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ABSTRACT

Onofrel, r. constantin, Ph.D., the IJnlversity of Manltoha, octoher,

1986' A Method of Land Evaluation Using Crop Simulation Techniques.

Ma.jor Professor: Dr. C.F. Shaykewlch, Department of SoJl Sclence.

The evaluation of land has been approached frorn a gJohaJ r systernJc

standpolnt, wlth the ohjectlve of <Jevel oping a method that al I ows

evaluatlon of land in the Prairfe regÍon, base<l on probable wheat yiel¿

distrlbutlon. The nethod chosen to ensure appropriate yieJd data \ras

numerlca] slmulatfon of the agroecosystens tn the reglon rrnrler

conslderatlon.

Two maJor lnterrelated actlvltles ü¡ere performed: the <leve,opment

of a determlnlstlc, coElputer model, pIn{OD, ancl the evaluatlon of the

performance of the model using fle.ld data for courparison.

The nodel calculates the dalJy accumulatfon of aboveground net

productlon (ANP) over a growlng season, as a functlon of agronomlc

potential and the avallablllty of three maJor grorÂ'th factors: sofl

waterr soll nltrate-nltrogen ancl soil tenperature. The agronomlc

potential uTas assumed to be a function of three more stable factors:

crop genetlc potentiaJ, fncfdent photosynthetlcally active radlation and

an overall managenrent level characteristlc of the reglon under consl-

deratlon- The so-called "constralnt-free wheat yieJct" calcuJatecl ln the

study "Crop Productlon PotentlaLs for Land Evaluatlon ln Canada" was

assumed to rePresent the agronornlc potentiaJ. PI)OrOD first calctrlates

the phenologlcal developnent of the crop. Based on thls lntermedlate

varlable and the agronomlc potentlal , an optfmum dalJ y growtÏ, rate is
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calculated. Separate suhroutlnes (subrnodel s) are use<l to huctget sotl

molsture content, nitrate-nítrogen ancl soll temperature. By uslng

deman<ì-supply functlon types, lnd1v1dua1 and composite daiJy lfmitlng

factors are calculated. The actual growth rate ls obtainerl hy muJtl-

plylng the potentlal growth rate by the overall lirniting factor. The

ANP at rnaturl ty sta€re l.s ohtaínerJ t'y summin¡¡ the actual growth rates.

Accumulated ANP ls converted to graln yielcl usíng the harvest lndex

approac.h.

PI)O'fOD $tas eval uated using f iel <1 <lata f rom 24 síte-year comhina-

tlons over the 1982 and 1983 growlng seasons. The experlmental sftes

were scattered across the entlre agricultural sector of Manltoba. Flve

najor variables simulated by the moclel, graln, ANP, phenological deve-

lopment, sol 1 water content and nitrate-nltrogen content were tested

agalnst ffel<] data. Two scenarlos were assumed. one scenario (sc. r)

considerecl the soiJ physlcal parameter-s, inltf a1 con<lltions for soll

ü,ater content ancì lower boundary condltlon of the soil profile to be

knovm from measurements. Anotber scenarlo (Sc. TI) conslderecl the soil

parameters, lnltial soil moisture content and lower botrndary condltfons

of the soll prof lJ e to be lnformatíon derlvecl frorn the existlng stan<larcl

Soll Survey data. The graln yleJd for al1 site-year comblnatlons were

simulhted accurately 1n botb scenarlos. Stan<lard error of model pre-

dlctlon (sEP) values ranged fron * 97 to *152 kg/ha in Sc. r and + 225

to t 280 kg/1." ln Sc. TI. The predictecl phenologlcal developnent was

somewhat faster than the observe<J rate. So11 nolsture content sras

reasonably slpulated for most of the sftes. Soll nftrate-nltrogen

content t^Tas least accurately slmulated, wlth the SEP being frorn AO to
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5OZ of the mean observecl NO3-N concentratfons.

