AD-A165 313 OPERRTIONRL SOIL MOISTURE PREDICTION MGDEL(U i1
‘BEN-GURION UNIV OF THE NEGEY SEDE BOOER (ISRREL) JACOB
BLAUSTEIN INST FOR DESERT RESEARCH N GUTNAN

UNCLASSIFIED 28 DEC 85 DRJA45-84-C-08067 F/G 8/13




badedb et b Al St At act A L S A EE Svg adih e ang RiR ahsath aih nftang pud asd g |

‘W T = e
i ‘f“‘
-~ A &

e e

3
il
Ny -
o - . i
;'Q.: |O ll.; = m »
=k
] = u ™ _ .
- ey
2% ““ Il ot
oy =
% = flis
. .25 [Il1.4 s i

L

MICROCOPY RESQLUTION TEST CHART
‘?'J NATIONAL BUREAU OF STANDARDS-1963-A

RS RN R
'Li.'t-. Q\LA\_\A;&',C




OPERATIONAL SOIL MOISTURE

PREDICTION MODEL

Final Technical Report

AD-A165 313

by

Lev N, Gutman

S W

December 1985

s
- A e

United States Army

2 EUROPEAN RESEARCH OFFICE OF THE U.S.Army
¢,

London England

$ CONTRACT NUMBER DAJA 45-84-C-0007

U Ben-Gurion University of the Negev
»

"3
: . The Jacob Blaustein Institute for Desert Research
\
)
¥

Sede Boqer Campus, 84990 Israel

e

g
3

> e

N 2
? Approved for Public Release; distribution unlimited :ﬁ
K X

- e
I

L

- N e
L Ay g
- o> . -
o

OTIC FILE COPY




SECURITY CLASSIFICATION OF THIS PAGE (™hen Date Bntered)

REPORT DOCUMENTATION PAGE ORE COMPLETING F

BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT 'S CATALOG NUMBER

Technical Report /?/)4/6(3/3
4. TITLE (and Subtitle) ' - 5. TYPE OF REPORT & PERIOD COVERED

OPERATIONAL SOIL MOISTURE PREDICTION MODEL FINAL REPORT

. PERFORMING ORG, REPORT NUMBER
7. AUTHOR(s) 8. CONTRACT GR GRANT NUMBER(s)
LEV N. GUTMAN DAJA45-84~C-007

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGAAM ELEMENT, PROJECT, TASK

. . AREA & WORK UNIT NUMBERS
Ben-Gurion University of the Negev

The Jacob Blaustein Institute for D t
Sede-Boger Campus, 84900 ISRAEL . oo = \coearch,

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Army United States Army Research, Development and 20 Dec. 1985

Standardization Group - UK 223-231 Old Marylebone|'> NUMBER OF PAGES
Road. London NW1, FEngland Unclassified

14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Ollice) 18. SECURITY CLASS. (of this report)

1Sa. DECL ASSIFICATION/DOWNGRADING
SCHEOULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release, distributed unlimited

17. DISTRIBUTION STATEMENT (of the abstract eantered in Block 20, If difterent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reveree side il necessary and identify by block number)

Soil moisture and temperature,
vegetation cover, surface layer,
complex mathematical model,

20. ABSTRACT (Corrtinue am reverse side }f mecewsary sod identity by block number)

DD . 5n 1473 eormon oF 1 nov es s oBsoLETE Unclassified

SECURITY CLASSIFICATION OF THIS PAGE ("hen Data Entered)

R8240 0A R RANA

1 i

4040 RAAAELREALELAL RS

ISARRAA

A RR

e
s :
LS
)
A




ABSTRACT
\\\ﬁi 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! ’l} values of all meteorological elements at
anemome ter level at any time, /2} Moisture and temperature distribution with
depths at some initial moment?(S} Physical parameters and caracteristics of
the soil and vegetation cover which we shall call canopy for brevity.

The model consists of: (1) Partial differential equations of the
sgbsurface hydrology for a non-saturated vapor-liquid flow in the soil, allowing
for the moisture removal by the roots of plants. @) Algebraic empirical and
ordinary differential equ;tions suggestedby—Deardor—¢1528D for the
description of the radiative and turbulenj/hggj_jransfer 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. b) 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 atmqspheric layer between the canopy and anemometer level. ~N

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 femperature 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




respectively. 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

. R R R , su f-k
combination with iteration method.

The solution has been programmed.- Result?g 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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1. INTRODUCTION

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 agrometeoroloéy, this information is often very
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 igs to construct a model for an operational

soil moisture and temperature computation from meteorological data, taking into
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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., [1], [2]). 1In these papers, the boundary conditions at the
surface are mostly simplified, e.qg., 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 computation with the accuracy necessary for many
aims,is possible,

Another group of papers is devoted to meteorological and climatolooiczl
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., [51) 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., [4]), 1In 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
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respect to mathematics. Nevertheless, there have been attempts to construct
rather complicated two-level, or even multi-level, biosphere modeis for
inclusion into general circulation models of the atmosphere (7). Deardorff
(1978) [5) 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., Deardorf{’s model has already been employed by some authors
({41, £81). In the present paper we also use Deardorf{ s model while
introducing minor modifications for its improvement.

Unlike Deardorff and the authors mentioned above, we have made some
preliminary analytical trgpsformations in an attempt to simplify the solution of
the vegetational part of the probiem. 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.
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2, NOTATION

anemome ter level height

empirical value dependent on type (textural class) of soil only
volumetric heat capacity of soil
heat or moisture transfer coefficient for the foliage element
heat and moisture transfer coefficient applicable to bare soil.
CH : to soil under a canopy, CHh: to the top of a dense canopy.
moisture diffusivity of soil

thermal moisture diffusivity of soil

evaporation rat?, if E>0, or condensation rate is E40D
transpiration rate (per unit soil surface area)

gravity acceleration

thickness of the vegetation layer

sensible heat flux, positive upwards

depth and time indices

hydraulic conductivity of soil

latent heat of vaporization

length of roots per unit soil volume

number of levels in soil

precipitation rate

soil heat flux density, positive downward

specific humidity

saturated humidity

fraction of potential evaporation rate from foliage




A Lsr

.

- 6=
,\‘: o atmospheric resistance
: fe - resistance coefficient dependent upon plant type
_.., e generalized stomatal resistance
‘: R surface runoff
: R, downward directed longwave radiative flux
RS. downward directed shortwave radiative flux

R-.?max max imum value of RS

T
LIPS

P

(v Ruw gas constant for water vapor

ta

) Ry bulk Richardson number

1" B

‘o t time

S

:1': T temperature

)

‘. u wind speed

'r: W flux density of soil water transfer, positive downwards

A

"-: z vertical coordinate positive downwards (depth in sail)
zg lower boundary of the solution domain

.'."'I z, depth of root zone

D) Greek

4 o foliage albedo

s 5

P ol ground surface albedo

‘d 3

Az, At depth and time increments
. 9‘ volumetri. moisture content
sd residual water content

9'““, mass of liquid water retained by foliage per unit horizontal area

[

L -

o 9d N maximum value of %;?w s beyond which runoff to soil occurs
S ma

N 9 minimum value of ‘& in the root zone
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value of 9’ at saturation
. wittin oint value of
itt ! gp

density of water

density of air

>\ thermal conductivity of soil
0 soil moisture potential

S Stefan-Bol tzman constant
ESC cloud fraction

foliage shielding factor of ground from shortwave radiation

(area average)

E% foliage emissivity

Eé ground surface emissivity
Subscripts

a reference “anemometer level" height
+ toliage surface

9 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

yi.f the upper thermally active soil layer which we assume to be non-swelling. In
§ﬁ§ addition, we assume that we Know the values of the wind, temperature, pressure,
3

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

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

ORY
152: parameters of the soil and the canopy. We imply that there is a layver of air

- between the shelter and the canopy.

