moisture

equation (51) with the boundary and initial conditions (7), (27) and (28).

For this we make use of the predictor-corrector equations (suggested bx

Douglas and Jones (1963) [20] and recommended in [19] for the type of problems

under consideration) again solving them with the aid of tridi:Lonnal algorithm at

each iteration. By including a special logical scheme in the iteration process

(see Fig. 4), we provide the satisfaction of the surface boundary conditions

(7).

Details are presented in APPENDIX C.

Fig. I shows a simplified flowchart of the soil moisture and temperature

calculation at given time step. In the following we explain it briefly. At the

beginning all data, including those referred to the previous time step, are

passed on from Box I to Box II. In Box II the equations for the vegetation

layer are solved; in the first iteration, as a zero approximation, the values

of the soil moisture and of the temperature at the surface are those calculated

in the previous time step. Then the values of T , El I E4 r and H are

passed on to Box Ill and / or to Box IV. In Box Ill the equation for the heat

transfer is solved and a temperature profile is obtained. This is passed to Box

IV, Successively in Box IV the equation for the soil moisture is solved and a

moisture profile is obtained. Finally the values of the surface temperature and

moisture calculated, respectivelly, in Box III and Box IV are passed on to Box

II and a new iteration starts. At the end of the iterative process a new time

I _______
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step in considered.

In Fig. 2 a scheme of the program which solves the vegetation layer

equations is given. For the calculation of the transpiration rate and of the

evaporation rate and the sensible heat flux at the ground surface some

parameters have to be specified. They are listed in APPENDIX D where the

listing of the program along with a table of the variables are presented.

In Fig. 3 a scheme of the program which solves the soil moisture flov')

equation without considering the effect of temperature gradients is given. For

the calculation of the change with time of the soil moisture distribution an

initial profile along with two boundary conditionsat each time step have to be

specified. The boundary condition can be either the value of the soil moisture,

prtssure or the value of the moisture flux. In the latter case at the first

step the value of the soi) moisture presure at the boundaries his to be chosen

in order to match the impposed flux. In APPENDIX E the listing of the program

along with a table of the variables are presented.

For the tests some cases for wich there are experimental data and results

of calculations carried out by means of some other methods have been picked out.

The tests confirm that all Boxes work normally and that the soil moisture

computation isaccomplished successfully. Some results of our soil moisture

computations are presented in Fig. 5 and 7. They show the change with time of

the soil moisture distribution with depth for two different boundary conditions

,nd for the same values of the physical parameters.

Details on the physical parameters are given in the legends.
Some experimental data and numerical results obtained by (1) for the same

case considered in Fig. 5, are presented in Fig. 6.

The comparison of Fig. 5 and Fig. 6 seems quite convincing. At last, Fig.,
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illustrates how Box II works. It shows the result of our computation of the

diurnal march of the foliage temperature. In the legend of Fig. 8 is given

whole information about this rUn; some of the input values are taken from 5].

At present time we are continuing to work with the program. We are

debugging the interaction between all four Boxes. Simultaneously we are

preparing mass tests of the suggested method.

44
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5. C0tCLUSIONS A4D RECOMENDATIONS

In conclusion we note the following. A method which allows to compute the

distribution of the soil moisture and temperature with respect to the depth at

any time is worked out. Also the moisture and heat fluxes from the soil,

covered by the vegetation into the atmosphere can be computed.

The method needs the following information: data about the march of

meteorological elements at the shelter level (wind, temperature, humidity,

precipitation), data about the march of the cloudiness and solar radiation, data

about some physical parameters of the soil and the vegetation cover whose

thickness is assumed to be known and to be less than the height of the shelter

level.

The method is based on the numerical solution of a system of equations

describing the heat and moisture transfer in the soil and between the

soil-vegetation system and the atmosphere. The numerical method which we use

* consists of the well known Crank-Nicolson predictor-corrector scheme in the form

suggested by Douglas and Jones [19], [20], two internal and one external

iteration processes. Such a method provides the necessary accuracy and

convergency of the solution and it is rather economic from the point of view of

the computer's time. At present time the programming is in act.)

The theoretical part of the work was completed and accepted for publication

in "Progre.s in Desert Research", proceedings of the Blaustein Institute for

Desert Research (Israel) - UCLA (U.S.A.) Symposium, 1985.

