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obtained by Cuenca (1978) for three different irrigation

levels in UC82 variety tomato fields in Davis,

California. SWATHE requires about one hundred different

input data from the soil-water-atmosphere-plant (SWAP)

system. Since the specific required data were not

available in every case, unique approaches were applied

to define a root sink function, soil characteristic

curve, rooting depth, soil hydraulic conductivity, and

saturated soil moisture content. The basic water balance

equation of SWATRE is a function of the differential soil
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moisture capacity, hydraulic conductivity, and root sink

function (Feddes et al., 1978). Additionally potential

evapotranspiration affects the simulation of the SWAP

system significantly. The importance of these variables

was investigated by applying sensitivity analysis.
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Evaluation and Sensitivity of a
Soil-Water-Atmosphere_plant Simulation Model

I. INTRODUCTION

Simulation techniques have long been applied to

analyze the behavior of real systems, but only in recent

decades have such techniques become widespread with the

advent of computer technologies. Simulation is a very

broad and somewhat ill-defined subject. Shannon (1975)

described simulation as the methods of designing a model

of a real system and conducting experiments with this

model for the purpose either of comprehending the

behavior of the system or of evaluating various

strategies for the operation of the system. Simulation

modeling is, therefore, an empirical and applied

methodology which seeks to develop theories or hypothesis

from observed data, describe the behavior of a real

system, and predict the future behavior of a real system.

Simulation models, according to Law and Kelton

(1978), are classified as follows:

Static vs dynamic model.

Deterministic vs stochastic model.

Discrete vs continuous model.

A static model describes a system at a particular time.

Monte Carlo simulation models are typical of this type

because the passage of time does not play a substantive

role. A dynamic simulation model describes the behavior
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of a system over time. e.g.. a simulation model of

activity in a post office over eight hours. A

deterministic model does not contain random variables.

Therefore, a unique set of model output exists for a

given set of input data. On the other hand, a simulation

model is stochastic if it is composed of random variables

in addition to deterministic variables or variables

associated with a probability distribution. A continuous

simulation model concerns continuous changes of a system

behavior with respect to time. e.g.. a simulation model

of a space shuttle flying around the earth. A discrete

simulation model describes changes in system behavior

only at a countable number of points in time. A queneing

system for a bank can be simulated by this type of model.

Law and Kelton (1978) described advantages and

disadvantages of simulation.

Advantages

Analytical solutions are often intractable

for complex, real world systems.

The performance of an existing system under some

proposed conditions can be estimated.

Alternative systems can be compared.

Simulation can maintain much better control over

experimental conditions than would generally be

possible when experimenting with the system

itself.



5. The passage of time can be expanded and

contracted in simulation.

Disadvantaqes

It is expensive and time consuming to develop

simulation models.

If a model is stochastic, only an estimation of

the time characteristic of a model can be

obtained for each run.

There is a tendency to put more confidence in

simulation results than is warranted due to the

large amount of data produced.

Simulation technique has been also applied in the

agricultural water resources field. Since the amount of

water which is available for the agricultural sector has

been limited because of increased water consumption by

the industrial and domestic sectors, development of

efficient water management has become an urgent task for

water resources engineers. Efficient irrigation

management requires accurate measurements of

evapotranspiration, soil moisture content, and soil

moisture pressure. Expensive and time consuming field

measurements are currently performed to obtain these

values. Simulation models which describe the

soil-water-atmosphere.....plant (SWAP) system have been

developed to predict. these values in cropped fields as a

response to atmospheric input, crop characteristics, and

3



soil water properties. A SWAP simulation model has the

capability of dramatically reducing the number of field

measurements needed for irrigation management. SWAP

simulation models can be considered as a promising

approach for efficient irrigation management.

There are two objectives in this project. The first

objective is to evaluate the SWAP simulation model called

SWATHE developed by Feddes, R.A., P.J. Kowalik, and H.

Zaradny in 1978. This simulation model has the following

characteristics.

Describes soi1-water-atmosphere...p1ant system

mathematically and carries out solution of

moisture flux using finite difference schemes.

Considers root activity as a function of soil

moisture pressure.

Can be applied to heterogeneous soil layers.

Has a strong emphasis on soil physical aspects.

S. Has several input options for upper and lower

boundary conditions. e.g.. three options to

calculate maximum evapotranspiration which

defines the upper boundary condition.

SWATHE was evaluated by comparing simulated output with

observed data from red cabbage on a clay soil in The

Netherlands (Feddes and Zaradny, 1978). The deviation

between computed transpiration and measured transpiration

was within 12 percent over four months. Simulated

4



moisture content described actual moisture content Within

a 2.5 percent error for a three-week period. SWATRE is a

representative SWAP simulation model in terms of

completeness and accuracy. It is warranted, however, to

evaluate SWATRE with data from a different field to

investigate transferability of this model. This project

used the data of a field experiment designed to measure

the yield response of the UC82 variety of tomato under

various seasonal levels of irrigation in Davis,

California (Cuenca, 1978). Three different irrigation

treatments - dry, medium, and wet - are applied as input

data. Data collected included soil moisture content,

precipitation, solar radiation, temperature, dew point

temperature, wind speed, and pan evaporation.

SWAP simulation models are developed by collecting

atmospheric data, crop characteristic parameters, and

soil water properties for crop growth under a given

climatic condition. These models are generally evaluated

by applying different field data, but under the same

climatic condition. Therefore it is difficult to judge

if models are transferable to different climatic

conditions.

The SWAThE simulation model was developed in The

Netherlands where the annual precipitation is 752 mm and

the precipitation is distributed almost evenly throughout

a year (Mi1ler, M. J., 1982). In this project, the model
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is evaluated using field data collected in Davis.

California with three different irrigation levels. The

annual precipitation of Davis. California is about 400 mm

and this precipitation rarely occurs during the crop

growing season (Cuenca, R. H., 1978). These totally

different field, crop, and climatic conditions offer a

valuable opportunity to evaluate this model.

Additionally, the applicability of this model for

different irrigation levels can be described by this

project.

The second objective of this project is to

investigate the significance of soil moisture pressure,

soil hydraulic conductivity, the root sink term function.

and maximum evapotranspiration (ETmax) in SWATRE by

applying sensitivity analysis. This analysis is usually

performed by systematically varying the values of model

parameters over some range of interest, and observing the

effect on the output of the model (Iaw, A. M. et al.,

1982). If the output changes significantly with slight

variations in the values of a parameter, a model is

considered sensitive to this parameter, and a more

accurate estimate of this parameter may be warranted.

Sensitivity analysis, therefore, gives a good criterion

to determine the significance of field measurements of

each parameter in SWATRE.



II. LITERATURE REVIEW

2.1 Review of SWAP simulation models

Numerous models have been developed to simulate the

soil-water-atmospherep1ant (SWAP) system. Many of these

SWAP simulation models describe the system mathematically

with a second-order partial differential equation given

as:

= .{KCe(
-

S (1)

where

e = volumetric water content

t time

z = depth

K = hydraulic conductivity

h = soil water potential

S = sink term for water extraction by roots

Finite difference schemes are generally applied to solve

this equation because of widespread advances in use of

numerical methods with computers. Soil water uptake by

the roots. S. is commonly expressed by an empirical sink

function. Such sink functions are developed by a sound

understanding of physically significant parameters and

relations within the soil-water-atmosphere--plant system

(Hillel. 1977).

SWAP simulation models have been developed to aid in

the efficient utilization of scarce water resources for

7
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irrigation. Therefore, these models are designed to

simulate important parameters for irrigation management.

The Icey parameters are the soil moisture depletion

pattern, soil moisture potential distribution, and actual

evapotranspjratjon. Several SWAP simulation models are

reviewed in this section.

Niinah. M.N., and R.J. Hanks (1973) developed a SWAP

simulation model and conducted sensitivity analyses.

Their basic equation for the soil-water-atmosphere-plant

system was

H= _<K(e) )+ (2)

where e is volumetric water content, t is time, z is

soil depth, K is hydraulic conductivity, H is the

hydraulic potential (sum of matric potential and gravity

potential), and A (z,t) is a crop root extraction

function. The crop root extraction term A(z,t) was

defined as

{Hroot + (PRz) - h(z,t) - S(z,t)].RDF(z).K(8)
A(z,t) =

(3)

where H00 is an effective water potential in the root

zone at the soil surface, and is bounded on the wet end

by Hroot = 0.0 and the dry end by Hroot = wilting

pressure. PRES is head loss coefficient for longitudinal

water flow in the root zone which is assumed to be 1.05

in this model, h(z,t) is the soil pressure potential



(hydraulic potential minus gravitational potential),

S(z,t) is the osmotic potential, RDF (z) is the

proportion of total active roots in depth increment Az,

and Ax is the distance between roots at the point in

the soil where pressure potential and osmotic potential

are measured.

The model was tested with oats on a Vernal sandy loam

over a nine day period. The agreement between observed

and simulated soil water content was good except in the

surface layer (0 - 20 cm). Computed ET underestimated

actual ET by 0.4 cm after the nine day period.

Sensitivity analysis was performed to investigate the

effect of root length on the model output. Both soil

moisture content and actual ET under different root

lengths (30. 45, 75 cm) were compared. The results

showed that the model was quite sensitive to the root

extraction function, and a 30 cm root length gave the

best fit to the observed data. Nimah and Ranks (1973)

described a unique sensitivity analysis, however the nine

day simulation period was probably too short to

objectively evaluate this model.

Rouse, H.R., D.A. Stone, and A. Gerwitz (1978)

simulated soil moisture distribution by broad beans on a

sandy loam. The soil water balance equation in their

model was do dI dO= D
+

K)- S (z t)

(4)

9



where e is volumetric water content, t is time, D is

soil water diffusivity, z is soil depth, K is hydraulic

conductivity and S is the root water extraction

function. The volumetric rate of water uptake per unit

soil volume, S. was expressed as:

S - LzL hs-hp
- Rt+R (5)

where z is thickness of soil layer, L is root length,

is the hydraulic potential (sum of matric potential

and gravity potential), h is plant water potential,

and R are the soil and plant resistance to

moisture flux per unit length of root. The upper

boundary of this model was defined by transpiration and

evaporation. Evaporation was calculated as (l-f)E where

f is fraction of crop cover and E is the maximum

evaporation rate. E is assumed to be expressed by a half

sine curve during the day and is zero at night. Upward

movement of water was assumed to be zero at the lower

boundary.

This model was tested by comparing simulated and

observed soil moisture content. The simulated moisture

content tended to underestimate the observed values

because of the assumption that root distribution was

horizontally uniform. Actual water extraction would lead

to a more rapid fall in soil moisture potential around

the roots than would be supported by such an assumption.

10
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A more rapid fall in potential would cause a lower plant

water potential, and reduced water loss compared to that

simulated by the model. Another soil moisture

distribution pattern was tested with two different root

resistance values of 0.22 x 10 day/cm and 1.4 x l0

day/cm. The results showed that soil water depletion was

not very sensitive to root resistance.

Cuenca and Corey (1981) conducted a study using a

parametric model for the SWAP system. The parametric

model was composed of a system response function. This

function was made up of parameters which describe soil

water properties, crop growth characteristics, and

irrigation level. A parametric model, unlike a physical

model, does not describe the system physically. Instead

it is calibrated until model output agrees within

acceptable error limits to observed data. Many SWAP

simulation models solve a mathematical model of the

physical system numerically by applying finite difference

schemes. Unreasonable distance or time step size of

finite difference techniques may cause unacceptable

errors in simulation. The parametric model of Cuenca and

Corey (1981) was free from these errors because it was

not dependent on sequential iterative solutions of

partial differential equations.

The model was calibrated with and tested against

different irrigation levels in a tomato field by
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comparing observed and simulated soil moisture depletion

patterns. The results showed that the error, defined as

the absolute value of the difference between the

simulated and observed soil moisture depletion, generally

tended to decrease with increasing irrigation levels.

The driest treatment with seasonal irrigation of 1 mm

caused 21 mm initial mean error before calibration of a

system response function and 10 mm final mean error after

calibration of a system response function. On the other

hand, the wettest treatment with seasonal irrigation of

378 mm caused 5mm initial and final mean error. These

results lead to the fact that in relatively high

irrigation treatments, the model response appeared to be

adequate with no modification of the response function.

However, this does not mean that farmers can use this

model as a guide to irrigation scheduling within the

margin of error indicated by the model. This model is

based on a tomato response function, and response

functions may not be available for other crops.

The parametric model developed by Cuenca and Corey

(1981) did not account for the following situations: 1)

field situations under different irrigation frequencies;

2) soil water depletions in layers not measured by the

neutron meter; 3) field situations with an impermeable

layer; 4) conditions in which soil or water salinity

impairs crop growth.
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The results of SWAP simulation models using numerical

approaches are only applicable for a soil profile

extremely limited in area, where soil water relationships

are uniquely defined. Therefore, the usefulness of

application of such models at the field scale is

questionable. Cuenca and Corey (1981) pointed out that

further applications of parametric models were warranted

because what was needed were not more sophisticated

mathematical models, but a useful model of greater

simplicity which performs adequate simulation at the

field scale.

Huck. M.G., and D. Hillel (1983) developed a SWAP

simulation model of root growth and water uptake

accounting for photosynthesis, respiration,

transpiration and soil hydraulics. This model was

composed of carbon balance and water balance equations.

CSMP simulation language was used for the computer

program.

The carbon balance was considered to be a function of

photosynthetic rate, respiration, and activity of plant

shoots and roots. Photosynthetic activity primarily

depends on solar radiation. Incoming solar radiation was

assumed to be proportioned to the solar angle which was

expressed by the positive half of a sine curve with a

twenty-four hour period and a peak at noon.

Photosynthetic rate was considered a function of solar
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radiation, leaf area index, and water stress. Water

stress took into account the tendency of stomata to open

as canopy water potential increased (Figure 1).

Respiration was composed of maintenance respiration which

supported existing tissues, and growth respiration which

generated the biochemical energy. Growth rate of both

shoot and root was assumed to be proportional to the

level of readily soluble carbohydrate reserves. Shoot

death rate was a function of a shoot temperature factor,

aging parameter and mass of tissue. Root death was

considered to be a function of soil temperature and

available carbohydrate reserve level. The net change in

root length was taken as a sum of instantaneous growth

and death rate.

The water balance was demonstrated by an electric

analogue. The model traced soil moisture content for

each layer and continuously updated soil water potential

in each profile layer from the soil water characteristic

curve. Water flux into the roots was considered to be a

function of the potential gradient between the soil and

canopy potential. Water flow rates through the crop-soil

system were based on the assumption that variation in

water storage capacity of crop tissue was negligible

compared with the rate of water movement through the crop.

The model output was photosynthetic rate, respiration

rate, shoot growth, shoot death, root growth in each soil
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CANOPY WATER POTENTIAL (Mi
Figure 1. The effect of canopy water potential

on relative photosynthesis rate and
relative transpiration rate.
(Sensitive plant closes stomatal
abrubtly at the onset of water
stress. Tolerant plant responds
gradually to water stress.) (From
Huck, M.G., and D. Hillel, 1983.)

layer, soil moisture depletion pattern, cummulative

evaporation, and cummulative transpiration during five

day periods. These results were not compared with

observed data and evaluation of this model was not

performed. However, this simulation model provided the

linkage between root activity and canopy growth

harmonizing hydrologic. agronoinic and climatic conditions.

Feddes et al. (1978) developed a SWAP simulation

model for transient water flow in non-homogeneous

soil-root systems. The model was evaluated by comparing

simulated results with observed data obtained from a red

cabbage field. The soil texture of this field was clay.

15



One dimensional, vertical soil moisture flow was

expressed by the continuity equation

Sz (6)

where e is volumetric water content, t is time, z is

soil depth. g is volumetric water flux and S is

volumetric water uptake by roots. Feddes et al. (1976)

previously had expressed the sink term function, S, based

on soil moisture content. However, the model did not

predict the soil moisture profile very accurately.