" To describe the heat and moisture transfer in the soil, we employ a system
ng of subsurface hydrology equations for unsaturated vapor-liquid flow [91, [10].
’éi e assume that nothing depends on the horizontal coordinates and that the ground
:if surface is horizontal. The soil moisture equations will be supplemented by the
ES? water extraction term 111] which parameterizes the moisture removal from the
u "‘.
™ soil by the roots of the plants.

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

\

'§§i one-dimensional, non-stationary system of partial differential equations,

7 2 (2

where

0 27 -
W/p =D, 37 +K - Dizz
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In these equations the z axis and fluxes are positive downward.

Unlike [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 [%1).

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

DT, K, A and also% as unique functions of Y and of the textural class (or

type) of the soil, whereas parameters f) ’ 9_\. ’901 depend only on textural class

of the soil. Following [12]1-{15]) we set?’

2¢,+3
C=G(-9-8), y=y(9/0)%, K=K.5/5)

(&)

D=4k, %’(ﬂ/ﬁ)'ﬁu

A =25340 400624 [ calfiec-cm. %)

The values 9: ' C; ,-Vf ,/(3 and 31 tor 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 [14]1).

*) The expression for A approximates quite accurately the experimental
data plotted in Fig. 4 from [131].
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z"
:'e 'g:Zr[Z)Ké.{;/;(Lr(Z)'kdz (6)

assuming that A'_(z) and z, are Known,

X
A
{\ 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
R
i water has no time to infiltrate into the soil and to evaporate from the ground
i. surface, which becomes saturated instantly:
,‘H:
b3
"3’3.. either § = & and R > 0
~ Us

: ) at z =10 €7)
L)
A P4 =
o or ‘3" 9‘ and R = 0
DN

._ where

\ -

R R=E-£E -W. (8)
Y ‘L: 2 3 g
J
i 1-6.)P i 9, <9
Lo ,D f dew dmax
Vel - 1§
L i p 9
. -
£ "f dew = Bdmax

~r.,:

AR
-".} (7) is actually an upper boundary condition for the soil moisture. <(8) is the
,(:"
;ﬂ surface moisture balance equation, (%) allows for the retention of part of the
_f precipitation by the foliage. As an upper boundary condition for the soil
L,

2;-"_ temperature, we shall use the ground surface heat balance equation
-

EAe

-
]
-

P4

Ad b b4

A.l.I
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Q-G - o4)R, +5, R, |-+ &, T, -H-L £,
where
R, =[octt21(1-0)9 " [& 7"
o a34 -azv%/&, :97<0.5'6;
5 *
074 %aa_f@; (an

£ 66555 5G)
& =(1-0,)6&;+ €,5;

We assume that Fzg is Known for any time from observations, 1t is also possible
to use astronomic formulas for }QS’ as in [4],

Eq. (10) contains additional terms, which take into account the effect of
the canopy. 14 g = 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

S [(1-4)R R+ €716 T ] = H+L £,

12)

(&= €794

:
é

s



_!2-

where

ad

- 14,
2y = (1- 6 *0836;C7 Jocy

a4

Cp = 77'70-2(%0'{*1' o3 m/fec}

2. The relationship between the moisture characteristics at the foliage surface

and the in-canopy air humidity.

=) 3]

where
_ Y
Y=1~SC;T£*-—* (é--:.g"—@—“-’—) 16)
E. d prar




0,if there is condensation onto the foliage surface

Tos > % (F)

S
l

an
l,if there is evaporation from the foliage surface
D € 9%(F)
-1
a
£ = ho_ ¢ Remex o/ Dwies |
)'s' 'Zciuaf Rs*'agksmux 9,-,,., ‘e
-9 T-273.1¢

This empirical formula is actualiy one possible version of the well-Known

Clausius-Clapeyron equation.

3. The conservation equation for ﬁ(ew’

%:9‘: [G{P"/é;"é;r)] (044'\41) (20)

max

where

E;rz&'é'/i‘éz/’)'é;/(j+é)'r 21)

S

g 3T

a4

E. Syt
s vy
Y e’ n!a
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4. Continuity conditions of the heat and water vapor fluxes at the top of the

canopy layer

/&2 = /" f-/a; zf:; = zgé 7‘45;

g (22)
where
'qh =£ CP C/f,,ua. /7;: —7;,)
(23)
— _ c 2 B
We denote él, ﬁ /{/' a(ﬁ %)

-Z; :=(fz.‘ Ci;;y7; * (%;.FZ;(

9, =[1‘§)73+6}?4f (24

The last two relationships are constructed in accordance with an idea of the
simplest linear interpolation with C; y also suggested in [5].

3. Continuity condition for q at the ground surface, g.

%= %.(5)exr(3% /R
6. Semiempirical relationship for Cp% (see [8B1)
42-10[1+ 295(~4510°R, )1/2], if Ko
Gy =

h 4_2./0-3//1+f{.5.1?,é] ,t}[ ;?,ééo

where

(26)
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il
3;:‘; These relationships imply that a thin constant flux layer exists between the
;:E:,‘; canopy and the anemometer level.
o For the formulation of the lower boundary conditions for O andT, we L
N0
A .
g: assume that at a certain depth (which is usually 1-2 m), diurnal variations ofﬁ’
)
’E':?.' and T can be neglected. We consider two cases: the soil below that depth is
il N
“.,‘ - dry; the soil below that depth is saturated (water table):
Wi o v
N Thus, the lower boundary conditions for?? and are
'::& 9’:-9; = const (dry soil)
0y .

- or
l"'
E’s?{ D = -95 = const (saturated soil)

&

' —
E:c';* t2=2, 27

T =T,

The values 9 ' ‘93 ' 72 and Ze are assumed to be known from climatic and edaphic

const

data.

. To close the problem, one needs to formulate the initial conditions.
S-':{ We assume that, at a given moment of time t= 0, SandTare given
1Y

'_Cq functions of Z:

P
J

|7"'. - —

o 3-9;(2)) T~7;[z) (o<z<ze)

e (28
‘pﬁ

';"-. Eq. ¢20) also requires an initial condition forC . Evidently it is
FAY
f:_', difficult to obtain information concerning liquid water on the foliage.
' Y
{ Therefore we set
\ .
s assuming that our computation starts at the moment when all the water retained
<

:,.{ by the foliage after the last rain has evaporated.

e

.
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4, SOLUTION OF THE PROBLEM

First of all we introduce a finite-difference time grid‘%‘*jﬂt ,ﬁ?=(P(z,‘é')
j= 1,2,..., where CP 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

(qu 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 t. .

)

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

et LGPl f) (pevct)

A 90,,,, ox

This implicit scheme is chosen in order to refer dependent variables in
(30) to the moment ’(':L!-, ag in egs. (12)-¢19), (21)-(24).

Considering the crudeness of eq. (20), the first order approximation of the
time derjvative in (30> appears to be sufficient.

Let us assume temporarily that T and&(i.e.,(T). and/l?}. ) are known,

7" 7y "t

Then, as one can show, (12)-(19), (21)-(24) together with (30) is a closed
algebraic system from which we shall find Z; in the following way.

