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Abstract:
The purpose of this study was to evaluate two computer models which can be used to predict variations
in soil moisture with time and space as well as crop yield. This evaluation was performed using data
from a sprinkler irrigated alfalfa field on the Montana State University Red Bluff Research Ranch.
FORTRAN models named SPAW and Plantgro were selected for evaluation because they differ
significantly in their random access memory requirements and because they were readily available.
Both models perform a water budget for a selected number of soil layers using pan evaporation to
estimate evapotranspiration. Crop yields are predicted using a linear relationship between potential
yield and the ratio of actual to potential transpiration. The models were calibrated using soil moisture
and yield data from 1979 while similar data from 1981 was used for testing. The results of this study
indicated that the SPAW model predicted soil moisture variations somewhat more acurately than the
Plantgro model. However, the Plantgro model predicted crop yield more accurately than the SPAW
model. Unfortunately, the results of this study were subject to doubt because model calibrations were
based on very limited data and the accuracy of some of these data was uncertain. More effective use of
the available data would eliminate some doubt and provide a more reasonable basis for evaluating the
models in terms of the accuracy of simulated results. 
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ABSTRACT

The purpose o f t h i s  s tudy  was to  e v a lu a te  two com puter models 
which can be used to  p red ic t v a ria tio n s in  s o i l  m oisture w ith time and 
space as w ell as crop y ie ld . This evaluation was performed using data 
from a s p r in k le r  i r r ig a te d  a l f a l f a  f i e ld  on th e  Montana S ta te  
U n iv e rs ity  Red B lu ff  Research Ranch. FORTRAN 'models named SPAW and 
Plantgro were selected  fo r evaluation because they d if f e r  s ig n if ic a n tly  
in  th e i r  random access  memory req u irem en ts  and because they were 
read ily  availab le . Both models perform a water budget fo r a selected 
num ber o f  s o i l  l a y e r s  u s in g  pan e v a p o r a t io n  to  e s t im a te  
e v a p o tra n s p ira tio n . Crop y i e l d s  a r e  p r e d ic te d  u s in g  a l i n e a r  
r e la t io n s h ip  betw een p o te n t ia l  y ie ld  and the  r a t i o  o f a c tu a l  to  
p o te n t ia l  t r a n s p ir a t io n .  The models were c a l ib r a te d  using  s o i l  
m oisture and y ie ld  data from 1979 while s im ila r  data from 1981 was used 
fo r te s tin g . The re s u lts  o f th is  study indicated th a t the SPAW model 
p re d ic te d  s o i l  m o is tu re  v a r ia t io n s  somewhat more acurate ly  than the 
Plantgro model. However, the Plantgro model predicted crop y ie ld  more 
a c c u ra te ly  than th e  SPAW model. U n fo rtu n a te ly , th e  r e s u l t s  o f t h i s  
study were sub ject to  doubt because model c a lib ra tio n s  were based on 
very lim ited  data and the' accuracy of some of these data was uncertain. 
More e ffe c tiv e  use of the availab le  data would e lim inate  some doubt and 
provide a more reasonable basis for evaluating the models in terms of 
the accuracy of sim ulated re su lts .
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I CHAPTER I
. INTRODUCTION

Soil water is  an important quan tity  in the hydrologic cycle since 

i t  i s  a w a ter supply  fo r  p la n ts ,  in f lu e n c e s  e ro s io n  and ru n o ff  and i s  

p e r c o la te d  to  g ro u n d w a te r  r e s e r v o i r s .  The tim e  and s p a t i a l  

d is tr ib u tio n  of so il  water w ithin the upper so il  p ro f ile  i s  the re su lt  

of complex in te rac tio n s  between many variab les re la ted  to  current and 

past occurences of weather, crops and so il  conditions. Computer models 

have been developed to  prov ide methods fo r  q u a n tify in g  in te r a c t io n s  

between these variab les so the tim e-depth d is tr ib u tio n  of s o i l  water in 

an active  so il  p ro f ile  can be predicted and re la ted  to  crop y ield . Two 

such computer models were examined in th is  study using data collected  

from an i r r ig a te d  a l f a l f a  f i e ld  lo c a te d  on th e  Montana S ta te  

U niversity Red B luff Research Ranch 35 m iles west of Bozeman Montana. 

Statement of Problem 1

The purpose of th is  study was to  compare and evaluate two computer 

models which can be used to  p red ic t s o il  moisture and crop yield. The 

models which were selected  for study d iffered  s ig n if ic a n tly  in th e ir  

computational requirements. The accuracy  of p re d ic te d  s o i l  m o is tu re  

and y ie ld  v a lu e s , th e  ease of c a l ib r a t io n  and a p p lic a t io n  as w e ll as
i

computational requirements were used to  provide a basis fo r comparing 

the models.

Stated in  more spec ific  term s, the objective of th is  study was to  

evaluate two computer models for use in predicting  so il  moisture and 

hay production from an ir r ig a te d  a lf a lf a  f ie ld .
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To accomplish th is  objective , i t  was necessary to  perform th is  study in 

the following stages:

1. Select models for study.

2. Analyze availab le  data for the ir r ig a te d  a lfa lfa  f ie ld .

3. Make n ecessa ry  m o d if ic a tio n s  to  the  models so th a t  they 
would be compatible with an AT&T 6300 microcomputer.

4. C alibrate the models to  sim ulate changes in the tim e-depth 
d is tr ib u tio n  of so il moisture.

5. T est th e  c a p a c ity  o f th e  models to  s im u la te  changes in 
so il  moisture.

6 . C alibrate the models to  sim ulate crop production.

7. T est the  c a p a c ity  o f the  models to  p re d ic t  crop produc­
tio n .

L ite ra tu re  review

A large  number of computer models are availab le  for the purpose of 

sim ulating evapotranspiration  and s o i l  w a ter movement. A monograph 

p ub lished  by the  American S oc ie ty  o f A g ric u ltu ra l  E ngineers (ASAE,

1982) in c lu d es  a ch ap te r o u tlin in g  75 models th a t  could be used fo r
!

th is  purpose or re la ted  purposes. Many of the models outlined in th is  

publication sim ulate processes in addition  to  so il  water movement and 

crop production. These processes include some or a l l  of the following; 

flood routing, p rec ip ita tio n , snowmelt, in f i l t r a t io n ,  surface runoff, 

chemical movement and erosion yield.

A tab le  summarizing the processes simulated and the areas where 

each model had been a p p lied  i s  inc luded  in  th is  c h a p te r . Follow ing 

th is  tab le  are ab strac ts  and references for each of the 75 models. In 

a d d it io n , a second ta b le  inc lud ing , re fe re n c e s  fo r  models th a t  were
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under development a t  the time of publication is  incorporated in th is  

chapter. Another chapter ,which was p a rtic u la rly  useful in th is  study 

d e a l t  w ith  th e  c a l ib r a t io n  and t e s t in g  of hyd ro log ic  m odels. Other 

c h ap te rs  in  t h i s  m onograph p ro v id e  in fo r m a t io n  r e g a rd in g  th e  

developm ent o f approaches fo r m odeling flood routing, p rec ip ita tio n , 

snowmelt, in f i l t r a t io n ,  surface runoff, evapotranspiration, subsurface 

flow, chemical movement and erosion.

The SPAW (Saxton e t  a l . ,  1984) and P lan tg ro  (R e tta  and Hanks, 

1980) models were examined in th is  study because they d if fe r  in th e ir  

com pu ta tional req u irem en ts  by an o rder of m agnitude and they  were 

re a d i ly  a v a i la b le .  In  a d d it io n , they a re  f re q u e n tly  re fe re d  to  in  

l i t e r a t u r e  concerning  computer m odeling of s o i l  m o is tu re  and crop 

y ie ld . There a re  o th e r  computer models (Kanemasu e t  a l . ,  1976; 

G o ldstien  e t  a l .  1974) which a re  d i r e c t ly  com parable to  th e  SPAW and 

Plantgro models in terms of the p red ic tions which are made. One such 

program i s  th e  PROSPER model developed a t  the  Oak Ridge N ational 

L aboratory  in  Tennesee (G o ldstien  e t  a l . , 1974). This program 

c a lc u la te s  e v a p o tra n s p ira tio n  using  th e  com bination equation  and 

sim ulates liq u id  water flow using netw ork eq u atio n s . U n fo rtu n a te ly , 

documentation for th is  program could not be obtained while th is  study 

was in progress.

Considerable study has been devoted, to  the SPAW model in the past. 

The SPAW model has been ca lib ra ted  and tes ted  to  sim ulate s o il  moisture 

and crop y ie ld  a t  study s i t e s  in  w estern  Iowa and c e n tr a l  M issouri 

(Sudar e t  a l . ,  1981). Corn and soybean y ie ld s  were examined a t  th ese  

s i te s  and the re su lts  showed th a t the SPAW model provided a p rac tica l

3
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and accurate approach for assessing water s tre ss  e ffe c ts  on crop yield . 

An additional study of the SPAW model tes ted  the program fo r regional 

a p p lic a t io n  to  corn a t  49 s i t e s  in  Kansas, M issouri, Iowa and South 

Dakota (Saxton and Bluhm, 1982). The r e s u l t s  o f t h i s  s tudy  in d ic a te d  

th a t some local c a lib ra tio n  of the model was required but th a t a f te r  a 

param eter s e t  was e s ta b l is h e d , crop y ie ld s  could be p re d ic te d  w ith  

moderate to good accuracy.

The SPAW model has also  been compared with the Stockle-Campbell 

model (S tockle, 1983) in terms of th e ir  a b il i ty  to  p red ic t w inter wheat 

y ields (Stockle and Saxton, 1984). The model comparison was based on 

w inter wheat y ie ld s a t  two s i te s  in  Washington. Prelim inary re su lts  of 

t h i s  com parison in d ic a te d  th a t  both models showed good p re d ic tiv e  

c a p a b il i ty  and m ight be u se fu l fo r  p r a c t ic a l  a p p lic a t io n s .  However 

these re su lts  were based on ca lib ra tio n  data only and add itional work 

was necessary before any firm  conclussions could be drawn. Additional 

work would invo lve  t e s t in g  the  models using  independent da ta  from 

d iffe re n t years and locations.

In p rev ious work w ith  th e  P lan tg ro  model, s e v e ra l v a r ia t io n s  of
i

the model have been studied. One study tes ted  the a b i l i ty  of the model 

to  s im u la te  corn dry m a tte r  and g ra in  y ie ld  as w e ll as sorghum dry 

m a tte r  y ie ld  (Hanks, 1974). This v e rs io n  of the  P lan tg ro  model 

d if f e r e d  from the  one examined in  t h i s  study in  th a t  th e  e n t i r e  s o i l  

p ro f ile  was represented as a sing le  layer and evaporation was specified  

using  a s in g le  seasonal value. Although the  r e s u l t s  o f t h i s  study 

showed re la tiv e ly  good p red ic tive  cap ab ility , the model was not tes ted
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using data which were independent of the c a lib ra tio n  year.

Another v a r ia t io n  of the  P lan tg ro  model was s tu d ie d  using  the  

modified Penman equation to  evaluate evapotranspiration over the course 

of the growing season (Nipah and Hanks, 1973). This version d iffered  

from the one studied here in  the way evapotranspiration was evaluated
i

and in  th e  way the  movement o f s o i l  m o is tu re  was s im u la ted . S o il 

moisture movement was sim ulated using a f in i te  d ifference  form of the 

Darcy equation for porous media flow. In addition, no attem pt was made 

to  sim ulate crop y ield . The re su lts  of th is  study indicated  th a t so il  

m o is tu re  movement could be s im u la ted  a c c u ra te ly  a f t e r  c a l ib r a t io n .  

However, the model was not te s ted  using data which were independent of 

the ca lib ra tio n  data.

A v e rs io n  of th e  P lan tg ro  model has a lso  been used to  s im u la te  

sp rin g  wheat g ra in  y ie ld  (Rassmussan and Hanks, 1978). G rain y ie ld s  

were s im u la ted  a t  se v e ra l s i t e s  in  Utah fo r  se v e ra l y ea rs . These 

s im u la tio n s  p re d ic te d  g ra in  y ie ld  w ith  e r ro r s  of e ig h t  to  t h i r t y  

p e rc en t. However, th e  e r ro r  of t h i r t y  p e rcen t was p re d ic te d  fo r  an 

anomolous year in  te rm s.o f the  le n g th  of the  growing season. During 

th is  growing season, weather was warmer than normal and the planting 

d a te  was s ig n i f ic a n t ly  e a r l i e r  thah  the  p la n tin g  d a te s  of th e  

c a l ib ra t io n  years.

The SPAW and P la n tg ro  models have a lso  been extended to  p re d ic t  

so lu b le  ion movement and th e  e f f e c t s  o f s a l in i t y  on y ie ld . The SPAW 

model h a s ibeen m odified  to  s im u la te  n i t r a t e  n itro g e n  movement and 

d is s ip a t io n  by c o n s id e rin g  a d d it io n s , s u b tra c t io n s , s to ra g e  and 

b io log ical conversions represented as a time d is tr ib u tio n  (Saxton e t
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a l . ,  1977). In  t h i s  ex ten sio n  of the  SPAW model, th e  f a c to r s  

c o n s id e re d  in  t'he c a l c u l a t i o n  o f  n i t r a t e  t r a n s p o r t  in c lu d e ;  

i n f i l t r a t i o n ,  s o i l  w ater r e d i s t r ib u t io n ,  p e rc o la t io n , p la n t  up take, 1 

f e r t i l i z e r  a d d i t i o n ,  r a i n f a l l  a d d i t i o n ,  m in e r a l i z a t i o n  and 

n i t r i f i c a t i o n .  Although n i t r a t e  movement through d if fu s s io n  was 

sim ulated, the e ffe c ts  of adsorption were not considered.

The P lan tg ro  model has been extended to  s im u la te  th e  e f f e c t s  of 

s a l in i t y  on crop y ie ld  and s a l t  movement w ith in  the  s o i l  p r o f i le  

(C hilds and Hanks, 1975). T his ex ten sio n  tak es  in to  c o n s id e ra tio n  

e f f e c t s  o f th e  i r r ig a t i o n  amount and sch ed u lin g , i r r ig a t i o n  w ater 

q u a lity , i n i t i a l  so il  s a l in i ty , crop type and uniform ity of ir r ig a tio n .

A decreased osmotic p o ten tia l was used to  represent s a l in i ty  e ffe c ts  on 

yield . Solute flow was modeled both in terms of bulk so lu tion  flow and 

s o lu t e  d i f u s s io n .  The e f f e c t s  o f a d s o r p t io n  a s  w e l l  as s a l t  

p rec ip ita tio n  and d isso lu tion  were not represented.

In a d d itio n  to  the  in fo rm a tio n  d e sc rib e d , two documents were 

e s s e n t ia l  to  t h i s  study . These documents a re  the  u s e r 's  manuals fo r  

the  SPAW (Saxton e t  a l.,1984) and P lan tg ro  (R etta  and Hanks, 1980) 

m odels. The u s e r 's  manual fo r the  SPAW model i s  a p u b lic a tio n  th a t  

covers in d e ta il  every aspect of the operation of the SPAW model. The 

u s e r 's  manual fo r the  P lan tg ro  model i s  a much sm a lle r  p u b lic a tio n  

w ith  in s u f f i c i e n t  d e ta i l .  The u s e r 's  manual fo r  the  P lan tg ro  model 

was inadaquate because the u n its  of measure used by the program are not 

c lea rly  sp ec ified .

A paper t i t l e d  "E valuating  wash tub ev ap o ra tio n  i r r ig a t io n
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sch ed u lin g ” by Hanson (1984) provided usefu l inform ation regarding 

p rev ious study  of the  a l f a l f a  f i e ld  a t  the Red B lu ff  Ranch. In 

addition to  discussing aspects of i r r ig a tio n  scheduling based on d ire c t 

m easurem ents o f pan e v ap o ra tio n , t h i s  paper provided background 

in fo rm a tio n  on th e  a l f a l f a  f i e ld  in  q u e s tio n . T his in fo rm a tio n  

inc luded  a summary o f y ie ld ,  s o i l s  and ev ap o ra tio n  d a ta  as w e ll as a 

descrip tion  of the methods and m ateria ls  used to  p lan t the f ie ld .
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CHAPTER 2
BACKGROUND INFORMATION

The SPAW and Plantgro models are  p red ic tive  accounting procedures
i '

which produce a daily  water budget fo r s o i l  water w ithin specified  so il  

layers. These accounting procedures are governed by the major e ffec ts  

of weather, crops and so ils . The primary purpose fo r developing these 

models was to  improve pred ic tions of in f i l t r a t io n ,  runoff, erosion and 

water qua lity . An equally, im portant reason for developing these models 

was the assessment of ava ilab le  so il m oisture throughout the growing 

season fo r a g ric u ltu ra l crops. A number of secondary ob jectives can be 

approached through th e  a p p lic a t io n  o f th e se  accoun ting  p rocedures. 