Feddes et al.. (1978) improved the model by considering

the sink term as a function of the soil moisture

potential rather than soil moisture content. Combining

the continuity equation with Darcy's law, the basic water

balance equation for cropped soil was expressed as:

(7)

where C is the differential moisture capacity and K is

hydraulic conductivity of the soil. This second-order,

parabolic partial differential equation was approximated

by an implicit finite difference scheme. The results

showed very good agreement between simulated and observed

soil moisture distribution profiles over 30 days. These

results led to the conclusion that the sink term function

based on soil moisture potential was reasonable. The

16



results of this simulation model are shown in Figures 2

and 3.
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Figure 2. Computed cumulative transpiration and
measured cumulative transpiration.
(From Feddes et al.. 1978.)
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content profiles. (From Feddes et
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2.2 Review of SWATRE

2.2.1 Theory

Basic Equation

One dimentiona]. vertical soil moisture flow can be

described by Darcy's law as

q = - K(h) (8)

where q is soil moisture flux (cm3/cm/day), K is

hydraulic conductivity of soil (cm/day), H is hydraulic

potential (cm) and z is soil depth (cm). The value of z

was defined positive downwards with the origin at the

soil surface. The hydraulic potential, H, is the sum of

the pressure potential, h, and the gravitational

potential, z. That is

H=hz (9)

The time rate of change of soil moisture content,

including water uptake by roots, was expressed by the

continuity equation and a volumetric sink term as

= - - S(h)
(10)

where S is root sink term.

Substituting eq (8) and (9) into (10). and rearranging

terms,

[K(h) (.. + 1)] - S(h)

This equation is a second-order, parabolic partial
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differential equation which is not linear because K and h

are dependent on e. Eq. (11) is difficult to solve

because of two independent variables e and Ii.

Therefore, the derivative of $ with respect to b was

introduced. This function is called the differential

moisture capacity and described as

C(h) -

(12)

Soil water pressure potential, h, is considered here as a

single valued function of soil moisture content, ê.

Therefore, an ordinary differential equation is used in

eq. (12). Substitution of eq. (12) into eq. (11) yields

C(h) = [K(h) ( + 1)] - S(h)
(13)

The basic water flow equation in a non-homogeneous SWAP

system is obtained by dividing both sides of eq. (13) by

C(h).

.:i_ 1 6 Kb S(h)
ót C(h) ) (.

CU-i) (14)



Numerical Techniques

The basic water flow equation. eq. (14), is

non-linear because the parameters K(h), C(h) and 6(h)

depend on the actual solution of h(z,t). The equation

can be solved by an implicit finite difference scheme.

First, a grid is laid over the 'time-depth' region of

the unsaturated zone occupied by two independent

variables - time, t (index i) and depth, z (index j), as

shown in Figure 4.

TIME

41-----a-IIIRIIR"I.".
IIIRRIRII1RIIN
IRIRIIRi1IRIIRIIIRIIRI11RIII

Figure 4. Finite difference grid superimposed on
the 'depth-time' region. (From
Belmans et al.. 1981.)

The soil profile is divided into compartments of equal

thickness. Each compartment has nodal point (i, j) at

its center. Distance and time coordinates can b

described by grid spacing z and Lit using the

following,

21



et al. 1977),

h1
1 _1

'i-½ [ +1]_K+½ [)'+lJ

(j-½) tz j = 1.2 ... n (15)

(16)

Eq. (14) can be approximated by an implicit finite

difference scheme by using (i.j) coordinates (Haverkamp

where

1+]. - hr1

uj-½ U

1+1 i+1 1+1
(s-) = 1+1

lj+½

(17)

These terms are described in Figure 5. Except for

the top nodal point and the bottom nodal point just above

the water table, grid spacing of distance tz can be

expressed as

Az = = z1 (20)
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H

j+].
h1

j

t1
J

hr'

fr

kI

a a

Eq. (21) can be rearranged to.

a - a

a a a a a - £2 -

H
).1

- At1

Figure 5. 'Depth-time' region with location of
h k. and c as used in the finite
difference scheme. (From Belmans et
al., 1981.)

Substituting eqs. (18) and (19) into eq. (17) and

rearranging terms.

- s.
--j-

J (21)

23
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i i i
--½ h' Kj_½ h'1 Kj_½

Lz. Lz 31 Lz C z.3D U 3 J U 33
h1 - h

_J

1t 1.

c 4z1

i i
+ Kj+½ h- i+½.

c tz z1 j+1

Multiplying botb sides of eq. (22) by t1 and solving
for h.

3

= h
Kj½

h
i K½

h
Kj½

3 c 3-1 c

h'
c z1 C Az1 :1+1

(22)

(23)
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i K

h1 +
+

K_
4½

C tz tz1
j+3.

c /z. C tz1J

i

h1 = h1
ti K± + ti

c tz
j-1 j c 1:iz C Lz

ti s

c

Eq. 24 can be rearranged as follows:

-A. + B. h1 - D. = E.
j j+1 j J j j-1 j

where

1
A. K1

c Az i½

i . i
Lt 2. 1B. -1+ . K. + . K.

C.Lz.z C.z.LZ
J 3 U 3 3 1

3.

D K1
:i C2 tz. tz

J J U

(26)

(28)

25



E. = h K +
3 c z. C1. z.

J 3 3 3

-A2 h' + B2 hr' - D2h1 =

-A3 h1 + B3 h3 - =

-A h1+B h1_D h'=En-i ri ni ni ni n-2 ni
(32)

The upper boundary condition and the lower boundary

condition have to be applied to the top nodal point,

(j=1), and the bottom nodal point, (j=n), respectively.

The upper boundary condition defines a flux, at

the top of nodal point j=1. That is

(29)

The hydraulic conductivity. K, between the nodal points

is calculated by talcing the geometric means as proposed

by Vaucliri et al. (1979):

K½ \I1j-1 (30)

K1i½ -vK K1

Eq (25) is applied for intermediate nodal points.

I 1( \i+J.
1

J
- t0p

(31)

(33)
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Substituting eq. (33) into eq. (17),

i+1

A£.t

+ c AZ1 AZ1 "2 c

Rearranging eq. (35) to set up a matrix solution.

At1 K+½
h' + 1+ 1 h1 h1 At1

C AZ1 Az1
2

c t1 AZ1
1 1

At1 At

c Az1

Therefore, at j=1 eq. (25) can be described as:

At1 At Ki+½
h

c Az1 c Az1 Az1

1+1
At1 K½ At1

t0p

(34)

Multiplying both sides by t1
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Al
t K1l+½

Lz tzl

i iitt K1

c z1 c LZ1

Two cases are considered for the bottom boundary

condition. First, the bottom pressure potential is

given. Second. the flux through the bottom boundary is

known. That is

K +1n+½ z n+½ Thot
(41)

Substituting eq. (41) into eq. (17):

= h

h1 + B1

Rearranging eq. (42)

1 :;
Lz ) bot

(42)

28

(37)

(38)

iit S1

(39)

C (40)

-
n n 1

c
n- ½



£ I ii
- =

:

ri-½
h'

L:
n-½

n-i

I
Lt'

LZ C1' 1:z Cln n n n n

+

/ t1 k1 \
1 + n-½

C1z Lz)
n n U

t,1 I

'n

ciz cin n n

Therefore at j=n, eq. (25) can be described as:

B h' - D h''n n n

B = 1 + D

t1 k1 t1 K'
n-½ h'=h'+

C1 Lz n
C1' zn n U n n

(43)

29

D =
n Lz iZ

n n U
(46)

E =
s tt1

n
C1 L\Z C' z C'n n n n Ti (47)

Soil, moisture potential at all nodal points at time (1+1)

can be expressed by combining eq. (32), (37). and (44).

That is,



+ Bhr1 = E1

_A2hr1 + B2h - D2h1 =

-A3hr' + B3hr1 - D3hr1 =

-A h + B h + D h =En-i n n-in-i n-1 n-2 n-i

B hl4i - D h1 = Enfl nfl-i n

A triagonal matrix can be applied to solve the system

given in eq. (48) simultaneously, as shown in eq. (49).

B1 -A1 0

-D2 B2

o -D3

0

o -D B
n n

p

1

i+1

n
p

,

E
n

(49)

Eq. (49) can be solved for h. j=1,2.. . .n, using the

Thomas algorithm (Lapidus and Pinder, 1982).

The iteration is continued until the changes in the

soil moisture content, which is computed by converting

soil moisture potential via the soil moisture

characteristic curve, becomes less than the maximum

allowable change. The maximum allowable change in soil

-A2 0
1i+i
L2

0 1.
LL3

. .

0 . . . 0

. 0 -D B -An-i n-i n-i h'n-i

30
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moisture content, DTHM is defined as 0.001 £ DT .. 0.002

in the current version of SWATRE (Belmans et al., 1981).



Computation of Time Step

The time step size is not constant and is calculated

by

tti =
Omax

ax {s
+ i( )I]

3 ,,ri (50)

where is a maximum allowable change in soil

moisture content. It is recommended to use

0.001 Aem 0.002 (Belmans et al.1 1981). This

range is obtained empirically by a number of water flow

experiments in several soil types. Values below this

range increase computing time with a slight improvement

in accuracy. Values above this range increase errors in
1

the estimation of the water balance. S, is the volume of
3

soil moisture taken up by roots per unit volume of the

jth soil compartment at time i.

- shows the changing rate of soil water flux
Lz / j

per unit volume of the jth soil compartment at time i.

Summation of these two values represents the total

variation in soil moisture content of the jth soil

compartment at time i. Soil moisture variation of each

soil compartment is compared, and the maximum value is

obtained. The time step size is calculated by dividing

emax with the maximum variation of soil moisture

content in all soil compartments.

32
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2.2.2 Sink Term

Two main approaches are considered to deal with water

uptake by roots. The first approach focuses on the

radial soil water flow to a single root, while the second

one integrates properties of the entire root system.

Feddes et al. (1978) applied the second approach. Water

uptake by roots can be described by a volumetric sink

term for this approach. A volumetric sink term. S. can

be defined as a volume of soil moisture taken up by the

roots per unit volume of soil in unit time

3 3 1(cm 1cm /day ).

Volumetric sink terms in some SWAP simulation models

require a number of details about parameters in the root

system. These details relate to root density, root

djsttjbutjo, root effectiveness, and root length. It is

very difficult and time consuming to measure these values

accurately. Feddes et al. (1978), developed a simpler

and more practical sink term. The water uptake by roots

was considered to be a function of the soil moisture

potential, h.

Two approaches are presented to define the simple and

practical volumetric sink term function in the SWAThE

computer program. The first approach was developed by

Feddes et al., (1978). The general shape of this sink

term function, S(h) is shown in Figure 6.



Sma z

1)31 1)31 1)2. 1)21 hi
SOIL MOISTURE PUTETIA1 (CM)

Figure 6. General shape of a sink term function
developed by Feddes et al. in 1978.
(From Belmans et al., 1981.)

where

= anaerobjosjs point

h21 = potential below which roots start to uptake

water optimally from the lower soil layer.

= potential below which roots start to uptake

water optimaly from the upper soil layer.

h3h = limiting potential for maximum transpiration,

-1Tmax equal to 0.5 cm . day

h31 = limiting potential for Tmax equal to

0.1 cm . daf1.

h4 = wilting point.

11
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The air exchange rate between atmosphere and root

zone becomes extremely low and root growth and

transpiration are seriously hampered at potentials higher

than the anaerobjosjs point. h1. The amount of water

taken up by roots reaches maximum at potentials lower

than h21 or h2. Root density in the upper layer is

generally higher than that of the lower layer. This

requires higher air exchange rate or less Water content

to maximize water uptaken by roots in the upper layer.

Therefore, h2 is generally lower than h21.

Availability of soil moisture begins to limit plant

growth at the limiting potential. This point corresponds

to pF 2.6 pP 3.0 and varies with the maximum

transpiration rate. The unit pP can be defined as

(Schofjed, 1935)

pP = logxo)hj (51)

where

Ii = soil moisture potential

The higher maximum transpiration rate dries soil profiles

faster. The limiting point appears at higher potentials

in drier soils. The limiting point h3h. which is

defined when Tmax is equal to 0.5 cm/day, is higher

than h31 which is defined when T is 0.1 cm/day.

The limiting point h3 defined for 0.1 < Tmax < 0.5,

is interpreted linearly as:



(52)

Three assumptions are made in development of this

volumetric sink term function. First, water uptake by

roots is zero if the soil moisture potential is higher

than h1 or lower than h4. Second. water uptake by

roots remains at maximum between h2 and h3. Third,

water uptake by roots decreases linearly with potentials

between h3 and h4. This third assumption can be

described as:

5(h) Smax Ii - h4
113-114

(53)
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The maximum value of water taken up by roots, Smax, can

be defined by the following procedure. Actual

transpiration. T, is expressed as a summation of the sink

term over root length.

Li

T

= )
S(h) dz (54)

0

where
Tr

is root depth. A dimensionless variable.

(h), is introduced for convenience.

= S(h)

Smax (55)

Substituting eq (55) into eq (54)

T

= /
Smax dz (56)



Sm can be taken as constant for unit time. Therefore.

L

T = Sf dz (57)

0

Maximum transpiration, Tm occurs when 9(h) is equal

to S. The value of (h). therefore, becomes one

when transpiration is a maximum.

L

T = S

/
(58)

or

T =S L (59)max max r

Rooting depth. Lr, is composed of the active rooting
act na

depth L and non-active rooting depth Lr Non-active

roots do not contribute to water uptaJce, therefore1 only

active roots must be considered. Eq. (59) can be rearranged
act

by replacing root depth L with active root depth Lr

or

act
Tmax = 9max Lr

Smax = Tmax
act

Lr

The second approach for a volumetric sink term

function was developed by Hoogland et al.. (1981). The

general shape of this sink term function is shown in

Figure 7.
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SOIL MOISTURE POTENTIAL (CM)
Figure 7. General shape of a sink term function

developed by Hoogland et al. in 1981.
(From Belmaris et al., 1981.)

The limiting point, in this approach .h3, does not

change with the maximum transpiration rate, Tmax This

is in contrast to the first approach which has two

limiting points. h3h and h31 based on Tmax This

is because of the definition of S. The maximum

amount of water uptake, S
, is calculated as themax

ratio of the maximum transpiration rate over the active

rooting depth in the first approach. The value of Smax

is, however, described as a function of soil depth in the

second approach.

Hoogland et al., (1981) found that the effect of soil

38



temperature in root water uptake was considerable, and

that
9max varied with soil depth. The general

description of Smax vs soil depth is shown in Figure 8.

4. hlanCfr

Figure 8. General variation of the maximum root
extraction rate. Smax, With soil
depth. (From Hoogand et al., 1981.)

Front this figure. Smax can be described as

S(z) = a - bz for z Lr (62)

where a. b = constants to be determined empirically.

Hoogland et al.. (1981) assumed O.O1 a. 0.03 day'

and b=O initially in the SWATRE computer program. The

function for the sink term therefore becomes

39
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S(h) = (h) s Smax(Z) (63)

It is still difficult to judge which approach is better

because there are limited data for a sink term function

with actual transpiration, rooting depth and soil

moisture content measurements (Hoogland et al., 1981).

Experiments to define sink term function with different

crops and soils are warranted.
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2.2.3 Boundary Conditions

Initial Conditions

Initial potential, h1, must be specified for each

soil compartment to obtain the following h1

(1 = 1,2,...m) in the tridiagona]. matrix equation, eq.

(49). Initial potential can be replaced by initial soil

moisture content, 6, since hysteresis is not

considered. Soil moisture content. e. is converted to

soil moisture potential, h, by a soil water

characteristic curve (Feddes et a].., 1978).

Upper Boundary Condition

For the upper boundary condition, daily maximum

transpiration, T, and maximum flux through soil

surface, q, must be defined. The value of Tmax

can be calculated as

T =ETmax max max (64)

41

where

ETmax = maximum evapotranspiration

Emax = maximum evaporation

Four alternative methods are considered to obtain ET
max

as indicated in Table 1.