First, substituting <13), (23) and ¢(24) into (22) and making some simple
transformations, we obtain

%f—: aa?ﬁ d{q{f-d;%

31

7 (32)

IYRERALASE N

Af f

4
1
\
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where

=G, u¢//c,,’ Uoy + Op (G + C,,Aua)]

a = G;Cu/[%? anf + 6}[(;3 C/r,.l"’»)] (33)

In the right hand sides of ¢(31) and (32) all quantities with the exception
of ?; and Z‘_, are known.‘ Indeed %_ and ’7;. are known from observations, 75
and ?7 are Known, as a consequence of our assumption and eq. (25) respectively.
Concerning &, Qf and dj' we note the following. In [5] it was assumed
that CH" is Known cor;stant. We calculate Cm' from (26), but in ¢ ) we
shall use (7;)'_1 . Then Q‘,ﬂf and aycan be calculated with the aid of

(33). 1t should be noted that (31) and ¢(32) are similar to relationships

suggested in [51, where Qﬂ_ , 6?.)‘ and @, were assumed to be given functions of

7

alone. Egs. (13> and (31) be lved ¢ d . Substituti
6§ q n can solved for q{ an af ubstituting %,qd,

obtained in this way, into the expression for E} from (13>, we get

5} :[?, (Z‘) ~74;]r 6;,45/[1~af+raf} (24

?a‘? =/aaz*d;f?}//1'“fj ) “fﬁcu(i‘“f)

Note, that 0T &1 and 0€ A, ¢ 1. Therefore the sign o#E.depends only on
75 f

(35)

il e Al
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the sign of the difference in the brackets in (34).

Substituting (34) into (12) yields an equation, which links—’; with P ¢

FO.r) = mormay [#07) = 2] - €07) =

(36
where
_ % B R _
g/?;)~ 2—(7;? ’{;)*-AQE[RE 832;'7 (37
in which
Sy y
Re =(1 Oé)’QS - é}’pz.+ € ?]- (38)

. =(a, T + dj—;}/é“d{) (39)
The expressions F‘—(?,r} and f(z‘}can be treated as given functions of their

arguments.

From (34) and (34) we obtain

é} :6;(45{/7;) €40

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

f

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

T fag” €7, =0t % ) e

i

Recalling the expressions for Efs (13>, (34) and (40), one can understand from

(41> why the differences q‘('l;)—q, q’gT‘)-qqand q’(Tf)-q‘always have the same signs.

Thus, from (34) and (34) it follows that the sign of g(Tf) determines
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whether condensation or evaporation is occuring at the foliage:

1+ 5(7;}< 0 - condensation

42)

14 6[7;)>0 — evaporation

On account of (1) and (17) in the case of condensation, Tf can be found

from eq. (342 in which r = 1.

According to (17), and (21) E-ér =0 in this case. Therefore, in the case

of condensation (30) is reduced to

'Y =%,1+(6;P'é})‘1f/9dmu (43)

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

obtained by excluding r and & from (16), (30> and (34).

Indeed, in this case, solving (14) and (34> for [_‘_ and I" respectively, and

allowing for ¢(41), we express c‘; and ) in terms of Tf:

(%) =[[§-+1)r[7;)—§j3/1 (a4

m(7) = (=2 )5/ L7.(F) 9,1

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

transpiration rate

£, =280 (7)-)/(1- %) (46)
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which accompanies evaporation from the foliage.
1f we substitute (40), (44) and (44> into ¢30), we arrive at an algebraic

transcendental equation for T in the evaporation case

f

C/Z-j_/{./t‘/-f’ €§}~B=0 47)

{

where the functions ¢: and f: are specified by (44) and (34) respectively and

A=4t0aS (10,2 8) fo.,

{43)

5 = Cj—tf-AL(.GJ; %’max

Eq. (34) at ¥ =1, as well as at r‘=§;/?l+§), are solved numerically by the
Hewton-Raphson methed [17), 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 moment4%.

Details are given in APPENDIX A,

Once we obtain'? , then, using (13>, (32>, (37), (40}, (41), (43)-(44), we

can calculate the quantities:

& ,r b G Tye e (49)

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

moisture{y(z,t).
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Eliminatingtd? and Q from(1)-74) yields

2L~ 24°T (50)
2t 2z 2Z ‘
£ AT D/as sk 37T _
2t TRz "85z 2z T ’az (51)

Note that theze 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 scil
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 {} 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 {3 only through the soil moisture potential

’?%, which appearez 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 f; is very small,

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

Thus, taking into account the weak dependence of the soi) temperature field
on the soil moisture, we chall use (%;)j_l instead of (1%,j for colving eq.

(507,

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 ys turn to an approximate relationship

Tl" = 4 -7-01—1)/?7- _3/7—('71‘171/ 152)
which is valid when the temperature difference between two consecutive
iterations is relatively =mall,
. -4y . _ g . . X
In (52)‘r7 is taken from the (n 1)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’
(n)
means (T,). ",
7]
Substituting ¢13> and (52) into (10), we arrive at a linear boundary

condition for T at the ground surface.

T
—_)\ — = at Z ()
T

where
V= 26 Gyl * 452@”’"’93
/“:(4‘9})!21“ o?]k,*—é‘g/?z]f-fé;(;f"")ja (54)

4
*OpE T+ 0GG, Uy T,y —Zé

Eq. (50) is rewritten in the finite differences in accordance with the

we [ 1known Crank-Micolzon scheme. The boundary and initial conditions ((27),
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(53) and (28)) are also presented in finite difference form. Such a
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 by
Douglas and Jones (17&3) [20) and recommended in [19] for the type of problems
under consideration? again solving them with the aid of tridizonnal algorithm at
each iteration. By including a special logical scheme in the iteration procezs
(see Fig. 4), we provide the satisfaction of the surface boundary conditions
(7).

Details are presented in APPENDIX C,

Fig. 1 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'& ' E’ ' Eér and H? are
passed on to Box III and / or to Box IY. 1In Box 111 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, recpectivelly, in Box IIl and Box IV are passed on to Rox

I1 and a new iteration starts. At the end of the iterative process a new time
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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 flow
equation without considering the effect of temperature gradients is given. For
the calculation of the chanae 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,
"pressure or the value of the moisture flux. In the latter case at the firct
step the value of the soil moisture presure at the boundaries has 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
and 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
ctase considered in Fig. 5, are presented in Fig. 4.

The comparison of Fig. 5 and Fig. & seems quite convincing. At last, Fig.g
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itlustrates how Box Il 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 ryn; <come of the input values are taken from [5].
At present time we are continuing to work with the program. UWe are
debugging the interaction between all four Boxes. Simultaneously we are

preparing mass tests of the suggested method.
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5. COMCLUSIONS AND RECOMEMDAT IONS

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
me teorological 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
jevel.

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 uze
consists of the well Known Crank-Nicolson predictor-corrector scheme in the form
suggested by Douglas and Jones [191, [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.ﬂ

The theoretical part of the work was completed and accepted for publication
in "Progrees in Desert Research", proceedings of the Blaustein Institute for

Desert Research {(lsraei) - UCLA (U.5.A.) Symposium, 1985,

E) 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 (M.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 compk ted in a few months,
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INPUT DATA

l

Cc. Py Ta,1g,Qa
Q91 /-L01R51§t Qrmin

INPUT VALUES NEEDED AT A GIVEN TIME:

l

CALCULATION
oF T{!

CONDENSATION CASE:
CALCULATION OF

g

STOP

FIG. 2

Frogram Green scheme,

EVAPORATION CASE:
CALCULATION OF T2

CALCULATION OF T

g




INPUT DATA

!