The rnodel 1s consJdered adeqtrate for land evaluatJon. Run wtth

hl-storlcal weather records, 1.e., stochastíc inpr:t drivLng variables,

probabillty <lenslty functions can he approxlrnated for many dLfferent

wheat growlng con<ìltlons. By relatlng those functjons to chosen utlllty

functions the l and can be eval uated in useful terms for l and pl annlng

and optlmal use.
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Chapter 1

INTRODUCTION

The methods of land evaluatlon employed ln sttrdles perforued ln

Canada as well as ln other countries are, ln essence, based on model.s

almed at descrfbl-ng how agroecosystems functlon and at predlctfng thetr

output(s). Due to lack of data, approprfate l.nformatlon system

technoJ,ogy and ¡nethods of analysls, the early approaches represented

agroeeosystems vaguely ancl estfmated thelr outputs lnpreclsely. To some

extent, the dlsparlty betv¡een Èbe behavlour of a real system and íts

representatlon by nodel s has been reconciled ln the most recent studles.

For example, the agroecosystem that lnltlally s'as consldered statlc was

represented dynamically in recent models. Some strlctly emplrical

relatlonshlps between lnputs and outputs or "black box" procedures have

been replaced by descrfptions of physlological, physical and chemlcal

rnechanLsms. Consequently, the outputs of the agroecosystems are noÌ,r

descrlbed guantltatlvely. However, the procedures ln use fafl to

represent

the resul t that the so-callecl longrterm average output value provlrled by

evaluation procedures has llrnlted practlcal va1ue. Inthese I and

rainfed agriculture 1n many parts of the worlcl, and characterlstfc of

the Canadian Pralrie reglon, with large varlatlon ln yleld from one year

to anotber, the theoretical long-term averâge output is of llrnlted

practJ,cal use. 0n the other hand, much useful Jnformatlon for decislons

related to land use alternatlves can be <lerived from probabilistic

estlmates of the outputs of agroecosystens.

the long-term behavlour of the agroecosystem correctly, wlth
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The purpose of this thesls was to develop a procedure that provldes

probable wheat yteJd dlstributlons for agroecosyatem6 of lnterest wlthJn

the provlnce of Manftoba and the Pralrie regfon. The approach eras based

on slmulatfon uslng a determinlstlc-mechanfstlc model wlth the

etochastlc fnput of weather variables. A physlcal nodel, Productlvfty

IndeX MODel (PI)CfOD), ú¡a6 developed to slmulate the annual wheat gro!¡th

under etater stress (deflclt/excess), lfnlted sofl nftrate nftrogen

content and so11 temperature stress. The model was tested uslng fteld

data from24 sfte-year combJ.natlons. A demonstratlon of the appllcatfon

of the nethod, or lmpl.ementatlon, runnfn¡¡ the ¡nodel for a nunber of soll

serles and years of weather records, repre6ent6 the ffnal stage fn the

process. However, thls flnal stage 1s beyond the Bcope of thfs thesfs

and w111 not be presented.
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Chapter 2

LITERATURE REVIEI,T

The use of slmulation for land evaluatfon purposes rs a nevl

technlque' In this chapter, a llterature revlew fs presented to provide

the context for the sr¡nulatron method developed for thrs study.

The revlew fs organrzed rnto three parts: (r) a revlew of the

funda¡nentals of. land evaJuatfon, (fr) a revlew of the methods used fn
land evaluatfon and (til) conclusfons.

2.I FUNDA}TEMALS OF LAND EVALUATION

Hlstorically, land qualitles lrere more often settled arbltrarlly
and land use alternatlves based on trfal-and-error, a tfune-consumfng,

expensfve, and often fneffecttve rnethod. The design of theoretlcally
sound land evaluatlon methods has evolved slowly (Dent, l9g3). Lancl

evaluatfonr as an interdlscipllnary actlvlty, has now been undertaken l.n

many countrles.

Most of the concepts díscussed below are derlved from stuclles
carrfed out by sclentlsts working wlth the Land and water Development

Divlslon, Food and Agrlculture organlzatfon (FAo). Addlrlonal informa-
tlon was derj-ved from work done tn applylng sfunulatlon methods to ecofo-

glcal problems, and from systern theory.