Use observed ETmax
1cm/day)

Priestly end
Taylor Method
(1972)

Table 1. Alternative methods to obtain ETmax

Equation Parameters

°= empirical factor C c= 1.35 + 0.10)

slope of the saturation pressure curve (mb.r

'a

(S as - Ca

where

e5 = saturated vapor pressure at the surface (mbar)

(S
e saturated vapor pressure of the air (mbar)

Etmax Ta temperature at the soil surface (k)
Ta = temperature of the air (k)

(kE . m - ser1J V psychometric constant (mbar . k1)

ie

y SR e -Ca
LE T1 - Ta

where

SR sensible heat flux (w nr2)
latent heat flux Cv . m2)

K5 net radiation (w . iir2)

ie

= G + SR + LE

where

G = heat flux into the soil (w



Penman Method
11 OhP

flOnteith-Rijemq
Method (1965)

Table 1. con't. Alternative methods to obtain ETmax

squat Ion
Parameters

ETmaa k

fnin . day1)

5+Y
Etmex 6Ur$)

(kg .

k = crop coeffIc1et

reference eapotr*napIraj (n din)

r1 = canopy reLstane (a m)
Ia

r r1 +

where

rj = atomatal realatance (a
. ni1)

= realatanc, depending on noil cover (a nr1)

= aerodynamic diffualon reatatance (a iir1)

Emax maximum evaporation (kg m2
= evaporation of Intercepted water (k nr2 51)

Feddee et ii. (1978) hated actual valuei of
r1, r, and r.



A maximum soil evaporation, Emax: can be calculated

according to Belmans et al. (1983) as:

-O.6LAI
E = O.9e ET (65)

where LAI is leaf area index, calculated as:

LAI = aS + bS + CS (66)
C C C

where S is soil cover as a fraction, and a. b. and c.

are regression coefficients. These coefficients vary

with crop types. Feddes et al. (1978) described these

values for red cabbage and potatoes as:

a = 1.1792 b = 0.25 c = 1.1771 for red cabbage

a 3.625 b = -1.605 c = 2.105 for potatoes

The maximum flux through soil sur±ace, is

composed of three components.

q = E - (P - q. ) (67)max r mt
where Er is reduced maximum evaporation. P is

precipitation, and is the flux of intercepted

precipitation.

Actual soil evaporation during a dry period, E can be

calculated according to Black et al. (1969) as:

E ).Jj - (68)

where . is a soil-dependent parameter, and t is the

time after a dry period started. ) is set to

0.35 cm/day5 in the current version of SWATRE. The

dry period is defined as a period when precipitation is

less than 1 cm per day in SWAThE.

The value of Er in eq. (67) is taken as the minimum
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and

FIN = FMI for P> FMP (70)

where

P = precipitation (cm/day)

FIA, FIB, FIC, FID, FMI, and FMP = regression

coefficients for different rainfall intensity.

Belmans et al. (1981) introduced standard values for

these five coefficients as:

FIA = 0.169. FIB = 0.516, FIC = 0.1787, FID = 0.0593,

FMI = .l9andFMP2.O

These standard values were adapted from grass data of

Rijtema (1965). and red cabbage data of Feddes (1971).

Evaporation occurs when is positive. Actual

soil evaporation rate is taken as the minimum of

and Darcian flux, from the top nodal point to the

soil surface. When the Darcian flux at the soil surface,

is calculated, the soil moisture potential at the

soil surface is assumed to be the minimum allowable

potential under atmospheric conditions (Feddes et al.,

1978). Infiltration occurs when q is negative. The

45

value of Emax and E. The value of

approximated by:

= S x FIN (69)

where

Sc = soil cover (fraction)

FIN = FIA * p **(FIB - FIC*(P - FID)) for P< FMP



actual infiltration rate is taken as the minimum of

max and Darcian flux from the soil surface to

the top nodal point.
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Lower Boundary Conditions

Two different approaches are considered to define

lower boundary conditions in SWAThE (Belmans et al.,

1981).

The bottom soil moisture potential is given or

can be calculated from the groundwater level.

This condition is called the Dirichiet condition.

The flux through the bottom of the unsaturated

zone. is given. This condition is

called the Neumann condition.

There are a total of ri nodal points with n unknown

soil moisture potentials. (n-2) linear equations are

obtained for (n-2) intermediate nodal points within the

root zone. j=2,3,...n-1. Additionally, the upper

boundary condition gives one equation for the top nodal

point (j=l). This leads to (n-i) equations for n unknown

values. The Dirichlet condition gives the bottom soil

moisture potential, and this reduces the number of

unknowns to (n-i) with (n-i) equations. The Neumann

condition gives one equation for the bottom nodal points

as eq (41). and this increases the number of equations to

n with n unknowns. Therefore, n unknown soil moisture

potentials can be solved by application of either the

Dirichlet or Neumann conditions.

Soil moisture potential at the bottom nodal point can

be calculated from groundwater level by the following



procedure (Belmans et al., 1983). The thickness of the

soil compartment just above the groundwater table is

taken as variable because the groundwater level is not

constant. Figure 9 shows the size of the bottom

unsaturated soil compartment.

is.

a-,'

A

tz
h -
n 2
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- cwT
Figure 9. Illustration of the thickness. Zfl.

of the bottom unsaturated soil
compartment just above the groundwater
level. (From Belmans et al.. 1981.)

The pressure head in the center of this variable soil

compartment is always taken to be equal to the negative

value of the height above the groundwater level. That

(71)

This condition is called the equilibrium situation. The

groundwater table is held constant during the time step.

t. Therefore, the pressure head is kept at the

equilibrium condition during tat. The new groundwater

level is given as input for the next time step. Then the

thickness and pressure head of the variable soil



i-f1 i

q W. ++T
g 1 in

where

(72)

W = water storage in soil

W11 = net water movement into the soil system

T actual transpiration

E = actual evaporation

The water storage in the soil is a summation of the water

depth of all soil compartments j (j=l,2....n), and can be

described as:

n

w= z e. z.

j=13 (73)

The amount of water moving into the saturated zone from

the unsaturated zone during a time step, t is defined

as:
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compartment are adjusted to the new equilibrium situation.

The groundwater level can be calculated if the flux

through the bottom of the system, The

groundwater level is varied because of two processes

(Belmans et al., 1983). The first process is the

movement of water between the saturated and unsaturated

zones. The second process is the transfer of water from

the saturated zone out of tile soil system by drainage.

Based on these two processes, the groundwater level can

be calculated as described by the following.

The flux through the groundwater surface g at time

i is computed as:



cwT

q bat

Figure 10. Illustration of the water balance
components to calculate groundwater
level. (From Belmans et al. 1983.)

An error, c, occurs because of the assumption that the

groundwater level is constant during the time step. This

error is defined as:

c = W - W (76)g out

If c is positive, q must be reduced by lowering the

groundwater level, On the other hand, if c is

negative. g must be increased and consequently the

50

Wg g (74)

Similarly, the amount of water moving out of the soil

system, is defined as:

= At (75)

These two values. Wg and must be equal because

of the continuity of water movement Figure 10.



groundwater level is raised.

The error in the water balance, c, is accumulated

over a number of time steps in SWATRE. If the absolute

value of this cumulated error, JCcUmJI becomes

larger than some arbitrary assigned maximum cumulative
max

value, Ccum. the groundwater level is adjusted in

such a way that ICcumi decreases to some arbitrarily
mm

assigned minimum cumulative value, Ccum Maximum and

minimum cumulative values are taken as 0.1 cm and 0.05

cm, respectively, in this simulation model (Belmans et

al., 1983).

There are two options to calculate the bottom flux,

in SWATRE. The first option is to compute

as a result of flow from ditches along a field and deep

percolation. Flow from the ditches is computed as:

qi - dl-d2 (cm/day)
(77)

level of water surface in ditch (cm)

groundwater level midway between the ditches

(cm)

drainage resistance (day)

Ernst (1962) defined the drainage resistance as:
z

Rd Ld x Rr +
8KhDaq (78)

where

5].

where

dl =

d2 =

Rd =



= spacing between ditches (in)
R = radial resistance between ditches (day/rn)

= hydraulic conductivity for horizontal flow in

the saturated zone (rn/day)

Dag average thic1ness of the acquifer (in)

According to Ernst (1962), the radical resistance can be

calculated as:

Rr in Ddq
irk Pw (79)

where

Ddq = thickness of the acquifer below the water

surface in the ditch (in)

= wetted perimeter (in)

The deep percolation is calculated as:

q2 = - d3 - d4

(80)

where

d3 = level of the phreatic water surface averaged

over the field (cm)

d4 = piezometric level of the deep acquifer (cm)

rv = vertical resistance of the impermeable layer
(day)

This vertical resistance can be calculated as:

rv = Dump
Xv (81)

where
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Dimp = thickness of the impermeable layer (rn)

= vertical hydraulic conductivity (rn/day)

The flux through the bottom of soil system, is

calculated as:

= qi + g2 (82)

The second option to calculate the bottom flux is

applied in sandy soils. An empirical equation for the

bottom flux, and the groundwater depth below the

surface, D is introduced in SWATRE as:

qbot aeb (83)

where a and b are determined from Figure 11. Examples of

this relationship for a number of sandy soils in The

Netherlands are given by Ernst and Feddes (1979).

53



BOTTOM FLUX RATE %ct (co.d3ft)

0.5 0.4 0.3 0.2 0.1

I 0tetiik
2 Wut SaIIanO

3 Atarhaek
4 Gedrp

5 0ot Saflan

6 0üsttIIk NBrahant

I

-50

150

250

Figure 11. The bottom flux rate, as a
function of groundwater level. D.
for some sandy areas in The
Netherlands. (From Earnst, L.F., and
R. A. Feddes, 1979.)

The lower boundary conditions can be summarized as shown

in Table 2.
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Table 2. Summary of Lower Boundary Conditions

1 computed by eq (11) gIven as Input data output

2 computed by eq (71) computed based on eq (16) gIven as Input data

4 computed by eq (71) computed based on eq (76) computed by eq (83)

5 gIven as Input data Not required output

Condition Option Bottom Soil Water Potential, h Groundwater Level Bottom flux, q0

computed by eq (71) computed based on eq (16) computed by eq (71) eq (82)

1 Not considered Not considered -k (free drainage)

6 Not considered Not considered bot 0 (zero flux)
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2.3 Sensitivity Analysis

Law and Kelton (1982) described two objectives of

sensitivity analysis. First, this technique is used to

determine how much a model output will vary with a small

change in an input parameter. If some parameter causes a

significant output variation, a more accurate estimate of

such a parameter may be warranted.

The second objective of sensitivity analysis is to

determine the level of detail at which a particular

subsystem is to be modeled. A simulation model is

sometimes developed in such detail that it is too

expensive to run. In this case, the most costly

subsystem must be simplified. Additionally, similar

results must be obtained despite this simplification.

Sensitivity analysis is used to determine the degree of

simplification possible by checking which parts of

subsystem can be eliminated.

Shannon (1975) defined sensitivity analysis as the

most useful technique to determine the significance of

the parameters used in a simulation model. This

technique is generally performed by systematically

changing the values of the parameters over some range of

interest and observing the effect upon the results of the

model. If the results vary significantly with a slight

variation in the values of a parameter, this suggests the

necessity of more precise measurements of this parameter.
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Gumowski (1966) described sensitivity analysis based

on a correctly set problem. A correctly set problem is

defined as a problem permitting a solution not only

for a unique set of parameters U0. but also for

parameters around a sufficiently small neighborhood of

U. Furthermore, it is required that the solutions,

Y(u). where U is sufficiently close to 1J0. differ

little from Y(U). Consequently, a partial

differential problem with boundary conditions is

considered to be correctly set if this problem permits a

family of solutions, Y(u), which approaches Y0 as U

approaches U.

Sensitivity analysis, unlike a correctly set problem,

considers a quantitative aspect by asking how fast the

reference solution, Y, varies when a parameter set,

varies slightly. The key to sensitivity analysis

is the embedding of the reference solution, in an

appropriate parametric family, Y(u).

Sensitivity analysis is thus widely applied to

investigate the significance of parameters in a model.

Major and Lenton (1979) introduced a good example of

sensitivity analysis in irrigation management. Outputs

of the model were irrigated area and annual energy

production. The effects of interest rate and foreign

exchange premium on the output was investigated by

sensitivity analysis. The results of this sensitivity



58

experiment are shown in Table 3.

In Table 3, an increased interest rate always reduced

both irrigated area and the annual energy production. A

decreased interest rate increased the annual energy

production, but did not effect irrigated area. An

increased foreign exchange premium increased irrigated

area, but decreased annual energy production. A

decreased foreign exchange premium decreased irrigated

area, but increased annual energy production. It was

necessary to decrease the interest rate and increase the

foreign exchange premium to increase both forms of

output. The results showed the degree to which these two

parameters affect output. Therefore, the required

sampling accuracy of these input data to improve model

accuracy may be estimated.



Table 3. Sensitivity analysis for irrigation management. (Taken
from Major and Lenton, 1979)

Input Parameters Output

Sensitivity
Run Number

Interest
Rate (%)

Foreign Exchange
Premium (%)

Irrigated
Area (ha)

Annual Ener9y
Production (lO3kwh)

1 4 150 524000 2137

2 16 150 235420 871

3 8 100 337000 2229

4 8 300 535000 1788

Original 8 150 524000 1825



III. PROCEDURE

3.1. Field Description

Cuenca (1978) performed field experiments with UC82

variety tomato and SJ2 variety cotton to develop a

simulation model for crop soil water depletion.

Experimental data from the UC82 variety tomato field

experiments were extracted from Cuenca's work for this

project. A plan view of field for the UC82 tomato

experiment is shown in Figure 12. Two sprinkler lines

were set separated by 45.7 in. Sprinkler heads were

attached to a sprinkler line at 6 in interval. Applied

water and soil moisture depletion were measured at a

neutron probe access hole. Access holes were 5.1 Cm

diameter aluminum tubes placed between plants in the

cropped row. Neutron probe measurements were taken at

every 30.0 cm of soil depth starting at 30.0 cm depth and

proceeding down to 300.0 cut. Thus, each neutron meter

reading was assumed to represent the average soil

moisture content for a 300 cm thick soil compartment.

The amount of applied water was measured after each

irrigation by determining the volume of water which fell

in standard size B catch can placed on a simple platform

on top of the neutron probe access tubes at each

measurement site.

There was alot of muddy material which became

compacted at the measurement sites as one moved towards
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Figure 12. Plan view of experimental field for
UC82 variety tomato. (From Cuenca,
1978.)
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the sprinkler line since the applied water measurements

were made after an irrigation. The harvest strip of

21.3 in width was designed to exclude the area immediately

adjacent to the neutron probe access holes to avoid

detrimental effects from this practice (Cuenca, 1978).

The amount of total seasonal ET ET, and ET
max

deficit used in the simulation modeling for each

irrigation level are listed in Table 4. The ETmax was

measured daily by the lysimeter which was installed in an

adjacent tomato field. ET deficit is the difference

between ETmax and ET. The amount of ET became equal to

ETm at irrigation level 8. Therefore, irrigation

level 8 was defined as the wet treatment. ET deficit in

irrigation level 1 was 17.8 cm or 30% of ETmax Since

the ET deficit of level 1 was the maximum among all

irrigation levels, this irrigation level was defined as

the dry treatment. The ET deficit of irrigation level 4

was 7.4 cm or 13% of ET . This is about half of themax

dry treatment ET deficit. Irrigation level 4 was,

therefore, defined as the medium treatment.



Table 4. The amount of moisture depletion and irrigation

Access Holes
Irrigation

Level ETmax (cm) ET (cm) ET Deficit (cm)

33,

1,

4,

5,

6,

7,

8.

9,

25,

10,

11,

34

2, 3, 32. 35, 64,

31, 36, 63., 65

30, 37, 62

29, 38, 61

28. 39, 60

27, 40, 59

26, 41

42, 58

23. 24. 43, 57

44, 56

66

1

2

3

4

5

6

7

8

9

10

11

59.1

59.1

59.1

59.1

59.1

59.1

59.1

59.1

59.1

59.1

59.1

41.3

44.4

44.3

51.8

53.1

55.8

57.2

59.1

58.3

59.1

59.1

17.8

14.7

14.8

7.4

6.0

3.3

2.0

0.0

0.8

0.0

0.0



3.2 Explanation of Observed Data

Four kinds of observed data are utilized for this

project:

Atmospheric data

Soil-Moisture characteristic data

Soil moisture data

Cumulative ET vs time

Atmospheric data (Appendix 1) shows maximum

temperature (°C). minimum temperature (°C), dew point

temperature (°C). wind velocity at pan evaporation

height (kin), wind velocity at 2m height (km/day),

precipitation (cm). solar radiation (Ly/day), pan

evaporation. (mm). and maximum evapotranspiration (mm).