SETTING OF THE INITIAL
SOIL PROFILES

v, G, KD

l _

FIXING OF THE
BOUNDARY CONDITIONS (+)

l
~J=1+%

P )\
[CORRECTOR]_INTEGER NOT___IpREDICTOR
FORMULAS INTEGER |FoRMULAS

e & NJcatcueation o}
‘#’v 8' K' D

J < TMAX

J

J=J max

STOP

FIG. 3

Program Soil scheme, The program can run with two types of boundary conditions,

namly with an imposed flux or with a fixed moisture content.
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- INPUT
(n—-1)
/] Vi
QAO,
S
4
CONDITION | ) CONDITION
No.2 = if Rj—5<0 No §
Rj— 370 Vo,j- 1
’ PREDICTOR
| fy, .
. ) ' . v ] < . . >
| if \’o,j—%<1 / 2‘1*1 if Rl-%-o
) ﬂ Y i B
CONDITION CONDITION
No.4 if Rj<0 No.3
-
Rj=0 Vo,i= 1
N CORRECTOR 4
Q
4
N
OUTPUT
Vi
(n)
Vi, j 1 Vi':j
-
AFTER INTERATION NEXT INTERATION
FIG. 4

A scheme of the calculation of %} sitisfying to the boundary condition at the

surface.
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Water content
0] O.l 0.2 03

N ————— = = oy

I 1

O.2h
<
Q. 04h
L¢b]
()

) 60~ 06h
O.8h

Zcm

FI1G.5

The distribution of 9' Wwith respect to the depth of the soil for t=0.1h, 0.2h,

..0.8h computed by our program for the problem: W.p =13,4%cm/h at z=0, -9'=0.1 at
,P

z=70cm, and at t=0. (AZ ={cpm , €=55ec ). 1t iz assumed

K=K, (1+ agf-lo‘g/tf/""’)
O =(8-8 )1 r0.6210" /9,

where K = 34cm/h, ‘9;.':0.28?, ‘Q(=0.07’5. Field temperature and moisture removal

by the roots effectz are neglected,
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WATER CONTENT,cm3/cm3

nitial

-~ Model S.Kirchoff impl. dir.

-~ tede! 1.CEMP - Wode! S.implicit direct
~O— Model 6. w * |(mpl. pred-cor.

- Medel 2.Eaplicit | -0~ Modelq. W ® gred-cor.

FIG.6

results of computations carried out by the different numerical methods for

The
the same problem and for the same values of the parameters as at Fig. 5. #Also

the experimental data are precented, This picture was taken from (1],
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Water content
0 Ol 0.2 03 _ 2

T 11
I uwo.m

201

a0l 06h
L o2n NP

Oih

Zcm

FIG.7

The distribution of 9 with respect to the depth of the soil for t=0.1th, 0.Zh,

0.46h and th, computed by cur proaram for the problem lWp =0.267 at z=0 ‘9’=0.267
P ’

at z=70cm, §=0.1 at t=0. (Az = tcm, At = Ssec) It is assumed

K=K (1+ass10 ")

z9=/.9,«n9,,)-(1+aez-m“/w/‘”ﬁ 8 -

where K =34cm/h,9“=0.267, 9’(=0.075. Field temperature and moisture remousl by

the roots effects are neglected.
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6h 8h IOh  12h

FIG. 8

Calculated diurnal march of Tf and given diurnal marches of T, ,T4 and Ry . It

7

was assumed that q_ =0.007, q, =0.002+0.005(t"/6), u =1 migec, CN°=0.0':‘-?. 6;‘0-7§

Cu=0.096, 8 .=0.2,,4=0.1. All this information was taken from [5].
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APPENDIX A.

DETERMINATION OF (Tf)] AND WHETHER CONDENSATION OR EYAPORATION IS

DCCURRING AT THE FOLIAGE AT t = t) .

Setting ¥ =1 in (36), we solve the eq. F (X, 1> = 0 numerically by the

Newton-Raphson method (see [17]):

™™
()
x(m+1)__ me) F(Xf”'} 1) ?F/X )Q m=01
= ) __Bx(”,) =U,... £39)
The iteration process ic stopped when
m+ m
/X( U—-x[ )<0.j (543
2
The fact that ?F/&U/éx and 7/ (X, f)/a)('2 do not change their
signs at X > 0 provides the convergence of the iterations for any x("’ >a,
After determining ¥ , we compute B) by (37).
Fur ther computation depend on the values of .

14 -gé()( 0, then in accordance with (42) condensation on the foliage is
occurring and 7;’X .

1f 54 >é”0<)> 0, where 5& is very small {we put 66 = 10‘ ), evaporation
from the foliage is occurring. However, in this case, the evaporation is
sufficiently emall to neglect it by putting[;} = 0. Then we find & from (43)
and then determine ¥ from <14) and (17>, (Owing to (27, Ea‘ is negligibly
small as well as E;.) In this case Tf. ic so close to X, that it ic possible
to take o =X .

f

1f .J[X)>8¢ , then evaporation from the foliage is occurring. Ue denote

\ a4

‘s
13
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(1) (D |
~{ X =T(ﬂ . One can show that then -7; < ‘;_ < 7; y where 7);/1} iz a

] /z
_‘,_& selution of the eq. F/_? ,jrgs)= 0. We turn again to the Hewton-Raphzon

methed, finding Z—{y{rom the same iterative formula (35) in which one zhruld

§
e,

VAN
_ ::) substitute ?//j+$’) instead of 1, as a second argument of the functionF.

-

LY

SO o) 1

'L'.JE But now it is better to set X{ = ;f {)

.'0!!.

A . A criterion for stopping the iterations ic the same as (54).
Ao
z !

R

i () =&(T)-AF(T 8larg) = 8

s (1) 2
'i'.:‘;- iz continuous and increasing at the interval T < ?< z‘ . With the help
NG, f
o of €21, (30), <44) and (48) one can show that

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

(3

‘» f/?) =1-5 "'A{'aféf; g/}—ﬂy/é(nmx>0 (59)
L A7) ==B<o

- . .
-.rf: Consequently, since ](/7;{) ie a monotonic function, the solution of the egq.
Y

2 , o () , N N j
(471, =.Q. }{ f =0, exists and is unique. To find this solution, we uze the
so-called "rule of false position or requli falsi"™ [1%9), which is presented b»

the following convergent iteration process

.

A, A N

-I,Ifn) i 1) _ (1) / (n)
3 {
7_(n+1) 7 f“’ - {}fn)}
= 7-(:) (n) _ 7-/»)1/ (2) . (n) 59
47’”’”-_ ;ffv Y f >0

tn (n
where we denote f(? )/:’! ).

The criterion of stopping the iterations is the came as (54).

[f fm< 0
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APPENDIX B
NUMERICAL SCHEME FOR SOLVIMG THE TEMPERATURE EQUATIOW (S500.

A\\\\ , Since C and A do not depend on7r., the eq. ¢50) is linear. The bcundary
conditions (27} and {53) are also linear., Therefore, one can use the well Known

Crank-Nicolson scheme, which iz absolutely convergent, to provide an accuracy of

LY 2
the order o{(2i1i) *(Zi:) and iz amenable for solution via the so-called

tr idiagonal algerithm [17].

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

uniform space-agrid 2542'[ > { = O,l,...N and denote ‘P(&')‘éj}: (6} s
“

where ?9 iz any variable of the problem.