2.I.I Termlnology

moB t

McRa e

"Land" and "1and evaJuatlon" are tv¡o key terms. rn some of the
recent publlcatlons (F40, r9B4; Dent ancr young, lggr; Beek, 19gra;

and Burnham, I9B1) the term "rand" refers to the defrnrtron of
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Brlnkman and Smyth (1973):

A tract of "land" ls deflned geographically as a specfflc

atea of the earthrs surface: lts characterlstics embrace

all reasonably stable, or predlctably cycllc, attrfbutes of

the biosphere vertlcally above and below thls area,

lncludlng geology, the hydrology, the plant and anlnal

populatlons, and the results of past and present human

actlvlty to the extent that these attrlbutes exert a

signfflcant lnfluence on present and future uses of land by

man.

Fro¡n thls comprehenstve definltfon, tÍro fundamental characterlstlcs

of land can be inferred. Flrst, the land fs a three-dlmenslonal courplex

unlt that lncludes the soÍl and extends upward lnto the atmosphere as

well as downward lnto the geologfcal substrate. second, Èhe unlt

fnclucles both physlcal and blologlcal components.

The second term, land evaluatlon, was deffned by Dent and Young

(1981) as "the process of estimatlng the potentlal of land for alter-

natfve klnds of use". llfthin the FAO documents (F40, 1976), a more

elaborate deflnitlon has been advancecl:

The process of assessment of land performance wben used for

specifíed purposes, lnvolving the executlon and

lnterpretatlon of surveys and studles of landforms, solls,

vegetatlon, cllmate and other aspee-ts of land ln order to

ldentlfy and make a comparlson of promlslng klnds of land

use ln terms applfcable to the objectlves of the evaluatfon.

The term "kinds of land use" has a dual connotatlon. In the

context of FAo guldellnes (FAo, I976; FAo, 1984) this referre<l ro elther



-5-

"najor klnds of land use" or "land utllfzatfon types". The flrst term

qras asaoclated wlth rnaJor groups of rural land use such as ralnfecl

agrLculture, annual crops, perennfal crops, lrrlgate<l agrlculture,

grassl-and, forest and recreatfon. The second term sraa assoclated wlth

more apeclflc land use. For example, wltbin the maJor kfnd of land use,

ralnfed agrlculture, land utll,fzatlon referred to a speclflc crop or

deflned comblnatfons of crops. The deflnitlon does not tdentlfy the

varlable(s) to be compared for alternatfve land use.

2.L.2 0b ectives

There are many speclflc reasons and assoclated obJectlves for the

evaluatlon of rural Iancl. Often land evaluation stu<iles are lntended

elther to provlde useful lnformatlon for lancl uae plannlng (F40,1978)

or for flnanclal- and legal assl-stance (Storle, 1954). However, to

arrlve at the speclflc objective of a partfcular land evaluation,

detalled consideratlon must be given to the land usersr needs.

The rnaJor obJectlve of agrfcultural land evaluatlon is to estlnate

(Vink,1975> the expected yfeld(s) of systems wlthin the reglon uncler

conslderatlon (Beek, 1981b) and to present thls lnformatfon to land

users in a summarlzed form (for exaurple, two-dlmenslonal maps) Ín whlch

land tracts wf.th sfrnilar expectecl output(s) are âggregated in distlnct

unlts.

2.L.3 Syste¡n

Miller (I978) presented the baslc theory of livlng systems common

to all 1evels of complexity from cells to socletfes. The fundarnental

concepts relevant to systen analysls ln land evaluation can be

summarlzed as follows:
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(a) The natural systen can be descrlbed ln the context of spâce and

time, two absolute and lndependent entftfes, as a concrete 6ystem.

(b) Two fundamental types of natural systems are ldentlffed: llvlng and

nonllving. Lfvlng systens are made up of natter and energy and are

organLzed by lnformatfon. Nonlivlng sy6tems are also made up of

matter and energy, but they are organrzed by actron. Because of the

known relatlonshlps betr^reen matter and energy, the Jolnt term

matter-energy ls generally used in system analysls and nodelllng.