These variables were measured at the experimental UC82

variety tomato field from April 27 to September 6

(Cuenca, 1978). However, data for April were not

available. Therefore average values of the first five

days in May were used for April 27. 28. 29 and 30th.

Soil moisture characteristic data (Appendix 2) shows

soil moisture potential. Ii (cm), versus volumetric

moisture content from 15 cm to 225 cm soil depth at every

30 cm soil thickness. The values of soil moisture

potential are listed for .12 e < .44. where e
V V

is volumetric moisture content.

Soil moisture data for three differsnt irrigation

treatments are shown in Appendix 3. There are two
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different kinds of soil moisture data for each irrigation

treatment. The first data list access holes number, the

amount of irrigation and precipitation (mm) from May 02

to July 28. and the amount of soil moisture in depth (mm)

for every 30 cm soil thickness from the soil Surface to

315 cm depth. The soil moisture content in depth (mm)

was measured at about seven day intervals through the

season. The total amount of soil moisture (mm) in a soil

profile is also listed, and the amount of depletion (mm)

was calculated by taking the difference of the total

amount of soil moisture between measurment dates. The

amount of soil moisture depletion (mm) for each 30 cm

soil compartment was calculated by taking the difference

of soil moisture content in depth (mm) between the

starting date (April 27) and the end of the season

(September 6). The percentage of this soil moisture

depletion compared to the initial soil moisture content

assumed to be at field capacity (FC). is also listed and

labeled as % PC.

Cumulative ET vs time data for three different

irrigation treatments are shown in Figure 13. The amount

of cumulative ET (mm) was calculated by adding total

applied water and soil moisture depletion, and

subtracting deep percolation. The cumulative ET (mm) of

the wet treatment was considered to be the maximum field

ET because both the total applied water and soil moisture



depletion are maximum. The ET was less than the ETmax

for the medium and dry treatments. The maximum field ET

was assumed to be the upper bound on actual evapo-

transpiration

I,

1$

£1

7,

I,

U

VU Iliflitli

tush tt.nI

itpt;a iu;.ui
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66
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Figure 13. Cumulative evapotranspiration through
the season to define h3 in the sink
term.

There was uncertainty in measuring Et in the field. This

uncertainty was, however, impossible to be quantified.

Each irrigation treatment in the UC82 variety tomato

field was composed of several neutron probe access holes



(Cuenca. 1978). The ET of each irrigation treatment was

determtned by taking the average of calculated ET for

each access hole. These average values were considered

to lessen the uncertainty of ET measurements.
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3.3 Input Data Description

Input are composed of about a hundred different kinds

of observed data. These input are categorized into group

A to group 2 in Appendix 7. The general description of

each group is listed in Table 5.

There were, however, not enough observed data to

determine certain input values. Therefore, several

unique approaches were applied to estimate these values.

These are described below.

3.3.1 Saturated moisture content

Su and Brooks (1976) expressed the soil moisture

characteristic curve mathematically as:

68

a =

b =

in =

/ 6 - 6 \-r, 0 bm/a
h=P(. - I

\ aj b (84)

where

h = soil moisture potential

P = soil moisture potential at the fictitious
inflection point

8 = soil moisture content

er = residual soil moisture content (- 0. for
clay soil)

= saturated soil moisture content

range of soil moisture content from the
fictitjous inflection pOjflt to

range of soil moisture content from the
fictitious inflection point to

shape factor of characteristic curve.



Table 5. General description of each group of input data list

Group Description

A Title of input data set.

Options for initial and boundary conditjonø.
B Rooting depth is constant or variable.

Output increments are constant or variable.

C Geometry of soil profile: depth, number of soil layers
and soil compartments.

The lowest soil moisture content, the highest soil
moisture content, and saturated soil moisture content
of each soil layer.

Option of sink term function, that is, Feddes' approachE or Hoogland's approach.
The values of h1, h2, h3, and h4.

Input description for time parameter. e.g., first day
of input and last day of input.

Time period and size of time step.



Group

H

T U Detailed description of the initial condition. The choice
of T or U is based on the option in group A.

Table 5. con't. General description of each group of input data list

Description

The number and the increments of output data

Detailed description of the upper boundary condition.
I - I, The choice of I, J. K, and L is based on the option

in group A.

Crop height and leaf area index.
M Reduction rate of precipitation due to interception by

a crop.

N - H Detailed description of the bottom boundary condition.
The choice of N - R is based on the option in Group A.

Change of rooting depth through the season.

The physical characteristics of each soil layer:
soil moisture pressure potential, soil moisture content,
and hydraulic conductivity.



These defined terms are shown in Figure 14.

R. Lenhard (1984) developed a rapid statistical

method to obtain these retention parameters. The Su and

Brooks characteristic function can be linearized by

transforming the function into logarithmic form:

Lri (h) = Ln (P) - rn

This equation yielded the linear multiple regression

model:

y
=

+ + 22 (86)

where

y = Ln(h)

$o= Ln(P) + mLn(a)

-m

2 bm/a

= Ln(6
-

= Ln(6 - 6)

The coefficients
,

1 and can be computed by

regressejon analysis. The parameters P. a, b in eq (84)

can be derived from the regression coefficients

and 2 as:

<e_6) .(8m
)

Ln(b)

b=e -e -a
m r

p = exp(0+ 31Ln(a)+ -'Lnft))

(85)
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Figure 14. Location of terms of Su-Broo)cs
characteristic function. (from Su
and Brooks. 1976)
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Saturated moisture content, can be determined

by trial and error by substituting $ into eq. (87)

and eq. (88), and selecting the
8m

which makes eq.

(84) best fit the observed data in the experimental UC82

variety tomato fields (Cuenca, 1978).

Parameters for eq. (84) and the saturated soil

moisture content of each soil depth are listed in

Table 6. This table also shows the degree of fit of each

2equation to the observed data by R

Table 6. Saturated moisture content parameters of

each soil depth

SOIL
DEPTH(cw) P

PARAMETERS IN eq 81
a b in bin/a rn R

15 11.28 .416 .008 6.61 .12 .424 .999

45 34.37 .428 .022 3.94 .20 .450 .999

75 29.02 .438 .003 4.65 .03 .441 .977

105 27.73 .440 .010 4.71 .11 .450 .989

135 26.24 .427 .014 4.96 .16 .441 .988

165 19.17 .444 .001 6.79 .02 .445 .992

195 41.35 .335 .008 4.03 .10 .343 .997

225 42.34 .325 .036 2.75 .31 .361 .997



3.3.2 Soil Moisture Characteristic Curve

The observed soil moisture characteristic curve

(Appendix 2) lists soil moisture potential, h(cm),

every 30.0 cm of soil depth. R. A. Feddes, however,

recommended a 10 cm soil compartment thickness to obtain

a better estimation of soil moisture depletion patterns

(personal correspondence). The values of soil moisture

pressure potentials were, therefore, calculated at every

10 cm soil thickness from 15 cm soil depth for

.13
. .44. where

content (Appendix 4).

follows:

e is
V

This

volumetric water

revision was performed as

1) The soil, moisture characteristic curves based on

observed data did not have an inflection point as

Figure 15 shows. This was probably because soil

moisture potential lower than the inflection point

was not measured accurately. Since SWATRE requires a

saturated soil moisture content as input data, a soil

moisture characteristic curve without an inflection

point is inappropriate because a saturated soil

moisture content, ê , cannot be defined. These
in

curves were, therefore, re-calculated to produce an

inflection point by applying the soil moisture

characteristic curve equation developed by R. Lenhard

(1984).
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Figure 15. Soil moisture characteristic curve
obtained by the observed data from
UCB2 variety tomato field.
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2) The values or soil moisture potential, h, at

every 10 cm soil depth were computed by interpolating

linearly the values of h at every 30 cm soil depth in

Appendix 2.

Since the SWATRE computer program requires

relationships among h. and K for each soil layer

as input data, soil moisture characteristic curves for

five different soil layers were made (Appendix 5). The

classification or soil layers are explained in the next

section. Soil layers can be defined as a composition of

more than one soil compartments of 10 cm individual

thickness. These data list the values of soil moisture

potential and hydraulic conductivity for .01
.

e,

and was produced by the following procedure:

Calculate the average of h values of all soil

compartments which compose each soil layer.

Calculate m, e. a, and b in eq. (84) for

each soil layer by applying R. Lenhard's method

(1984). This computation was done because h values

need to be extrapolated until 8 is equal to 0.01.

This is because the minimum allowed potential at the

soil surface, which is on the order of _io6



in this project, must be in the range of h of each soil

layer (Belmans et al.. 1981). Only h values at low e

can reach this value. The value of hmjn can be

calculated as (Feddes 1978):

in (RH) (90)

where

R = universal gas constant (J/mole/°K)

T = absolute temperature (°K)

g = acceleration due to gravity (mis2)

rn = molecular weight of water (kg/mole)

RH = relative humidity of the air (fraction)

3) Compute soil moisture pressure potential, h for

.01 eV . .45 applying the soil moisture

characteristic equation developed by R. Lenhard

(1984) for each soil layer.
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3.3.3 Number of Soil Layers

Soil layers are usually composed of more than one

soil compartment. Each soil compartment has a thickness

of 10 cm in this project. The soil profile can be

classified into five layers based on soil moisture

characteristic data of Appendix 4. The characteristics

of each layer are indicated in Table 7.

The observed soil moisture characteristic data showed

the values of soil moisture potential, h down to 225 cm

soil depth. However, the actual soil depth monitored by

the neutron probe in the tomato field was 315 cm. The

average h values of six soil comparments (175 - 225 cm)

were, therefore, considered to be the h values for the

fifth layer.



Table 7. Classification of the soil layers

Soil Layer Soil Depth (cm)

15 - 35

2 45 85

3 95 135

4 145 - 165

5 175 - 315

Characteristics of the layer

Soil moisture potential, h, is
distinctively lower than that of the
second layer for .28 .44

h is distinctively lower than that of the
third layer for .13 e,

h is distinctively lower than that of the
fourth layer for .13 .30

h is distinctively higher than that of the
fifth layer for .27 .35

h is distinctively lower than those of the
other layers for .30 °v



(92)

where

conductivity at the reference saturation,

b = regression coefficient

Eq. (91) was used in this project because there were

accurate observed data of soil moisture content. Simons

et al. (1978) collected data for Ko, , and 8 of eq.

(91) from four sites in the experimental UC82 variety

tomato field. The average values at these four sites are

listed in Table 8.
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3.3.4 K - 8 Relationship

Hydraulic conductivity of the soil, K, can be

expressed within experimental measurement error for a

restricted range of soil moisture content by the

expotential function (Simons et al., 1978)

- exp (8 - 80) (91)

where

K0 = reference value of hydraulic conductivity

80 reference value of soil moisture content

regression coefficient

The hydraulic conductivity is also represented as a

function of the degree of saturation s.



Table 8. Average values of K0, s. and ê0 in the
UC82 variety tomato field

Each of these parameters, e0, K0. and , can be

expressed as a function of soil depth by performing

regression analysis.

= 0.391 + 0.223 x 10 x D (93)

K0 = -09.074 + 0.045 x D (94)

= 13.960 + 0.211 x D (95)

The values of R2 for above three equations are 0.7344.

0.9355. and 0.9526 respectively. Substituting eqns.

(93), (94) and (95) into eq (91) yields

K = (-0.074 + 0.451 * D) EX? ((13.960 + 0.221 * D)

- (0.391 + 0.233 * * D) (96)

where

D = soil depth (cm)

The actual soil depth monitored by the neutron probe

in the experimental tJC82 variety tomato field was down to

315 cm. However, eq. (96) was derived based on the

observed data down to 120 cm soil depth. Therefore, this

81

Soil Depth (cm) K0

60 .407 2.38 26.4

75 .408 3.37 28.9

90 .410 4.44 34.0

105 .411 4.55 37.3

120 .423 5.17 38.0
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equation may not be applicable to the whole soil

profile. Eq. (96) is, however, the best approach to

calculate hydraulic conductivity. K. at this moment,

since there were no observed data for K in the UC82

tomato experiment. The values of hydraulic conductivity,

K. for every 10 cm soil compartment are listed in

Appendix 6.
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3.3.5 Water Uptake by Roots

There are two approaches to define a volumetric sink

term function for SWATRE. The details are described in

the literature review section. Hoogland's approach was

applied in this project because this approach requires

only one limiting point. The coefficient a and b in eq

(62) are assumed to be a = 0.02 and b = 0 according to

the current version of SWATRE.

Five soil moisture potentials must be defined for

Hoogland's approach. These points are shown in Figure 7.

An attempt was made to define h1. h21, h2ui

and h4 from soil moisture data and soil-water

characteristic data of UC82 variety tomato fields

although there were no direct observations about root

activity. The sink term, 5(h), is defined as a volume of

soil moisture taken up by the roots per unit volume of

soil in unit time (Feddes et al., 1978). A volume of

soil moisture taken up by roots was considered to be

equal to the total depletion which was the summation of

applied water and soil moisture depletion. These values

are listed in the soil moisture data (Appendix 3). The

root sink function was obtained by dividing total

depletion by root length. Total depletion was divided by

the number of days during each irrigation interval to

compute a volume of soil moisture taken up per unit

time. Thus, the sink term, S(h), was computed as:



S(h) Total Depletion x
Rooting Depth

1

84

Number of days during
irrigation interval (97)

The value of soil, moisture potential corresponding to

each S(h) was calculated by taking the average of all h

values of 30 cm soil compartments in the root zone.

Aplied water, depletion, total depletion, rooting depth,

S(h). and h for the wet treatment are listed in Table 9.

S(h) vs h through the season are plotted in Figure 16.

The values of h1. h21, h2, h3. and h4 were

not well defined from Figure 16 in comparison to Figure

7. This was because the assumption that the volume of

soil moisture taken up by roots, T. was equal to the

summation of soil moisture depletion and applied water,

was not appropriate. This summation was actually ET.

However, it was immpossible to distinguish E from T

unless observed values of E and T existed. Since there

were no observed data of E and T, this assumption was

taken to approximate T. Another attempt was, therefore,

made to define these values as follows. Additionally,

h21 was assumed to be equal to h2 to simplify this

sink term function.

The pressure potentials h1 and h2 (= h21 h2)
for potatoes are -10 cm and -25 cm, respectively, based

on the information supplied personally by Feddes. These

values are, however, applied for tomatoes in this project

because of similar vegetative growth characteristics



Table. 9. Sink term, 3(h) and soil water pressure potential, h for each irrigation period
for the wet treatment.

Irrigation Applied Water

Period (nun)

Depletion

(mm)

Total Rooting Depth

Depletion (mm) (cm)

3(h)

(day4)

h

(cm)

3(h)

Smax

6/3 - 6/10 23 3 26 45 0.008 -120.0 1.0

6/11 - 6/15 28 -3 25 105 0.006 -114.7 0.75

6/16 - 6/22 30 10 40 105 0.006 -136.0 0.75

6/23 - 6/29 25 22 47 135 0.005 -152.5 0.63

6/30 - 7/6 28 26 54 165 0.005 -176.4 0.63

1/7 - 7/14 28 19 47 225 0.003 -171.0 0.38

7/15 - 7/20 31 31 62 285 0.004 -118.8 0.50

7/21 - 7/27 34 21 55 255 0.004 -240.7 0.50

7/28 - 8/8 29 70 99 285 0.003 -374.4 0.38

8/9 - 8/22 0 92 92 315 0.002 -573.6 0.25

8/23 - 8/30 0 46 46 315 0.002 -697.1 0.25

8/31 - 9/6 0 15 15 315 0.001 -763.3 0.13
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between potatoes and tomatoes. This may no doubt cause

some error. But the results plotted in Figure 16

demonstrate the difficulty in determining the sink

function.

The sink term function, S(h), becomes less than

S if the transpiration rate drops below the maximum

transpiration, as shown in eq. (61). The limiting point

h3, therefore, theoretically represents the soil

moisture potential at which the actual ET rate drops

below the maximum ET rate. This can be graphically

identified by a cumulative ET vs time curve Figure 13.

The day at which the slope of the actual ET curve first

becomes less than the slope of the maximum ET curve

represents the day on which the root zone theoretically

went to soil moisture potential h3. The soil moisture

content in the root zone on this day can be read from a

soil moisture data table (Appendix 3).