These might include assesment of crop water s tre ss  e ffe c ts  on growth 

and y ie ld , s o i l  w ater in f lu e n c e s  on so lu b le  ion d i s t r ib u t io n  and the  

percolation of s o il  water fo r groundwater recharge. While the SPAW and 

P lan tg ro  models were developed to  re p re se n t  a complex p h y sic a l and 

b io lo g ic a l  system , the  d a ta  req u irem en ts  were r e s t r i c t e d  to  those  

read ily  availab le  through normal sources.

The diagram in Figure I represents the control volume considered 

by th e  SPAW and P lan tg ro  program s to  compute e s t im a te s  o f the  s o i l  

water p ro f ile , actual evapotranspiration and deep percolation. Daily 

estim ates of a l l  of these q u an titie s  are made by the models to  produce 

v e r t i c a l  w ater b u d g e ts . | In the  SPAW model, s o i l  w a te r p r o f i le s  a re  

e s tim a te d  a t  a maximum tim e .s te p  o f one to  fou r hours as req u ire d  to  

maintain computational s ta b i l i ty .  The so il  p ro file  i s  represented in  

th e  models by a s e le c te d  number of la y e rs  and dep ths designed to

I



9

Precipitation

Evapo-
tronspiratiorf

(E T )

Surface 
Runoff (Q)

SOIL
Soil

Moisture
(Sm)

Percolation
(Re)

Figure I .  Control volume for the SPAW and Plantgro models.
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r e f l e c t  the  average s o i l  p r o f i le  over the  f i e ld  or w atershed  being 

modeled. Each la y e r  may be assigned  a unique s e t  o f w a te r ho ld ing  

c h a r a c t e r i s t i c s  and, in  th e  case o f th e  Spaw model, th e  u n sa tu ra ted  

hydraulic conductivity of the layers can a lso  be represented. The above 

ground p o rtio n  of; th e -c o n tro l  volume i s  assumed to  be a un ifo rm ly  

d is tr ib u ted  p la n t!canopy.

SPAW model descrip tion

The general computational scheme used in  the SPAW model is  shown 

in  F ig u r e  2. In  t h i s  c o m p u t a t i o n a l  s c h e m e , p o t e n t i a l  

evapotranspiration i s  determined independently and then reduced to  an 

estim ate of actual evapotranspiration. Susequent c a lc u la t io n s  d iv id e  

th e  a c tu a l  e v a p o tr a n s p i  r a t i o n  in to  components o f in te rc e p tio n  

ev ap o ra tio n , s o i l  w a te r ev ap o ra tio n  and p la n t t r a n s p ir a t io n .  A fte r 

sub tracting  the actual evapotranspiration from ex is tin g  so il moisture 

by s o i l  la y e r s ,  d a ily  i n f i l t r a t i o n  i s  added. Then, s o i l  w ater i s  

red is tr ib u te d  based on a Darcian equation. A b r ie f  descrip tion  of each 

element considered in th is  computational scheme follows.

P o ten tia l evapotranspiration

The p o ten tia l evapotranspiration may be obtained from a varie ty  of 

m e teo ro lo g ica l methods. . As p re sen te d , the  SPAW model e s tim a te s  

p o te n t ia l  e v a p o tra n s p ira tio n  from measured or e s tim a te d  d a ily  pan 

e v ap o ra tio n . The pan ,evaporation  r a te s  a re  reduced by a monthly pan 

co e ff ic ien t to  become estim ates of p o ten tia l evapotranspiration. . 

In tercep tion
. " • J •" ' ' _ _

In te rc e p tio n  of w a te r by the  crop canopy i s  s im u la ted  using

a s to ra g e  dev ice  w ith  a maximum c a p a c ity  re p re se n tin g  p o te n t ia l
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in tercep tion . The p o ten tia l evapotranspiration value i s  reduced by the

amount of in te rcep tion  before tran sp ira tio n  and s o il  w ater evaporation 

are computed. 1

Crop canopy

B ecause s o l a r  r a d i a t i o n  p la y s  a m ajo r r o l e  in  c a u s in g  

tran sp ira tio n , the SPAW program uses crop canopy as an in d ica to r of the 

proportion of th e ip o ten tia l evapotranspiration th a t w il l  be considered 

as tran sp ira tio n  from the crop canopy. Crop canopy i s  expressed as an 

annual time graph of the percentage of shaded so il. Values vary from 

zero  fo r  bare  s o i l s  to  a lm ost 1.00 fo r  dense canop ies. Crop re s id u e s  

a re  t r e a te d  as canopy cover because they  prov ide s o i l  shading which 

a ffe c ts  evaporation from the so il . The in a b il i ty  of crop residues to  

tran sp ire  i s  accounted fo r in the model by considering p lan t phenology.

For dry s o i l  c o n d itio n s  w ith  a p a r t i a l  canopy, th e re  i s  some 

portion of the energy availab le  for p o ten tia l evapotranspiration which 

i s  no t used fo r  w ater ev ap o ra tio n . Unused energy h e a ts  th e  s o i l ,  th e  

a d ja c e n t a i r  and the  canopy. As a r e s u l t ,  the  canopy has a second 

source of energy in  a d d itio n  to  d i r e c t ly  in te rc e p te d  energy. To 

represent th is  e ffe c t, a lin e a r  re la tio n sh ip  of canopy versus percent 

unused energy i s  in co rp o ra te d  in to  th e  SPAW model. When th e  canopy 

reaches s ix ty  percent, a l l  unused energy is  captured by the canopy and 

i t  becomes p a rt of the energy availab le  fo r po ten tia l tran sp ira tio n . 

P lant phenology

A second annual time graph of a phonological fac to r i s  included in  

the  SPAW model as a d i r e c t  m o d ifie r  o f th e  crop canopy’s a b i l i t y  to
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t r a n s p i r e .  At t im e s  d u r in g  th e  y e a r  when th e  canopy i s  n o t 

tran sp irin g , the phenological fac to r takes on a value of zero. As the 

proportion of the crop canopy tran sp irin g  increases, the value of th is  

fac to r approaches 1.0.

Soil water evaporation

In th e  SPAW program , a th in  upper boundary la y e r  i s  included  in  

the s o i l  p ro f ile  increm entation. This layer has a l l  of the functions 

of th e  o th e r  la y e rs  excep t p la n t  ro o ts  a re  not p re se n t. In  a d d it io n , 

w a ter can be re a d i ly  e v a p o ra te d  from  t h i s  boundary  l a y e r  and 

ev ap o ra tio n  i s  l im i te d  only by p o te n t ia l  evapo t r  anspi r a t i  on. Upward 

w a te r movement from the second la y e r  in to  the  e v ap o ra tiv e  boundary 

layer i s  estim ated by a Darcian equation using a small frac tio n  of the 

unsaturated hydraulic conductivity fo r the current s o i l  w ater content 

o f th e  second la y e r . The c o n d u c tiv ity  red u c tio n  re p re s e n ts  the  f a c t  

th a t  ev ap o ra tio n  i s  by vapor flow ra th e r  than l iq u id  flow  and th e  

e ffec tiv e  conductivity i s  several magnitudes less .

Water uptake by p lan t roots

A simple descrip tion  of a water ex trac tion  pa ttern  w ith depth was 

programed in to  the SPAW model. For se lected  dates the percent of water 

to  be abstrac ted  from each so il layer i s  entered. Each d is tr ib u tio n  i s  

a p p lied  to  succeeding  d a te s_ u n til  a new d i s t r ib u t io n  i s  s p e c if ie d  to  

r e f l e c t  ro o t developm ent. The en te red  water ex trac tion  d is tr ib u tio n  

assumes th a t water i s  read ily  and equally availab le  in  a l l  s o il  layers. 

Any w ater s t r e s s  due to  s o i l  d ry ing  i s  considered  in  th e  crop w ater 

s tre s s  re la tio n sh ip .



Crop water s tre s s

As th e  w ater supply to  a p la n t becomes l im i te d ,  p h y sica l and 

b io lo g ic a l  c o n tro ls  begin  to  l im i t  th e  r a te  o f t r a n s p ir a t io n .  To 

account fo r  t h i s  e f f e c t ,  s e v e ra l curves re p re se n tin g  th e  r a t i o  o f 

actual to  p o ten tia l evapotranspiration (AT/PT) versus p la n t  a v a ila b le  

m oisture and p o ten tia l evapotranspiration have been programed in to  the 

SPAW model. Several curves, shown in  Figure 3, are included because a 

p lan t i s  more lik e ly  to  a t ta in  a la rg e r proportion of a lower po ten tia l 

e v a p o t r a n s p i r a t i o n  r a t e  th a n  i t  i s  a h i g h e r  p o t e n t i a l  

e v a p o tra n s p ira tio n  r a te .  In the  model, th e  programed curves a re  

applied to  each so il  layer independently and the actual tran sp ira tio n  

i s  a m ultip le  function .o f the canopy, phenology and root d is tr ib u tio n .

A fter estim ating the da ily  p la n t  a c tu a l  t r a n s p ir a t io n ,  the  SPAW 

program fu rth er estim ates the magnitude of water s tre s s  as (I-(AT/PT)). 

This value i s  then used to  ca lcu la te  s tre s s  e ffe c ts  on canopy growth, 

phenologic developm ent and y ie ld . S tre s s  e f f e c t s  on canopy and 

phenology are used to  derive the plant s ta tu s  and adjustm ents are made 

to  p la n t d e s c r ip to r s  (canopy and phenology) fo r  c a lc u la t io n s  on th e  

subsequent day. These adjustm ents are such th a t prolonged water s tre ss  

w ill  severly  l im it  p lan t growth or even cause p lant death.

The c a p a b il i ty  to  e s tim a te  how th e  d a ily  crop w a te r s t r e s s  i s  

in teg rated  throughout the growing season to  re su lt  in  a f in a l  y ield  was 

a lso  in c o rp o ra te d  in to  th e  model. To re p re se n t th e  r e l a t i v e  w ater 

s t r e s s  s u s c e p ta b i l i ty  in  tim e and among c ro p s , y ie ld  s u s c e p ta b i l i ty
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re la tio n sh ip s  for p a rtic u la r  crops must be developed and entered in to  

the  program. Y ield red u c tio n  due to  s t r e s s  on a p a r t i c u la r  day i s  

calcu lated  as the product of the water s tre s s  on th a t day and a fac to r 

representing the su scep tab ility  of the crop to  s tre ss  on the same day. 

The program provides re la tiv e  s tre ss  indices which become meaningful 

only a f te r  they are co rre la ted  w ith observed y ie lds from the study s i te  

or the region to  derive a y ield  su scep tab ility  re la tionsh ip .

Actual evapotranspiration

An estim ate of actual evapotranspiration i s  obtained by adding the 

components of in tercep ted  water evaporation, so il  water evaporation and 

p la n t  tran sp ira tio n .

In f i l t r a t io n

The Spaw model estim ates a da ily  in f i l t r a t io n  value for each day 

th a t has p rec ip ita tio n  by one of two methods. I f  measured da ily  runoff 

data are availab le  and co rrec tly  associated with a p re c ip ita tio n  event, 

they are entered and in f i l t r a t io n  i s  computed as p rec ip ita tio n  minus 

ru n o ff  and in te rc e p t io n .  I f  measured d a ta  a re  not a v a i la b le ,  then  a 

d a ily  e s tim a te  o f ru n o ff  i s  made by a m odified  v e rs io n  o f the  S o il 

Conservation Service curve number method.

The SCS curve number method estim ates runoff based on a se ries  of 

curves which in d ic a te  th e  percen tage  of p r e c ip i t a t io n  which becomes 

ru n o ff. A p a r t i c u la r  curve i s  s e le c te d  fo r  use based on ta b u la te d  

values fo r various so il  and crop combinations. The standard SCS method 

was modified in  the SPAW model to  u t i l iz e  predicted estim ates of crop 

canopy and so il moisture.

Daily in f i l t r a t io n  amounts en ter and move through the so il  p ro file
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instantaneously in  the Spaw model. I n f i l t r a t in g  water i s  added to  the 

upper s o il  layers w ithout exceeding th e ir  sa tu ra tion  capacity. Water 

i s  cascaded to  deeper la y e rs  u n t i l  adaquate s to ra g e  i s  a v a i la b le  fo r  

the in f i l t r a te d  water. All fu rth er red is tr ib u tio n  of water i s  done by 

the Darcian m oisture red is tr ib u tio n  routine.

Soil water re d is tr ib u tio n

A sim p lified  Darcian equation of water flow between so il  layers 

was included in  the SPAW program to  evaluate so il  water red is tr ib u tio n . 

The Darcy equation in  f in i te  d ifference  form is :

(h(&)+ AZ)
q=K (9 )-------------------- (At)

AZ
where;

q i s  th e  e s t im a te d  v o lu m e tr ic  w a te r  flow  per u n i t  a re a  per 
tim e s tep  across lay e r boundaries (cm3/cm2/hr)

K(e) i s  the mean unsaturated  hydraulic  conductiv ity  of the two 
la y e r s  be ing  c o n s id e r e d .  T hese c o n d u c t i v i t i e s  a re  
functions of the resp ec tiv e  lay e r water contents (cm/hr).

A(9) i s  the  m a tr ic  p o t e n t i a l  head d if f e r e n c e  betw een th e  two 
layers being considered as a function  of th e ir  re sp ec tiv e  
water con tents (cm).

AZ is the distance between the midpoints of the layers being 
considered (cm).

At i s  the time increm ent (hr).

Many p r e s s u r e  and c o n d u c t iv i ty  v e rs u s  m o is tu r e  c o n te n t  

re la tio n sh ip s were summarized from l i te r a tu r e  and c la s s if ie d  by so il 

te x tu re  to  p rov ide a s e r ie s  o f average r e la t io n s h ip s  fo r  e s tim a tin g  

these when no others are availab le. However, there are input options 

to  provide measured so il  water c h a ra c te r is tic  data to  the program or 

pressure and conductivity re la tio n sh ip s can be calculated  em pirically
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by th e  model. E m p irica lly  c a lc u la te d  p re s su re  and c o n d u c tiv ity  

re la tio n sh ip s  are a function of so il  tex tu re  and so il  m oisture. These 

r e la t io n s h ip s  a re  d e sc rib ed  in  a paper soon to  be p u b lish ed  in  th e  

Soil Science Society of America Journal (Saxton e t  a l. 1986)

Summary of data requirements fo r the SPAW model 

Weather data

D aily  p r e c ip i t a t io n  and i r r i g a t i o n  amounts (cm).

D aily  r u n o f f - e i th e r  observed or e s tim a te d  by th e  model 
using the modified SCS curve number method.

Daily p o ten tia l evapotranspira tion-the model i s  now programed 
to  use d a ily  pan ev ap o ra tio n  and monthly pan coeffic ien ts .

Crop data

Dates of p lanting and harvest.

Crop canopy- e s tim a te d  s o i l  shading percentage fo r selected 
dates which define a crop canopy curve.

Canopy suscepta b i l i t y - v a l u e s  to  re p re se n t w a ter s t r e s s  
e ffe c ts  on crop growth.

Crop phenology-values from 0.0 to  1.0 which d e sc rib e  the  
p ro p o rtio n  of the  canopy a b le  to  t r a n s p ir e  on s e le c te d  
d a te s . These v a lu es and th e  co rrespond ing  d a te s  d e sc rib e  a 
crop phenology curve.

Phenology s u s c e p ta b i l i ty -v a lu e s  to  re p re se n t w a ter s t r e s s  
e ffe c ts  on crop phenology.

Plant water ex trac tion  pattern-values for each s o il  layer for 
se le c te d  d a te s  which r e f l e c t  the  expected w a te r w ithd raw al 
p ercen tage  by th e  crop i f  w a ter were r e a d i ly  and eq u a lly  
availab le  throughout the s o i l  p ro file .

P la n t m o is tu re  s t r e s s  cu rv e s-v a lu e s  describing the availab le  
s o i l  w ater and e v ap o ra tiv e  demand e f f e c t s  on th e  r a t i o  o f 
actual to  p o ten tia l p lan t tran sp ira tio n .

Yield suscep tab ilty -values describing the re la tiv e  sign ificance 
of water s tre s s  to  y ie ld  throughout the crop growth period.
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S oils data

In c rem en ta tio n  dep ths re p re se n tin g  th e  s o i l  p r o f i l e  and 
a p p ro p r ia te  s o i l  w a ter c h a r a c t e r i s t i c  curves fo r  each la y e r . 
Curves can be s e le c te d  from s tan d ard  programed cu rv es, u se r 
specified  or calculated  by the program.

Observed volum etric s o il  m oisture values for each s o i l  layer on 
each  d a te  e n te r e d .  Used f o r  i n i t i a l i z a t i o n ,  o r m odel 
ca lib ra tio n  and v e rif ic a tio n .