*o It should be noticed that although the formulated problem is solved,
.owever the work is not finished completely. It can be explained by the
following. For some reasons which are beyond the author control he was almost
deprived of a programmer or of any assistance during his work with the contract.
Only in the last few months he had a programmer for one day work a week. At
last, in December 1985 the author has received an assistence by a qualified
scientst and programmer (M1.G. Scarpino) who had an opportunity to make
Aquaintance with the problem during two months autumm 1985. At present time the
work is being carried out quickly and it might be complre ted in a few months.
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CALCULATION
OF T(' )f

CONDENSATION CASE EVAPORATION CASE:
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FIG. 2

Program Green scheme.
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namly with an imposed flux or with a fixed moisture content.
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Wafer content

0 0.1 0.2 0.3

!:{i>20-
20; 0.2h

S40-
.- 04h

60- 0.6h

-~ 0.8h
80

I8 &
Zcm

FIG.5

The distribution of with respect to the depth of the soil for t=O.Ih, 0.2h,

..O.8h computed by. our program for the problem: WP =13.69cmi/h at zO, " =0oI at

-=7Ocm, and at t=O. (AZ crh See It is assumed

P ~~- t9Z)(

_. *.*

where k 34cm.h, ~=0.287, =0.075. Field temperature and moisture removal

by the roots effects are neglected.

' .'
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WATER CONTENT,cm3 /cm 3
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FIG. 6

:J.:

The results of computations carried out by the different numerical methods for

the same problem and for the same values of the parameters as at Fig. 5. (lso

the e,-perimental data are presented. This picture was taken from (I].

.,' .5

.4 ,
' ,

, . o
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Water content

.4.

0 0.1 0.2 0. 3

lh 0.lh

20-

S40 U.6h
40

0.2h 4h

60 .lh

4 80 .

Zcm

FIG.7

The distribution of with respect to the depth of the soil for t=0.lh, 0.2h,

0.6h and 1h, computed by our program for the problem IpP =0.267 at z=0, 'f=0.267

at z=70cm, e o=0.i at t=0. (Az = 1cm, At = 5sec) It is assumed

.here K< 34cm/'h,-=0.267, JR 0.075. Field temperature and moisture remov31 by4 the roots effects are neglected.i "
.40
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.4,
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"wi i Tf

".1

295-
i- Tg

290 To

285- R cal
s .3 cm 2 min

~~280f .

condesation case

6 h 8h lOh 12h

FIG. 8

Calculated diurnal march of Tf and given diurnal marches. of T, To and R. It

was asumed that q,-=0.007, q 0.002+0.0 0 5(tk/ 6) , u =1 m/'sec, C,:O.0 5 7, 0.S'

C =0 .0 96, 0;o.2, wflt=O. All this information was taken from [51.
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APPENDIX A.

DETERMIATIOF ), AND WHETHER CONDENSATION OR EVAPORATION IS

OCCURRING AT THE FOLIAGE AT t = t.

Setting r= I in (36), we solve the eq. F4(Y, 1) 0 numerically by the

Newton-Raphson method (see (171):
4 N9

F,( -- ,Y rn 0o,. (55)

The iteration process is stopped when

<0.1 (6

". The fact that ? do not change their

signs at ,~)0 provides the convergence of the iterations for any > 0.

After determining Y , ,we compute by (37).

Further computation depend on the values of

If i 0j" 0, then in accordance with (42) condensation on the foliage is

occurring and T-X
I

If £ 4' k)) 0, where is very small (we put = 10 ), evaporation

from the foliage is occurring. However, in this case, the evaporation is

4 sufficiently small to neglect it by putting , = 0. Then we find from (43)

and then determine 1' from (16) and (17). (Owing to (2), is negligibly

small as well as .) In this case T is so close toX , that it is possible

to take y - •

* If > , then evaporation from the foliage is occurring. We denote

rr

€ ' ,
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• One can show that then 7 < , where i-

solution of the eq. = 0. We turn again to the tNewton-Raphson

method, finding T''9from the same iterative formula (55) in which one should

substitute '- instead of 1, as a second argument of the function-.

But now it is better to set X (0).=77"(1)3 •

A criterion for stopping the iterations is the same as (56).