In this project, values of moisture content at every

10 cm soil depth were interpolated from measured moisture

content at every 30 cm soil depth. The soil moisture

characteristic table, Appendix 4, was used to determine a

value of h3 for every 10 cm of soil depth. An average

of h3 values was used to determine h3 for the sink

term. The values of h3 obtained by the above procedure

are listed in Table 10. ET for the wet treatment is

ET , and therefore h does not theoretically exist

for the wet treatment.



Table 10. The value of h3 for two irri ation levels

Irrigation Level h3 (cm)
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Feddes et al.. (1978) applied -400 cm and -500 cm for the

h3 of the potatoes and the red cabbage respectively,

although the detailed experimental procedures to define

these values were not discussed. The calculated h3

value of the medium treatment was reasonable considering

the tomato and the potatoes have the similar vegetative

growth characteristics. The computed value of h3 for

the dry treatment was quite high. This was because the

transpiration of the dry treatment was higher than that

of the medium treatment. Since these data are hardly to

find in literature it was difficult to judge the

reasonableness of the value.

Permanent wilting point, h4, was determined by

reading the soil moisture content of all soil.

compartments in the dry treatment on the driest day, that

is, on 30 August 1977. The value of h4 in every 10 cm

soil compartment was determined by the soil moisture

characteristic table, Appendix 4. The average of all

h4 obtained by this procedure was -805 cm. It was,

however, not correct to take the average of all h4

through the whole soil profile because, by observation.

Dry -92.7

Medium -400.0
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soil moisture potential did not reach the wilting point

at some soil depths even on this driest day. The average

was, therefore, taken among the lowest three pressure

potentials and this average was assumed to approximate

the wilting point. Permanent wilting point, h4,

obtained in such a manner was -1396 cm. The wilting

point of the potatoes was -8000 cm (Feddes, personal

correspondence). The derived h4 was, therefore, quite

high. This was probably because the tomato field did not

reach the wilting point even on the driest day of the dry

treatment. The shape of the derived sink term for this

project is shown in Figure 17.
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3.3.6 Rooting Depth

Rooting depth was estimated by the soil moisture

depletion data shown in Appendix 3. Root activity causes

soil moisture depletion. Therefore the rooting depth can

be assumed to be equal to the soil depth from which soil
moisture depletion occurs. This is based on the

assumption that appreciable upward movement of soil

moisture does not occur due to the hydraulic gradient

promoting upward flow. The development of root length

for three different irrigation treatments are shown in

Figure 18. The root length between the observed dates

was interpolated linearly.

The root lengths of the three treatments were the

same until the end of June as Figure 18 shows. The root

development of the dry treatment stopped from June 29 to

July 6. The maximum root length difference between the

dry treatment and the other treatments were 30 cm at July

6. The root length of the wet treatment showed a 30 cm

decrease from July 20 to July 27. During this period the

root development of the medium and the dry treatments

stopped. From August 8 until the end of the growing

season, the root lengths of these three treatments were

the same.
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3.4. List of Input Data

Input options used on this project are listed in

Appendix 7. Each option is explained in this section.

Group A simply shows the title of output data. WET

TOMATO, MED TOMATO, and DRY TOMATO are used for wet,

medium, and dry treatments, respectively.

Group B is composed of KOD(I), I = 1, 2...7. KOD(l)

is for the bottom boundary condition and has seven

options. The fourth option was selected. This option

defines the bottom boundary condition as a function of

soil moisture potential. KOD(2) indicates if the bottom

boundary condition is varying with time or remains

constant. Soil moisture potential was assumed to be

constant at the bottom of the soil profile throughout the

growing season. This is because roots did not reach this

depth until the end of growing season, and moisture

content was not affected by root activity as Appendix 3

shows. KOD(3) describes the upper boundary condition and

has four options. The first option was selected.

ET must be given as an input for this system.

KOD(4) tells if the upper boundary condition is varying

with time or remains constant. Since ETma varied

daily, the second option, which is for varying upper

boundary condition, was selected. ICOD(5) is for an

initial condition and has three options. The initial

condition can be defined by either soil moisture
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potential or soil moisture content in this project.

Since there were accurate soil moisture content data.

soil moisture content was applied for the initial

condition. KOD(6) concerns rooting depth. Since the

rooting depth varied throughout the season, the first

option which is for varying root length was selected.

Soil moisture content was not monitored at a constant

time interval. Since the output must be compared with

the observed data, the first option, which is for

variable time increment between output, was selected in

KOD ( 1).

Group C describes the geometry of the soil profile.

Depth of the soil profile. DSP. was 315 cm since the

actual soil depth monitored by the neutron probe in the

tomato field was 315 cm. The thickness of soil

compartments was 10 cm except the top compartment. The

thickness of the top compartment is taken as a half of

the other soil compartment's size in SWATRE. The number

of soil compartments were, therefore, 32. Five different

types of soil layers were observed in the UC82 variety

tomato field. The number of the bottom compartment of

each soil layer were 3, 8, 13, 16, and 32. Details of

the soil layers were explained in Section 3.3.3. Darcy's

law was asumed to be applicable to a whole soil

profile. Therefore, the number of soil compartment for

which Darcy's law can be applied, ISD, was 32.



95

Group D describes the soil moisture content of each

soil layer. As mentioned before, minimum allowable

potential at the soil surface was approximately -io6

units, and the lowest input potential must be lower than

this. The lowest input value of moisture content was,

therefore, set to 0.01 to obtain such a dry condition.

The highest input value of moisture content MV(I),

I=1,2,..5, was set to 0.45 for all layers. This is

because all soil layers reached saturated moisture

content at about e equal to 0.45. Saturated moisture

content of each soil layer. SWC(I), I=l,2,...5 was

calculated with the soil moisture characteristic equation

developed by R. Lenhard (1984). The values of each layer

were, 0.46, 0.46, 0.47, 0.45, and 0.44 respectively.

Saturated hydraulic conductivity of the first soil layer,

CS! was 3.51. This value was obtained from Appendix 5.

Since the unit of input hydraulic conductivity from

Appendix 5 was cm/d, the factor to convert the units of

input hydraulic conductivity to the units of cm/d was set

to 1.0.

Group E describes the sinic term function. There are

two approaches to define a volumetric sink function in

SWATRE. One is Feddes' approach and the other is

Hoogland's approach. IRER indicates which approach was

selected. Since Hoogland's approach was chosen in this

project, IRER was set to 1. Interception a and slope b



96

in Figure 8 were 0.02 and 0.00, respectively according to

the current version of SWATRE. The point of time at

which the roots reach a maximum non-active length, TE,

and the point of time at which roots were non-active, TB,

were not defined because there were no observed data

about these variables. However, Feddes et al set TB, TE,

and RNAM equal to 365, 366, and 0 respectively in the

experiment of the Sellingen Potatoes conducted from May

19 to September 14 in 1979. These values showed that the

root did not become non-active through a crop growing

period. Since the root of this project was assumed not

to become non-active through a growing season, these

values were applied in this project. The maximum

non-active root length during the period t ) TE, RNAM was

set to 0, since the roots were always active as Figure 18

shows.

P0, PUl, PL1. P2, and P3 in group E corresponds to h1.

h2. h21, h3, and h4 in the previous section.

These values were set to -10, -25, -25, -93, and -1396

for the dry treatment, -10, -25, -25, -381, and -1396 cm

for the medium treatment, and -10, -25, -25, -460, -8000

cm for the wet treatment.

Group F describes the time parameter. The first day

of input, L(1) was on 27 April, that is, 117 days from

the beginning of the year. The last day of input was on

6 September or the 249th day, making L(2) equal 249.



Cuenca collected field data in 1977, and the number of

days in February L(3) was 28 in that year. The day of

input in the first month, L,(4) was 27 because the first

day of input was on 27 April. The first month of input,

L(5), was 4 for April. The last month of input, L(6),

was 9 because the last day of input was in September.

L(7) refers to the G(CH) function. This function is

related to crop height, and is only used for KOD(3)=3

which calculates ET by the Monteith-Rijtena equation.

L(7) was not used in this project. L(8) refers to the

FiN function which defines the reduction in rate of

precipitation because of interception by crops. Feddes

et al.. (1978) described this function as:

FIN = Sc * FIA* PREC** (FIB - FIC* (PREC - FID)),

for PREC FMP (98)

and

FIN = S FMI. for PREC > FMP (99)

whet e

PRC = precipitation (cm/day)

= soil cover (fraction)

F1A, FIB, FIC, and FID = regression coefficients

FMI' = fixed value of precipitation (cm/day)

FMI = maximum value of precipitation that can be

intercepted (cm/day)

Belmans et al.,, (1981) recommended standard values of

each coefficient as:

97
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FIA 0.169. FIB = 0.516, FIC = 0.1787, FID = 0.0593

FMP = 2.0, and FMI = 0.19

These standard values were used in this project since

there were no observed data with which to define this

function. L(8) was, therefore, set to 1 which indicates

that standard values were used.

Group G describes the time period and length of time

step. Starting time of calculations, TINIT. is L(l) or

117. Final time of calculations, TEND, is L(2) or 249.

The maximum value of time step. DTMI, the maximum change

of moisture content, DTHM, and maximum change of

groundwater level, CGWLAM were 0.2, 0.001, and 0.2

respectively, as suggested in the current version of

SWAIRE.

Group H describes the number and the increments of

output data. The number of outputs must be considered

based on computer execution time and accuracy of

evaluation. it is expensive to obtain many outputs, and

it is difficult to evaluate this model properly with only

a few outputs. The number of output, NPR was, therefore,

set to four. Four time increments were taken as 49, 29,

25, and 29. These increments corresponded to June 15,

July 14, August 8. and September 6. Soil moisture

content was monitored by neutron probe on each of these

days so that each output could be compared with observed

data.
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Groups I, J, K. and L describe details of the upper

boundary condition. The choice of I, J, K. and L is
based on the option of KOD(3). Group I was chosen in

this project because KOD(3) is zero. This group requires

precipitation, maximum evaporation, Emax maximum

transpiration, T. and minimum allowable pressure at

the soil surface, h . , on a daily basis. Since theremm

were no observed data for E , T and h .max max mir

ET, maximum temperature, minimum temperature, dew

point temperature, and soil cover were input. Emaxi

T and h1 were calculated from these input data.

Group M describes the G(CH) function, the FIN

function, and leaf area index. The G(CH) function and

FIN function were explained in Group F. Leaf area index,

LA1, can be expressed as (Feddes et al., 1978):

LAI FLA * Sc + FLB * S2 + FLC Sc (100)

where

S = soil cover (fraction)

FLA, FLB, and FLC = regression coefficients

The values of these coefficients depend on the crop.

FLA, FLB. and FLC of potatoes are 3.625, -1.605. and

2.105 respectively (Feddes et al.. 1978). There were no

observed data for tomatoes. Therefore, data for potatoes

were used because tomatoes and potatoes have similar

vegetative growth characteristics.

Groups N. 0, F, Q. and R describe details of the
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bottom boundary condition. The choice of N. 0, P. Q. and

R is based on the option of KOD(1). Group R was chosen

because KOD(1) was 4 in this project. The soil moisture

potentials in the bottom compartments were -19.5 cm,

-29.9 cm, and -23.5 cm for the wet, medium, and dry

treatments, respectively, in the UCB2 variety tomato

field. As mentioned under Group A, the bottom boundary

condition did not vary with time. Therefore, these

values were used throughout the season.

Group S describes the rooting depth. Daily values of

rooting depth as shown in Figure 18 were input.

Groups T and U describe the initial conditions. The

choice of T and U is based on the option of KOD(5).

Group T was chosen because the initial soil moisture

content of 32 nodal points were input.

Groups V. W, X, Y, and Z describe soil moisture

content, ê, soil moisture potential, h, and hydraulic

conductivity, K, of each soil layer. The values of h and

K were input for 0.1 < e with 0.01 soil moisture

content increments.
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3.5 Modification of computer program, SWATRE

Modification of SWATRE programming is listed in

Appendix 8. The computer program was modified because of

the following reasons.

The values of P2H and P2L of a volumetric sink term

are required only if IRER is zero, and P2 is required

only if IRER is one according to the input instructions

(Hoogland et al., 1981). The SWATRE computer program,

however, requires P2H, P2L, and P2 without considering

the option of IRER. The computer program was, therefore,

modified to distinguish between options of TRER.

The maximum allowable time step size, DTM, is

0.1 DTM 0.2, and the maximum allowable change of

moisture content, DTHM, is 000.1 DTHM 0.002 according

to the input instruction. The computer program, however,

defines DTM as 0.2 DTM ]..0, and DTHM as

0.005 DTHM 0.03. The range of these variables were

modified as shown in the instructions.

Values of precipitation, E , T and minimummax max

allowable potential at the soil surface, h.. are

required on a daily basis to describe the upper boundary

condition. There were observed data of ET, maximum

temperature, Tm, minimum temperature, Tmin, dew point

temperature, T and soil cover, S , instead ofdew C

E, T, and h.. Therefore, these observed

data were input to calculate E , T , and h .max max mm



E1 were calculated as (Belmans et al.,

1982):

Emax = O.9e-06LAI

Tmax = - Emax

where

LA1 = 3.625 Sc - 1.605 Sc2 + 2.105

where

where

Sc = soil cover1 fraction

The value of hmjn was calculated as (Brooker, 1966):

If T01 (°F) is greater than Tdew (° and if

TBI (Oj.) = Tmin + Tdew is greater than 32.0 0?
2

PSDP = exp(54.63 - 12301.69/T2x 5.169 x in (T2X)) (104)

PSBP = exp(54.63 - 12301.69/Tix - 5.169 x in (T1X)) (105)

If TB? is less than 32.0°F

PSDP = exp(23.39 - 11286.65/T2X - 0.4606 x in (T2X)) (106)

P51W = exp(23.39 - 11286.65/Tix - 0.4606 x in (T1X)) (107)

where

T1X = TB? + 459.69 (108)

T2X = Tdew + 459.69 (109)

Then

F = PSL)P

P513? (110)

and

hmin = 4706 x TBP'x in (F) (111)

102
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TBP= (TB? - 32.0) + 273.15
1.8 (112)

Eqs. (101) - (112) were added to the SWATRE computer

program.

Initial groundwater level. GWLA, is required only for

KOD(1) 3 according to the input instructions (Floogland

et al.. 1981). The SWATRE computer program, however.

requires GWLA for all options of the bottom boundary

conditions. The options such as KOD(1) = 4, 5, and 6 do

not theoretically need the groundwater level. Therefore.

the computer program was modified to distinguish between

the options of KOD(1).

The flux from the saturated zone, QDEE?. is

theoretically only computed or prescribed for KOD(1) = 1.

and 3 as the bottom boundary condition. The computer

program, however, did not consider the options of KOD(1)

and calculated QDEE? for all KOD(1). This caused an

execution error. Therefore, the computer program was

modified to calculate QDEEP only when KOD(1) = 1, 2. and



3.6 Sensitivity Analysis

The basic water balance equation for the SWATRE

simulation model is

= C(h) ( + 1)]
(14)

104

where differential moisture capacity. C(h). is defined as

de Hydraulic conductivity, K(e), is calculated as
dh

a function of soil moisture content.

Sensitivity analysis focused on C(h). K(e), S(h) in

this project because the basic water balance equation is

composed of these functions. SWATRE requires soil

moisture potential, h, and hydraulic conductivity, K, as

input data for each soil layer. The value of h for each

soil layer was changed by 10%, 30%. and 50% keeping e

constant to investigate the effect of changes in C(h) on

the result. The value of hydraulic conductivity of each

soil layer was changed by 10%, 30%, and 50% keeping e

constant to investigate the effect of changes in K(e).

The sensitivity analysis for the root sink term

function, S(h), was performed by the following two steps.

1. Apply computed sink term functions based on the

observed data obtained in the UC82 variety tomato

field, that is,

= -10 cm. t12 = -25 cm, h3 = -93 cm,

h4= -1396 cm for dry treatment

h1 = -10 cm, 112 = -25 cm, h3 = -381 cm.
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114 = -1396 cm for medium treatment.

The details of these values were explained in the

input data description section.