Summary of output presented by the SPAW model

D a ily  and a c c u m u la te d  v a lu e s  o f  P o t e n t i a l  and a c tu a l  
evapotran sp ira tio n , tran sp ira tio n  and s o il  water evaporation as 
w ell as p rec ip ita tio n , ir r ig a tio n  runoff and drainage.

Daily s o il  m oisture values by so il  layer.

Values fo r  d a ily  and accum ulated crop w ater s t r e s s  and y ie ld  
reduction.

Plantero model descrip tion

A sim p lified  version of the flow chart for the Plantgro model is  

shown in  Figure 4. This model operates by s p l i t t in g  evapotranspiration 

in to  i t s  com ponents o f  e v a p o ra t io n  from  the  s o i l  su rfa ce  and 

tran sp ira tio n  from p lan ts. Crop production is  then predicted based on 

a l i n e a r  r e l a t i o n s h i p  be tw een  t r a n s p i r a t i o n  and y ie ld . Since 

evaporation from the s o il  surface does not contribute to  p lant growth, 

i t  i s  no t inc luded  in  th e  p roduction  r e la t io n s h ip .  P roduction  

estim ation  i s  based on an equation having the form;

Dry m atter yield=P(AT/PT)

where;
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Figure 4. Plantgro model computational scheme
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P i s  th e  p o te n t ia l  dry m a tte r  y ie ld  i f  w ater i s  not 
lim itin g .

AT i s  the accumulated seasonal actual tran sp ira tio n .

PT i s  the accumulated seasonal p o ten tia l tran sp ira tio n .

In a d d it io n  to  p re d ic tin g  dry m a tte r  y ie ld , th e  P lan tg ro  model 

a lso  has th e  a b i l i t y  to  p re d ic t  g ra in  p roduction . G rain y ie ld  i s  

p re d ic te d  based on a r e la t io n s h ip  which accounts fo r  th e  vary ing  

sign ificance  of moisture s tre s s  during d iffe re n t growth stages. This 

re la tio n sh ip  i s  s im ila r  to  th a t used to  p red ic t dry m atter y ie ld  except 

the ra t io  of actual to  p o ten tia l tran sp ira tio n  i s  calcu lated  fo r each 

stage of growth and ra ised  to  an appropriate power. Grain prodution i s  

assumed to  be the product of these ra t io s  each raised  to  a power. Each 

ra t io  i s  ra ised  to  a power which represents the re la tiv e  significance 

of moisture s tre ss  during the corresponding stage of growth.

P o ten tia l evapotranspiration i s  determined in  the Plantgro model 

by m ultiplying observed pan evaporation by a seasonal pan co effic ien t. 

Daily values of pan evaporation or average values for several days may 

be supplied to  the model. P o ten tia l evapotranspiration i s  s p l i t  in to  

i t s  com ponen ts o f  p o t e n t i a l  s o i l  e v a p o ra t io n  and p o t e n t i a l  

tran sp ira tio n  using the follow ing equations;

PT=Kt(PET)
PE=Ks(PET)=(I-Kt)(PET) 

where; <

PT is  p o ten tia l tran sp ira tio n  on a given day.
PE i s  po ten tia l s o il  evaporation on a given day.
PET i s  p o ten tia l evapotranspiration on a given day.
Kt i s  the proportion of the PET th a t could be transp ired .
Ks i s  the proportion of the PET th a t  could evaporate from 

the s o i l .
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The p ro p o rtio n  f a c to r s  Kt and Ks a re  d efined  by a p lo t  of Kt va lues 

versus time. In the version of the Plantgro model Used in  th is  study, 

l in e a r  segments were used to  jo in  values of K t,a t  the begining and end 

of each stage of crop growth.

Actual tran sp ira tio n  i s  determined in  the Plantgro model based on 

th e  amount o f a v a i la b le  w a te r in  the  s o i l  p r o f i le  and th e  fo llo w in g  

re la tio n sh ip s;

AT=PT i f  SWS/AW i s  g rea te r than b
AT=PT(SWS/(AWxb)) i f  ,SWS is  le s s  than b

where;

AT is  actual tran sp ira tio n .
PT i s  p o ten tia l tran sp ira tio n .
SWS is  the amount of availab le  so il  water in  the root zone.
AW is  the amount of availab le  water in  the root zone when 

the root zone i s  a t  f ie ld  capacity .
b i s  the frac tio n  of availab le  water a t . f i e l d  capacity below 

which tran sp ira tio n  w ill  be lim ited .

A ctual ev ap o ra tio n  from the  s o i l  (AE) i s  e s tim a te d  based on th e  

p o te n t ia l  s o i l  ev ap o ra tio n  (PE) and the  le n g th  of tim e ( t)  in  days 

since the l a s t  i r r ig a tio n  or p rec ip ita tio n  event using the equation;

AE=PEZf5

When ra in  or an ir r ig a tio n  occurs on the day under consideration 

by th e  model, the  top  la y e r  of s o i l  i s  f i l l e d  to  f i e ld  c a p a c ity  f i r s t  

and i f  th e re  i s  any excess, th e  next la y e r  i s . f i l l e d .  I f  the  amount 

of water added exceeds the water holding capacity of the roo t zone a t  

f i e l d  c a p a c ity , th e  excess i s  l o s t  as deep p e rc o la tio n . The depth of 

the root zone i s  estim ated by the model based on a l in e a r  re la tio n sh ip  

betw een th e  depth of th e  ro o t zone a t  m a tu r ity  and th e  p ro p o rtio n  of 

the season th a t has elapsed. Water i s  withdrawn by tran sp ira tio n  from
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the so il  layers th a t contain roots. Evaporation only occurs from the 

top  s o i l  la y e r  and t h i s  la y e r  i s  allow ed to  lo se  w ater below the  

w i l t in g  p o in t to  a s p e c if ie d  a i r  dry m o is tu re  c o n te n t. Water fo r  

t r a n s p ir a t io n  i s  w ithdraw n from the  s o i l  la y e r  w ith  the  h ig h e s t 

m oisture content. I f  the amount of water required fo r tran sp ira tio n  on 

a given day i s  g re a te r  than  the  amount o f a v a i la b le  w a te r in  the  s o i l  

layer w ith the highest so il  m oisture, the difference is  removed from 

the layer w ith the next highest s o il  m oisture. With the exception of 

the top layer, the m oisture content of the so il  layers i s  not allowed 

to  drop below the w iltin g  point m oisture content.

U nlike th e  SPAW model, th e  P la n tg ro  model does no t account fo r  

surface runoff or in te rcep tion . A summary of the data requirements fo r 

the Plantgro model follows.

Summary of Plantaro data requirements 

Weather Data

P rec ip ita tio n  date and amount.

Pan ev ap o ra tio n  da te  and amount. The pan e v ap o ra tio n  amount
can be daily  values or average values for a number of days.

Crop Data

Season length in days.

Length of each stage of crop growth in days or energy units.

Values fo r the proportion of the po ten tia l evapotranspiration
made up of p o te n t ia l  t r a n s p ir a t io n  a t  the  beg in ing  o f each
stage of growth.

Date when the maximum rooting depth i s  reached.

Dates and amounts of ir r ig a tio n . .
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S oils Data

Thickness of each so il layer to  be considered.

V olum etric  m o is tu re  co n ten t o f each s o i l  la y e r  when i t  i s  a t  
f ie ld  capacity (decimal percent).

V olum etric  m o is tu re  c o n ten t o f each s o i l  la y e r  when i t  i s  a t  
the permanent w iltin g  point (decimal percent).

E stim ated  a v a i la b le  m o is tu re  in  each s o i l  la y e r  a t  the  
begining of the computation period (decimal percent).

Measured so il  moisture values fo r in i t ia l iz a t io n  and model 
ca lib ra tio n  and v e rif ic a tio n .

Summary  of output presented by the P lantero model

D aily  and accum ulated va lues fo r  p o te n t ia l  and a c tu a l  evapo- 
tran sp ira tio n , tran sp ira tio n  and s o i l  water evaporation as w ell 
as ir r ig a tio n , p rec ip ita tio n  and drainage.

Daily s o il  m oistures by s o i l  layer.

Values for the r a t io  of actual to  po ten tia l tran sp ira tio n , open 
s o i l  water storage and occupied s o i l  water storage.

Values fo r  th e  g ra in  p ro d u ctio n  fu n c tio n  a t  th e  end o f each 
stage of growth.



25

CHAPTER 3 

PROCEDURE

Available Data

The SPAW and Plantgro models were ca lib ra ted  and tes ted  using data 

co llec ted  from an ir r ig a te d  a lfa lfa  f ie ld  located on the Montana S ta te  

U n iv e rs ity  Red B lu ff  Research Ranch. The Red B lu ff  Ranch i s  

ap p rox im ate ly  56 k ilo m e te rs  (35 m iles) w est o f Bozeman Montana on 

Highway 84 as shown in  F igu re  5. The a l f a l f a  f i e ld  has a le g a l  

descrip tion  of SW 1/4, NE 1/4 Sec. 12 T2S, RIW and covers approximately 

16 hectares (36 acres). The- f ie ld  i s  located on a south facing slope 

a t  an elevation of 1490 meters (4880 f t .)  and is  ir r ig a te d  by a center 

p iv o t s p r in k le r  system . The f i e ld  was p lan ted  w ith  a l f a l f a  a t  the  

beg in ing  of the  1978 growing season (Hanson, 1984) and d a ta  from the  

year 1979 was used to  c a lib ra te  the models. Data from 1981 was used to  

t e s t  the a b il i ty  of the models to  sim ulate so il  m oisture and crop y ield  

for periods other than the c a lib ra tio n  period. The year 1979 was used 

fo r ca lib ra tin g  the models because a g rea ter number of s o i l  moisture 

m easurem ents were made during  th a t  year than during  1981. Although 

d a ta  from 1980 was a v a i la b le ,  i t  was no t used in  t h i s  study  because a 

re la tiv e ly  sm all number of so il  m oisture measurements were made during 

th a t year. However, these data are included in Appendix A.

The da ta  c o lle c te d  during  each of these  y ea rs  concerned s o i l  

c o n d itio n s , crop s ta tu s  and w eather c o n d itio n s . For each quadran t 

shown in  F igu re  6, s o i l  sam ples re p re se n tin g  30 c e n tim e te r  (I fo o t) 

increments in  the s o il  p ro file  were taken a t  three loca tions to  a depth
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of 90 c e n tim e te rs  (3 f e e t ) .  T ex tu ra l a n a ly s is  o f th e se  sam ples 

indicated a re la tiv e ly  uniform s o i l  p ro f ile  w ith a s i l ty  clay loam or 

s i l t  loam tex tu re. Soil moisture measurements were a lso  made for each 

of these samples a t  tensions of -.3 bars ( f ie ld  capacity) and -15 bars 

(w il t in g  point).

In a d d it io n , s o i l  m o is tu re  m easurem ents were made a t  th re e  

lo c a tio n s  in  each quadran t using  a neu tron  probe on se v e ra l d a te s  

during each of the growing seasons considered (1979 and 1981). These 

s o i l  m o is tu re  m easurem ents were made in  30 c e n tim e te r  (I fo o t)  

increm en ts  to  a depth  of 150 c e n tim e te rs  (5 f e e t)  on each d a te . The 

average of the three measurements made a t  each increment of depth in  

each quadrant was used to  represent the so il  moisture d is tr ib u tio n  for 

a quadran t on a p a r t i c u la r  d a te . These average v a lu es  were used to  

c a lib ra te  and te s t  the models.

Data regarding the s ta tu s  of the a lf a lf a  crop included the dates 

when harvests began, when harvests were completed as w ell as the y ie ld  

of a lf a lf a  produced from each harvest in  each quadrant. In addition, 

data concerning the approximate date and amount of each ir r ig a tio n  were 

a ls o  a v a i la b le .  Since as many as s e v e ra l days e lap sed  between th e  

beg in ing  and end of an i r r i g a t i o n ,  i t  was necessary  to  e s tim a te  the  

d a te  each quadran t rec iev ed  a given i r r ig a t io n .  These d a te s  were 

e s tim a te d  based on th e  recorded  t r a v e l  speed o f the  c e n te r  p iv o t. 

However, the date a p a rtic u la r  quadrant recieved an ir r ig a tio n  could be 

in  e r ro r  by a day or two s in c e  the s t a r t i n g  p o in t o f th e  c e n te r  p iv o t 

fo r each ir r ig a tio n  could not always be determined p rec ise ly  from the 

availab le  d a ta .
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Data concerning the weather a t  the s i te  included p rec ip ita tio n  and 

pan e v ap o ra tio n . P r e c ip i ta t io n  was measured using  a reco rd in g  ra in  

gage while pan evaporation was measured using a standard Weater Bureau 

four foo t evaporation pan. In some cases, pan evaporation values for a 

s in g le  day were recorded  and where p o s s ib le , th ese  v a lu es  were used. 

In other cases, accumulated pan evaporation values were recorded for a 

period of several days. In these cases, average daily  pan evaporation 

values were determined by dividing the accumulated pan evaporation by 

th e  number o f days over which i t  was accum ulated. A summary of 

p r e c ip i ta t io n  and pan ev ap o ra tio n  d a ta  as w e ll as th e  o th e r d a ta  

described in  th is  section  can be found in  Appendix A.

Model ca lib ra tio n

For computer models to  be useful in a p a rtic u la r  s itu a tio n , they 

m ust be c a l i b r a t e d  to  r e p r e s e n t  t h a t  s i t u a t i o n .  Through th e  

c a l ib r a t io n  procedure, modeled r e s u l t s  a re  made to  m atch observed 

re s u lts  as closely  and consistan tly  as i s  ju s t if ie d  by the precision of 

observed d a ta  and th e  in tended  use o f th e  modeled r e s u l t s .  The 

c a lib ra tio n  process requ ires a procedure to  evaluate the success of a 

given ca lib ra tio n  and another procedure to  adjust parameter estim ates 

fo r the next ca lib ra tio n . The c r ite r io n  fo r judging the adequacy of a 

given c a l ib r a t io n  may be s u b je c tiv e  judgem ent or some s t a t i s t i c  

selected  to  re f le c t  how w ell sim ulated values match observed values. 

The adjustm ent of parameters may be performed in  several ways; i t  may 

be based on a su b je c tiv e  judgem ent o f what param eter changes seem 

l ik e ly  to  be d e s ir a b le ,  a s e t  o f r u le s  derived  from a s e n s i t iv i t y
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a n a ly s is  o f the  p aram eters  or a sy s te m a tic  v a r ia t io n  o f pa ram eters 

(ASAE,1983).

A sing le  s t a t i s t i c  was selected  fo r measuring how w ell the modeled 

s o i l  m oisture p ro f ile  matched the observed so il  m oisture p ro file . The 

s t a t i s t i c  used was th e  sum o f the  squared d e v ia tio n s  o f modeled s o i l  

m o is tu re  va lues from observed v a lu es. S m alle r v a lu es  fo r  t h i s  

s t a t i s t i c  ind icate  a b e tte r  match. The sum of the squared deviations 

was used in  two ways: In th e  e a r ly  s ta g e s  o f th e  c a l ib r a t io n  

procedure, deviations of modeled from observed so il  m oisture for the 

e n tire  s o i l  p ro file  were used. In the la te r  stages of the c a lib ra tio n  

procedure, deviations of modeled from observed values fo r individual 

s o i l  la y e r s  were used. D ev ia tions fo r  th e  e n t i r e  s o i l  p r o f i l e  were 

used as a measure of how w ell the net movement of water in to  and out of 

the  s o i l  p r o f i le  was being  modeled. D ev ia tions fo r  in d iv id u a l s o i l  

layers were used as a measure of how w ell water movement between so il 

layers was being modeled.

Param eter e s t im a te s  fo r  the  models examined in  t h i s  study were 

adjusted using two procedures. After i n i t i a l  parameter estim ates fo r 

th e  model being c a l ib r a te d  were made, th e  model was run. From t h i s  

model run , the  s im u la ted  change in  t o t a l  s o i l  m o is tu re  between 

o b se rv a tio n  d a te s  was compared to  th e  observed change in  t o t a l  s o i l  

m o is tu re  between th e se  d a te s . Based on th is  com parison, i t  was 

possib le  to  id en tify  periods when the sim ulated evapotranspiration was 

e ith e r  too high or too low. A fter iden tify ing  these periods, several 

p a ra m e te r s  w ere a d ju s te d  to  e i t h e r  in c r e a s e  o r d e c re a s e  

e v a p o tra n s p ira tio n  during  the  a p p ro p r ia te  p e rio d s . When se v e ra l
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ca lib ra tio n  runs had been completed, appropriate parameter adjustments 

were no lo n g er obvious and i t  was necessa ry  to. use the  second 

c a l ib ra t io n  procedure.