Proceeding to the solution of the eq. (47), we note that the function

is continuous and increasing at the intervalT ihtehl

of (21), (30), (44) and (43) one can show that

>

a 6 S T /R .
f(7j I i 

.3

Consequently, since is a monotonic function, the solution of the eq.

,47,, e.g. , 0 exists and is unique. To find this solution, we use the

so-called "rule of false position or reguli falsi" [191, which is presented b%.

the following convergent iteration process

- 7 -) 0q))0q)
" ' T 1

,--; .. - if 0 ..

f2 r () J

where ,e denote f.

The criterion of sttpping the iterations is the same as (56).

4'.
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APPENDIX B

NUERICAL SCHEME FOR SOLVING THE TEMPERATURE EQUATION (50).

Since C and A do not depend on7T, the eq. (50) is linear. The boundary

conditions (27) and (53) are also linear. Therefore, one can use the well known

Cran-Nicolson scheme, which is absolutely convergent, to provide an accurac>' of

the order o4(20' and is amenable for solution via the so-called

tr idiagonal algorithm [19].

Supplementing the time-grid introduced earlier, we shall introduce a

uniform space-grid - ' 0 1 . V and denote 9--

,.4here T i_= an, variable of the problem.

Presenting the eq. (50) in the form

T. - T

we replace it by the finite-difference equation in accordance with the

Crank-Nicolson scheme and then transform it to the following form:

Ai T 7iQ I+Y , ~F /Y 1

where &.

62)
:f.4

.-,J
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Eq. (61) is solved by tridiagonal algorithm (see [191):

T. .f i -:+ = , A 1

To employ this aloorithm one needs to know &[ ,f and7

The latter value is known from (27)T-T.

To find , and we have to rewrite (53) in the finite-difference form.
' ± it

Remember that the Crank-Nicolson scheme provides accuracy oi the order of(' )-. I
*A'J

with respect toZ . Therefore, we use the following representation:

-4 4O J (64)

providing the same accuracy.

Substituting (64) into (53), we come to a certain linear equation linking

7-, Tand T. The second linear equation linking these three values is (61)

at L= 1. Elimination of from these two equations yields

hrrv e f e(r65)

ijeead aevauso neet
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Note, that in the expressions (54) for ) and the surface temperatureT

refers to the previous iteration step. Therefore, the computation b.bx+ (63)

can be considered as a realization of one iteration step, e.g. as obtaininq

Substituting the value- T obtained from (63), into (54), we proceed to the A

next iteration step, etc. As a criterion for stopping the iterations ,,e uze the

inequal i ty

144

(6).'
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APPENDIX C

NUMERICAL SCHEIIE FOR SOLVIIG TIHE SOIL-HOISTURE EOUATION 51

First, instead of we introduce a new independent variable '"Virchhcff

*1 transformation").

The eq. '51' tbkes the form:

tt

Thed term in r brr

-" < Jr s

The terms in bracket=_ are known, because Tfor the momentj has been found _nd

in the e,'pre_sion f16' for 5 S oil moisture is taken from the i moment.

* 4. Eq. (69) i- more con.enient for the numerical solution than the eq. ( h

inasmuch as powers in coefficients are not so great, although the parameter

can be of order of 10 (see Table 2) from (12).

In addition, the second order derivative term is transformed into its

simplest form. As was stated earlier, we use the Douglas And Jones

- predictor-corrector method (20] 4or the solution of eq. (69.1.

xi First of all, '"e replace (69) with the sxstem of two finite-difference

equations ethe first of which is the predictor, and the second is the corrector)

follo,.ing (191 (eqs. (3-50 ) (3-50b1 in t19]). Then both of these eqs. are

reduced to the .tandard tridiagonal form.

A..'I.
.% ,p

-S."%

4)* '_.,
r. .

,

'.4..



The predictor i giOen b

"-- i /.j _i /" = F.(70)

where

. - At

"' ,71)

, '"( ) , - _K A,.j ; y,

II 
_

and is follo,..sed bV the corrector:

, ..9

where

&• KJ 2  12 -J

(73)

I To solve (70) and (72) ',, e ua=e the same formula (63 of the tridiaqonal

EL
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algorithm. It should be noticed that eqs. (70) and (72) are solved

Successively. First from predictor (70) we find - SubstitutinQ

these values into (73), ,-we solve the corrector (72), finding ZV..