Presenting the eq. <50 in the form

T ’bT Db\ 27

2L fazz * 22 ’aZ 40>

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

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

Ai G [ Z;i,j:_“fl:" /[:IJ"‘ /V*j‘} (é1)

/-ij l l]

where

; ¢~azy/hﬁiﬁd_ Sori)
1'f'6125:1€: /:x/+j{j//<>[,1{j/}
Gl' = Z[:{ +(A'ZJZC,;)-/AT/‘ )‘)j] ‘ 162)

' ‘-‘Ac"7i:£j—1"2p-/42) At) 77— " 7’;11 ~f

¢

I
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Eq. (41> is solved by tridiagonal alqorithm ¢see [1%1):
O/i+1 = B{/(G[ - O(I'Al'}
712, . N-1]

/31'+1 :/4:']9[ 7 ,F}///GZ“C{, /4,} SES

T .= -7 + [ =N-1 0
L) I+, (+1j Jort A )"’[’
To employ this algorithm one needs to Know 0(1 y andT/V_.
1 %/
The latter value is Known from (2?)7'."?;.
2,
To find 0(1 andﬁ y we have to rewrite (S3) in the finite-difference form.
2
Remember that the Crank-Nicolcon scheme provides accuracy of the order of(AZ)

with respect to Z . Theretore, we use the following representation:

sz, =(3%-7 +7;]/zdz

providing the =ame accuracy.

(64

Substituting (é4) into (33), we come to a certain linear equation linking
7:, '7;and .Z; The second tinear equation linking these three values iz 741D

at (=1. Elimination of 7; from thece two equaticons yields

7;.—«'&/1-74:] +/8£

where O/_{}
P

andﬁ_ are values of interest:
Yy




o, =(48, - Gl)/[ﬁ 242 "%’ej)& Al

£ 2028, oy £ Il5 202 20, )8 -4]

Mote, that in the expressions ¢54) for ¥ and/ﬂ' the surface temperature'7'

e

refers to the previouz iteration step. Therefore, the computation ’G} by (&30
-~ P4

: . . . - (n+)
can be considered as a realization of one iteration step, e.qg. as obtalnlng—f‘

Substituting the value—7:, obtained from (&43), into (54), we proceed to the
)
next iteration step, etc. As a criterion for stopping the iterations we uze the

inequality

hoa,x/7ll.‘j.("*‘) ,7l;f"7< ol (67

B & T
I
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AFPENDIX C

NUMERICAL SCHEHE FOR SOLYIMG THE SOIL-MOISTURE EQUATION S1»,

First, instead of we jntroduce a new independent vartable ("Kirrhhcoff

transformation"?,

) U¢@/§})€f+3

The eq. (51} takez the form:

X
)

2 &+2 4
U & V“(;!fa_z +Z/ *5 &1 2V _
72 (K, 7 g, 57

,i)éD /( /Dr ?:272_ - S/

The terms in bracket:z are Known, because-7-for the momentvj has been found znd

in the evprezsion (&) for:;'50|1 moisture f} is taken from the‘j-l moment.

Eq. (4%) iz more canvenient for the numerical solution than the eq. (O
inazmuch as powers 1n coefficients are not so great, although the parameter é;
can be of order of 10 (see Table 2" from [12].

In addition, the second order derivative term ic transformed into its
simplest form. z was stated earlier, we use the Douglas and Jones
predictor-carrector method (201 for the solution of eq. (&%),

First of all, we replace (49> with the system of two finite-difference
equations fthe first of which is the predictor, and the second iz the corrector)
following [17) (eqgs. ¢(3-S0a> (3-50b) in [19)). Then both of these eqs. are

reduced to the :ztandard tridiagonal form,
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The predictor iz given by

-G U +8.-V. ., =*/‘:.' (70>

..1,]"2% 4 I,j"zL ¢ (+4, ..5

i

A<1 B

iy

7 —
by gy Ty

‘[ G(‘ = z({f Agj—l}

N.-T(
i

[
. 42V’ 5, é’—;;—z- | (2623042 &
i T Okt Y, 7.7 cwe 4%

_ 3 ’
fg]-—(‘\lf)é_k [b ( i- 1, J"" 7‘”‘) ;*.t)j-é’_)—{dz)*sv

and iz followed b: the corrector:

Ay~ GY* Gy, ==

where

73

—2(1-h,,_ .|+ BV g o g&

j l- i‘j)j_ h )/-‘ {

>
(3

P4
320
P

Vol
} - RROEO0

To solve (70} and (72) we uze the same formula (43) of the tridiagonal

e

A%
P ¥

.‘I’g‘. -
a*a’s
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algorithm. It should be noticed that egs. (702 and (72) are solved

successively, Firzt from predictor (70) we find zj‘;j'zfl . Substituting

these values into ¢73), we colve the corrector (723, finding Z{ .
)

The values oli and ﬁ have to be found from the boundary conditione at
1

A L8
(P4

v
P

the surface (7). 7o satisry (7> while computing U"j y Wwe employ the legical
.

scheme, presented in Fig. 4,

[{
It should be noted that the values "U"J_} relate formatly to the
]

intermediate time step £ = fj,__/_ , but they can be interpreted ac the firzt
2
approximation to the values of interest 2)" . In this regard, the
7
coefficients figuring in the boundary conditions () refer to the j—th

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

The bettom boundars condition (27) gives

V. ¢ 1 for dry soil
€

V. =U == or (7
Ni-z %

P

le

1 for saturated zoil

One can see that an approximate satisfaction of <7) is achieved at th: coszt
of either the predictor, or the corrector, or both the equationz having to be
solved twice. At worst, the computations are doubled.

The walue % obtained from the corrector is taken as the input value for

the next jteration.

The iterationz ztop when

(nt1) () -3
}%ax/l{;j -y /< 1o

This criterion provides 1! accuracy for ﬁ .

N
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The values c{iand f& corresponding to the conditions No 1 and to 3 follow

from the last expression of (é3) at L= 1, rewritten for Z/; . ble have dJ.:O»

2

p =1, To obtain these parameters for the conditions No 2 and Mo 4 one
3
must satizfy the moisture balance equation at the surface when the runoff is

absent

R=B=£,*p(0, 3 =K +D3L] -0
and'i;

rewritten in the finite-difference form for the moments ?;_.é.
e carried out the following transformation with (748,

1. Introduced U instead of 19 by (48).

2. Feplaced the derivatives by the three-point finite-differences, like (£44).
After that the proéedure of obtaining Ci; and/i ic exactly the same ac in

the cace of the scil-temperature equation.