In the second ca lib ra tio n  procedure, a sing le  parameter value was 

a d ju s te d  s l i g h t ly  and th e  model was run . I f  t h i s  ad ju s tm en t reduced 

th e  sum o f th e  squared d e v ia tio n s , th e  a d ju s te d  param eter value was 

recorded, the parameter was returned to  i t s  o rig ina l value and a second 

parameter value was adjusted fo r the next model run. I f  the adjustment 

of th e  f i r s t  param eter d id  no t reduce the  sum o f the  squared 

deviations, add itional adjustm ents were performed u n ti l  the sum of the 

squared d e v ia tio n s  was reduced. At t h i s  p o in t, the  param eter was 

re tu rn e d  to  i t s  o r ig in a l  value and a second param eter value was 

adjusted fo r th e ■next model run. This process was continued u n til  a l l  

param eter va lues had been a d ju s te d  and re tu rn e d  to  t h e i r  o r ig in a l  

v a lu es. When t h i s  had been accom plished , a l l  p aram eter v a lu es were 

sim ultaneously se t  to  the adjusted values which had reduced the sum of 

the  squared d e v ia tio n s . This e n t i r e  p ro cess  was rep e a te d  u n t i l  th e  

sim u ltaneous ad ju stm en t o f p a ram eters  no longer s ig n i f ic a n t ly  (10 

p e rcen t red u c tio n ) reduced th e  sum o f  th e  sq u a re d  d e v ia t i o n s .  

Param eter va lues were a d ju s te d  in d iv id u a lly  and re tu rn e d  to  th e i r  

o r ig in a l  va lues to  p reven t some p aram eters  from being  over a d ju s te d  

while o thers would be under adjusted.

A fte r the  models had been c a l ib r a te d  to  s im u la te  v a r ia t io n s  in  

s o il  m oisture, they were ca lib ra ted  to  model crop y ie ld . Since y ie ld  

m easurem ents were a v a i la b le  fo r  both  of two h a rv e s ts  during  th e
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c a l ib r a t io n  year (1979) and th e  t e s t  year (1981), y ie ld  c a l ib r a t io n s  

were based on two sim ulation periods fo r each quadrant. Sim ulations of 

each quadran t fo r  y ie ld  c a l ib r a t io n  were possible only because y ield  

measurements by quadrant were availab le . The f i r s t  sim ulation period 

used fo r y ie ld  ca lib ra tio n  represented the time from the f i r s t  of June 

u n til  the begining of the f i r s t  harvest. The second sim ulation period 

represented the time from the begining of the f i r s t  harvest u n til  the 

beg in ing  o f the  second h a rv e s t. The f i r s t  o f June was used as th e  

s t a r t i n g  d a te  fo r  th e  f i r s t  s im u la tio n  period  because i t  was no t 

p o ss ib le  to  c a l ib r a te  th e  models p r io r  to  t h i s  d a te  due to  a lack  o f 

so il  moisture measurements during the c a lib ra tio n  year.

Since th e  SPAW and P lan tg ro  models u t i l i z e  somewhat d i f f e r e n t  

p a ra m ete rs , a more d e ta i le d  d e sc r ip tio n  of the c a lib ra tio n  procedure 

fo r each model follow s.

SPAW ca lib ra tio n

The o p e ra tio n  of th e  SPAW model i s  governed by th e  va lues o f 

se v e ra l s o i l ,  crop and w eather p a ram eters . S o il c o n d u c tiv ity  and 

te n s io n  curves were d e fin ed  using  th e  e m p ir ic a l r e l a t io n s  a lread y  

b r ie f ly  mentioned. These re la tio n s  are dependent on the percentages of 

sand and clay in a so il . Table I contains values for these percentages 

in  each s o i l  la y e r  as determ ined  through the  c a l ib r a t io n  procedure. 

Based on th e  v a lu es in  t h i s  ta b le  and stan d ard  s o i l  c l a s s i f i c a t io n  

c r i t e r i a  (Donahue e t  a l . ,  1978), a l l  o f  th e  s o i l  l a y e r s  a re  

c la s s if ie d  as s i l ty  clay loams or s i l t  loams. These c la s s if ic a tio n s  

correspond re la tiv e ly  w ell w ith the s o il  tex tu res determined from f ie ld

measurements.
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TABLE I . Percent sand and clay determined 
through the SPAW ca lib ra tio n

s o il  layer depth
(cm)

percent 
sand clay

I 0-30 26 18
2 30-60 26 19
3 60-90 24 21
4 90-120 24 22
5 120-150 24 22

_______________________________-__________

Crop param ete rs  in c lu d e  crop canopy, crop phenology, canopy 

s u s c e p ta b i l i ty ,  p h eno log ica l s u s c e p ta b i l i ty  as w e ll as crop ro o t 

d i s t r ib u t io n ,  crop w ater s t r e s s  and y ie ld  s u s c e p ta b i l i ty  . The crop 

canopy curve d erived  through the  c a l ib r a t io n  procedure  i s  shown in  

Figure 7 while Figure 8 shows the corresponding crop phenology curve. 

As shown by Figure 7, crop canopy increases lin e a rly  from the begining 

o f th e  season to  th e  beg in ing  of th e  f i r s t  h a rv e s t. Between the  

b e g in in g  and end o f th e  f i r s t  h a r v e s t ,  c ro p  canopy d e c r e a s e s  

dram atically  to  re f le c t  the e ffe c ts  of cu ttin g , windrowing, baling and 

rem oval of h a rv ested  a l f a l f a .  From th e  end of th e  f i r s t  h a rv e s t, 

canopy again  in c re a s e s  l in e a r ly  u n t i l  th e  beg in ing  o f th e  second 

cu tting  where canopy again declines rap id ly  due to  harvesting.

As shown by Figure 8, crop phenology remains re la tiv e ly  constant 

before the f i r s t  harvest and between the end of the f i r s t  harvest and 

the begining of the second. However, rapid changes in  the proportion 

of the canopy tran sp iring  occur during harvest periods. Although cut 

a lf a lf a  making up windrows and bales would contribute to  crop canopy,
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i t  would no t be a b le  to  t r a n s p ir e  and remove w ater from the s o i l  

p r o f i le .  This i n a b i l i t y  to  t r a n s p ir e  was r e f le c te d  by a d e c lin e  in  

phenology u n til  the m id-point of each harvest. From the mid-point of 

each h a rv e s t ,  the  p ro p o rtio n  of the  crop canopy t r a n s p ir in g  would 

increase since only ac tiv e ly  growing a lfa lf a  would have been l e f t  on 

the f ie ld  as harvested m ateria l was removed.

Table 2 in c lu d es  va lues used in  th e  canopy s u s c e p ta b i l i ty  and 

phenology s u s c e p ta b i l i ty  r e la t io n s h ip s .  The r a t i o s  o f a c tu a l  to  

p o te n t ia l  e v a p o tra n s p ira tio n  (AET/PET) were s e le c te d  based on a 

p rev io u s a p p lic a t io n  o f the  SPAW model to  the  s im u la tio n  o f corn in  

eastern  Washington (Saxton e t  a l., 1984). I n i t i a l  estim ates of canopy 

growth and re d u c tio n  in  phenology were made based on t h i s  p rev ious 

app lica tion , however, these values were s lig h tly  a lte re d  during the 

ca lib ra tio n  procedure.

Table 2 . Canopy and Phenology su scep tab ility  
re la tio n sh ip s

AET/PET 

(cm/cm)

Canopy 
Growth 

(dec. %)

Phenology 
Reduction 
(dec. %)

0.00 1.00 0.000
0.20 1.00 0.000
0.50 1.00 0.000
0.70 0.90 0.000
0.80 0.60 0.002
1.00 0.00 0.010

A c o n s ta n t ro o t d i s t r ib u t io n  through the  growing season was 

assumed fo r th is  model application  since the a lfa lfa  f ie ld  in  question 

was planted a f u l l  year before the ca lib ra tio n  year. Based on reported
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va lues (Bolta n , 1962), i t  was assumed th a t  th e  m a jo r ity  o f th e  ro o ts  

would be found in  th e  f i r s t  30 c e n tim e te rs  (I fo o t)  o f dep th . I t  was 

fu r th e r  assumed th a t  ro o ts  below 120 c e n tim e te rs  (4 f e e t )  would be 

in s ig n if ic an t. Some v a ria tio n  in  the proportion of roo ts in  each so il  

la y e r  over th e  course o f the  growing season was examined fo r  the  

c a l ib r a t io n  year. However, th ese  v a r ia t io n s  d id  no t s ig n i f ic a n t ly  

improve the ca lib ra tio n . The follow ing roo t d is tr ib u tio n  was based on 

th e  s ta te d  assum ptions and the  c a l ib r a t io n  procedure: 0 to  30 cm (I 

f t . ) ,  75 p e rc en t o f th e  ro o t system ; 30 to  60 cm (2 f t . ) , 15 p e rcen t; 

60 to  90 cm (3 f t . )  5 p e rc en t and 90 to  120 cm (4 f t . ) ,  5 p e rcen t.

Although the crop water s tre s s  re la tio n sh ip  s l ig h tly  a ffe c ts  the 

sim ulation of s o il  m oisture v aria tions through i t s  influence on canopy 

growth and crop phenology, i t s  primary purpose i s  to  provide an index 

which can be r e la te d  to  y ie ld . For t h i s  reason , the  pre-program ed 

m oisture s tre s s  curves were not adjusted u n til  the SPAW model had been 

c a l ib r a te d  to  s im u la te  v a r ia t io n s  in  s o i l  m o is tu re  over the  e n t i r e  

growing season. When th is  had been accomplished, two portions of the 

growing season designed to  represent the portions of the season which 

would a f f e c t  y ie ld  from e i th e r  the  f i r s t  or second h a rv e s t were 

sim ulated separately . Based on two sim ulations fo r each quadrant, the 

m oisture s tre s s  curves were adjusted u n ti l  low sim ulated s tre s s  values 

could be co rre la ted  w ith high measured y ie ld s  and high sim ulated s tre ss  

values could be co rre la ted  w ith low measured y ields. Since moisture 

s tre s s  only s lig h tly  a ffe c ts  the sim ulation of so il m oisture varia tion , 

th e  SPAW model was no t r e c a l ib r a te d  to  model s o i l  m o is tu re  changes
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a f te r  i t  was ca lib ra ted  to  model m oisture s tre ss .

The SPAW model ca lcu la te s  the amount of y ie ld  reduction based on a 

fu n c tio n  of m o is tu re  s t r e s s  and y ie ld  s u s c e p ta b i l i ty .  Time did no t 

a llow  fo r  th e  c a l ib r a t io n  o f th e  y ie ld  s u s c e p ta b i l i ty  r e la t io n s h ip .  

However, th is  parameter could be ca lib ra ted  by ex trapo la ting  the y ield  

versus m oisture s tre s s  re la tio n sh ip  to  estim ate  the y ie ld  th a t could be 

expected i f  th e re  were no m o is tu re  s t r e s s .  Based on t h i s  value o f 

p o te n t ia l  y ie ld  and measured y ie ld  v a lu e s , the  y ie ld  s u s c e p ta b i l i ty  

parameter could be ca lib ra ted . The ob jective  of th is  c a lib ra tio n  would 

be to  s im u la te  re d u c tio n s  in  y ie ld  co rrespond ing  to  th e  d if fe re n c e  

between the p o ten tia l y ie ld  and the measured yield .

Since recorded values for. pan evaporation and p re c ip ita tio n  were 

a v a i la b le ,  only  pan c o e f f ic ie n t s  were c a l ib ra te d  to  d e fin e  w eather 

c o n d itio n s . Since recorded  s o i l  m oistu re  values were availab le  only 

fo r  th e  months o f June through Septem ber, pan c o e f f ic ie n t s  were 

c a l ib r a te d  only fo r  th ese  months. C a lib ra tio n  o f th e  p aram eters 

designed to  supply  v a lu es fo r  m issing  ev ap o ra tio n  d a ta  was no t 

attem pted in  th is  study.

Plantero c a lib ra tio n

P la n tg ro  c a l ib r a t io n  p aram eters  re p re se n tin g  s o i l  c o n d itio n s  

in c lu d e  th e  m o is tu re  c o n te n t a t  f i e l d  c a p a c ity , a t  th e  w i l t in g  p o in t 

and th e  a i r  dry m o is tu re  c o n ten t o f th e  upper s o i l  la y e r . I n i t i a l  

e s t im a te s  o f th e  m o is tu re  co n ten t a t  f i e l d  c ap a c ity  and th e  w il t in g  

point were made based on measured values (Appendix A). These measured 

values were adjusted through ,the c a l ib r a t io n  procedure to  o b ta in  the  

values shown in Table 3. An a ir  dry m oisture content of th ree  percent
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by volume was d e riv ed  through th e  c a l ib r a t io n  procedure  based on an 

assumed i n i t i a l  value of five  percent.

Table 3. F ield  capacity and w iltin g  point as 
determined from Plantgro c a lib ra tio n

S o il la y e r F ie ld  c a p a c ity  
(% vo l.)

w il t in g  p o in t 
(% vo l.)

I 16.0 7.6
2 15.5 7.6
3 15.4 7.1
4 15.3 7.0
5 15.7 7.4

The param ete rs  which d e sc r ib e  crop c o n d itio n s  in c lu d e  the  

p ro p o rtio n  o f the  p o te n t ia l  e v a p o tra n s p ira tio n  made up by p o te n t ia l  

t r a n s p ir a t io n  a t  th e  beg inn ing  and end of each s ta g e  o f grow th, the  

s o i l  m o is tu re  c o n ten t below which t r a n s p ir a t io n  w i l l  be l im ite d  by 

m oisture s tre s s  as w ell as the depth and tim ing of rooting. The length 

of each stage of growth was selected  to  r e f le c t  the follow ing periods: 

Stage I from the beginning of the sim ulation period to  the beginning of 

the  f i r s t  h a rv e s t;  S tage 2 from the  beg inn ing  o f th e  f i r s t  h a rv e s t to  

the end of the f i r s t  harvest; Stage 3 from the end of the f i r s t  harvest 

to  the  beg inn ing  o f the  second h a rv e s t;  S tage 4 from the  beginning o f

th e  second h a rv e s t to  th e  end o f th e  second h a rv e s t and S tage 5 from
\

the end of the second harvest to  the end of the sim ulation period.

The v a lu e s  c o r re s p o n d in g  to  th e  p r o p o r t io n  o f  p o t e n t i a l  

evapotranspiration made up by p o ten tia l tran sp ira tio n  a t  the beginning 

and end of each o f th e se  s ta g e s  can be found in  Table 4. I t  was 

assumed th a t  t r a n s p ir a t io n  would be l im i te d  when th e  s o i l  m o is tu re



40

dropped below f i f t y  p e rc en t o f th e  a v a i la b le  m o is tu re  co n ten t T his 

i n i t i a l  e s t im a te  was s l i g h t ly  r e f in e d  th ro u g h  th e  c a l i b r a t i o n  

procedure.

Table 4. Values for the r a t io  of p o ten tia l 
tran sp ira tio n  (PT) to  p o ten tia l 
evapotranspiration (PET).

Stage of . (PT)Z(PET)
Growth * begining end

I 0.56 0.86
2 0.86 0.17
3 0.17 0.83
4 0.83 0.14
5 0.14 0.23

The P lan tg ro  model assum es a uniform  ro o t d i s t r ib u t io n  th a t  

increases lin e a r ly  in depth from the beginning of the season u n til  i t  

reaches a maximum depth on' a p a rtic u la r  date. Since the a lfa lfa  f ie ld  

in  question was planted a f u l l  year p rio r to  the f i r s t  year simulated 

(Hanson, 1984), i t  was assumed th a t  th e  ro o t d i s t r ib u t io n  would have 

reached i t s  maximum before the beginning of the sim ulation periods. To 

represen t th is  assumption, i t  was specified  in  the Plantgro input f i l e s  

th a t  th e  maximum ro o tin g  depth  was reached on th e  f i r s t  day of th e  

growing season. A maximum ro o tin g  depth  o f 150 cm (5 f t . )  was 

specified  by d e fau lt because the model assumes th a t only the portion of. 

the so il  p ro file  containing roo ts i s  being simulated.