The values l/. and have to be found from the boundary conditions at

the surface (7). To satisty' (7) while computing t... , we emplo> the logical

scheme, presented in Fig. 4.

OC
It should be noted that the values 121 -_ relate formally to the

intermediate time -tep zl = / , but they can be interpreted as the fir=t--

approximation to the values of interest -J. In this regard, the

coefficients figuring in the boundary conditions (7) refer to the th

moment of time in the predictor as well as in the corrector.

The bottom boundar, condition (27) gives

2"'I for dry s oi /

-V Ir f or

I for saturated soil

One can see that an aoproximate satisfaction of e7) is achieved at thE cost

of either. the predictor, or the corrector, or both the equations h',.,inq to be

solved twice. At worst, the computations are doubled.

The value u ,- obtained from the corrector is taken as the input ,alue for

the next iteration.

The iterations stop when

This criterion prouides I' accuracy for ] N
iV4

IL_
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The values c) and corresponding to the conditions No I and Ho 3 foll "ow
II

from the last expression of (63) at = 1, rewritten for t. .lie have 0

= I. To obtain these parameters for the conditions No 2 and -,o 4 one

must satisfy the moisture balance equation at the surface .hen the runoff is

absent

-- b T

"E 9, ,- 7

rewritten in the finite-difference form for the moments . and

We carried out the follo.jinq transformation with (76).

I. Introduced ?V instead of by (68).

2. Peplaced the deri,.atives b,. the three-point finite-differences, like (64).

ofter that the procedure of obtaining 04 and is exactly the same as in

tho case of the soil-temperature equation.

For the condition No 2 wje have

fif

where

..2

(g5Az :j
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For the condition No 4 we have r

CI/
i: - 1 /- - 81. - %

,.4

The expression= for the runoff are obtained in this ,,jai:

The constant dimensional factor in front of the expression for P is

dropped. One must determine only the sign of this expression.

'.4j
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" AFPPENDI X D.

TMBLE OF THE VAPIABLES OF THE PROGRAM GREE

Physical constants and soil-veqetation-atmosphere data

A O air density

AHC : specific heat of air at constant pressure

LATE latent heat of vaporization

G~r-) : ra,.,i t>, acceleration

R. gas constant for water vapour

SIGIA Stefan-Boltzman constant

IISAT moisture value at saturation

tfWIl ILT : moisture wilting point

FA : foliage albedo

FE foliage emissivity

GE ground emissivit.

STRES generalized stomatal resistence

FF area averaged foliage shielding factor

.F. IAJF .( maximum liquid water retained by foliage per unit horizontal

ground area

TRC dimensionless heat and/or moisture transfer coefficient for

a bore soil

U I it coincide . , ,a i th j (26) w..hen Th T

I UC2 it coincides vith u6  (26) ,,,hen T T

JLEI) ?nemometer height

CgLE. c anop> he i ght

SP. F X maximum do.jn.,)ard shortwave radiation at height "h"

i.1"..
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APPENDI*' D.

TABLE OF THE YARIABLES OF THE PROGRAI1 GREEN

Physical constant_--.nd soil-veqa tation-atmosphere data

AD a ir densi t .

AHC specific heat of air at constant pressure

LATC latent heat of vaporization

GPA1j : gra,i t,, acceleration

RW gas constant for .,ater vapour

SICIG11A: Stefan-Boltzman constant

IlSAT moisture value at saturation

* I IILT moisture 'wiilting point

FA : foliage albedo

FE foliage emissivity-

GE : round emissivitv

STRES generalized stomatal resistence

FF area averaged foliage shielding factor

IJFI < : maximum liquid water retained by foliage per unit horizontal

ground area,

* TRCB dimensionless heat and/or moisture transfer coefficient for

a bore soil

UCN it coincides ,''ith uJ, (26) hen Tk < TA

UC2 it coincide- vith u (26) when T,, T

4LE anemometer height

CANLE'.. % cAinop> height

SP'IAX : m..x;'imum do,jm,,ard shortwave radiation at height "h"

:2
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-"riable- appearinq as input oalues a q i,,en time