For the condition Mo 2 we haue

4
— 1‘/1']1 ﬁ: Ml+§‘F£‘
L l+mj L i+mj~1

where

(78)

4
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13 For the condition No 4 we have éf
0! e
. i
: o/ =(1 ”/%j ¢ ZJ“;)/ ( ‘jl,j-,g.’f Bi'mf“f} 7
L B ME g B ) "
3 s

The expreccsionz 4or the runoff are obtained in this wayr:

; 2
; R, =M, - %{——«L—;’;;’dz -15+2y ~osy, (k=<ji,j) 81 f

The constant dimensional factor in front of the expression for Rx e -

»
< ;_‘
'i dropped. One must determine only the sign of this exprecssion. o

T,
[
s

AKX
-
7

L

%

Ry Xt A4, 0, S,

-
~
13
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AFPENDIX D,

TABLE OF THE YARIABLES OF THE FROGRAM GREEN

Phrsical constants and soil-veqgetation-atmosphere data

Al t air density

AHC ;% zpecific heat of air at constant pressure

LATC : latent heat of vaporization

GRAL : gravity acceleration

RId ¢ gas conztant for water vapour

S51GHA : Stefan-Boltzman constant

HSAT : moizture value at saturation |
HAILT 1 moisture wilting point |
FA :+ {foliage albedo

FE : foliage emissivity

GE : ground emissivity

3TRES :+ generalized stomatal recistence

FF : area averaged foliage shielding factor

HFHAXY ¢ maximum liquid water retained by foliage per unit horizental

ground area

TRCE : dimensionless heat and/or moisture transfer coefficient for
a bore soil

uct : it rcoincidesz with Ue (24) when Th { Ta

ucz : it coincidez with Ue (262 mhen Th P T

ANLEY : anemometer height

CANLEY : canopy height

SFHAY ¢ maximum downward shortwave radiation at height "h"
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AFPENDIX D,

TABLE OF THE “ARIABLES OF THE FPROGRAM GREEM

Physical constantz and seil-veqetation-atmosphere data

AD
AHC
LATE
GRAL
RU
S1EHA
HSAT
MIILT
FA

FE

GE
STRES
FF

LIFHe ¢

TRCE

uct

ucz

A ILEY

CAtLEY

SFHAX

air denzity

zpecific heat of air at constant prezcure
latent heat of vaporization

gravity acceleration

gas conztant for water vapour
Stefan-Boltzman constant

moizture value at saturation

moisture wilting point

foliage albedo

foliage emissivity

ground emisziuity

generalized stomatal resistence

area averaged foliage shielding factor
maximum 1iquid water retained by foliage per unit horizeontal
ground area

dimenzionless heat and’/or moisture transfer coefficient for
a bore =zoil

it coincidesz with e (24) when T {

h

it coincides with U‘ (24) when Tk YT

Ta
a
anemometer height

canopy height

maximum dowmeard shortwave radiation at height "h"
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5 ‘‘ar iablez appearing a3 input valuyes 3t a3 given time:
CF ¢t cloud fraction
FR : precipitation rate
TA : 2ir temperature outzide the canopy
TH : air temperature at canopy height
TF t. foliage temperature {only a first evaluation to beqgin the
computation)
Ti5 t ground temperature
0A ¢t air specific humidity
aG : arcund specific humidity
U t mean wind vejgLi*~ outzide the canopy
SRHD : downward shortwave radiation at height "h"
WFH : liquid water retained by foliage per unit horizonts) ground
area
i HFHIN ¢ minimum moizture in the root zone
i HG : moisture wat the surface
Computation variables:
DTA ¢ time interwal in the finite difference equation of "
2
: conservation of the water on foliage 5&
<4 w
ﬁ NITHY :+ mazimum number of iterations iﬁ
iy
n.;.
R,

¥

L)

> 3

W aty

v

b
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Yariables appearing as jnput values 3t 3 qiven time:

CF

FR

TA

TH

TF

Ua

SEHOD

1JFH

FIFMIN

MG

we
&

tloud fraction

precipitation rate

air temperature outside the canopy

air temperature at canopy height

foliage temperature {only a first evaluation to begin the
computation)

ground temperature

air cpecific bhumidity

areound zpecific humidity

mean wind veluu:t~ outzide the canopy

downward shortwave radiation at height "h"

lTiquid water retained by foliage per unit horizontsl greound
area

minimum moizture in the root zone

moisture at the csurface

Computation variablesz:

DTA

H1THY

time interval in the finite difference equation of
conservation of the water on foliage

mazimum number of jterations 3
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Functicons

FOSAT «T» t verzion of the Claucziusz-Clapevron egquation 719

FOG «T, NG

T: temperature; NMG: curface moisture; it gives the uvalue of
the specific humidity at the surface (25

FCECK T 12: as defined in {37}

BN IO Y (Y T N

Auxiliary variables

o

'l:

R ¢ fraction of potential evaporation rate from foliage

unitary vatye of F

<
[ §X]

value of R when no water is retained by the foliage

L Al alh v oy
2]
—_

E1 : it coincides with&1 ,¢11)
EZ it coincides with E2 1)
E2 t it coincides with €2 (12

AWM+ computaticnal conztant

RL ! downward longwave radiation at height "h"

GA ¢ ground albedo

Y

e
s

e t wind cpeed it coincidez with M, (24

RIB : bulk Richardson number

TFCH @ dimensionlezs heat and or moisture transfer coefficient at the top of

e
ot

\

a dense canop §§

U F : mean wind velocity within a canopy -
CFO ¢ computational variable %E
U ¢ it coincides with C, (14 &

AUYA 1 computational variable

-




- 5] -

AR t it coincidez with ag RECKR

AF : it coincidez with a“(BB)

AG t it coincides with 33,(33)

AE 1 it coincides with ag , (3D

RE : it coincides with RE ,438)

HIAUY ¢ computational variable

X1 1 it coincides with & (18

AUKF 1 computational warizble

A0 : it coincides with a4, (48

BO t it coincidesz with B ,148)

0AG : it coincides with g (35
d.’:

TAG : it coincides with T“’ , 439

HITER

number of iterations

CECK

value of e'iTs), (37

FAUxX : computational wariable

F1 ¢ computational variable
F2 : computational variable
FDER : derivative of the function F(T§ 01, (38) with respect to the

temperature

TFP

foliage temperature value referred to the previous iteratixe
TF1 : foliage temperature calculated by solving equation (348) with
TF2 : foliage temperature calculated by solving equation (24} with

fno water ic retained by the foliage?

EF : evaporation rate from foliagej it coincidence with Ef in C40)
FTF1 : value of 5(7, ) defined (57) with T=TFt
FTF2

value of ;(T’ ) defined (57) with T=TF2
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GaF
TAF

RTF

FTF
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_52_
saturation specific humidity
mean cspecific humidity inside the canopy, (31)
mean temperature inside the canopy, (327

fraction of the potential evapotrancpiration rate ac a function of

Tf (45}
value of the functieon F(T},r),(36)

value .0of the function {(T, 1, (37
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FFOGFAM GREEM CINFUT-OUTFUYT:

THIS FROCFAM Z0LYES THE EMERGCY BALANCE EQUATION FOF A “ECETATTINN
LAYER AS FARAMETERIZED EBY DEARDORFF

UMITS ARE! CM MIM CAL GRAMS

FEAL LATC WG MU4TLT -FFMTIH-HSAT

DATA GFAV/?31.,  »RW 351 .5E48/-LATC/585.,. -AHC ",
FSIGHAS B24E-L0/FA/ 2/ FE/.?5/:GE/ .25/« 3TFES /2
$TRCE.00G7 7« R1 /1. 7« WWILT .1~ -

247+4D/1 . 26E-2
Vs

S WFHAX S L LSy

FUNCTTOMSK X X XK XK KK K K KKK XK KK KKK KKK KKK 0K XK XK KK XK KK KKK XK XK XX X

FASAT/ X)) =, 38E-2XEXYP (17 .2462%(X=273,.14)/(X-35,84)1
FOGIY YY=FASAT(X)XEXF (GRAVXY . (RUXY
FRLECH X)) =AHC/LATCX(TAG-O)+1/LATCXAEYX(RE-E2xXxXx4)

KEKEEXKKAKKK LKL KKK KL KA LKA LKA KKK KKK
SET YEGETATION FAFAMETEFRS AND COMFUTATION STEFS
FRIMTx. 'ASSTIGN FF AMLEY CAMLEW!