A f te r  th e  P la n tg r o  m odel had been c a l ib r a te d  to  s im u la te  

v aria tions in  so il  m oisture, i t  was ca lib ra ted  to  sim ulate y ield . As 

w ith the SPAW model, the growing season was sim ulated in  two portions
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to  represent the frac tio n s  of the season which would a ffe c t y ield  from 

e ith e r  the f i r s t  or second harvest. The Plantgro model sim ulates y ie ld  

based on a l in e a r  r e la t io n s h ip  between th e  p o te n t ia l  y ie ld  and th e  

r a t io  of actual tran sp ira tio n  to  p o ten tia l tran sp ira tio n . To c a lib ra te  

fo r  y ie ld , th e  value o f th e  p o te n t ia l  y ie ld  was a d ju s te d  to  m inim ize 

th e  sum o f the  squared d e v ia tio n s  of s im u la ted  y ie ld s  from observed 

y ie ld s  fo r  a l l  fou r q u ad ran ts . S ince s im u la ted  s o i l  m o is tu res  a re  

independent o f the  value  o f the  p o te n t ia l  y ie ld , th e  s im u la tio n  o f 

v a r ia t io n s  in  s o i l  m o is tu re  was u n a ffe c te d  by th e  c a l ib r a t io n  fo r  

y ie ld .

A s in g le  pan c o e f f ic ie n t  fo r  th e  e n t i r e  s im u la tio n  period  was 

determ ined  in  the  c a l ib r a t io n  procedure . This was th e  only w eather 

parameter which was adjusted.

Model te s tin g

The a b i l i ty  of each model to  sim ulate changes in  s o il  m oisture was 

te s ted  in  two phases. After each model was ca lib ra ted  fo r each of the 

four f ie ld  quadrants using data from 1979, each quadrant ca lib ra tio n  

was tes ted  using data from the other th ree  quadrants. The purpose of 

t h i s  p hase  o f t e s t i n g  was to  d e te rm in e  i f  s e p a r a t e  q u a d ra n t 

ca lib ra tio n s  modeled the e n tire  f ie ld  b e tte r  than a s ing le  ca lib ra tio n . 

T his d e te rm in a tio n  was based on th e  sum of the  squared  d e v ia tio n s  

sim ulated using each c a lib ra tio n  on i t s  corresponding quadrant and each 

c a l ib r a t io n  on a l l  q u ad ran ts . The r e s u l t s  o f the  f i r s t  phase of 

te s tin g  indicated  th a t separate ca lib ra tio n s  for each quadrant did not 

n e c e s s a r i ly  produce b e t t e r  r e s u l t s  than  a sing le  c a lib ra tio n  for a l l  

quadrants. The ca lib ra tio n  which produced the  b e s t r e s u l t s  (minimum
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sum of th e  squared d e v ia tio n s )  fo r  th e  e n t i r e  f i e l d  was used in  th e  

second phase of te s tin g . In th is  phase, data from 1981 was sim ulated 

fo r  each quadran t using  both m odels. From th ese  s im u la tio n s , th e  

average p e rcen t d e v ia tio n  fo r  a l l  fo u r  q u ad ran ts  o f s im u la ted  from 

observed s o i l  m o is tu re s  were c a lc u la te d  fo r  each la y e r  in  th e  s o i l  

p r o f i le .  Based on th e se  e r r o r s  and p lo ts  o f observed and s im u la ted  

s o i l  m o is tu re  v e rse s  tim e , i t  was p o s s ib le  to  e v a lu a te  each model in  

terms of the.accuracy of predicted s o i l  m oistures.

The SPAW and P la n tg ro  models were a ls o  e v a lu a ted  based on t h e i r  

capacity to  sim ulate crop y ie ld  fo r periods other than the ca lib ra tio n  

period. The 1981 growing season was sim ulated in  two portions which 

were designed to  re p re s e n t  th e  f r a c t io n s  o f the  season th a t  would 

a f f e c t  y ie ld s  from e i th e r  the  f i r s t  or second h a rv e s t .  When each 

p o rtio n  o f th e  1981 growing season had been s im u la ted  fo r  a l l  fo u r 

quadrants, the y ie ld  values predicted by each model were compared to  

corresponding observed y ie ld  va lues. The models were then  ev a lu a ted  

based on th e  accuracy  o f th e  p re d ic te d  y ie ld  v a lu es . In  a d d itio n  to  

th e  accuracy  of p re d ic te d  s o i l  m o is tu re s  and y ie ld s ,  th e  SPAW and 

Plantgro models were a lso  evaluated based on th e ir  data, computational 

and c a lib ra tio n  requirements.
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CHAPTER >i 

RESULTS

Figures 9 and 10 show p lo ts  of so il  moisture verses tim e fo r each 

of the f iv e  s o i l  layers sim ulated in  th is  study. Figure 9 shows p lo ts  

derived using the SPAW model and measured s o il  m oisture values. The 

graphs on th e  l e f t  s id e  o f F igu re  9 were d e riv ed  u sing  d a ta  from th e  

c a lib ra tio n  year 1979. The graphs on the r ig h t side of Figure 9 show 

p lo ts  derived using the 1979 ca lib ra tio n  of the SPAW model and observed 

p re c ip ita tio n , ir r ig a tio n  and evaporation data from the t e s t  year 1981. 

Observed s o i l  m o is tu re  v a lu es  a re  shown as i s o la te d  p o in ts  in  th e se  

p lo ts  and in  th e  p lo ts  shown in  F ig u re  10. F igure  10 i s  s im ila r  to  

Figure 9 except the p lo ts  shown were obtained by applying the Plantgro 

model. Although th e  p lo ts  shown in  F ig u re s  9 and 10 re p re se n t the  

r e s u l t s  from one quadran t on ly , s im i la r  p lo ts  were o b ta in ed  fo r  the  

other th ree  quadrants.

T ables 5 and 6 in c lu d e  v a lu es fo r  th e  average p e rc en t e r ro r  in  

so il  m oisture values sim ulated by the SPAW and Plantgro models. The 

values in  these tab les  were calcu lated  by averaging the re la tiv e  e rro rs  

o f s im u la ted  s o i l  m o is tu re  v a lu es  when compared to  measured s o i l  

m oisture values for a l l  four quadrants. Average e rro r figu res for the 

c a lib ra tio n  year were used to  to  r e f le c t  how p recise ly  each model can 

be ca lib ra ted . Figures representing the te s t  year are designed to  show 

how accurately  each program can sim ulate so il  moisture during periods 

independent of the ca lib ra tio n  period.
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Figure 9. SPAW model 
calibration simulated soil moisture versus time for the 

year (left) and the test year (right).
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Figure 10. Plantgro simulated soil moisture versus time for the 
calibration year (left) and the test year (right).
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Table 5. SPAW model average p e rc en t e r ro r  in  
predicted s o il  m oistures

Soil Layer C alibration  
Year (1979)

Test
Year (1981)

I 11.1 18.0
2 7.9 15.2
3 4.1 8.2
4 3.3 4.7
5 3.2 4.4

p ro file  average 5.9 10.1

Table 6. Plantgro model average percent e rro r in  
predicted so il  moistures

Soil Layer C alibration  
Year (1979)

Test
Year (1981)

I 10.8 21.5
2 4.7 12.0
3 8.1 14.8
4 10.3 15.5
5 16.8 15.3

p ro file  average 10.1 15.8

Based on th e  v a lu es fo r  1979 in  T ables 5 and 6, i t  i s  apparen t 

th a t  th e  SPAW model can be c a l ib r a te d  to  s im u la te  th e  e n t i r e  s o i l  

p ro f ile  more p rec ise ly  than the Plantgro model. The figu res  for 1981 

show th a t, in  th is  app lica tion , the SPAW model rep resen ts independent 

d a ta  more a c c u ra te ly  fo r th e  e n t i r e  s o i l  p r o f i le  than  th e  P lan tg ro  

model. However, 1979 v a lu es  show th a t  th e  P lan tg ro  model produced a 

c a l ib r a t io n  fo r  s im u la tin g  m o is tu re  changes in  th e  upper two s o i l  

layers th a t was somewhat more precise than the SPAW model ca lib ra tio n . 

In addition , the d ifference in  the accuracy of so il m oistures predicted
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by each model during  th e  t e s t  year fo r  th e  upper two s o i l  la y e rs  was 

r e l a t i v e ly  sm a ll. S ince m o is tu re  in  th e  upper s o i l  la y e r s  i s  more 

im p o rtan t in  te rm s o f a p la n t 's  w a te r supply than m o is tu re  in  low er 

la y e r s ,  the  s i m i l a r i t y  o f the  r e s u l t s  produced by each model fo r  th e  

upper so il layers should be considered in  an evaluation of the models.

Figure 11 shows graphically  th e  r e s u l t s  o f the  SPAW c a l ib r a t io n  

fo r  y ie ld  s im u la tio n  w h ile  F igu re  12 shows s im ila r  r e s u l t s  fo r  the  

P lan tg ro  model. As can be seen from th e se  f ig u re s ,  both  models 

sim ulate crop y ie ld  fo r the ca lib ra tio n  year re la tiv e ly  well. A lin e a r  

regression  of crop water s tre s s  and y ie ld  data from SPAW sim ulations 

produced th e  l in e  shown in  F igure  12 w ith  an r  squared va lue  of 0.92. 

A lin e a r  regression  of observed y ield  data and y ie ld  data sim ulated by 

the Plantgro model produced an r  squared value of 0.97. Observed y ield  

values and crop water s tre s s  values sim ulated by the SPAW model for the 

c a l ib r a t io n  year can be found in  Table 7 along w ith  y ie ld  va lues 

sim ulated by the Plantgro model for the ca lib ra tio n  year.

F ig u res 11 and 12 as w e ll as the  v a lu es in  Table 8 in d ic a te  th a t  

ne ither model sim ulates crop y ie ld  very accurately  fo r the t e s t  year of 

1981. Table 8 contains values for observed y ie ld , the y ie ld  sim ulated 

by each model as w ell as the re la tiv e  e rro r  in  y ield  values simulated 

by each model. The va lues in  t h i s  ta b le  in d ic a te  th a t  th e  P lan tg ro  

model s im u la ted  y ie ld  fo r  the  t e s t  year b e t t e r  than th e  SPAW model. 

However, th e  e r r o r s  a s so c ia te d  w ith  both  models a re  la rg e  enough to  

make y ie ld  s im u la tio n s  by e i th e r  model fo r  the  t e s t  year o f do u b tfu l 

value.
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Table 7. O bserved■y ie ld , SPAW s im u la ted  crop w a te r s t r e s s  and 
Plantgro sim ulated y ie ld  fo r the c a lib ra tio n  year 1979.

Observed SPAW Simulated Plantgro Simulated
Simulation Yield Water S tress  Crop Yield

(ton /acre) (index) (ton /acre)

1 T ts 6761 T M  ~
2 2.14 5.21 2.09
3 2.03 6.26 2.00
4 2.09 6.25 2.16

• • • • • • • • ■  ...........  . . . .
5 1.51 16.79 1.47
6 1.31 18.07 1.38
7 1.33 17.17 1.39
8 1.43 15.59 1.38

SPAW YIELD=-0.06(STRESS)+2.36 r2=0.92
Plantgro Y ield=I.00(obs. y ie ld )-0.01 r2=0.97

Table 8. Observed y ie ld  and 
Plantgro models for

y ie ld  s im u la ted  by 
the t e s t  year 1981.

th e SPAW and

Simulation observed y ield simulated y ie ld re la tiv e
(tons/acre) (tons/acre) e rro r (%)

SPAW Plantgro SPAW Plantgro
I 2.67 2.14 2.05 20 23
2 2.53 2.14 1.97 15 22
3 2.77 2.10 2.17 24 22
4 2.98 2.02 2.50 32 16

•  •  O 9 « •  « 9 9 9 9

5 2.42 1.06 2.19 56 10
6 - 2.54 1.59 2.29 37 10
7 1.88 2.25 1.77 20 6
8 2.09 1.43 2.03 32 3

average re la tiv e  e rro r 30 . 14

S im u la tio n  v a lu es one through fo u r in  T ables 7 and 8 a re  y ie ld  

d a ta  fo r  th e  f i r s t  h a rv e s t o f 1979 or 1981 w hile  v a lu e s  f iv e  through 

eight are  fo r the second harvest. Since the SPAW model provides s tre s s  

v a lu es r a th e r  than y ie ld  v a lu e s , th e  SPAW sim u la ted  y ie ld  va lues in  

Table 8 were determ ined  from F igu re  11.
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CHAPTER 5 
DISCUSSION

The purpose of th is  chapter i s  to  evaluate the SPAW and Plantgro 

models in  te rm s o f th e i r  d a ta  and com pu ta tional req u ire m e n ts , the  

r e s u l t s  o f t h e i r  a p p lic a t io n  a t  th e  Red B lu ff  Ranch and sou rces o f 

e r r o r  in  t h i s  study . The ease  o f c a l ib r a t io n  and a p p lic a t io n , 

p o ten tia l program improvements as w ell as p o ten tia l fu tu re  app lication  

to  the Red B luff area w ill  a lso  be examined.

Data and Computational Requirements

Although the SPAW model is  much more elaborate  than the Plantgro 

model, th e  req u irem en ts  o f both m odels fo r  measured d a ta  a re  very  

s im ila r .  Each model re q u ire s  d a ily  va lues o f p r e c ip i t a t io n  and 

i r r i g a t i o n  as w e ll as measured e v ap o ra tio n . In a d d it io n , measured 

va lues o f s o i l  m o is tu re  a re  n ecessa ry  fo r  c a l ib r a t io n  purposes. 

Additional measured data such as those  d e fin in g  s o i l  c h a r a c t e r i s t i c s  

a re  h e lp fu l  in  o b ta in in g  i n i t i a l  p aram eter e s t im a te s ,  however, a l l  

other input data can be defined through the c a lib ra tio n  procedure and 

subjective judgement. Subjective judgement i s  necessary to  determine 

i f  param eter va lues a r r iv e d  a t  through the  c a l ib r a t io n  procedure 

r e a l is t ic a l ly  represent the physical s itu a tio n .

Since th e  SPAW model i s  more e la b o ra te  than th e  P la n tg ro  model, 

i t s  com pu ta tiona l req u irem en ts  a re  correspondingly g rea te r. The SPAW 

model requ ires a computer w ith approximately 132 k iloby tes of random 

access memory (RAM) in addition  to  the memory required by the operating 

system of the computer. The operating systems of most microcomputers
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do not re q u ire  more than about 40 k ilo b y te s  o f random access  memory 

w h ile  many o p e ra tin g  system s re q u ire  l e s s  than  th i s  amount (Adams, 

1986). In  c o n tr a s t ,  th e  P la n tg ro  model re q u ire s  only about 10 

k ilobytes of RAM in  addition  to  memory required by the operating system 

of the microcomputer.

Analysis o f re s u lts  from the Red B luff sim ulation

The re s u lts  of th is  study ind icated  th a t the SPAW model sim ulated 

so il  moisture in  the e n tire  so il  p ro f ile  somewhat more p rec ise ly  and 

accurately  than the Plantgro model. However, the SPAW model produced 

much b e tte r  re s u lts  for the lower th ree  s o il  layers w hile both models 

produced comparable re su lts  fo r the upper two so il  layers. Although 

th e  s im u la ted  s o i l  m o is tu res  fo r  th e  upper two s o i l  la y e rs  were 

comparable fo r both models, these re s u lts  could be misleading. These 

re s u lts  might be misleading because, based on other app lica tions of the 

SPAW model (Saxton and Bluhm, 1982; Sudar e t .  a l . ,  1981) i t  appears 

th a t  a d d it io n a l  c a l ib r a t io n  of th e  SPAW model could  probably  be 

performed to  improve the p recision  and accuracy of the sim ulation of 

the upper two s o il  layers.

A d d itio n a l c a l ib r a t io n  of th e  P lan tg ro  model would probably not 

s ig n if ic an tly  improve the precision or accuracy of the sim ulation of 

any of the so il  layers. The lim ited  improvement i s  predicted because 

there are a sm aller number of ca lib ra tio n  parameters and the values of 

th e se  p a ram eters  were thorough ly  examined during  th e  c a l ib r a t io n  

p rocess . However, th e  SPAW model in c lu d e s  a much la r g e r  number o f 

c a l ib r a t io n  p aram eters  and tim e d id  not allow  fo r  a com plete 

examination of a l l  r e a l is t ic a l ly  possible combinations of c a lib ra tio n
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parameter values.

The r e s u l t s  o f t h i s  study in  te rm s o f s im u la tin g  v a r ia t io n s  in  

s o i l  m o is tu re  m ight be m is lead in g  in  ano ther way due to  th e  model 

te s tin g  procedure used. In the f i r s t  phase of the te s tin g  procedure, 

s e p e r a te  c a l i b r a t i o n s  f o r  each  q u a d ra n t  w ere t e s t e d .  T hese 

c a lib ra tio n s  were tes ted  against data fo r a l l  of the quadrants for both 

the c a lib ra tio n  and the t e s t  year. Based on th is  i n i t i a l  te s tin g , the 

c a l ib r a t io n  which produced the  b e s t  s im u la tio n s  o f a l l  da ta  was 

s e le c te d  fo r  f u r th e r  study . This p o r tio n  o f th e  t e s t i n g  procedure 

produced biased re s u lts  because, in  another s itu a tio n , i t  might not be 

possible to  obtain more than one independent ca lib ra tio n .