2. Apply measured values for potatoes given by Feddes.

that is,

h1 = -10 cm, 112 = -25 cm, h3 = -400 cm,

114 = -8000 cm

for medium and dry treatment.

The sensitivity analysis of the sink term function

for the wet treatment was performed by changing the

potato sink function values. ET in the wet treatment is

assumed to be field ET. Therefore, theoretically,

there was not an h3 for the wet treatment. The values

of
hi. 112. 113. and h4 for potatoes were

simultaneously changed by 10%, 30%, and 50% to

investigate the effect of modifying the sink function in

the wet treatment.

Additionally, the effects of ETmax on the results

were tested by changing the ETmax value by 10%. 30%.

and 50%. Since the simulation of actual ET is a major

interest of SWATRE, it is warranted to investigate the

effects of the upper boundary condition. i.e. ETmax. on

the simulated ET.

The range of 10%, 30%, and 50% were selected

considering the error in field measurements of soil

physical properties. It is assumed that ten percent
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error commonly occurs in field measurements, but fifty

percent of error can be considered as occurring less

frequently. These values, therefore, give a reasonable

test of tIie reaction of the SWATRE simulation model under

the considerable range of field conditions measured by

Cuenca (1978). The procedure of sensitivity analysis is

summarized in Table 11.

Table 11. Summary of sensitivity analysis

RUN
NO

WET
TREATMENT

RUN
NO

MEDIUM
TREATMENT

RUN
NO

DRY
TREATMENT

hl=-1O 1=-1O hl=-1O
ORIGINAL 1 hZz-25

h'+:-5000

1 hZ=-25
h3=i.381
h'=-L396

25 hZ=-25
h3=-93
h=-1396

CHANCE 2 +10% 15 +10% 26 -.1O%
h vs 8 3 -30% 16 +30% 27 -30%

4 +50% 17 .50% 28 +50%

CHANCE 5 +10% 18 .10% 29 .10%
K(8) vs 9 6 +30% 19 .30% 30 +30%

7 -50% 20 +50% 32. +50%

CHANGE 8 .10% POTATO'S POTATO'S
5(9) 9 3O% 21 SINK 32 SINK

10 +50% FUNCTION FUNCTION

CHANGE 12. 1O% 22 +10% 33 '10%
ETmax 12 '30% 23 .4.30% 3. 30%

13 .50% 24 +50% 35 #50%



IV. RESULTS AND DISCUSSION

The results of observed and simulated evapotranspira-

tion are shown in Figures 19. 20, and 21 for the wet.

medium, and dry treatments, respectively. The total

amount of observed ET in the wet treatment was 59.1 cm

which was equal to ETmax* The simulated ET was 50.8 cm

for this treatment. The error, which can be defined in

this case as the difference between the observed value

and simulated value, was 8.3 cm at the end of the

season. This amount was equivalent to 14.0% of the

observed cumulative ET. The simulated value began to

underestimate the observed value from the beginning of

the season. The amount of underestimation reached 5.0 cm

at the end of June. Underestimation with 5.0 cm error

continued until the end of August, and the error became a

maximum at the end of the season.

The total amounts of observed cumulative ET and

simulated cumulative ET for the medium treatment were

51.8 cm and 47.9 cm respectively (Figure 20). The error

was 3.9 cm which was equivalent to 7.6% of the observed

cumulative ET. The simulation began to underestimate the

observed value from the beginning of the season, and this

underestimation reached the maximum on July 14. The

maximum error was 8.6 cm. The underestimation continued

with 7.7 cm error until the end of July. The error

decreased to 3.6 cm at the beginning of August. and the

107
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underestimation continued until the end of the season

with this amount of error.

The total amount of observed cumulative ET and

simulated cumulative ET for the dry treatment were 41.3

cm and 45.7 cm respectively. The simulation began to

underestimate the observed value from the beginning of

the season, and the error became maximum on June 29. The

maximum error of underestimation was 3.5 cm. The error

decreased after June 29 and became zero on July 27. The

simulation began to overestimate the observed value after

July 27. The error of overestimation became 4.4 cm in

mid August. and the overestimation continued until the

end of the season with this amount of error.

The simulation followed the observed values quite

well for all three irrigation levels. Therewere about

ten days time lag between observed values and simulated

values for both wet and medium treatments throughout the

irrigation season. Users of SWATRE may need to consider

this time lag to accurately estimate ET. The simulation

for the dry treatment showed the best estimation of ET

among the three irrigation levels. Generally speaking,

Figures 19, 20. and 21 showed that SWATRE was applicable

for semi-arid climate in spite of the fact it was

developed under the humid climate of The Netherlands.

These results were, however, based on the meteorological

input data on a daily basis. Actual atmospheric
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conditions changed with time during each day. Therefore

the results itwI.wie a degree of uncertainty caused by

using mean daily atmospheric parameters. It should also

be taken into account that the quality of input data

available for this simulation, particularly daily

ET. may not generally be available.

The results of soil moisture content after 49 days

from the beginning of the season are shown in Figures 22,

23. and 24 for the wet, medium, and dry treatments,

respectively. The dot shows observed values. The

forty-ninth day was chosen because the simulation showed

good agreement until this day, and the accuracy of

simulation deteriorated after this day. In addition to

this. 49 days was the same time period used to validate

SWATRE in results published by Feddes et al. (1978).

The simulated value underestimated the observed value

at 30 cm soil depth for the wet treatment. The error of

underestimation was 0.02 czu3/cm3. The error became

zero at 60 cm soil depth. The simulation overestimated

the observed values from 60 cm to 240 cm soil depth. The

error was 0.02 to 0.03 cm3/cm3 until 150 cm soil

depth, and it became 0.09 cm3/cm3 at 180 cm soil

depth. The error decreased from 180 cm to 240 cm, and it

became zero at 270 cm soil depth. The simulated value at

the bottom nodal point agreed with the observed value as

bottom boundary condition.
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Figure 24. Simulated soil moisture content vs
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SWATRE simulated the observed value without any

appreciable error until 120 cm soil depth for the medium

treatment as shown in Figure 23. The simulation

overestimated the observed value from 150 cm to 240 cm

soil depth. The maximum error of overestimation Was

0.06 cm3/cm3 and it occured at 180 cm soil depth.

The error became zero from 270 cm to 315 cm soil depth.

There was no appreciable difference between observed

values and simulated values of soil moisture content

until 90 cm soil depth for the dry treatment. The

simulation underestimated the observed value by 0.02

cm3/cm3 at 120 cm soil depth, but the error became

zero at 150 cm soil depth. The simulation overestimated

the observed values from 180 cm to 240 cm soil depth.

The maximum error was 0.04 cm3/cm3 and it occurred at

200 cm soil depth. The error became zero at 270 cm soil

depth, and the simulation value at the bottom nodal point

agreed with the observed value as the bottom boundary

Condition

SWATRE tended to overestimate soil moisture Content

from 180 cm to 240 cm sol]. depth for all three irrigation

levels. This was probably because of lack of data about

the soil layers. Initially h vs 9 data was available

up to 225 cm soil depth. The average of Ii vs 9 value

from 175 cm to 225 cm soil depth was taken as the h vs

9 for the fifth layer. The fifth layer was from 175 cm
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to 315 cm soil depth. Therefore the e - h table of

fifth layer was only an approximation of conditions. If

there had been more detailed soil layer data, the

simulation of soil moisture content at the lower layer

may have been more accurate.

Generally speaking, however, SWATRE showed

satisfactory results of soil moisture content for all

three irrigation levels. This meant that the simulation

model, when using high quality input data, was

transferable to semi-arid climate despite the fact that

it was developed under the humid climate of The

Netherlands.

The results of sensitivity analysis for cumulative ET

are shown in Table 12. Sensitivity analysis was done for

four cases; 1. change soil moisture potential, h, versus

soil moisture content, e, 2. change hydraulic

Conductivity K(s) versus e. . change root sink terms

S(h), 4. change ET
max

The change in h versus e and K(e) versus e did

not affect the amount of cumulative ET significantly in

all three treatments. The maximum difference between the

original simulation and both sensitivity analysis cases

was 0.05 cm, and it occurred when the degree of change

was 50% in all three irrigation levels. The degree of

changes in the root sink function were 10%, 30%, and 50%

for the wet treatment. The differences between each
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change and the original simulation were 0.04 cm, 0.06 cm,

and 0.07 cm. respectively. For the medium treatment and

dry treatment, the potato sink function, i.e., h1 = -10

cm, = -25 cm, h3 = -460 cm and h4 = -8000 cm

(Feddes, personal correspondence, 1983) was applied. The

amount of cumulative ET was the same as the amount of

cumulative ET obtained by the original sink function in

both treatments.

Runs number 11, 12, and 13 show the cumulative ET for

the wet treatment for ET sensitivity analysis. Themax

differences of cumulative ET between the original

simulation and each run were 4.36 cm, 12.97 cm and 21.45

cm, respectively. These values were equivalent to 8.6%,

25.5%, and 42.2% changes. Runs number 22, 23, and 24

show the cumulative ET for the medium treatment for

ET sensitivity analysis. The differences of

cumulative ET between the original simulation and each

run were 4.26 cm. 12.34 cm, and 15.78 cm respectively.

These values were equivalent to 8.9%, 25.7% and 32.9%

changes. Runs number 33. 34, and 35 show the cumulative

ET for the dry treatment for ET sensitivitymax
analysis. The differences of cumulative ET between the

original simulation and each run were 4.11 cm, 10.29 cm,

and 11.81 cm respectively. These values were equivalent

to 9.0%, 22.5%. and 25.9% changes. These results are

plotted in Figures 25, 26, and 27 for the wet, medium and
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dry treatments, respectively. Numbers 1. 2, and 3 in

these figures show +10%. +30% and +50% change in

ETma Observed values and originally simulated values

are also plotted. Original simulation means that no

changes were made in input data of h vs e. Kce) vs

e. S(h), and ET
max

Generally ET is related to climatic conditions such

as precipitation, temperature, wind speed, and solar

radiation. The upper boundary condition, ETmi
reflected these climatic conditions. It was, therefore,

reasonable that ET affected cumulative ET mostmax

significantly. It was also a reasonable result that

higher ET produced higher ET for all three

irrigation levels. Soil moisture movement depends on the

relative magnitudes of h, that is, water moves from a

point of higher Ii to a point of lower h.

Evapotranspiration is partially a result of upward soil

moisture movement. In this project, changing h vs e

and changing K(e) vs e did not effect ET

appreciably. It was probably because these changes did

not cause sufficient changes in the relative magnitudes

of Ii to move soil moisture upwards.

The sink term function, S(h), is related to

transpiration by following equations:

T Smax (h) dz (57)
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Changing S(h). or changing h1, h2, h31 and h4 in

Figure 7. affected (h). however, the range of (h)

was small. i.e. 0 (h) 1.0. Therefore, changing

5(h) did not effect actual transpiration. T,

appreciably. There were, however, two basic problems in

root sink terms in this project. First of all, there

were no observed data for h1. h2, h3, and h4.

Therefore the values applied in this project were only

approximations. Second. a and b in eq. (62) were assumed

by Hoogland et al. (1981). and these values might not be

appropriate for this project. Considering these facts,

it is still difficult to conclude that use of different

sink functions might not effect cumulative ET appreciably.

Tables 13. 14. and 15 show soil moisture content at

every 30 cm soil depth for wet, medium and dry treatments

on day 166 which was 49 days from the beginning of the

simulation. Observed values and originally simulated

values are also listed. The values in parenthesis show

the absolute value of the difference between the

= rooting depth

a = 0.02 (Hoogland et al.. 1981)

b = 0.00 (Hoogland et ala 1981)

z = soil depth

124

Smax = a - bz (62)

o(h) = S(h)

5max (55)

where
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S0 IL
DITPTH 410% t30% 450%

ChANCE f((n ) vs
10 19 20

CIIAHCt 5(o)
21

UU)1[t 01 cIFMICFI
lU% 430% 450%100IA(O SINK TERN

CHAUCC lTm
22 23 24

410% 430% 450%
30 .320 .316 .320 .306 .311 .315 .313 .317

(.004 )( .010)( .005)( .001 )( .003)( .001)
60 .337 .33? .336 .338 .345 .331 .329 .328

004 )( . 006 )( .013 )( 001 )( .003 )( . 004
90 .353 .355 .353 .359 .364 .354 .352 .351

002 )( . 004 )( . 009 )( .00, )( . 003 )( .004 )
120 .370 .360 .37) .376 .379 .367 .365 .371

( .003 )( . 009 )( . 011)( . O0l)( . 003 )( .003)
150 .361 .386 .397 .309 .391 .385 .383 .381

100 .310 .365 .365 .364 .364 .363 .359 .357
( . 000 )( . ooI)( .001)( . 002 )( . 00 )( . 008

210 .307 .369 .369 .369 .368 .368 .364 .361
(.00tl)(.0111)(.OoI)(.og1)(.005)(.008)

240 .350 .373 .37i .372 .371 .371 .368 .366
(.000)(.oOU(.op2)(.002)(.005)(.007)

270 .380 .378 .378 .376 .375 .377 .371 .370
(.000)) .0U2)(.003)(.001 )(.001)( .008)

300 .380 .380 .390 .380 .380 .380 .380 .380
(.000)( .000)( .000)( .000)) .000)) .000)

.315 .314 .313
( .001 )( . 002 )( . 003)

.332 .33) .330
(.000)(.00I )( .002)

.355 .354 .354
( . 000)) . 001)) . 001

.368 .368 .367
(.000)(.000)(.00I)
.386 .385 .385

.365 .364 .364
(.000)(.00l )(.001)

.369 .369 .369
(.000)) .000)( .000)

.373 .373 .372
(.000)(.000)(.00l)

.378 .378 .377
(.000)( .000)(.0ol)

.380 .380 .380
(.000)(.000)(.00g)

SUIIP4ATIOU OF UIFFEREIICE .014 .050 .050 .011 .036 .0481 .003 .001 .006 .011

Table 14. Sensitivity analysis for soil moisture
content on day 166 (Medium Treatment)

O8S[RVtD 001 CI HAl
V AL Ut SIHUIAT 1011 CHAUCI h vs 0

11U14 Ho 15 16 17

.316

.332
(.000)

.355
(.000)

360
(.000)

396
(.000)

367

.370
(.001)

.373
(.000)

.370
(.000)

.380
(.000)



Table 15. Sensitivity analysis for soil moisture
content on day 166 (Dry Treatment)

OHSrHV[l)
VAUlt

ORIGIPAL
SIMUlATION CIIAUGF h v U

V

CIIAOCt I<( 0) v U CIIAHCt S(fl) CHAHCI ET,nx
HUH HO 25 26 27 28 29 30 31 32 33 34 355011 U$Gttitl (P1 C4IAHGt
DIPTI, p10% 430% 450% 410% #30% +50%JPOIATO S1Nl TtR

.291
+30% +30% .50%

.291 .290 .18930 .300 .291 .295 .302 .300 .291 .291 .90
(.000) (.000)(.00j)(.00l)

60 .337 .327 .3)1 .339 .341 .326 .)24 .323 .327 .326 .325 .325
(.004)(.o1?)(.o14)(.00fl(.op3p(.004) (.000) (.0o1)(.0o2)(.002)

90 .350 .351 .348 .354 .359 .350 .348 .346 .351 .350 .350 .349
(.000) (.00I)(.0o1)(.o02)

120 .390 .372 .374 .370 .381 .370 .368 .366 .372 .372 .371 .370
(.000) (.000)(.001)(.002)

150 .393 .392 .392 .392 .393 .390 .387 .385 .392 .391 .391 .390(.0o0)(.oUo)(.00)(.000)(.005)(.go7) (.000) (.00L)(.001)(.002)
180 .333 .361 .360 .359 .359 .359 .355 .352 .361 .360 .360 .359

(.000) (.00I)(.00l)(.002)
210 .323 .368 .367 .366 .365 .366 .362 .359 .368 .360 .367 .367

(.000) (.000)(.00l)(.001)
240 .320 .373 .371 .370 .370 .370 .367 .364 .372 .372 .371 .371

(.001) (.001)(.o02)(.0o2)
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(.000)(.000)(.000)(.000)(.000y(.000) (.000) (.000)(.000)(.000)
sutwAilotp or otrrrnr,,cli .0)7 .040 .05RJ.015 .039 .058

f
.001 .005 .010 .015
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originally simulated values and the values from each

sensitivity analysis. The bottom row shows the summation

of the absolute values of the difference for every 30 cm

soil depth. The absolute value was taken to prevent

positive and negative errors from cancelling each other.