(c) Matter-energy and lnforrnarlon (llvtng systern) and matter-energy and

actfon (nonlfvfng systern) change over time. The changes are termed

processes and they may progress reverslbly or nonreversibly at a

wfde range of rates.

(d) Each system, ât a given moment fn tlme, comprlses a three-

dlmensfonal space structure, a partlcular arrangement of components

and subsystems. The term "component" refers to a dlstlnct

structural unlt ln the system. The term "subsystem" refers to all

components r¿hlch are involved fn carrylng out a partlcular process,

regardless of thelr locatlon in the sy6tem. Generally, there ls no

one-to-one relatlonshfp betvùeen subsystem and structural component

v¡lth a complex system such as the agrlcultural system.

(e) rn an agrlcul-tur:al area, one can always ldentffy a hierarchy of

systens; the higher-1eve1 systen belng nade up of lower-1eve1

systems. Toward the lower end ln the hferarehy, the systems are of

the nonllvfng type (atoms, molecules). Toward the higher end of the

hlerarchy, the tv¡o system typesr livfng and nonllving, eoexist.

I^Iith tbe exceptlon of fundamentals, the system theory developed

wltbln ecology cannot be transferred dlrectly to agrfculture, whlch has
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a much more complex baslc unft. Forces of both types, natural and

man-controlled, act upon the agrfcultural sy6teD. The other relevant

dffferences bet¡veen ecosystems and agrlcultural systems car.r be

summarl-zed as follows: Agrlcultural systems are gulded by deslrable

goals (Speddlng, 1984). They lnclude modlfled ecosystens (plants and

anlnals), artlflctally selected and reduced ln dlversfty by excludlng

blologlcal organlsns vulnerable to stress (Evans, 1980). speddlng

(1975) naned the agrlcultural system an "ecosyste¡¡ wlth purpose". Odurn

(1984) pofnted out that ecosystems are powered only by natural energy

(solar) whereas agricultural systens are powered by both natural energy

and artlflclal sources (processecl fuels and human labour). Odum also

polnted out that the power denslty level (rate of energy flow per unlt

area) of an agroecosysten within an fndustrlaTlzed country is ten-fol<l

or more greater than that of most natural ecosystems, malnly due to hfgh

energy and chenlcal subsldles.

Patten and Odu¡o (1981) dlscussed the cybernetic (system functfon)

aspect of both ecosysteos and man-controlled systems (t.e., agroeco-

systen) and identifled the maln dlfferences ln the feedback- mechanlsms

of the t!ùo system types (Ffgure 1). The feedback mechanlsm ls at the

core of the goa1, dfrectlon, regulatfon and stabfllty of a systen. The

authors concluded that withln the natural ecosystem the feedback ls

l-nternal- ancl control mechanlsms are dtffuse, whereas wlthln the

agroecosystem the feedback 1s largely external and controlled by

mechanisms concentrated r¿lth a controller. Slnce the controll er is

essentfal to the agroecosystemfs functfon, the management factor cannot

be neglected fn the analysls of an agroecosystemrs output.
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2.2 METITODS OF LAND EVALUATION

Although soue reffnements of land evaluatlon technfques have been

made ln the last decade, Dent (1983) acknowledged that most concepts and

procedures remafned uncbanged slnce the 1930f6 when they were developed.

Physical testlng of agroecosystem performance under alternative

uses I's not feaslble over a long perlod of tfme. Consequently, all land

evaluatlon methods trere based on nodels that predicted the expected

output(s) of agroecosystem(s) wfthin a regfon under conslderatton. The

expected outputs qrere expressed 1n terms of efther attrlbutes, rank

varlables or measurable varlables. Both attrlbute(s) and rank

varlable(s) used ln land evaluatfon lrere conplex entlties thât avolded

the conventlonal unfts used generally fn sclence. The measurabl.e

varfables were expressed fn physfcal- and/or economlc unlts.