B e tte r  c a l ib r a t io n s  fo r  both models could p robably  have been 

ob ta in ed  in  t h i s  study i f  th e  a v a i la b le  d a ta  had been used more 

e f f e c t iv e ly .  Data from 1980 was a v a i la b le ,  however, i t  was no t 

u t i l i z e d  and c a l ib r a t io n s  were made based on only one year o f d a ta , 

the f i r s t  phase of te s tin g  showed th a t seperate c a lib ra tio n s  for each 

quad ran t were unnecessary . C a lib ra tio n s  based on d a ta  from a l l  fo u r 

quadrants fo r two years would probably have been b e tte r  than those th a t 

were te s te d .  Model c a l ib r a t io n s  a rr iv e d  a t  on t h i s  b a s is  would have 

been superior to  those obtained since flaw s in the c a lib ra tio n s  caused 

by p e c u lia r i tie s  in  data fo r a p a rtic u la r  year and e rro rs  in p a rticu la r 

f ie ld  measurements would have been reduced. In add ition , data from the 

th i r d  year o f a v a i la b le  d a ta  could s t i l l  have been used fo r  te s t in g  

purposes.

In term s of y ie ld  p red ic tion , the re s u lts  of th is  study show th a t



54

both models can be ca lib ra ted  to  sim ulate y ield  re la tiv e ly  p recisely  

during the c a lib ra tio n  year. However, the r e s u lts  a lso  ind icated  th a t 

the models did not sim ulate y ie ld  data from non-calib ration  years very 

a c c u ra te ly . Y ield d a ta  fo r  a n o n -c a l ib ra tio n  year were probably  not 

very a c c u ra te  because the  y ie ld  c a l ib r a t io n s  were based on a very 

l im ite d  amount o f d a ta  and a l l  o f th e se  d a ta  were from a s in g le  year. 

Reducing the e ffe c ts  of c a lib ra tio n  flaw s by using data from a number 

of years to  produce average c a l ib r a t io n s  would p robably  in c re a se  th e  

accuracy of non-calib ration  year y ie ld  sim ulations. .

Sources of e rro r  in  the Red B luff study

In addition  to  im perfect c a lib ra tio n s , there were other probable 

sources of e rro r  in  ,the re s u lts  of th is  study. In some cases sp ec ific  

sou rces o f e r ro r  could be a s so c ia te d  w ith  e i th e r  one model or the  

other. In other cases, sources of e rro r  were id en tica l fo r both models 

and th e se  e r r o r s  did  not a f f e c t  th e  model com parison based on the  

p re c is io n  and accuracy  o f modeled s o i l  m o is tu re  r e s u l t s .  However, 

e r r o r s  found in  only one of th e  models could have a f fe c te d  the, 

comparison of the models based on the p recision  and accuracy of modeled 

re s u lts .

In the app lica tion  of the SPAW model, e rro r was introduced by the 

ca lib ra tio n  of the crop water s tre ss  re la tio n sh ip . However, th is  e rro r 

i s  not re f le c ted  by the s o il  moisture versus time p lo ts  and the average 

e r ro r  v a lu es  p resen ted  in  th e  r e s u l t s  s e c tio n  of t h i s  document. 

Because the SPAW model was not reca lib ra ted  to  sim ulate v a ria tio n s in  

so il  m oisture a f te r  i t  was ca lib ra ted  to  sim ulate crop water s tre ss , 

the parameter values presented here could probably be improved. The
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e f f e c t  of th e  c a l ib r a t io n  fo r  crop w ater s t r e s s  s im u la tio n  i s  no t 

r e f le c te d  in  th e  s o i l  m o is tu re  vesus tim e p lo ts  or th e  average e r ro r  

figures because th is  inform ation was generated p rio r to  ca lib ra tin g  the 

s tre s s  function. Although ca lib ra tin g  the moisture s tre s s  re la tio n sh ip  

probably  reduced th e  accuracy  and p re c is io n  o f th e  c a l ib r a t io n  

presented here, i t  seems reasonable to  assume th a t rec a lib ra tio n  fo r 

s o il  m oisture would retu rn  the p recision  and accuracy of the simulated 

s o il  m oisture re s u lts  to  lev e ls  comparable to  those presented.

The major source of e rro r found in  s o il  moisture values sim ulated 

by the  P la n tg ro  model was caused by th e  way in  which the  ro o t 

d i s t r ib u t io n  was s p e c if ie d . There was no p ro v is io n  in  th e  P lan tg ro  

model fo r specifying a maximum rooting depth other than the fu l l  depth 

o f th e  s o i l  p r o f i l e  being s im u la ted . The f a c t  t h a t  a uniform  ro o t 

d is tr ib u tio n  extending throughout the s o i l  p ro f ile  was assumed probably 

accounts fo r the wide flu c tu a tio n s in  s o il  moisture values sim ulated 

fo r  th e  low er s o i l  la y e rs .  Observed f lu c tu a t io n s  in  th e  low er s o i l  

layers were very moderate and the assumed root d is tr ib u tio n  probably 

accoun ts fo r  th e  m a jo r ity  of th e  e r r o r  in  r e s u l t s  fo r  th ese  s o i l  

lay e rs .

A second, though minor, source of e rro r found in  the Plantgro model 

bu t no t p re s e n t in  th e  SPAW model was caused by th e  f a i l u r e  of th e  

P lan tg ro  model to  account fo r  in te r c e p t io n .  As i t  was, th e  P lan tg ro  

model accounted fo r  in te r c e p t io n  in d i r e c t ly  by u sin g  exagera ted  

parameter values. However, accounting fo r in te rcep tion  d ire c tly  would 

have two advantages. Parameter values would be more r e a l i s t i c  because
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i t  would not be necessary to  exagerate them to  account fo r in te rcep tion  

and accounting fo r in te rcep tion  would add another ca lib ra tio n  parameter 

which could be a d ju s te d . An a d d it io n a l  c a l ib r a t io n  param eter would 

probably increase the p recision  w ith which the Plantgro model could be 

c a l ib r a te d .  Although th e  a d d itio n  o f  a c a l ib r a t io n  param eter would 

increase the time required to  c a lib ra te  the model, th is  tim e increase 

would probably be in s ig n if ic an t.

The most s ig n if ic a n t source of e rro r common to  both models for the 

t e s t  year was in tro d u ced  by the  t e s t in g  procedure. E rro r was 

in tro d u ced  by th e  t e s t in g  procedure  because May 20 was used as th e  

s t a r t i n g  d a te  fo r  the  s im u la tio n s  o f the  t e s t  year. This d a te  was 

selected  because the f i r s t  se t of s o il  m oisture measurements were made 

on May 20 du ring  the  t e s t  year. E rro r was in tro d u ced  in to  the  t e s t  

year s im u la tio n s  because the  models were not c a l ib r a te d  fo r  p e rio d s 

p rio r to  June f i r s t .  The models were not ca lib ra ted  fo r periods p rio r 

to  June f i r s t  because so il  moisture measurements were not made before 

th e  f i r s t  o f  June during  th e  c a l ib r a t io n  p e riod . The e f f e c t  of t h i s  

source of e rro r on the comparison of the models was probably not very 

s ig n if ic a n t since the period from May 20 to  June f i r s t  rep resen ts only 

a sm all frac tio n  of the to ta l  sim ulation period fo r the t e s t  year (May 

20-Sept. 2).

Measured data in  the form of s o il  moisture values, the tim ing and 

amount of ir r ig a tio n s  and pan evaporation values were a lso  sources of 

p o te n t ia l  e r ro r  common to  both m odels. There were th re e  sources of 

po ten tia l e rro r associated w ith the s o i l  m oisture values, however, two 

of th e se  sou rces o f e r ro r  would be found in  any model study  of t h i s
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type. S o il m o is tu re  m easurem ents were made using  a neu tron  probe. 

Unfortunately, s o il  m oistures measured using th is  p a rtic u la r  probe did 

not always agree w ell w ith corresponding s o il  m oisture values measured 

g ra v im e tr ic a l ly .  Since s o i l  m o is tu re  m easurem ents made using  the  

neutron probe were checked g rav im etrica lly  only occasionally , there  was 

some doubt as to  th e ir  accuracy.

E r r o r s  a s s o c i a t e d  w ith  r e p r e s s e n t i n g  an a rea  using  p o in t 

measurements would be present in  any study of th is  type. Average so il  

m oisture values were determined based on three measurements for each 

q u ad ran t, however, th e se  p o in t m easurem ents may or may not have 

a c c u ra te ly  r e f le c te d  m o is tu re  c o n d itio n s  in  an e n t i r e  quadran t. In  

addition , s o il  m oistures measured using a neutron probe were converted 

from a weight basis to  a volum etric basis  using point measurements of 

s o i l  bulk  d e n s ity . Here again  th e re  was some q u e s tio n  as to  th e  

accuracy o f e x tra p o la t in g  p o in t m easurem ents to  r e p re s e n t  the  bulk 

density  in  an e n tire  quadrant.

Data concerning ir r ig a tio n s  could have introduced e rro r in to  the 

s im u la tio n s  in  th re e  ways. Due to  a la c k  o f d a ta , i t  was no t alw ays 

possib le  to  determine the precise date a p a rtic u la r  quadrant received a 

given i r r ig a t i o n .  Some e r ro r  could be a t t r ib u te d  to  t h i s  sou rce, 

however, the tim ing of a l l  i r r ig a tio n s  was known accurately  w ithin a 

day or two. A second source of p o s s ib le  e r ro r  in  i r r i g a t i o n  d a ta  was 

th e  assum ption  th a t  i r r i g a t i o n  w ater was ap p lied  u n ifo rm ly  over a 

p a rtic u la r  quadrant. Since a l l  ir r ig a tio n  systems are im perfect, th is  

source of e rro r would be present in  any modeling s itu a tio n  where water
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i s  a p p lie d  by an i r r i g a t i o n  system . Although the  SPAW model d id  

account fo r  in te r c e p t io n ,  a th i r d  source o f e r ro r  was in tro d u ced  by 

f a i l in g  to  account fo r  i r r i g a t i o n  lo s s e s  due to  f a c to r s  such as wind 

d r i f t  and spray evaporation.

Errors introduced by pan evaporation measurements were caused by 

u n c e r ta in ty  in  the  tim e d i s t r ib u t io n  o f e v ap o ra tio n . In some ca se s , 

ev ap o ra tio n  m easurem ents were recorded  fo r  p e rio d s  o f up to  se v e ra l 

days. An arithm etic  average of these measurements was used to  a rriv e  

a t  d a ily  ev ap o ra tio n  va lues fo r  p e rio d s  when d a ily  v a lu es were not 

reco rded . I f  d a ily  m easurem ents o f ev ap o ra tio n  had been used, some 

erro r would probably have been elim inated. However, e rro rs  introduced 

by averaging evaporation measurements were probably not as s ig n if ic an t 

as those introduced by u n certa in tie s  in  so il  m oisture measurements and 

the tim ing of ir r ig a tio n s .

Ease of Model C alibration and Application

The SPAW and Plantgro models sim ulate the same physical processes 

bu t each model has advantages over the  o th e r  in  te rm s o f t h e i r  

c a lib ra tio n . Based on the sim ulations performed here, the SPAW model 

produced re s u lts  th a t were somewhat more accurate than those produced 

by the Plantgro model. However, considerably more time and e ffo r t  was 

re q u ire d  to  c a l ib r a t e  th e  SPAW model ( s ix  m inute run tim e) than was 

required to  c a lib ra te  the Plantgro model (45 second run tim e). Adding 

to  th e  tim e and e f f o r t  re q u ire d  to  c a l ib r a te  the  SPAW model was th e  

fac t th a t the SPAW model includes a much la rg e r number of parameters 

which required ca lib ra tio n .

The large  number of ca lib ra tio n  parameters incorporated in to  the
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SPAW model was both an advantage and a d isadvan tage . A more p re c ise  

c a lib ra tio n  of the SPAW model was possible because there  were a large  

number of c a lib ra tio n  parameters which could be fin e  tuned. This 'f in e  

tuning* was accomplished by a lte r in g  parameters which the SPAW model i s  

l e s s  s e n s i t iv e  to  a f t e r  a good rough c a l ib r a t io n  was ob ta ined  by 

a d ju s tin g  s e n s i t iv e  p a ram ete rs . The la rg e  number o f c a l ib r a t io n  

p aram eters  found in  th e  SPAW model was a d isadvan tage  in  th a t  the  

overa ll e ffe c ts  of some parameter changes were not always obvious. I t  

took a g re a t  d ea l o f tim e to  dete rm ine  which param eter changes were 

a p p ro p r ia te  because a d d it io n a l  model runs were re q u ire d  to  t e s t  

inappropriate  parameter a lte ra tio n s .

In co n trast, the Plantgro model has a re la tiv e ly  sm all number of 

pa ram ete rs  which was a lso  both an advantage and a d isadvan tage . A 

l im ite d  number of c a l ib r a t io n  param ete rs  was an advantage in  th a t  a 

ca lib ra tio n  th a t had l i t t l e  p o ten tia l fo r  improvement was arrived  a t  in  

a r e l a t i v e ly  sh o r t  p e riod  of tim e. In a d d it io n , even i f  a p p ro p ria te  

parameter changes were not obvious, p o ten tia l changes in  a l l  parameters 

could be examined w ithout spending an excessive amount of time waiting 

fo r computed re su lts . Although re s u lts  from the Plantgrp model were 

sen sitiv e  to  changes in  d iffe re n t param eters to  varying degrees, the 

l im ite d  number o f c a l ib r a t io n  p a ram ete rs  was a d isad v an tag e  in  th a t  

they  d id  not a llow  fo r  a g re a t  deal o f 'f in e  tuning* in  a c a l ib r a t io n .

From experience gained through working w ith the SPAW and Plantgro 

m odels, i t  was p o s s ib le  to  draw some g e n era l co n c lu ss io n s  regard ing  

th e i r  s e n s i t i v i t y  to  v a rio u s  p aram eter v a lu es. The s o i l  m o is tu re
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r e s u l t s  s im u la ted  by th e  SPAW model were ex trem ely  s e n s i t iv e  to  pan 

c o e f f ic ie n t  v a lu es used to  reduce measured e v ap o ra tio n  to  p o te n t ia l  

evapotranspiration.. This model was re la tiv e ly  sen sitiv e  to  changes in  

crop canopy, crop phenology and maximum in te rcep tion  values in  terms of 

m odeling w a te r movement in to  and ou t o f th e  e n t i r e  s o i l  p r o f i le .  In 

terms of modeling the movement of water w ith in  the s o i l  p ro f ile , the 

SPAW model was most s e n s i t iv e  to  p a ram ete rs  th a t  d e sc r ib e  the  s o i l  

c h a r a c t e r i s t i c s  (p e rc en t sand and c lay  in  t h i s  study) and th e  

d i s t r ib u t io n  o f p la n t ro o ts  w ith in  th e  s o i l  p r o f i le .  The SPAW model 

was l e a s t  s e n s i t iv e  to  v a r ia t io n s  in  param eters d e sc r ib in g  canopy 

s u s c e p ta b i l i ty ,  phenology s u s c e p ta b i l i ty  and th e  crop w ater s t r e s s  

curves.

The Plantgro model was most se n sitiv e  to  v a ria tio n s  in  the value 

of the pan co e ffic ien t. The next most s ig n if ic a n t parameter in terms 

of the s e n s it iv i ty  of modeled re s u lts  was the parameter which describes 

the ra t io  of po ten tia l tra n s p ira tio n  to  p o te n t ia l  e v a p o tra n s p ira tio n  

during each stage of crop growth. The Plantgro model was not affected  

as much by changes in  the  p a ram ete rs  which d e sc rib e  th e  m o is tu re  

content of each s o il  layer a t  f ie ld  capacity and a t  the w iltin g  point. 

However, th e  r e s u l t s  from  th e  P lan tg ro  model were s t i l l  r e l a t i v e ly  

sen sitiv e  to  changes in  the parameters describing the a b i l i ty  of a so il  

to  hold m o is tu re  a t  f i e l d  c a p a c ity  and the  w i l t in g  p o in t. The 

Plantgro model was le a s t  a ffected  by changes in the param eters which 

describe the a i r  dry m oisture content of the upper most s o i l  layer and 

the e ffe c ts  of moisture s tre s s  on tran sp ira tio n .

The SPAW and Plantgro models d if fe r  in  th e ir  ease of app lica tion
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in  a number of respects. Because the SPAW model i s  much more elaborate 

than  the  P la n tg ro  model, i t  took a g re a t  dea l more tim e to  become 

fam ilia r  w ith i t s  log ic  and s tru c tu re . I t  was more d i f f ic u l t  to  make 

program changes in  the SPAW model than i t  was to  reprogram the Plantgro 

model. The com plex ity  o f th e  SPAW model a ls o  made i t  d i f f i c u l t  to  

an tic ip a te  the e ffe c ts  of the v a ria tio n  of some c a lib ra tio n  parameter 

values. This was p a rtic u la rly  true  of parameter values associated  w ith 

th e  e f f e c t s  o f m o is tu re  s t r e s s  (canopy s u s c e p ta b i l i ty ,  phenology 

su scep tab ility  and the m oisture s tre s s  curves).