CF : cloud fraction

PR : precipitation ra. te

TA : air temperature outside the canopy

TH : air temperature at canopy height

TF &, foliage temperature (only a first evaluation to begin the

cornput t ion)

T3 : ground temperature

A : air specific humidity

-) C: ground specific humidity

Ul) :mean .- ind veitv- outside the canopy

SPRHD : downward shortw.ave radiation at height "h"
'

wFI : liquid water retained by fol iage per unit horizont l or ound

area

t IFIII : minimum moi=ture in the root zone

t HG : moisture (t the surface

C miputation variables:

DTA : time interva.l in the finite difference equation of I'

conserlat ion of the w.ater on foliage

t I' i : ma .imum number of iterations

a

3,

','4



r, ariables appearinq a: input kalues 3t a qiven time:

CF cloud fraction

PR precipitation rate

TA :.ir temperature outside the canopy

TH air temperature at canopy height

TF ,. foli.kge temperature (only a first evaluation to begin the

*corrout ? t i on)

TG ground temperat,.re

'.W) : air specific humidity

Q G : rcround specific humidity

UH : mean ,.jind ve L, ' ,. outside the canopy

SPHO : do,,n,..ard shortwave radiation at height "h"

IJFIr : liquid water retained by foliage per unit horizont3l oreund

ar-e a

t PHrI N" minimum moi.ture in the root zone

tic, : moisture at the surface

Corrputation variable_=:

DTA : time interval in the finite difference equation of

.. conseroation of the water on foliage

tITII( ma:fimum number of iterations

.
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Functions

FOSAT (T) : ,ersion of the Clausius-Clapeyron equation ,'IQ)

FOG J , 1) : T: temperature; 11G: surface moisture; it gives the ,qlCue of

the specific humidity at the surface (25)

FCECK ( T as defined in (37)

Aux iliar;," variables

R : fraction of potential evaporation rate from foliage

RI unitary ,,alue of P

P2 : "alue of R ,-)hen no jater is retained by the foliage

EI : it coincides w,,ith. ,(I 1)

E2 : it coincides jith £2 (1I)

E3 : it coincides with e 3  (12)

AU.'" D computational constant

RL : downward longwave radiation at height "h"

GA : ground albedo

IC : w..4ind speed it coincides .ith H , (26)

RIB : bulk Richardson number

TPCH : dimensionless heat and./or moisture transfer coefficient at the top of

a dense canopy

LWAr : mean ,ind velocity vithin a canopy

CFO : computational variable

CLI : it coincides with C(l4) 

AU'KA computational variable

7q~
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i I ' .  AA : it coincide-- "ith a 33)

itconcde wt a 33)
AF : it coincides vith a (

AE : it coincides with aE ,(3)

RE it coincides with RE  (38)

I LiX' computational variable

I'< : it coincides , ith ,"18)

ALIX(F compu tat i onal var i .ble

.AO : it coincides t,.jith A ,(48)

BO it coincides with B ,(48)

0AG it coincides v.,ith q (35.

TAG it coincides wJith T& (3?)'II
41ITER : number of iterations

CECK : value of G(T,), (37)

FAUX : computational variable

F : computational variable

F2 computational variable

FDER derivative of the function F(T, r),(36) with respect to the

temperature

TFP : foliage temperature value referred to the previous iteratixe step.

TFI foliage temperature calculated b, solving equation (36) with r=1.

TF2 foliage temperature calculated by solving equation (36) with r.

(no water is retained by the foliage)

EF : evaporation rate from foliage; it coincidence with E in (40)

FTFI , value ofI, ) defined (57) with T=TFI

FTF2 : value of (T defined (57) with T=TF2
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QSAT : saturation specific humidity

OAF : mean specific humidity inside the canop, (31)

TAF : mean temperature inside the canopy,(32)

N' RTF fraction of the potential evapotranspiration rate as a function of

T ,,45:

F3 : value of the function F(Tj ,r),(36)

FTF : value.of the function f(T ) ,(57)

Pr

r ,f .

*>u~



PROGRAM GPEEN (INPUT -OIJTPUJT

THIS PROGRAM SO0LVES THE EHERGY EALANCE EQUATION FOP A V.EGETATIONi
r LAYER AS PARAMETERI:7ED F:Y DEARDORFF

r UNITS APE! r:M lIN CAL GM

PEAL LA.iT,IIi,iWI4LTHPMTJ*!MSAT
DATA "AVM Pt/ E LT/8 H -IA/1 E

V31rIMA/ ,.'32 6 E -tO/.' F A ./F E./G E/ 5/ 9.STRPES/I.F MA X. I/
ITRPC E:X.O()S5 .R1 '1 MiW I Lr T.