The maximum difference occurred when the degree of change

was 50% in the cases of h vs e. K($) vs e, and

ET . The difference when ET was changed was,max max

however, small compared with the difference when h vs e

and K(0) vs 0 were changed. The change in S(h) did

not effect the output for the wet treatment. For medium,

and dry treatments, it made difference of .003, and .001

3 3
cm 1cm . respectively.

Changing h vs 0, or increasing h by 10%, 30%. and

50% for the same 0, developed drier conditions in the

soil profile than the original simulation. These drier

conditions reduced deep percolation. Since changing h vs

O did not effect ET appreciably, this reduced

percolation must have increased water storage in the soil

profile and therefore increased soil moisture content.

Changing K(0) vs 0, or increasing K(0) by 10%,

30%. and 50% for the same 0, developed wetter condition

in the soil profile than the original simulation. These

wetter conditions increased deep percolation. Since

changing K(0) vs e did not effect ET appreciably,

this increased deep percolation decreased water storage
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in the soil profile, and reduced soil moisture content.

Changing 8(h) did not effect the amount of deep

percolation. This was because the rooting length on day

166 was about 100 cm or one-third of the total soil

profile. The change in S(h) was not strong enough to

effect the soil moisture movement in the total soil

profile. Since 8(h) did not effect ET nor the amount of

deep percolation, water storage in the soil profile was

the same as with the original simulation. As a

consequence, soil moisture content did not vary.

Changing ETmax or increasing ETmax developed a

somewhat drier condition in the soil profile than the

original simulation. This drier condition reduced deep

percolation. ET, however, increased ET, therefore,

the amount of water storage in the soil profile did not

change appreciably. As a consequence, soil moisture

content did not vary considerably.

The differences between originally simulated soil

moisture content and each sensitivity analysis' soil

moisture content obtained by changing h vs e and K(e)

vs e were plotted in Figures 28, 29, and 30 for wet,

medium, and dry treatment respectively. These figures

show that the change in h vs e affected the soil

moisture content of the upper soil layer (0 cmz l5O cm,

z is soil depth), and the change in K(e) vs 6

affected the soil moisture content of the lower soil
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layer ciso cm < z .3l5 cm). Soil moisture content was

close to the saturated value in the lower layer.

Therefore, K is high and h is low in this layer. This is

why changing K(e) vs 9 caused a larger difference in

9 than changing h vs 9 in this layer. On the other

hand, soil moisture content was low in the upper layer.

Therefore, K is low and Ii is high in this layer. This is

why changing h vs 9 caused a larger difference in 0

than changing k(s) vs 0 in this layer.
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V. CONCLUSIONS AND RECOMMENDATIONS

The soil-water_atmosphere.plant system simulation

model, SWATRE, requires about a hundred different

accurate input data. It is usually difficult to obtain

such a tremendous amount of accurate data. Even though

some data could be approximated from other data, these

input requirements would be a burden to the users.

However, this is not a distinct disadvantage of SWATRE

because most numerical simulation models require such

detailed input data. The users of SWAP simulation

models, therefore, need to think about both the accuracy

of the simulations and the requirements of input data.

Generally more accurate simulation models require more

detailed input data. The users are, however, looking for

a better simulation model requiring less input data.

Therefore, these models need to be simplified by

eliminating redundant parameters in the models.

Sensitivity analysis is a very useful technique to check

the significance of each parameter. Those who develop

the models may need to perform the sensitivity analysis

to investigate how much they can simplify the models

without reducing the accuracy of the simulation.

The SWATRE computer program and the input instruction

for SWATRE (Belmaris et al.. 1981) have several

differences. These differences make it difficult for

the users to apply SWATRE correctly. The SWATRE computer

134
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program was modified to agree with the input

instructions. These modifications are shown in section

35. Different computer systems sometimes require

different arrangements in the programming. Therefore

users may need to apply additional modifications.

There were several difficulties in obtaining input

data. SWATRE can handle a maximum of five different soil

layers. Data for the soil structure and texture are

usually required to distinguish the soil layers. Since

there were no such data in this project, the soil layers

were approximated based on the soil moisture

characteristic curves. Similar soil structure and

texture can be assumed to yield a similar soil moisture

characteristic curve. An accurate soil moisture

characteristic curve is required to simulate soil

moisture content accurately as the sensitivity analysis

shows. When h vs e curves do not have the fictitious

inflection point , it is difficult to define the

saturated moisture content which SWATRE requires as input

data. The equation developed by Lenhard (1984) is useful

to obtain a theoretical soil moisture characteristic

curve and the saturated soil moisture content.

Soil hydraulic conductivity was another major problem

of modeling the soil-water system. Fortunately, there

were observed data based on Nielsens method (1964) in

this project. it IS difficult to measure K(s) in the
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field so that it may be easier to calculate K(e) from

soil water characteristic data (Jackson, 1972; Brooks and

Corey, 1964).

The detailed investigation of the root sink functions

have been discussed by Hoogland et al (1981). However,

these functions are generally difficult to find in the

literature, and the users of SWATHE might have trouble

defining the root sink function. These root Sink

functions could be defined by analyzing the soil moisture

content and the soil moisture characteristic data if

accurate transpiration data were available. However, the

users of SWATRE do not have to define root sink functions

very accurately, since these functions did not effect ET

and e significantly as the sensitivity analysis showed.

The sensitivity analysis showed the importance of

ETm as Figures 25, 26. and 27 demonstrated. There

were lysimeter measured ET data on a daily basis inmax

this project, and this was a distinct advantage in

simulating ET accurately. The users of SWATHE need to

measure ET as accurately as possible, since ETmax

affects ET appreciably.

Sensitivity analysis also showed that changes in soil

physical parameters like h and K(e) affected soil

moisture content. Soil moisture content was increased by

increasing h, and was decreased by increasing K(e).

Additionally, changes in h vs e substantially affected



soil moisture content in the upper soil layer

(OIz 150 cm. z is soil depth), and changes in K(e)

vs e substantially affected soil moisture content in

the lower soil layer. Users of SWATRE need to collect

accurate data describing h(s) and K(s) for each soil

layer to obtain a reasonable simulation of soil moisture

content. It is particularly important to measure h(e)

accurately in the upper soil layer and to measure K(8)

accurately in the lower soil layers as Figures 28, 29,

and 30 demonstrated.

There are several techniques for irrigation

scheduling. SWAP simulation models are one of these

techniques which integrate soil_wateratmospherepj.ant

systems, and can take into account many phenomena such as

soil moisture depletion, ET, infiltration, and crop

growth at the same time. These models, therefore, offer

a wide variety of applications. On the other hand, SWAP

simulation models are affected by accuracy of inputs and

are expensive to be applied. SWATRE, as one of the SWAP

simulation models, has both of these advantages and

disadvantages. However, SWATRE demonstrated quite

satisfactory results in ET and e simulations under

semi-arid climatic conditions despite the fact that this

model was developed in the humid climate of The

Netherlands. This fact encourages the users to apply

SWATRE to a wide range of climatic conditions.
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Appendix i. Atmospheric data in UC82 variety field.

Precipi- Solar

Date
Tmax
(°c)

Tmln
(°C)

Tdew
(°C)

Wind
(km/day)

Wind at
2m(Icm/day)

tation
(cm)

Radiation
(Lyiday)

Epan
(mm)

ETmax
(nun)

4-27
28

19 7 10 108 195 3.8 562 5.0 26
29

19 7 10 108 195 3.8 562 5.0 2.6

30
19 7 10 108 195 3.8 562 5.0 2.619 7 10 108 195 3.8 562 5.0 2.6

5-1
2

18 7 14 103 180 4.6 423 4.1 4.0

3

21 8 13 80 156 0.0 669 5.1 3.919 6 9 151 259 0.0 488 4.6 2.44

5

21 8 6 116 203 0.0 686 7.6 1.718 4 7 88 179 0.3 542 3.8 09

6 16 4 8 122 201 0.0 628 5.3 0.2
7 17 8 9 128 193 0.0 511 4.6 1.38

9

19 9 11 124 206 0.5 453 4.1 1.3

10
17 9 9 185 282 0.0 297 3.6 2.618 8 8 167 251 0.0 515 5.1 1.3

11

12
16 9 12 137 225 0.0 422 4.1 0.719 6 9 122 87 0.0 509 3.8 0.913 23 9 9 211 322 0.0 664 8.1 4.414 22 7 9 146 236 0.0 663 7.1 1.715 22 6 3 195 172 0.0 645 6.4 1.1



Appendix 1. (cont.) Atmospheric data in UC82 variety field.

Preci.pi- Solar
Date

Tntax
(°C)

Tmin
(°C)

Tdew
(°C)

Wind
(km/day)

Wind at
2m(km/day)

tation
(cm)

Radiation
(Ly/day)

Epan
(mm)

max
(nun)

5-46 19 4 6 196 166 0.0 727 5.1 0.817 21 7 9 142 219 0.0 706 7.9 0.818 17 9 10 185 294 2.5 297 2.8 1.319 26 10 12 167 272 0.0 743 8.1 1.920 27 10 12 127 217 0.0 721 8.1 0.8

21 26 12 10 227 344 0.0 643 8.1 0.622 18 11 9 219 330 0.0 602 4.6 0.423 20 5 9 52 124 0.0 502 4.6 0.624 23 9 8 179 280 0.0 689 8.4 0.625 21 12 14 175 275 5.3 575 6.6 1.1

26 21 6 10 150 241. 0.0 378 4.1 2.627 23 6 9 101 187 0.0 721 7.4 1.528 26 7 7 103 188 0.0 607 8.9 0.829 27 10 11 55 114 0.0 607 6.9 0.830 32 12 13 48 106 0.0 742 8.1 1.031. 33 13 14 154 259 0.0 607 10.7 1.0

6-1 31 7 10 169 262 0.0 694 10.2 0.92 28 11 11 105 167 0.0 697 8.4 0.83 31 12 12 140 270 0.0 586 8.1 2.54 34 16 17 143 272 0.0 702 9.1 4.75 27 16 16 143 233 0.0 622 11.4 2.3



Appendix 1. (con't.) Atmospheric data in UC82 variety field.

Precipi- Solar
Tmax Tmin Tdew Wind Wind at tation Radiation EpanDate (°C) (°C) (°C) (kin/day) 2nt(km/day) (cm) (Ly/day) (nun) (nun)

6-6
7

35 18 16 76 130 0.0 635 9.1 1.5
8

35 17 15 80 135 0.0 560 8.9 1.230 12 11 360 484 0.0 609 10.7 1.19
10

19 11 11 246 346 0.0 526 7.4 1.121 10 12 90 153 0.0 488 4.6 2.1

11 25 12 12 171 248 0.0 699 8.9 0.912 26 11 11 190 278 0.0 656 8.4 3.413 24 9 1]. 209 307 0.0 685 7.9 1.914 26 9 11 113 180 0.0 705 7.4 2.015 29 10 12 130 198 0.0 708 8.6 2.6

16 29 12 10 216 307 0.0 678 10.2 1.717 24 9 12 162 246 0.0 740 8.1 3.118 28 13 13 180 226 0.0 744 9.4 6.819 28 12 1.3 206 301 0.0 709 9.6 4.120 3]. 18 13 148 228 0.0 646 9.9 2.9

21 37 21 13 193 293 0.0 712 10.2 4.022 38 14 14 138 200 0.0 714 13.2 3.623 36 16 16 174 116 0.0 728 9.1 6.024 38 17 13 119 180 0.0 685 10.7 8.125 37 16 14 214 312 0.0 670 13.7 6.3



Appendix 1. (con't.,) Atmospheric data in UC82 variety field.

Precipi- Solar

Date
Tmax
(°C)

Tmtn
(°C)

Tdew
(°C)

Wind
(km/day)

Wind at
2m(km/day)

tation
(cm)

Radiation
(Ly/day)

Epan
(mm)

ETmax
(nun)

6-26
27

33 14 13 145 227 0.0 707 11.2 5.2

28
24 16 14 305 169 0.0 705 9.6 4.4

29
36 14 13 130 203 0.0 532 9.4 4.1

30
33 17 14 193 277 0.0 622 10.7 5.233 18 18 105 153 0.0 552 7.9 6.3.

7-1
2

32 iS 14 256 365 0.0 592 1.3 9.7

3

28 13 12 278 414 0.0 705 1.7 6.5

4

28 13 9 238 365 0.0 733 1.0 4.8

5

26 13 11 179 277 0.0 745 0.9 4.828 11 9 101 163 0.0 728 1.9 4.4

6

7

31 10 13 103 158 0.0 707 1.7 5.8

8

32 12 12 87 132 0.0 715 1.9 6.5

9

32 12 12 175 259 0.0 720 1.4 9.4

10
28 19 14 133 209 0.0 724 1.2 6.133 18 13 79 127 0.0 714 1.7 6.6

11
12

33 14 11 161 249 0.0 712 1.6 6.626 14 12 233 347 0.0 737 1.3 6.513
14

29 11 12 125 193 0.0 715 1.9 5.8

15
32 11 14 92 138 0.0 713 7.6 7.436 16 13 76 127 0.0 697 5.7 8.8
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Appendix 1. (cont.) Atmospheric data in UC82 variety field.

Precipi- Solar
Tm91 Tmin Tdew Wind Wind at tation Radiation EpanDate (°C) (°C) (°C) (kin/day) 2m(kin/day) (cm) (Ly/day) (nun) (mm)

7-16 38 18 16 122 167 0.0 699 4.7 9.717

18
37 15 1.4 151 269 0.0 669 3.4 8.933 14 14 199 311 0.0 689 3.2 7.919 32 13 12 119 196 0.0 644 3.5 7.520 32 12 11 140 216 0.0 708 8.0 8.6

21 32 12 13 111 179 0.0 742 4.7 9.022 31 11 14 109 180 0.0 696 4.4 7423 33 11 13 188 294 0.0 736 4.1 7.224 26 10 12 187 299 0.0 720 3.4 6.425 29 11 13 82 145 0.0 697 3.3 7.6

26 34 13 13 98 158 0.0 695 3.0 7.927 34 12 12 109 163 0.0 687 8.6 9.728 32 15 13 90 140 0.0 694 7.7 8.629 36 17 16 130 203 0.0 698 10.2 11.530 39 17 16 100 161 0.0 671 10.4 9.331 37 18 14 89 148 0.0 548 8.6 7.5

8-1 37 19 15 113 187 0.0 524 8.4 6.9
2 33 17 14 188 303 0.0 609 11.7 8.0
3 33 15 13 201 290 0.0 627 8.9 9.14 33 12 12 208 293 0.0 672 9.4 6.9
5 27 13 13 172 256 0.0 592 9.1 5.1



Appendix 1. (con't.) Atmospheric data in UC82 variety field.

Precipi- Solar

Date
Tmax
(°C)

Tmjn
(°C)

Tdew
(°C)

Wind
(km/day)

Wind at
2m(Ian/day)

tatlon
(cm)

Radiation
(Ly/day)

Epan
(nun)

ETmax
(mm)

8-6 27 12 12 195 293 0.0 544 6.4 5.2
7 26 11 13 90 138 0.0 678 7.4 5.08 30 11 12 100 156 0.0 668 7.6 4.99 30 11 13 109 177 0.0 644 7.6 6.210 31 12 13 63 132 0.0 612 6.9 5.7

11 31 13 14 87 143 0.0 558 5.3 5.212 3]. 12 11 146 248 0.0 540 8.1 5.313 31 12 13 116 199 0.0 583 7.6 6.314 30 12 14 85 155 00 583 7.4 5.515 36 13 13 53 100 0.0 617 6.9 5.4

16 33 14 13 124 219 0.0 595 8.6 6.217 27 15 17 124 220 0.0 391 5.3 4.518 30 15 13 106 167 0.0 601 8.1 5.419 31 18 13 150 219 0.0 581 9.4 5.820 30 15 14 145 217 0.0 614 8.6 6.6

21 32 13 14 114 164 0.0 627 8.6 5.522 34 12 16 87 142 0.0 605 8.6 5.423 32 17 19 257 378 0.0 620 8.9 6.424 27 13 13 187 293 0.0 479 6.9 4.325 27 12 14 156 249 0.0 401 5.1 3.7



Appendix 1. (con't.) Atmospheric data in UCB2 variety field.