Although the Plantgro model was re la tiv e ly  easy to  understand and 

modify, improvement in  terms of i t s  ease of app lica tion  could be made. 

The input f i l e  required by the Plahtgro model was very structu red  and 

in fle x ib le  in  comparison to  the input f i l e  required by the SPAW model. 

Input f i l e s  not produced sp e c if ic a lly  fo r use w ith the Plantgro model 

would re q u ire  m ajor m o d if ic a tio n s  b e fo re  they could  be used. This 

fac to r would be im portant i f  there were a la rge  amount of p rec ip ita tio n  

and ev ap o ra tio n  d a ta  in  e x is t in g  f i l e s .  The f l e x a b i l i t y  o f th e  SPAW 

model input s tru c tu re  would allow ex is tin g  f i le s  to  be incorporated 

in to  SPAW in p u t f i l e s  w ith  l i t t l e  or no m o d if ic a tio n . In  a d d it io n , 

since there  was no provision fo r explanitory remarks in  the Plantgro 

input f i l e s ,  they were d i f f ic u l t  to  read and understand.

The re la tiv e  in f le x a b il ity  of the Plantgro input s tru c tu re  became 

very apparent when input f i l e s  were modified to  c a lib ra te  the model for 

s im u la tin g  y ie ld . When th e  model was c a l ib r a te d  and te s te d  fo r  

sim ulating y ie ld , each growing season was modeled in  two portions. In
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the Plantgro model, a l l  i r r ig a tio n , p rec ip ita tio n  and evaporation data 

were re fe re n c e d  in  tim e to  th e  f i r s t  day of th e  s im u la tio n  period . 

When th e  f i r s t  day o f th e  s im u la tio n  p eriod  was changed, i t  became 

necessa ry  to  a l t e r  a g re a t  deal o f d a ta  to  r e f l e c t  t h i s  change. In  

c o n tr a s t ,  a new s t a r t i n g  d a te  fo r  a s im u la tio n  p eriod  could be 

specified  fo r the SPAW model by changing one value in i t s  input f i l e .

Program M odifications

Program m o d if ic a tio n s  to  th e  SPAW model should be designed to  

in c re a se  th e  ease  o f model a p p lic a t io n  in  se v e ra l ways. The most 

obvious need in  the SPAW model i s  a means to  reduce the time and e ffo r t  

re q u ire d  to  c a l ib r a te  th e  model. A c a l ib r a t io n  ro u tin e  which would 

s y s t e m a t i c a l l y  a d ju s t  p a ra m e te r s  and e v a lu a te  th e  e f f e c t s  o f 

a d ju s tm en ts  could be w r i t te n  to  make th e  model s e l f  c a l ib r a t in g .  

Although a c a l ib r a t io n  ro u tin e  would reduce the  tim e  and e f f o r t  

req u ire d  to  c a l ib r a te  th e  SPAW model, i t  would a lso  s ig n i f ic a n t ly  

in c re a se  th e  random access  memory (RAM) req u irem en t o f th e  program. 

Supplying pan c o e ffic ien ts  as in p u t d a ta  would s l i g h t ly  decrease  th e  

time and e f fo r t  required to  c a lib ra te  the model when pan co effic ien ts  

a re  used as c a l ib r a t io n  p aram eters . A se p e ra te  keyword to  supply 

ir r ig a tio n  data might be b enefic ia l since i t  would allow the program to  

present ir r ig a tio n  data as such in i t s  output.

M o d ifica tio n s  could be made to  th e  P lan tg ro  model which would 

in c re a se  i t s  ease  o f a p p lic a t io n  and could  p o te n t ia l ly  improve i t s  

a b il i ty  to  sim ulate v a ria tio n s in  so il  moisture. S im ila rly  to  the SPAW 

model, a c a lib ra tio n  rou tine  which would decrease the labor required to
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c a l ib r a te  th e  model could be developed. Redesigning th e  in p u t 

s t r u c tu r e  to  u t i l i z e  keywords would make th e  P lan tg ro  model more 

f l e x ib le  and would a llow  da ta  w ith  vary ing  fo rm ats  to  be used. 

Allowing fo r explanitory remarks in th is  input s tru c tu re  would help to  

make in p u t f i l e s  more rea d ab le . I t  would a lso  be d e s ira b le  to  

re fe re n c e  d a ta  to  a d a te  th a t  would not be s u b je c t  to  change. 

Modifying the program so th a t a maximum rooting depth other than the 

f u l l  th ic k n e s s  of th e  s o i l  p r o f i le  could be s p e c if ie d  would be 

desirab le . Reprograming the model so th a t water could be removed from 

several s o i l  layers based on the proportion of the root system in each 

layer would probably be b e tte r  than the programed procedure.

Recommendations fo r add itional work a t  the Red Bluff Research Ranch

In a d d it io n  to  making th e  program m o d if ic a tio n s  d e sc rib e d , 

perform ing  some a d d it io n a l  work using  d a ta  from th e  Red B lu ff  Ranch 

w ould be d e s i r a b l e .  T h is  a d d i t i o n a l  work w ould im prove  th e  

c a l ib r a t io n s  fo r  s o i l  m o is tu re  and y ie ld  s im u la tio n . Im proving th e  

ca lib ra tio n s  fo r so il  m oisture sim ulation would probably improve the 

c a l ib r a t io n s  fo r  p r e d i c t i n g  y i e l d  i n d i r e c t l y .  Im p ro v in g  th e  

c a l ib r a t io n s  fo r  y ie ld  s im u la tio n  d i r e c t ly  would p rov ide  a more 

reasonable basis fo r te s tin g  the a b i l i ty  of the models to  p red ic t y ie ld  

from non-calib ration  years. In add ition , work to  c a lib ra te  functions 

in  the SPAW model which were not examined in  th is  study would increase 

the v e r s i t i l i t y  of the model.

The c a lib ra tio n s  for so il  m oisture sim ulation should be improved 

by r e c a l ib r a t in g  th e  models based on d a ta  from a t  l e a s t  two o f the
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th re e  y ea rs  o f a v a i la b le  d a ta  and d a ta  from a l l  fou r q uad ran ts. 

C alibration using  d a ta  from 1979 and 1981 would be su p e rio r  to  

ca lib ra tio n  using data from 1979 and 1980 or 1980 and 1981. Using data 

from 1979 and 1981 would be superior since a re la tiv e ly  sm all number of 

s o i l  m o is tu re  m easurem ents were made du ring  1980 and d a ta  from 1981 

would extend the c a lib ra tio n  period in to  May. Although a sm all number 

of so il  m oisture measurements were made during 1980, an adequate number 

were made to  t e s t  the a b i l i ty  of the models to  sim ulate v a ria tio n s in  

s o i l  m o is tu re . I f  a d d it io n a l  d a ta  a re  c o lle c te d  in  th e  fu tu re ,  any 

fu rth er c a lib ra tio n  of the models should be based on as many measured 

values of s o il  moisture as possible.

The c a lib ra tio n s  fo r y ie ld  sim ulation obtained in  th is  study were 

very poor s in ce  they  were based on y ie ld  d a ta  from only one year. 

Basing c a l ib r a t io n s  fo r  y ie ld  s im u la tio n  on a l l  ava ilab le  y ield  data 

would a lm ost c e r ta in ly  improve th ese  c a l ib r a t io n s .  However, th ese  

c a lib ra tio n s  would be sub ject to  doubt since they would s t i l l  be based 

on a very  l im i te d  amount o f d a ta . Y ield  c a l ib r a t io n s  fo r  the  SPAW 

model in  o th e r  s tu d ie s  have been based on d a ta  from 9 to  12 years  

(Sudar e t  a l . ,  1981; Saxton and Bluhm, 1982). This su g g es ts  th a t  

add itional data should be co llec ted  to  obtain a c a lib ra tio n  for the Red 

B luff. Ranch. A d d itio n a l c o l le c t io n  o f s o i l  m o is tu re  d a ta  would 

probably  no t be n ecessa ry  s in c e  y ie ld  c a lib ra tio n  could be performed 

without add itional s o i l  m oisture ca lib ra tio n . C alibration using data 

from other s i te s  would a lso  be desirab le .

The SPAW model in c lu d e s  two o p tio n s  th a t  were no t c a l ib r a te d  in
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t h i s  s tudy . The f i r s t  o f th ese  o p tio n s  was th e  fu n c tio n  which 

c a lc u la te s  th e  amount o f  y ie ld  re d u c tio n  which would be caused by a 

given le v e l  o f crop w ater s t r e s s .  C a lib ra tin g  t h i s  fu n c tio n  a f t e r  a 

good c a lib ra tio n  fo r y ie ld  sim ulation has been obtained would allow the 

SPAW model to  be used fo r evaluating a v a rie ty  of ir r ig a tio n  scenarios 

a t  the Red B luff Ranch in  terms of y ie ld  and cost. Although th is  type 

of e v a lu a tio n  could be perform ed w ith o u t c a l ib r a t in g  th e  y ie ld  

re d u c tio n  fu n c tio n , i t  would re q u ire  more e f f o r t  on th e  p a r t  o f the  

modeler.

The second fu n tio n  o f th e  SPAW model no t examined in  t h i s  study
/

supplies approximate values fo r missing evaporation data. C alibrating 

t h i s  o p tio n  would a llow  th e  a p p lic a t io n  of th e  SPAW model to  s i t e s  

where measured e v ap o ra tio n  da ta  a re  no t a v a i la b le . Extending the  

app lication  of the SPAW model to  s i te s  where measured evaporation data 

are not availab le  would allow the evaluation of d iffe re n t ir r ig a tio n  

p rac tices  a t  these s i te s .  However, some reca lib ra tio n  of the model to  

re f le c t  s o il  conditions a t  the s i te  would be desirab le . In addition, 

i t  would be extremely im portant for c lim atic  conditions a t  a s i te  where 

measured ev ap o ra tio n  d a ta  were no t a v a i la b le  to  be very  s im ila r  to  

those a t  the Red B luff Ranch.
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CHAPTER 6 

CtMCLUSHMS

Both th e  SPAW and th e  P lan tg ro  models show prom ise in  term s o f 

t h e i r  a b i l i t y  to  p re d ic t  s o i l  m o is tu re  d i s t r ib u t io n s  and crop y ie ld . 

However, th e  r e s u l t s  o f t h i s  study should be in te rp e re te d  w ith  care  

s in ce  the  c a l ib r a t io n s  te s te d  were based on very l im i te d  d a ta . In  

addition , there  was some doubt as to  the accuracy of so il  moisture and 

i r r i g a t i o n  d a ta  used  to  c a l i b r a t e  and t e s t  th e  m o d els . The 

c a lib ra tio n s  tes ted  here could almost c e rta in ly  be improved by using 

the availab le  data more e ffec tiv e ly .

The SPAW model accounts fo r  th e  f a c to r s  a f f e c t in g  v a r ia t io n s  in  

s o i l  m oisture more comprehensively than the Plantgro model. However, 

the SPAW model a lso  requ ires a computer w ith considerably more random 

access memory. In addition , the SPAW model takes more tim e to  become 

f a m i l ia r  w ith  and i t  i s  more d i f f i c u l t  to  reprogram  th e  model. In 

c o n tr a s t ,  th e  P lan tg ro  can be f u l ly  understood w ith in  a r e l a t i v e ly  

s h o r t  p e riod  of tim e . However, th e re  i s  room fo r  improvement in  th e  

way th e  P lan tg ro  model accoun ts fo r  some f a c to r s  a f f e c t in g  s o i l

m oisture varia tions.
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Clirnatoloepcal data

Table 9. P rec ip ita tio n  data for 1979

date depth
(cm) (in)

date depth
(cm) (in )

date depth
(cm) (in)

6/6 0.89 0.35 6/26 0.28 0.11 8/24 0.61 0.24
6/17 0.30 0.12 7/23 0.41 0.16 8/25 0.20 0.086/18 4.06 1.60 7/28 0.51 0.20 8/28 0.25 0.10
6/19 0.56 0.22 8/12 0.18 0.07
6/25 0.15 0.06 8/15 0.89 0.35

Table 10. P rec ip ita tio n  data fo r 1980

date depth
(cm) (in )

date depth
(cm) (in )

date depth
(cm) (in)

6/11 0.38 0.15 6/20 0.51 0.20 7/3 1.02 0.40
6/15 0.89 0.35 6/23 1.27 0.50 8/1 0.13 0.056/18 0.25 0.10 7/2 0.51 0.20 8/13 0.13 0,05

Table 11. P rec ip ita tio n  data for 1981

date depth
(cm) (in )

date depth
(cm) (in )

date depth
(cm) (in )

5/21 3.18 1.25 6/7 0.15 0.06 7/11 0.64 0.25
5/22 2.41 0.95 6/8 0.05 0.02 7/17 0.38 0.15
5/23 0.15 0.06 6/12 0.38 0.15 7/18 1.68 0.66
5/31 0.25 0.10 6/13 2.67 1.05 8/4 0.64 0.25
6/1 0.13 0.05 6/14 0.41 0.16 8/19 0.20 0.08
6/3 1.07 0.42 7/6 1.52 0.60 8/20 0.13 0.05
6/6 0.66 0.26 7/7 0.38 0.15

I
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Table 12. Pan evaporation data fo r  1979

s t a r t  to ta l  average s t a r t  to ta l  average
d a te  (cm) (in ) (cm) ( in )  d a te  (cm) ( in )  (cm) (in )

6/11 0.84 0.33 0.84 0.33
6/12 1.19 0.47 1.19 0.47
6/14 1.32 0.52 1.32 0.52
6/15 0.53 0.21 0.53 0.21
6/16 0.69 0.27 0.69 0.27
6/17 1.93 0.76 0.64 0.25
6/20 1.60 0.63 0.53 0.21
6/23 1.83 0.72 0.61 0.24
6/26 0.86 0.34 0.86 0.34
6/27 0.48 0.19 0.48 0.19
6/28 0.56 0.22 0.56 0.22
6/29 0.74 0.29 0.74 0.29
6/30 3.12 1.23 1.04 0.41
7/03 0.43 0.17 0.43 0.17
7/04 1.32 0.52 0.66 0.26
7/06 0.71 0.28 0.71 0.28
7/07 2.67 1.05 0.89 0.35
7/10 0.86 0.34 0.86 0.34
7/11 0.97 0.38 0.97 0.38
7/12 2.72 1.07 0.69 0.27
7/16 0.91 0.36 0.91 - 0.36
7/17 0.64 0.25 0.64 0.25
7/18 0.61 0.24 0.61 0.24
7/19 1.45 0.57 1.45 0.57
7/20 0.76 0.30 0.76 0.30
7/21 0.66 0.26 0.66 0.26
7/22 0.89 0.35 0.89 0.35
7/23 0.13 0.05 0.13 0.05

7/24 1.57 0.62 0.79 0.31
7/26 0.69 0.27 0.69 0.27
7/27 0.64 0.25 0.64 0.25
7/28 1.68 0.66 0.56 0.22
7/31 1.73 0.68 0.86 0.34
8/02 0.56 0.22 0.56 0.22
8/03 0.86 0.34 0.86 0.34
8/04 1.37 0.54 0.69 0.27
8/07 0.74 0.29 0.74 0.29
8/08 1.91 0.75 1.91 0.75
8/09 0.36 0.14 0.36 0.14
8/10 0.91 0.36 0.91 0.36
8/11 1.60 0.63 0.53 0.21
8/14 0.60 0.25 0.30 0.12
8/16 0.53 0.21 0.53 0.21
8/17 0.51 0.20 0.51 0.20
8/18 1.37 0.54 0.46 0.18
8/21 0.38 0.15 0.38 0.15
8/22 0.15 0.06 0.15 0.06
8/23 0.71 0.28 0.71 0.28
8/24 0.66 0.26 0.66 0.26
8/25 0.51 0.20 0.51 0.20
8/26 0.60 0.24 0.30 0.12
8/28 1.22 0.48 0.61 0.24
8/30 0.97 0.38 0.48 0.19
9/01 3.30 1.30 0.84 0.33
9/05 0.71 0.28 0.36 0.14
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Table 13. Pan evaporation data fo r  1980

s t a r t  to ta l  average
date (cm) (in ) (cm) (in )