The physlcal unlt rÂtas generally the anount of graln, aboveground

biomass, meat, dafry product or tftnberr pêr unit area. filtthln FAo

studles (FAo,1976; FAO, 1984), rhis unft was termed "yreld" ro

dfstfngulsh from "procluctlon", whfch was lntended to descrlbe the tota1-

output fron the whole farm. Economic analyses were sometfmes performed,

but more often land evaluatlon r¡as expressed fn phystcat terms (yfeld).

A wlde range of methods and fnterpretatlons have been suggested to

solve land evaluatlon problems. For example, vlnk (1975), FAO (L976),

and FAo (1984) disregarded the capablllty and economlc classlflcatlons

and blended them wlthin the suftablltty classtflcatlon. Other authors

replacecl economfc classlficatfon wlth "hfological productivlty', (Nlx,

1968) or wlth "agrlcultural productlvlty" (McRae and Burnhan, 1981).

Buol and couto (1981) and sanchez er al. (1982) suggested a.'ferttl_fty

capabfltty classiflcatlon". Rlquler et a]-.. (1964) proposed an "actual
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and potentlal productfvlty lndex". Klniry et al. (1983) and plerce et

aI. (1984) used the term "soll productfvlty" ln thefr land evaluatlon

studles. Dent and Young (1981) and Beek (1981a, 1981b) recognlzed

capabfllty and sultablllty as separate nethods and for specfal purposes,

such aa proJect appralsals, suggested an economfc analysls. Several-

other classlflcatfons bave been proposed for maJor Land lmprovements,

nalnly for lrrlgatlon (The Bureau of Reclarnation of the U.S. Department

of Interlor - USBR, 1953; FAO, 1979). Thls dfversfty of land evaluarl,on

nethods and the complexlty of tndtvldual studLes nake them dffftcuLt to

anaryze and compare on a basls meanlngful to land use planners.

Based on uncertalnty ln agroecosystem and lts long-term behavlour,

the land evaluatlon meÈhods can be grouped lnto four broad categorfes:

"computatÍon", "compromfse", "Judgment" and "lnspfratfon" (Table 1).

The nethods of lnterest for land evaluatlon are those that belong to one

of computatfon, compromlse or Judgurent. The last type, fnsplratfon,

assocLated wlth a trlal-and-error procedure, qras generally abancloned a

long tfne ago. In the followfng sectlons the most common rnethods

assoclated wftb each mafn category of land evaluatl-on are revlewed ln

the order of thelr courplexfty: compromlse, computatlon and Judgrnent.

2.2.L Compromise

The methods grouped ln thls category assumed tbe structure of the

agroecosysten to be uncertaln and fts long-term output unlque (certaln).

The solutlon of a lancl evaluatíon problem took the form of a compromise

to accommodate dlfferent agroecosysten structures, i.e., cornpeting lanrt

use alternatlves.

Two rnethods that belong to thls category have been freguently usecl

in land evaluatlon: the Land Capablllty and the Pararnetrlc Approach.
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Table 1. MaLn categorles of land eval.uatlon ¡nethocls based on assuurptl-on

made relatlve to agroecosystem structure and fts long-term
output.

Agroecoeystem structure :

certafn uncertafn

Agroecosystem

long term

output:

certaln

COMPUTATION

- ratfng

- suftablllty

COMPROMISE

- capablllty

- parametrlc

uncertaln

2.2.I.I Land Capabtllty

Land capablllty concerns tbe lnberent capaclty of land to perform

at a "glven level for general purposes" (FAo, L976). Tbe performance of

an agroecosystem ls establlshed a prlorl withln a tbeoretlcaL cl-asslfl-

catlon system. Thfs method has been urídely used, at a natfonal Ievel,

by numerous developed countrles such the u.s.A., canada, England and

trrlales (Beek, 1981a; McCormak, L97I; Olson, 1974), as well as by several

developlng countrLes such as zambra and Nigerla, (woode, 19g1 ;

Dalal-Clayton, 1984; Caroll, I974).