Precipi- Solar
Tmax Tmin Tdew Wind Wind at tation Radiation Epan ETmax

Date (°C) (°C) (°C) (km/day) 2m(km/day) (cm) (Ly/day) (mm) (nun)

8-26 27 11 12 95 166 0.0 599 7.9 5.1
27 30 17 15 109 187 0.0 588 8.9 5.4
29 35 18 14 115 285 0.0 298 10.7 5.5
29 35 17 13 150 248 0.0 623 11.9 7.].

30 34 16 12 93 155 0,0 596 8.1 4.6
31 31 15 13 190 237 0.0 628 9.1 3.9

9-i 28 11. 1.1 135 216 0.0 648 7.4 3.5
2 29 11 12 113 172 0.0 520 7.1 3.1
3 31 12 15 47 109 0.0 574 5.8 3.1
4 34 20 17 66 224 0.0 576 7.1 3.3
5 36 19 13 61 111 0.0 572 1.6 3.0
6 36 13 12 48 89 0.0 619 7.9 2.8



Appendix 2. Soil moisture characteristic data for
every 30 cm soil depth.

148

15 45

Soil depths c

75 1.03 135 165 1.95 223

6,. Soil

0.12

0.13

(-50000)

-:0000

-30000

-2100

0.14 -0000 (-45000) -20000 -20000 -20000 (-36000) -4200 -900

0.15 -17000 -12000 -6000 -6600 -10000 (-35000) -2000 -600

0.16 -1.0000 -5400 -3300 -4000 -8200 -22000 -1.280 -470

0.17 -6400 -31.50 -2200 -3000 -3700 -3.5000 -890 -600

0.13 -4000 -2150 -1550 -2200 -2300 -9800 -640 -340

0.19 -2750 -1600 -1200 -1750 -1600 -7000 -500 -300

0.20 -1900 -1150 -980 -1350 -1250 -4800 -400 -260

0.21 -1350 -920 -800 -1100 -1000 -3400 -330 -225

0.22 -1000 -730 -680 -900 -850 -2450 -280 -200

0.23 -780 -600 -570 -740 -700 -1750 -240 -170

0.24 -600 -500 -480 -620 -600 -1.300 -200 -1.30

0.25 -470 -420 -400 -510 -500 -1.000 -175 -1.30

0.26 -360 -360 -350 -440 -440 -780 -150 -1.10

0.27 -290 -310 -300 -370 -380 -610 -130 -96

0.28 -230 -270 -260 -320 -330 -480 -110 -82



Soil d.pth,

I

149

Appendix 2. (con't.) Soil moisture characteristic
data for every 30 cm soil depth.

15 45 75 105 1.35 165 195 225

Soil

0.29 -133 -235 -230 -275 -290 -375 -92 -70

0.30 -147 -205 .200 -2 -245 -300 -73 -60

0.31 -11.5 -180 -180 -200 -210 -240 -65 -52

0.32 -94 -lC -155 -180 -130 -190 -54 -45

.33 -76 -140 -133 -155 -155 -155 - -33

0.34 -62 -120 -120 -1.30 -130 -1.25 -36 -33

0.35 -30 -109 -105 -2.15 -110 -100

0.36 -0 - -93 -93 -95 -87

0.37 -3 -32 -Ot) -36 -80 -76

0.38 -26 -70 -70 -73 -66 -63

0.39 -20 -62 -óO -'3 - -53

0.40 -16 -53 -50 -53 -43 -44

0.41 -12 -45 -43 -45 -34 -37

0.42 -10 -33 -36 -37 -26 -31

0.43 -32 -30 -32. -20 -25

0.44 -27 -25 -25 -15 -2.9
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Appendix 3. (con't.) Wet Treatment
Soil moisture Content I
amount of soil moisture
three different irrigat
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Appendix 3. (con't.) Medium Treatment (I)
soil moisture content in depth and the
amount of soil moisture depletion for
three different irrigation levels.
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Appendix 3. (con't) Medium Treatment (U)
Soil moisture content in depth and the
amount of soil moisture depletion for
three different irrigation levels.
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Appendix 3. (cont.) Dry Treatment (II)Soil moisture content in depth.and theamount of soil moisture depletion forthree different irrigation levels.
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Appendix 3. (con't.) Dry Treatment (I)
Soil moisture content in depth and the
amount of soil moisture depletioh for
three different irrigation levels.
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Appendix 4. Boil moisture characteristic data forevery 1.0 cm soil, depth.

SOIL OlpIft icii
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Appendix 4. (con't.)

(25 *35 445 155 *6.5

OI[

Soil moisture characteristic
data f or every 10 cm soil depth.

LJEPJR KM)
*75 (85 *95 245 2*5 225

.13 (4768 *5842 40414 44904 09557 60559 3(559 2556 2026 *494 961
.14 *4290 20000 32000 44000 54000 37764 19927 (890 *5(7 $144 ??I
.15 2067 $000 1.331 23444 15000 23809 $261? 4425 ((50 071 600
.14 6000 8200 *2800 (2404 72000 (5074 810? 4260 1010 210 4/0
.17 31 1700 7466 $1233 $5000 10797 5594 090 12? 564 100
.19 2264 7300 4000 7304 9800 6747 3494 640 540 4*0 340
.19 50 *600 3400 5200 7000 4014 2647 500 434 i.S7 300
.20 *284 *750 2413 36*6 4800 3334 *84? 400 354 307 260
.21 $034 *000 (000 2400 3400 2311 *354 330 795 240 225
.22 067 650 1363 19*6 7450 (227 (004 780 254 22? 200
.23 7*4 700 (050 4400 *75* *247 744 240 2*? *94 $70
.24 607 600 833 *066 (300 934 567 200 *04 (47 ro

a .75 504 500 666 833 *000 725 450 475 160 *45 130
.26 440 440 553 £ 700 520 340 *50 *3? (24 1*0
.27 376 380 456 533 4*0 450 29* *30 II? *08 96
.28 324 310 300 430 400 357 234 4*0 *0* 92 82
.29 285 290 3*0 346 375 20* *8? 92 05 70 702.30 244 245 763 20* 100 226 (52 78 72 66 60
.31 206 2*0 220 230 240 102 (24 65 6* 57 52
.32 $80 *80 *03 (84 (90 *45 *00 55 52 40 45
.31 *55 455 $55 *55 *55 110 8* 46 42 40 38

-s .34 $30 (30 129 *21 $25 96 46 34 35 34 33
.35 (*2 $10 *07 *04 *00 78 50 34 30 21 24' .34 94 95 93 90 01 63 45 26 40 *0
.3? B? 80 10 76 74 5* 4* 3*
.30 69 66 45 64 43 40 31 29
.39 5? ¶4 54 54 53 32 2? 32
.40 4? 43 41 43 44 24 20 24
.43 38 34 35 36 37 *4 25 22
.42 30 26 27 29 11 9 22 20
.43 24 20 2* 23 25 5 19 1?
.44 *9 $5 *4 *7 (V * (7 $7



Appendix 5. Soil, moisture pressure potential and
hydraulic conductivity for five
different soil layers.
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Appendix 6. Hydraulic conductivity for every 10 cia
soil depth.

SOIL OLPIN tcrn
no- n is.o s.o s.o os.o si.o 65.4 75.0 83.0 vs.q ios.o i IS.Q Is.o 335.0 345.0 355.')
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Appendix 6. (con't.) Hydraulic conductivity for
every 10 cm soil depth.
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Appendix 7. Input list for simulation model. SWATRE
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14-20 13 100(4)
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26-30 13 100(6)
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16-20 23 K1.
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26-30 1.5 (2)

41-43 1.3 50(3)
£6-SO 13 130
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røç I .oed.t. of oeLsull1 199 dm

163

Coio Forout S'ouo1

S 240 180 0 12

62-70 1*0.0 13
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26-20 13 x.(4)
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26-30 13 L(6)
32-33 IS L(7)

36-40 13 Z.($)

P-ID TIO.O 31521
22-20 FQ.Q 1150
22.30 110.3 D01
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1.10 £10.3 ?$10(I.(1))Il20 710.1 10(I1I))
21-30 no.3 Dc.2.(i))
3140 110.4 (I))
41-50 710.3 1(.W)
31.40 710.3 0(l))
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71-40 710.3. ())
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1-20 7*0.4
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1-10 220.4
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eta. 720.4



Cvi f.rms& S.L

z

'w I p b, amiUM L fl 2. Ds.cxibu. tb. iWstaL sbl?stsris .1asj 3. Usj . $nij a. is p. V

ra. U, us .V(I), IØ(I. P(t.z). (I,z) b.U(3), )V(3), ?R(3.x).

fW Z sm of D

;ao
T b. s*M t t4 3. D..ss aM Msicsi aM2a..tis4a .1.1 1ssr e. .g kdga.Lj4 .1cmsiflay a. is p V

U V, bs (t). ?fl(I,z3, (.zJ b L7C4), I?(4), P(4,x).

9 Z ** of 'liy

czo,p :
cam., I N ttM LI 4 4. ua.tN. aM ppsiss aMUsuat,ttga .1
a*E.1 3. D40. .1 maMa acivtcy as is pm V
a. gs V. Na L1(fl, ItV(1). CI.z bs Lft3). $V(S). !(3.aJ.(3.a3 ru.sMmai
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Appendix 0. ModIfication of 8WATRE computer
ptoçjramming.

Suouoiiiiuc ORIGIHAI.. lINE HO OtFORI HODhlICA1IOII AFIER HOUIIICAIIOII ftiAsou

ROAIA fltAD(5,1040) P0,PUI.
PtI,P2fl,I'L,P2,Pi

iF(IR1R.EQ.0) IlIAD
(5.1040) P0,PIJI,PI.I
P2H,P21,P)
IF(JRtfl.IQ.I) IlIAD

P211 and P21 are required
only If lUtR.O,and P2 Is
required only If IftIltI
ccord1nq to the Input

(5,1040) PO,PtIt,PLI Instruction.
P2,P3

99 DIH=AlIAx1(DlI,o.2) 0U$=AUAXI(Dfl$,0.1) Allowable ma1auim time
100 0lII=AflJHJ(DIHJ.0) 0lII=AlIIiII(DlH2O.2) tep,01H I 0.1 DiN 0.2

according to (tie mpht
Instruction.

101 0iHH=AHAXI(uiw1,.005) OltDh.AIIA*1(0iHH..0Oi)AIIowable maximum change
102 DhIU4Afti$II(Ol$$I4,o3) 01Hfl=MI)Hh(D1lflg.oO2), Moisture content,t)IHII

Is .001 ODIN .002 accor-
ding to the Input Insir-
lie (ion.

130 P211-Afl5(P2Il) lI(lllIft.tQ.0) 111tH IlIAD statement Iii linein P?1=-AflS(p2L) P211=-.AUS(pZ$I) was changed to distin-
1)2 P2=-ADS(P2) P2t=-AIJ$(P2L) uisl, the value or 111(0,
Li) Pi-ARS(P)) tLS( 1I(1Rtft.tQ.l) that is,1fttfll or 1fltR0

111(11
P2r-A8S(P?)
tHU IF
P)-AUS(P3)

184 RtAu(5,?)(varc(I),
tS(l),PIiS(I),EP(J),
l=II,t2)

RIAO(S,)ft'sn:c(I),
tt(l),IHAX(l),
114111(I),IIW(1),SC(1),
1=11 ,t2)

1.It Is easier to read
Input data by free
format.



Appendix 8. (con't.) Modification of SWATRE computer
programming.

SUDUOUIIIIL OUICjflAI LIHE Ho ouonr uo0iriciiou Ailill H0DIIICAIIOII REAS011

ROAIA 187
188

LS(I)AUs(ts(I)p
tP(l)AflS(EP(1)) LAI=3.625'$f($)

_$.605SC(J)Nl2
,2.10515C(t)a*j

'U(i)
IS(1)=A85([5(I))
£P(1)=Afls(tp(I))

2.Uaxlinitm evaporation
ES(I),and maximum
transpIration EVil) are
eaiculated by maxlnu,m
evapotranspisatlon flU)
with sofi cover 5C(I).
ficcause (1(1) ons SC(1)
data were avatlible
instead of LS(l) and
Evil).

i.Ailowable minimum pre-
ssnre head at the sol $
Surfare,PIIS(i) are cal-
culated by maximum tem-
perature IHAX.and mint-
mum temperature,lltjtl,
and dew point tempera-
ture,Tt)p. Because there
were no observrd data
for plS(J).

$.teaI area Indcx.LAI was
calculated with SC(I).
(hdsl et a1.$918)

was caluculated
as*
ES=.9exp(-.GIAI)fI
(flelmans et ai.,1982)



Appendix 0. (con't..) Modification of SWATHE computer
programming.

50881111191 ORJCIIIAL t JUl JUl $111081 1100111CM 101$ AllEn HODIIICAI ION I4EASOft

PIIS(1)..ABS(PlIS(l)) 11flP(I)1I)V(l)'1.6
132.

lFI1AX(l)=1HAX(1)l.8
.32.

1tUJtI(l).lIIIH(l)'l.8
p32.

l8P(ltHAK(I).1$t$lu
(l))/2.

J1XiflP.59.9
I2x=IIDP(I)i'i59.69
IX=((10P-i?)/1.8)

.273.15
Jr(10P.ct.3?) 111111
PSDP=t.XP(S.63

-12301.69/12k
-5. 169'AtOC( 12*))

PSflPtXl'15t..63
-12301.G9/1lX
-5. 169'AtOC(lIX) I

LESt 11(IUP.L1.32)

PSDP=LXP(2).39
-11286.65/IZX

PSUPIXP(?).39
-l128.65/l IX
-.'.606'AtOC(11X)j

-.06'AEOC(12X)IPSIIP=exp(5'e.63-1230l.69

I.tI'(l) was directly
computed as:
i( t)rtl(1 )-[S(1 )

5lntc lhpre was no obser-
vr!d data for PUS,It was
ralculatcd
(flrooker,l9d6)
lPll5I7O6a1XLn(ftI$X)
oliere
1k is dry bulb te'pera-
ture(k),and I1IIX Is rela-
live hiim1d1ty(fraitIon).
IX Is calculated asi
lflP=( uMAX. 1111111)/2.
1k((1np-z/1.8),213.lS
ohere
UIIAX Is maitlmeim tewpera-
turc(r)
1111111 Is minimum tempera-
turuil)
811* is calculated asm
for lOP 32
PSI3P=exp(54.63-12301.69

/12X-5.169Ln(12X))

/11 *-5.1691n(IIX))



Appendix a. (con't.) Modification of SWATRE computer
programming.

SUoftoIflIu( 4OHICIHAI tint no utroot. ftontrIcAIlou Al Itfi .wtm ICAIIOII HtASOH

010

687

24

II=-CILA/Ox..4999999

RHAHtlMl'(1-,0)/(it
18)

tIll) ii

RItX=VSDP/P581'
PHS(I)=47061X'A1OC

(flUx)

rsls(i)..Afts(l'flS(I))

It(KO0(i).tT.4)
fl-CWtA/DX..4999999

HUA=NPMtt'(I_Ifl)/(I-it)

for TIll' 32
PSflP-exp(2). 39- I 1186.65
112X-.4606tn(12X))
PSIJPcp(23. 39-11286.65
/IIX-..46061n(I)X))
the ii
ft$lPSUP/p5flp
where
IiX=fUp,459.(,9 (0)
1?X=11IlP4459,9 (0)
nd,Tf0P Is dew point

temperature (II

InlUal groundwater Ivel,
CWEA Is required only
for K(ffl(1) 3 accordlnq tu
the Input Instruction.

According to the Input
l'tructJon,rtua) non-
acth'e root Ieiqtl Is
calculated asi
flt$AflUAU'(t.;n)J( I-IF)
for 10 t It
where
IIIIAII is maiiimum nun-
actI'e root Ienqth,t is
tIme(day),I0 Is time at
which roots become nun-
attive(day),1t is time