(EADX-FF +ANLEVCANLE

DTA="

NITHY=20

AUXTLIARY COMSTANTS

El=FEXGEXSICHMA/ (FE+GE-FEXGE)
E2=(1-FF)XSIGMAXGE+E1XFF

E3=E1+SIGHAXFE

AUXD=17.2469%237.3%x.38E-C

TMFUT YALUES FOR THE "ECETATION LAYEF EQUATION SOLUTION

FEIMT Y. 'ASSIGCH CF PR
FEADX.CF.FF
FRINTX."ACSICH Ta TH 70
FEANY - T TH. TP

FEIMTE. "ASSION 0 A0
FEAD Y. QA .00

P A I

PR, S

~y—x

T g o e,

[ Yo




NEWTE Y M o ve e e e i B W TS R RIS wwswEsrmesessmw—rmrms &0 & 7

S

_54_

4

FEIMTx . 'ASSIGN UA"
READY « DA

HC1=A00

HED=LL00

FEINT*» 'ASCICHN SRMa: GRHD

READY - SEM&Y - SRHD

FRINT®.'ASSICN WFN'

READY « UF N

FRIMT®. 'ASSION MEMIMN HC MSAT'

READY « MFMIM - NG - MGAT

TF=Th

FL=/CF+1.21%/1-CFYX0AXX. 08 ) «SICMAXTAXXA
TF{NMG.LE.MSATY GA=.21-.17%XNG/MSAT

TF/HG.GT.M5ATY CA=.14

IF(TH.LT.TA) UC=UCY

IF/TH.GE.TA) UC=UC2

FIBE=GRAVE (ANLEV-FFXCANLEU VX (1-TH/TA) / (JAXX2+1ICX®2)
TF/RIE.LT.0.% TRCH=AUX1¥(1+24,Sx~AUX1¥RIE X%, 5D
IF (RIE,GE.0.) TRCH=AUY1/(1+11.SxFIE)

UAF={1-FF+ ,82xFFxTROHY X, 5 xU4
CFO=.01%(1+1800/7UAF)

CU=7 . 7E-2X (UAF+30°

TRCE=(1-FF s TRCE+FFXTRCH
AUXA=TROCXUAF+FEX I CU+TRCHYUA

AASTRCHRUA ZAUXA

GF=FFXCU AUY

AG=1-AA-AF

HAE=ADXCUN ¢ 1 —4F

FE=(1-FAYXSHHD+FEXFL4ELXTOX%4

XTAUY=1 7 (SRMAX / (ORHD+. 2XERMAY Y + (MWILT /MEMINY®X 2
ZI=YTAUX/ (STRESYCFOXIAF D

R2=¥T/(1+XT"

AD=CTAXADECUSEE X 1-FA+XT) JUFHAY,
BEO=WFN+DTAYFEXFR ‘UFNHAY

DAG=AAXNAYAGENGT 77 1 -/F

TACE (AT TA+AGETEY 77 1 —GF

FRINT®.'0AG TAG '-RAG-TAC

AUXF=XT 711 -AF+Y T

-

r HWEWTDH-FAFHSON METHOD FNF THE SOLUTION OF THE CANOFY ENEFRGY EALANCE h
C EQUATION }

r RS

r ITERATIVE CALCULATIOMS Y

c q)

1 MITEF=MITEF+1 RO

IF (MITEF.EQ MITHY RO TO - T

CECK=FCECK(TF) v

o

=

3

sl B

7%




N

Yo Faly =FOIAT TF  —DAC

13 Fi=aUYDEFNSATI TR (TF-25.84)¢x2
19 Fo=dGHO+AXERNTFRXR /Ul /LATC
- FDEF=F1+FC

< TFR=TF

" TF=TFF-/FAUY-CECH) / (F1+F 2}

b

TF(AES(TF-TFF.GT..01% GO TO 1
PRINMT®. 'FIRST COMFUTATION TF='.TF
TF1=TF

K 4y Aty 6
':’n";f o

"4

CECH FOF COMDEMNSATIOM NOF NECLICGIELE EVAFOFRATION CASE

d
[ e N

IF{CECK.GE.,.20001) GO TO 2

v Sl Yei
LA OIS
[ R S A

CONDENSATION CASE

ﬁ:ﬁ“
Law B n BEan |

;,Og'q'-‘; -,
o * ;

FRINT®. 'CONDENSATION CASE TF='.TF
EF=FFxAEXCEC}H ’
WFN=WFN+/FF*FF+EF)%*DTA/UFMHAY

JF (WFN.LE.1) GO TO ¢

A FREINTx, 'WFN EXCEDED'

GO TO €

" -
3; i EYAFNRATION [ASE

PN s

& I F=FC

,fi MITEF=0

' TF1=TF

s 2 MITEF=NTTEF+]

) IF (NITEF.EQ.MITHY' GO TO 7

s CECH=FCECK TF®

o FAUY=AUYF ¥ (FNSAT/TF=0AG)

mr‘ FI=AWYFYaUYDYFOSHT i TF Y F(TF-25, 1 exs

P Fl=/aHC+4¥ERRTFxx3 "AE) /LATC

o FOER=F1+FC

N TFR=TF

L-0s TF=TFF-/FAU/-DECK) 'FDEF

N IFCABSATF-TERT .GT. .01 GO TO 2

oo FRIMT®, "EVAFORATION CASE FIFST EVALUATION OF TF!: '+TF

TF2=TF

METHOD OF FULE OF 'REGULI FALSI' FOF THE SOLUTION OF THE FOLIACE
MOTSTURE CONSERUVATION EQUATION

[Ban Bhn Bige |
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TF JBEOLLY..O0001 CO 70D 5
MITEF=0
FTIFi=1-EBE0+DTAXAEXFFXFCECH TF1 Y "UFMAY
FTFZ=-EO
TF=/{TF1+TFZ) "Z
4 NITEF=HITEF+1
IF ‘HITER.EQ.NITHX " GQ TO 7
CECH=FCECY<TF" ~
NSAT=FNSATTF"
RaF=RAG+AFXCECYH
FTF=/1-AFYXCECK/{QSAT-RAF)
WEN=/((XT+1 ' xRTF-¥XT)¥x1 &
IF “WFNLLE.1. GO TO 44
FPRINTS, 'WFN EYCEDED'
0 70 8
44 FR=AUXFx(QSAT-QAGY-CECY
FTIF=UFN-ANXF3-EOQ
TFE=TF
IF(FTF.CT. 0. TF=/TF2¥FTF-TFFXFTF2Y/(FTF-FTFZ)
IF(FTF.LT.0Y TF=(TFFYFTF1-TF1#FTF) /(FTF1-FTF?
IF "ABS(TF-TFF)Y,CGT,.1Y GO TOD 4
FRINTs. 'EVAFDRATION CASE TF='-TF
THF=AAYTH+AFYTF+ACXTG
QuF=04C+AFYFCECH (TFE
FETHTY. " TAF 0aF ' -TaF.DAF
TH=/ 1 -FF ' wTR+FFxTAF
FRIMT®. VALUES MEMORIZED FOR SUCCESSIVE EBEALAMCE EYALUATION'
FRINT®«"TIMNE TF TH WFN '+ TIME<TF:TH,WFN

n

o

PEINT®. 'TIME TG Té TF ' «TIME:TG.TA.TF
GO T P
- FFINT*-'MITEFR EXCEDED '-NITEF
o CONTINUE
TR
EMI
END NF FILE
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APPENDIY E.