FUJNIC TIOS. A0 N x S) V. x zs x x I .K I V* I * 1*1* X*2K XK2KK **n~i XR X2 I I I 'A A 1nl12

r For (Y'Y=FOSAT I' , EYP C C.RAVIY! (trlWWV',

f: SET VJEGETATION PARAMETERS AND COMPUTATION STEPS
r

F'PTOT x. 'ASSIGN FF ANLE') CANLEU'I
'EADI FF - ANLEV * CAIILE-

* DTA='?
NITMY=2('

c AIJYILIARY CONSTANTS

Et=FFtGEv.SIGMA/ (FE+GE-FEiKGE)
E=(1,-FF)ESICMAEGE+EliFF

E3'=E1+SIGMA*FE

AUXD=17 .26Qx2"7.3a.33E-2

r INPUT '.ALIJE3) FOR THE .EETATION LAYER* EQUATION SOLUTION

PPRINMT K. A 5SSIGCN C-F P P
READx CF. PR
PP P TUK. A q SITCIJ T A T1 H7
PEAPv.T4. TH. P7
PF'TMTrK. 'Ac:SIG0 (IA rlr'
PREA .-PS OA - 11
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PFTNT. ASSIGN~ LA

P - I A- A- 0 ,P SRH

PEA~ix £F.MA *~ SF:H[
P P i T A S SI GN W FI

PF-I~IT, w AS-I(-1 HFMII" MC' MSAT
READx .MPMI1'P-MUCMSAT

T F = T A

IF (MU *LE .MSAT U, G 3' '-.1 7WMU MSAT
TF;MG.GT-MSAT CA=-114

IF(TH.LT4TA) LIV.=LICI
IF TH.GE.TA) UC=1JC2
FIE:=UF:A'Jw(ANLEV-FF*tANLE~j) W " -TH.'TA) / (IA~W2'+UCEW'
IFIRIE:,LT.O., TPflH=AUXIIt+?'-1.-AUX1~'RIEx',5'
I F PITE:.G E. * TPtH =A U Y1 / (14-115 X PI E:)

CLl=7.7 E-2wC LAF+30%
TFPC G I 1- F FT PCE:+ FF wT P CH

AUA=TCxU./AF FU :V1+FUA'
A A = T FPC U " I A U YA .

AG= 1-AA-AF
AE=ArswCLlw I -AF
F*E=' (I-FA) wPH1+FE*FPL+-El tCgr

'I=YTAUX / I TF'ESvCFO'I.IAF'
P 2= 1.,1/ (. I +..

A=U'TADxCUkF'F' I -FA+YID /WLFiIAX
E:O=WFN+D'FA'NFF~vFP /'LIEMA"
(W- AwA4AG~PG'IAF"
TAC:=:(AA'TA+AUwTU ' A'
P PINI w ' QAG TAG CIAO -1 AC.
A Ll I F=I fI - AF + i

F. EFITOii-FAPHSOP METHODr-F THE S;OLUTION OF THE CANOPY EN'EF'CY F:ALAI"IE
c EOLIATION
r
r T TEPATIVE CALCLILATIONI"3

I NITEP=NITEF. I
IF (MT'ITEP EU'. JTM*', PO TO-

SE I = F CEM Cl'TF



AF I'4 =~Ff l T TF b F -Om.~

F l.4I. vrWE.TFS' I" l T'-L4-f3TC

FIDE F=F 1 +F

ATF=TFF- TAUY-CEClf ) '(F1+F2'
IF(AE:q(TF-TFF'-.VT. .01', GO TO I
rFINT~v FIF'ST COMF'UTATIOiH TF= TF

C CECfV FOP, CONDENSATION OF' NEGLIGIB:LE E')AP'OPATION CASE

C

C CONDENSATION CASE

PF'INT. ' CONDENSAION CASE TF=' TF

WFN~=WFN+ ( FFWF'F+EF- *rD1 A 4F-MAX
IF (I4FN.LE.1) GO TO 6
F*PINTw.'WFN EXCEDED'
GOt TO P.