6/11 0.81 0.32 0.41 0.16
6/13 2.03 0.80 0.51 0.20
6/17 1.98 0.78 0.66 0.26
6/20 1.85 0.73 0.46 0.18
6/24 2.06 0.81 0.69 0.27
6/27 1.42 0.56 0.36 0.14
7/01 3.81 1.50 0.53 0.21
7/08 0.91 0.36 0.46 0.18
7/10 0.91 0.36 0.91 0.36
7/11 2.36 0.93 0.79 0.31
7/14 0.30 0.12 0.30 0.12
7/15 1.42 0.55 0.71 0.28
7/17 1.57 0.62 0.79 0.31

s ta r t to ta l average
date (cm) (in ) (cm) (in )

7/19 2.06 0.81 0.69 0.27
7/22 1.98 0.78 0.99 0.39
7/24 1.68 0.66 0.84 0.33
7/26 2.13 0.84 0.71 0.28
7/29 2.59 1.02 1.30 0.51
7/31 0.69 0.27 0.69 0.27
8/01 0.81 0.32 0.81 0.32
8/02 2.82 1.11 0.94 0.37
8/05 1.80 0.71 0.61 0.24
8/08 0.76 0.30 0.76 0.30
8/09 1.78 0.70 0.89 0.35
8/11 0.74 0.29 0.74 0.29
8/12 1.32 0.52 0.66 0.26

Table 14. Pan evaporation data

s t a r t  to ta l  average
date (cm) (in) (cm) (in)

5/28 2.59 1.02 0.51 0.20
6/04 0.56 0.22 0.28 0.11
6/06 2.18 0.86 1.09 0.43
6/08 2.64 1.04 0.26 0.10
6/18 3.51 1.38 0.43 0.17
6/26 1.27 0.50 1.27 0.50
6/27 3.43 1.35 0.86 0.34
7/01 0.71 0.28 0.71 0.28
7/02 1.42 0.56 0.71 0.28
7/04 3.05 1.20 1.02 0.40
7/07 ■ 1.68 0.66 0.84 0.33
7/09 0.33 0.13 0.33 0.13
7/10 1.88 0.74 0.94 0.37
7/12 2.04 0.80 1.02 0.40
7/14 1.68 0.66 0.84 0.33
7/16 0.66 0.26 0.66 0.26
7/17 4.72 1.86 0.94 0.37
7/22 0.91 0.36 0.91 0.36
6/02 1.22 0.48 0.61 0.24

1981

s ta r t
date

to ta l  
(cm) (in)

average 
(cm) (in )

7/23 0.76 0.30 0.76 0.30
7/24 0.58 0.23 0.58 0.23
7725 1.24 0.49 0.41 0.16
7/28 0.89 0.35 0.89 0.35
7/29 1.78 0.70 0.89 0.35
7/31 0.61 0.24 0.61 0.24
8/01 3.73 1.47 0.74 0.29
8/06 0.66 0.26 0.66 0.26 ,
8/07 0.66 0.26 0.66 0.26
8/08 2.46 0.97 0.81 0.32
8/11 1.55 0.61 0.76 0.30
8/13 1.37 0.54 0.69 0.27
8/15 2.46 0.97 0.81 0.32
8/18 1.47 0.58 0.74 0.29
8/20 3.84 1.51 0.64 0.25
8/26 2.79 1.10 0.94 0.37
8/29 2.59 1.02 0.86 0.34
9/01 1.96 0.77 0.99 0.39
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S oils Data

Table 15. Soil tex tu re  by quadrant and layer

Quadrant 0-3Ocm 
(I foot)

depth 
30-60cm 
(2 foot)

60-90cm 
(3 foot)

I SCL SCL SCL
2 SCL LS . SCL
3 CL SCL LS
4 SCL SL LS

Table 16. Soil moisture holding capacity  a t  F ield Capacity and 
the permanent W ilting point

Quadrant 0-30cm
depth 

30-6Ocm 60-90cm
(I fo o t) (2 fo o t) (3 fo o t)

WP FC WP FC WP FC

I 6.4 11.9 6.5 13.0 6.0 12.8
2 . 8.0 14.1 6.2 15.4 6.4 14.6
3 5.8 10.7 5.6 11.9 5.1 11.4
4 7.6 14.5 6.6 15.9 6.5 12.9
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Table 17. S o il  m oisture measurements by quadrant (% v o l . )  fo r  1979

Date quad 0-30cm 
(I foot)

6/01 I 13.2
6/18 I. 21.6
6/22 I 17.9
7/06 I 16.2
7/26 I 20.7
8/01 I 18.6
8/16 I 16.9
8/31 I 15.&
9/06 I 14.6

6/01 2 13.9
6/18 2 15.7
6/22 2 16.6
7/06 2 15.0
7/26 2 16.7
8/01 2 16.1
8/16 2 14.7
8/31 2 13.0
9/06 2 12.1

6/01 3 13.2
6/18 . 3 16.3
6/22 3 17.0
7/06 3 15.4
7/26 3 16.3
8/01 3 15.2
8/16 3 14.8
8/31 3 12.8
9/06 3 12.4

6/01 4 13.0
6/18 4 18.2
6/22 4 16.3
7/06 4 15.3
7/26 4 17.6
8/01 4 16.1
8/16 4 13.6
8/31 4 12.6
9/06 4 12.1

depth
30-60cm 60-90cm
(2 foot) (3 foot)

13.4 12.7
15.3 13.7
15.9 14.5
14.9 13.8
15.3 13.6
15.0 13.6
14.4 13.6
14.3 13.5
14.2 13.4

13.8 12.9
14.6 13.5
15.7 14.1
14.7 13.6
15.0 13.4
15.2 13.6
14.6 13.5
14.3 13.4
14.1 13.3

13.6 12.8
14.2 13.4
15.5 14.1
14.4 13.7
14.7 13.4
14.9 13.8
14.2 13.4
13.9 13.3
13.8 . 13.3

13.6 12.9
14.9 13.6
15.4 14.3
14.3 13.6
15.0 13.3
15.0 13.8
14.0 13.4
13.8 13.3 .
13.7 13.3

90-120cm I20-150cm
(4 foot) (5 foot)

12.7 12.6
13.8 13.5
14.2 13.9
14.0 13.7
13.7 13.5
13.7 13.5
13.7 13.5
13.7 13.5
13.6 13.5

12.7 12.7
13.3 13.3
13.3 13.3
13.3 13.3
13.2 13.2
13.2 13.2
13.2 13.2
13.2 13.2
13.2 13.2

12.8 12.8
13.4 13.5
13.6 13.6
13.6 13.6
13.3 13.5
13.4 13.4
13.4 13.5
13.3 13.4
13.3 13.4

12.8 12.8
13.4 13.4
14.1 13.7
13.8 13.6
13.4 13.4
13.4 13.4
13.3 13.4
13.3 13.3
13.2 13.3
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I
Table 18. Soil moisture measurements by quadrant (% vol) fo r  1980

date quad 0-3Ocm 
(I foot)

30-6Ocrn 
(2 foot)

depth 
60-90cm 
(3 foot)

90-120cm 
(4 foot)

I20-I50cm 
(5 foot)

6/11 I 13.7 13.7 13.1 13.0 12.9
7/10 I 14.8 14.2 13.4 13.6 13.4
7/21 I 15.8 14.2 13.4 13.5 13.4
8/12 I 17.4 14.3 13.4 13.5 13.4

6/11 2 . 12.8 13.8 13.2 12.8 12.8
7/10 2 13.2 14.2 13.4 13.1 13.1
7/21 2 14.4 14.3 13.4 13.3 13.1
8/12 2 14.1 14.2 13.4 13.1 13.2

6/11 3 11.3 13.1 12.7 12.7 12.7
7/10 3 12.3 13.8 13.2 13.3 13.4
7/21 3 14.4 13.8 13.4 13.3 13.5
8/12 3 13.1 13.9 13.3 13.3 13.4

6/11 4 12.2 13.6 13.1 13.1 12.9
7/10 4 12.5 13.7 13.2 13.3 13.3
7/21 4 13.7 13.9 13.3 13.3 13.3
8/12 4 17.0 13.9 13.3 13.3 13.3

(
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Table 19. Soil moisture measurements by quadrant (S v o l.)  fo r 1981

date quad O-SOcm SO-SOcm 
(I foot) (2 foot)

5/20 I 21.1 15.8
6/17 I 20.6 15.5
7/01 I. 16.4 14.2
7/16 I 20.9 15.1
8/06 I . 21.6 15.7
8/17 I 18.2 14.7
9/02 I 15.1 14.0

6/17 2 19.5 15.7
7/01 2 14.7 14.5
7/16 2 17.9 14.5
8/06 2 19.4 15.6
8/17 2 16.1 14.7
9/02 2 13.6 14.1

6/17 3 17.7 . 15.3
7/01 3 13.2 14.0
7/16 3 19.1 14.2
8/06 3 18.5 15.7
8/17 3 17.4 14.5
9/02 3 13.4 13.8

6/17 4 17.4 15.1
7/01 4 12.8 13.6
7/16 4 16.8 15.0
8/06 4 . 18.3 15.5
8/16 4 17.0 14.8
9/02 4 12.7 13.8

depth
60-90cm 90-120cm I20-150cm

(3 foot) (4 foot) (5 foot)

14.6 14.4 14.0
14.1 13.9 13.6
13.4 13.6 13.5
13.5 13.6 13.6
14.2 14.0 13.7
13.6 13.8 13.5
13.3 13.5 13.4

14.1 13.4 13.4
13.4 13.3 13.3
13.5 13.2 13.2
13.8 13.2 13.2
13.5 13.2 13.2
13.3 13.1 13.1

14.0 13.8 13.8
13.4 13.4 13.6
13.4 13.4 13.4
14.3 14.0 13.7
13.7 13.7 13.6
13.3 ' 13.3 13.4

13.7 13.6 13.5
13.3 13.3 13,3
13.4 13.2 13.4
14.5 14.3 14.0
13.7 13.8 13.6
13.2 13.3 13.3



Crop Data

Table 20. Harvest Data
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Year Harvest begin
date

end
date

Yield by quadrant 
(tons/acre)

I 2 3 4

1979 I 7/05 7/17 2.14 1.78 2.09 2.03
2 8/28 9/06 . 1.31 1.51 1.43 1.33

1980 I 7/01 7/10 2.21 2.12 2.54 2.18
2 8/21 8/30 1.54 1.43 1.49 1.35

1981 I 6/30 7/09 2.53 2.67 2.98 2.77
2 8/20 9/03 2.54 2.42 2.09 1,88

Ir r ig a tio n  Data

Table 21. I r r ig a tio n  data fo r quadrant I

Year 1979 1980 1981
date depth date depth date depth

(cm) (in) (cm) (in ) (cm) (in )

6/04 0.58 0.23 7/10 1.88 0.74 7/10 3.66 1.44
6/06 2.92 1.15 7/12 1.88 0.74 7/17 4.29 1.69
6/14 2.18 0.86 .7/16 1.14 0.45 7/24 4.42 1.74
6/19 2.82 1.11 7/22 0.76 0.30 7/29 6.20 2.44
6/27 2.74 1.08 7/23 0.76 0.30 8/10 1.63 0.64
7/17 1.52 0.60 7/24 1.14 0.45 8/13 0.97 0.38
7/19 1.52 0.60 7/26 1.14 0.45
7/21 1.50 0.59 7/28 1 .14 0.45
7/23 2.82 1.11 7/29 1.14 0.45
7/26 2.87 1.13 7/31 1.07 0.42
8/02 2.79 1.10 8/05 0.94 0.37
8/09 0.74 0.29 8/08 0.23 0.09
8/13 0.74 0.29 8/09 0.51 0.20
8/20 0.74 0.29 8/11 0.69 0.27
8/22 0.71 0.28
8/24 1.45 0.57
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Table 22. Irr ig a tio n  data for  quadrant 2

Year
date

1979
depth 

(cm) (in )
date

1980
depth 

(cm) (in)
date

1981
depth 

(cm) (in )

6/04 0.58 0.23 . 7/10 1.88 0.74 7/11 3.66 1.44
6/12 2.92 0.86 7/12 1.88 0.74 7/18 4.29 1.69
6/15 2.18 0.86 7/17 1.14 0.45 7/25 4.42 1.74
6/19 2.82 1.11 7/22 0.76 0.30 8/01 6.20 2.44
6/28 2.77 1.09 7/23 0.76 0.30 8/10 1.63 0.64
7/18 1.47 0.58 7/25 1.14 0.45 8/13 0.97 0.38
7/19 1.52 0.60 7/26 1.14 0.45
7/21 1.50 0.59 7/28 1.14 0.45
7/24 2.87 1.13 7/30 1.14 0.45
7/29 2.90 1.14 7/31 1.07 0.42
8/03 2.54 1.00 8/05 0.94 0.37
8/09 0.74 0.29 8/08 0.23 0.09
8/13 0.74 0.29 8/10 0.51 0.20
8/20 0.74 0.29
8/22 0.71 0.28
8/24 1.45 0.57

Table 22. I r r ig a tio n  data fo r quadrant 3

Year 1979 
date depth

(cm) (in)

1980
date depth

(cm) (in )

1981
date depth

(cm) (in )

6/04 0.58 0.23 7/11 1.88 0.74 7/13 3.66 1.44
6/12 2.18 0.86 7/13 1.88 0.74 7/19 4.29 1.69
6/16 2.59 1.02 7/17 1.14 0.45 7/27 4.42 1.74
6/26 2.59 1.02 7/22 0.76 0.30 8/03 6.20 2.44
7/18 1.47 0.58 7/24 1.14 0.45 8/11 1.63 0.64
7/21 1.50 0.59 7/27 1.14 0.45
7/25 2.87 1.13 7/29 1,14 0.45
7/30 2.90 1.14 7/30 1.14 0.45
8/05 2.90 1.14 7/31 1.07 0.42
8/09 0.74 0.29 8/06 0.94 0.37
8/13 0.74 0.29 8/08 0.23 0.09
8/20 0.74 0.29 8/10 0.51 0.20
8/22 0.71 0.28
8/25 1.55 0.61
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Year 1979 1980 1981

Table 23. Irr ig a tio n  data for  quadrant 4

date depth 
(cm) (in)

date depth 
(cm) (in)

date depth 
(cm) (in )

6/04 0.58 0.23 7/11 1.88 0.74 7/14 3.66 1.44
6/13 2.24 0.88 7/13 1.88 0.74 7/21 4.29 1.69
6/18 2.84 1.12 7/18 1.14 0.45 7/28 4.42 1.74
6/2? 2.74 1.08 7/23 0.76 0.30 8/04 6.20 2.44
7/19 1.52 0.60 7/24 1.14 0.45 8/12 1.63 0.64
7/20 1.45 0.57 7/25 1.14 0.45
7/22 2.90 1.14 7727 1.14 0.45
7/25 2.87 1.13 7/29 1.14 0.45
7/30 2.90 1.14 7/30 1.14 0.45
8/06 2.92 1.15 7/31 1.07 0.42
8/09 0.74 0.29 8/04 0.94 0.37
8/13 0.74 0.29 8/06 0.97 0.38
8/20 0.74 0.29 8/09 0.51 0.20
8/22 0.71 0.28 8/11 0.69 0.27
8/23 1.57 0.62
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APPENDIX B

D escription of Program M odifications
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Before the SPAW and Plantgro models could be used on an AT&T 6300 

microcomputer, i t  was necessary to  modify the programs. Both models 

were m odified  to  be more com patable w ith  th e  in p u t req u irem en ts  o f 

microcomputers and to  conform w ith the syntax of M icrosoft0 FORTRAN 77. 

The models were modified to  allow the use of several s e ts  o f data fo r 

co n secu tiv e  program runs. T his was accom plished th rough  th e  use o f 

counter statem ents which opened and closed seperate input and output 

f i l e s  depending on th e  value o f th e se  c o u n te rs . The models were 

adapted  so t h a t  up to  e ig h t  co n secu tiv e  s e ts  o f d a ta  could be 

sim ulated.

Syntax m odifications were a lso  necessary since the programs were 

w ritten  in  FORTRAN IV and a FORTRAN 77 compiler was used. These syntax 

m odifications included; specifying th a t ce rta in  variab les representing 

characters other than numbers were charac ters , format statem ents used 

as d a ta  by th e  SPAW model were s p e c if ie d  as and read  as c h a ra c te r  

s tr in g s  ra th e r than character arrays and comment, statem ents appearing 

w ithin data and common statem ent continuation lin e s  were moved outside 

of the data and common statem ents.

Program l is t in g s  for the SPAW and Plantgro models can be found in

the  u s e r 's  m anuals fo r  th e  re s p e c tiv e  program s. These l i s t i n g  a re .

m ainfram e com puter, FORTRAN BZ v e rs io n s  o f th e  m odels. Complete

l i s t i n g s  and a d d it io n a l  docum entation fo r  th e  FORTRAN 77, IBM

compatable microcomputer versions of the programs can be obtained from:

The Dept, of Ag. Engineering 
409 Cobleigh Hall 
Bozeman, MT 59717

* Microsoft i s  a trademark
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