TABLES OF THE VARIABLES OF THE PROGRAM SOIL

Vo Y NSy BE 2 L LA T A

. Soil data

) S

>

A

'..
TETS : Molumstric water content at the zaturaticon.
TETR : residusl volumetric water content
TETH : initial conztant volumetric water content

Ke + saturated soil hydraulic conductivity

B : it coincides with B in the tirst of (12

Al : it coincidez with &% in the first of (12

BET# : it coincides with B in the second of (12

ALFH t it coincides with C(-iin the cecond of (120

Computation variables

M : number of larers

1 :  number of lewels i

D2 1 depth of 2 layer 'gg

0T 1 time ztep he
a

JHe : ZT/DT rshere T ic the duration of the infiltration procecs

IFRINT + index for printing

J t+ ~omputation ztep: there are two computation steps for each time =tep

= B APl |

- "l

..' s

‘o

.
PR

[




Variables computed at each iteration

Hi 1 : c=oil water preszure

TET(1 : vuvplumetric water content

Kilo 1 z0il hrdraulic conductivity

Cild : so0il water capacity

CEfDD t zoil water diffusivity

HOLD (1> : =zoil water prezcure referred to the pevious time =tep.
Filn t element zf the tradiagonal matrix

G 1 : element of the tridiagonal matri:x

ACCTD : rcoefficient of the tridiagonal algorhythm
BC 1o v coefficient of the tridiagonal algorhythm
TINE t time

Anxiliary variablecs

FACT : computational auxiliary variable
SRS ¢ computational anxiliary varijable
AlZ : computational auxiliary variable
A2 : computationz]l auxiliary variable

Functions

FEcH + coil hrsdraulic conductivity as a function of the water preczure
FCiH) t c0il water capacity as a function of the water prezsure
FTET*HY ¢ zoil water characterictic function.
.
Theze are expresionz 12> in [1]

. .. 2 &S .
AL J .L"J..'.A. 4.’;.«(\.'4 !

bl
-

=
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PEOGRAN SOTL  FIFUT-OUTFUT:
OME-CIMENSTONAL IHFTILTRATION HODEL
HAUEFKARF S0TL FUNCTIONS! CASE! SaMD

URITITE akE: CH HOUR

FEAL FKE

DOUELE FRECISIOM FE-FCsFTET«HsCeCHsFCoACSECsH-HOLD - AUY1 ALY 2
talty s

DIHEMSTIONM HIS1 P iF1v-C/21).CHIBLIZCIROIVFIRMYLACISMOY JEC I RN,
FHOLD (81« TET AR

DaTa TETR/0.07S/-TETS/0.287/-ALFL/0.621E-o/ BETA 3, F&.
$ATI/0,.B01E-467 Q7 1334C + D271, /»TETH/0, 17+ KB4, 0
FES, 74 s HHN =51 55w N/ T0/VHL /20,737

SNTIL FUNCTIONSH XX E R XK KKK LR AKX KN KE KRR NER KRN KXY
FEOXY=HS/(1+a4IxABS (XY xuE)

FLiY Y=/ TETS-TETE ) XALFIXEETAXARS (Y Y XX (BETA~11 /7
$CI+/LFIXARS (Y Y eXBEETA Y XRT

FTET /X =/TETCS-TETR Y/ 1+ALFIXAES( Y )XXEETAY+TETF

EEF RN NS NN KRR MK RN KB KRR EK KK ER KKK KK ERE NN LR E R KR AKX R

PRIHTYE« "ASSIOH JHaAaX:’
READ® . JHAY

OT=1..720

Pl=p41

FACT=0IexZ 0T

EQUNDAFY CONDTTION. THFOSED FLUY! I7=2% FIXED VALUE! IT7=3

TT=2

Ir=2
INTTIAL CONDITIONSG

PO 10 I=1.p1
H{I =HN
HOLD/I"=HN
KiTv=FF (HM"
CiTrv=FCOHM
TET(T»=FTET/HM"
CHEAIY=C (I /KT

C —-
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FIFST LEVEL WHEM & FLUY IS IMFOSED

hon B |

FFIMT=x- "ASSIGM HI'
READY « HT
. Hi1i=HT

SO

o HOLD (1 +=HT
N Kilv=FK(HI)
% c
r FIFST LEVEL FI¥ED
2 C
r Hi1)=H1
: N HOLE (1% =H1
- r
3 PRINT®. 'INITIAL TETA FROFILE
+ FRIMT 100+ (TsTET I I=1N1"
- r FRINTx. 'THITIAL FRSSURE HEAD'
c FRINT 100« (TeH(I " sT=1+N1"
. c FRINT®, 'INITIAL “ALUES ¥ C CKH®
3 r FRINT 206« (TokiTiaC0I)eCH(TYaT=1 NI
A f
;:‘ _l = v' )
- IFRINT=1
TIHE=0.
[ r
4 8 EEGINMING TIHE LOOF
;
;$ 1 d= 141
[ IF{J IXZ.HE.JY BO Th =
3 TIHE=TINE4CT
ﬁ .
4 0N a0 T=I-w
5 AUY IS F i Ta) ok i T=10 T
s MUYZ=HIT4 IV =H(T-105 72
K- ALE2=HOLET41 0 =29 HOLD (TV4HOLD (T 1

O F Ty =2RCHAINPFACTYHOLD I +alX1xcaUX2-DZ)+4U%2
TN

Do EN T=D.p

AUXT= (K OT41 =k (T=15) /T
AUYZ=IHIT+ L =H(T-10) 2

B¢ FOT v =2nCH I wHIT  ¥FACT+AUYI X (AUXZ-DT 0 /3

£ 4 et e et
t

\; r
\; 2 CONTINUE
c
N DO 40 T=I.i
i 40 CiT V=X (1FACTECHF (T
5
»
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FIXED YALWE AS BOUMDAFRY COMDTITIONM

:
r ACITIT =1 'GioD
r BCITT V= (HI4F /20y 7LiTh
r
r IHFOSED FLUY &S EBOUNCGERY CONGTTION
r
A0ITT =76 T
EC(IT Y=F{2) /24028 iQ/¥Fidi=10
L
0N 50 I=TT+1.i91
AC(TIV V=1 (G(T-1 =AC(T=1"
S0 EC(IV=(EC({TI-1)+Fi1-1')//G(I-1V-AC(I-1))
.
r TH THE CASE NOF & FIYED “ALUE
C
r DO 60 I=1,M~1
c
e IM THE CASE OF IMFOSED FLUX
c
L0 &0 I=1.4
Ti=N-T+1
HOLD/T1Y=H/I1®
H(I1 =AC(I1+1 «H(T141  +EC(T141
FATI =R OHITL Y
CTIV=FC(H(T1 .
TET/I1 v =FTET H/T1"
éx CH I1'=CiXI1v/K(I1"
L & IF(J/2EZ.ME.J) B0 TO . 46
& TFCU.EQ. 184 TFRINT GO T0 &%
G TO &¢&
r
45 FRINT®« 'TETS FROFILE TIHE—'-TIHE
FREINT 3100 (T.JETIT . T=1.11"
r EETHTY . 'ERESSURE HLHD FFUFILE'
c ERFINT 300 TeH/T . T=1.01,
TFRIMT=TFFINTA
¢ FRINTH 'y € 1
r FEIMT 200« tTeb TN T alF TieT=1ei10
S6 IFVJLEDLJMAYY G0 TO 4
Ge TO 1
4 CONTIMUE
100 FOFMAT( -S4 .T7E11.4
200 FOFMAT( 9 T1Z2+3E11.4)
STOF
END
--EQF -~

EWND NF FTILE
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