E')AFOFATTON CASE

N ITE F-0
TF 1 = IF
M PI TEF='t TEF+i
IF' e ITEP . EO NTH'1 U0 Tr 7

CF J/=FA11CEG A1' TFPA

F I =At.1yF '%otlyfV* FV.S~l T F (TF-3_,C -i

~:= RC *3*'I*~3AE) !LA~TC
FIFF=T I +FZ

ITF TF F- -'F Al U 17E.C I' ) FOEF'
I F A F:S1F -TFJ 'i ~GT. .0 -(I I C 1 0T
F'FI MT E'1A FOflATIO M C AS E F I FST E''A L1.)A TII O 0F IF: IF

r METHOU OF F'ULE OF 'EGIJLI FALSI FOP'TESLTO O H OIG

r MOISTURE CONSEFLk-ATIOM' EPI.IATION
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TF E:0.L1 T 0 G1CO TO 5
N~ T T EF,
F TF 1. =I. - E:n+ DT A .Ew F F*F*C E CV TF* 1 'IFM Cy
FT F2=- F.:0

ATF=,TF1+TF2) '-.:

lF *NITEP. E0..NITiy', GO TO
CE C'=F CECV; TF
P SAT=Ff2 SATfI F"
0AF= PAG+ AFw CE CI
PTF= 1-AF 'w CECK~ / PSAT-I2AF'

4 ~IF' 'WFN,LEl., GO TO 1-1
F'RItJT*' ' WFN EXCEDEP'
rfl TO 8

q4 F?=AUXFW'(QSAT-0AC)-CECl'
FTF=LUFN-AOF3-E:)

IF,"FTF . CT . ' TF=,TF~wFTF-TFP)KFTF2',/iFTF-.FTF:,)
IF(FTF.LT.', TF=(TF'F''FT'Fl-TFl;sFTF),/(FTFI-FTF,
IF' *AE!S TF-TFF). G T,1 ) GO TO q
FFRIt1 'E 'APORATION' CASE TF=' TF

PPTV.Tt.. I AF OAF' 'TAF - OAF
T H= ' I - F ',T r+ FF x IA F
PPFIO, T ' '-'ALIJES ME1MFIZED FOP SUCCESSIY.E E:ALAN'CE E'JALUAT1I0iV
F'PINIJ1 'TIME IF TH JFJ' ,TIME - IF, TH! WF'N

r'Pl~t'* - TIME IG TA IF' TIME! TC TA TF"
*1. CGO TV P

PPI tj T - ITEP EYCEDED H ITEP

STO P

E 0C, OF PIL E
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APPEI ID I E ,"

TAeLES OF THE '.'ARIABLES OF THE PROGRAM SOIL

Soil data

TETS ' ')olumetric ,ater content at the saturation.

TETP residu!l ,.,olumetric .ater content

-ETt I initial con-tant volumetric ,water content

s : saturated soil hydraulic conductivit,,

B it coincides ,.'. ith in the first of (12)

Al : it coincides ,)ith A- in the first of (12)

BETA : it coincides, with ft in the second of (12)

ALFA it coincides with d/-in the second of (12)
-I.

Corrputa tion variable s

number of la>ers

'll : number of le,,els

LDz : depth of . la>er

D time step

-it . . : 2T..DT ,.,here T is the duration of the infiltration process

IPRIIT inde:: for pr intin o

computation step: there are t,o computation steps for each time -tep

A'

-I
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Variables computed at each iteration

H I soil water pressure

TET(] I volumetric water content

lb I'I : -oil hx.,draulic conductivity

C,.I) s 1oil water capacit,,

Ck,') Soil ,.1)ater diffusivi> ty

HOLD 'I -oil "water pressure referred to the pevious time step.

Fl I' element -.f the t- idiagonal matrix

G. I element of the tridiaQonal matrix

IC'1' coeFf icient of the tridiagonal algorhythm

ECI"' coef4icient of the tridiagonal algorh,'thm

TIME time

" V.

Anxil iary variables

FACT computational .u.'iliar: variable

()1_1 I computational aux. iii ar y var iable

AL2 computation al Auxiliary variable

A U3 computtion.l auxiliar,, variable

Functions

FV H., soil hy.draulic conductivity as a function of the water pressure

FC,',H : soil ,water capaci tv as a function of the water pre-sure

FTET(H) -oil water ,-haracteristic function.

These are etpresion= '12i n [l



PROGPAM T3OIL IPUT -OUTPUT'

c OHE-2TtEi"STONAL INFILIPATION MODYEL

r HA'.EPPAMF S01IL FUCIN:CASE! SANDE

9 C UPITE APE: CM HOURP

PEAL Vs
DOUBLE PPEEIS1OP FL.FC.FTET.F .G.C1 FG.AC:CHHOLDAUY1 .AUY.

DATA TETP/O .0%1- TETS/O .237 /*ALrI/O ,621E-6/ - EETA /3,96/

0 SOIL

FC 'v''='TETE-TETP)WALFIEETAWAES(Y)zt(eETA--t).
$ (3 +ALF*AP:5 (Y"'nFETA )%
FTET(XI=(TETS-TETP)/(+ALFIA:S(X)zE:ETA)+TETP,

PPT tASSIGN ThAN.
'N PEADr - JMA'

* ' A FACT=D2%w~2.'DT

f-PflINEAPY CONDITTTOt IMPOSED F LUX! I =21 FIXED UALJE! 11=7%

TI T-:
c

c INITIAL CONDI'TIONS
c

-ThY DO 1") I=10Ni
H(II=H
HOLDtI'HM
C;tI=FVIHP)-
T lIC1 = FT FT'H

10 C1(I)=C(I'/V(I\



-60-

VIFST LEI)EL. LIHEI'O FL'Y' IS, IMPOSED
r

PPIr.T* ASSIGd' IT
FREAiP~ -H!
H 1 :Hi
H 0L-11( I H

17 FIFEST LEYEL FT !EC-

r Hi I )H1
* 1 HOLD7(I'=Hl

PPIr!Tx, - INITI ''L. TETA PF'OFILE

c FF:I1JT) 'INITIAL. FRSSIJRE HEAD'
c7 PRINT I OC' - (I , H ( I' T 1=1 t N1
C PPINTw? 'INITIAL Y~ALUES V C CV'
r FF:TNT 2 06. ti'1 T 17 - VC(1 T11-

IFPINT=i
TIME=().

C E:Ec.IN0!JIG 'C ImE LOF,

I j3= j+1
TRW* J 2), NE.Ji GO. TO'

A IYY H 1I4 1 +

1--

AIJ U T 1 2 -I -I '
AiIl Y' H T 41'H I

1 F( I =2)vCK V'fI Ht'A1I FAOLT A: LIv 1 AU DZ AI

Dn 4O r)
40 G T N='2 1 4- F C Tw C



rTXEC, ''ALIJE AE E01.1'AFY r flHVTT(T

11. M PMO cSE D FL U N AC 0 EU N U AF rnoLTTION!

A9C'EC 1I 1. EC 1- I)+ - I r- I -1~C(~

C Ii THE CASE OF'4 FT ",'EE '2ALUE

r DO 60 I=lTNr-1
C,
.1 ~ i1H CASE OF IMPOSED FLUX
c

C.0 60 I= I -

V TI = V ' H(TI
C-'Ti)=F[(H('T1.

TE -=T T- (I I
Cti - C "I I . I I

c 6 TF(J,' -:2.H~EJ) .O TO 6

GOJ TO e '6

V. 5 F 10 T* 'T E T P 0 FT LE TIME= TI-ME

c P'T P T w PESJ E -- tP() F~ I L E
PI P T I I T'T 4 1
TF'FtJ IT= I C I I

~6 TF''. Er, .JMA Y r, TO I
t-C TO 0

q I)NMTTMUE
10 OPA fO FOF1jA.,1-5f r *IIEI i'
?0 FOFMAT("1- 3 E 11 -

END
--EOF--

EnD0C OF FILE



'C
4
.4
4

4

p

I

'4

.4.

9
.4

4

I

'.~ - ~ 4. 4. 4.. 4.4 V"....V'$.'. *.-I.- ~ -"4-. . - - ..--- "
F' ~ ~ ..- .-- .-- .* .~**... .~ .. ~*... 4 - .4 4

44 44 --