The land capabflity method vÍas based on a theoretLcaL system

developecl fn the early 1930ts by the Sofl Conservatfon Servlce of the

u.s. Department of Agrfculture, the system known as the USDA Land

capabilfty system. rts origfnal goal û¡as to inclicate the most

approprfate general land use alternatlves for mlnlmizfng the rfsk of

soil eroslon (Kllngeblel and Montgomery, 1961). The system Js

JUDGMENT

- probable yleld

(noclel s )

INSPIRATION

trlal & error



hlerarchlcal rvfth three

and subclasses.

-L2-
levels: capablllty unlts organlzed fn classes

The usDA Land capablltty system recognlzed etght classes (r to

VIII) and four subclasses related to the llnltfng factors (eroslon,

excess I^'ater, soll and clfurate) (Beek, 1981-a). The definltfons of these

unfts were expressed 1n terms of lfsts of attrfbutes.

Although the rnorllffcatlons nade to tbe orlglnal system pernitted a

better fnterpretatlon of the speclffc characterfstlcs of the land r¡lthtn

an lndlvfdual country, they dtd not change the overall concept of land

evaluatlon. Wlthln the studles, the land tracts were aggregated into

slmllar unfts based, to a large extent, on the subJectfve lntegratlon of

soll data with other physlcal- data (Aftken, 1983) and not on rhe

expected yleld. Addltlonal data provfde a more reallstfc picture of the

land but thls, generall-y, makes it more dlfffcult to lnterpret the re-

latfonshlps betr¡een them (Netnann and Mccarthy, 1979; Forrester, 196g).

In recent years, the land capablltty method has recefved more

crLticlsm than appreclatlon, on the grounds that the method falls to

evaluate the land ln physical terms (Magaldl, 1983). Boddlngton (1978)

acknowledged the dlfflculties faced by land use planners ln translating

the evaluatlon classes fnto economlc terrns; thls 1s always necessary ln

cost-beneflt analysls, one of the most common methods employed in

declsions lnvolvfng land use alternatlves. Thts expJalns the numerous

attenpts made ln Canada, for example, to relate lancl capablllty classes

to yleld of representative crops witbln dlfferent reglons (Patterson an<J

Mackintosh, I976; Peters, I977; Kraft and Senkiw, 1979). Land

capablllty classlficatton can provJde fnformatlon that fs useful only

for broad plannlng purposes. For many other practical problems
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assocfated wfth land use alternatives, the method ls not adeguate (Beek,

1981a). Dent and Young (1981) potnted out tbat the lancr capabfllty

nethod does not follow any deep prlnclples and conclude<t that
"capablllty classlflcatlon fs an acl hoc 6ystem".

2.2.L.2 Parametrfc Approach

The pararnetric approach concerns the numerlcal evaluatfon of soll/

land factors (parameters) that are belleved to fnfluence the yteld

(Riquler, 1974 ) of the crops establfshed ín the reglon under consfdera-

tlon. Accordfng to Teacl (1970), thls was the flrst method used ln land

evaluatfon. The approach was used at a natlonal level ln trlest Germany

(I^Ielers and Reld, I974) as well as at a reglonal l-evel ln Calf fornla

(Storle , L954 ) and Alberta (A1berta Insrltute of pedology, L974).

The parauretrlc approach was cleveloped f n the early L92Ot s l_n

Germany for taxatLon purposes. The goal of this approach, known as

"Bodenpunkte" (soll pofnts), !/as a straLghtforward relatlve comparfson

between tracts of land. Each tract of land had pofnts asslgned to ft

for three groups of factors: soll condltions (maxlnum 90 pofnts),

cllrnate - vegetatlon compl ex (maxlrnum 20 pof nts) and economlcs of

transport (maxlmun 10 points). The sum of the asslgned polnts was usecl

ln the comparlsons . I,Ieiers and Reld (I97 4 ) provlded an extenslve

description of the system structure.

Storie (1933) developed a paranetrfc approacho knom as the Storle

Index Ratlng (SIR), aimed at ratlng the agricultural value of soJ.1s ln

Californla. Inltlally slmple, the SIR was nodiffed and upgraded several

tlmes. The latest versfon (Storle, I976) was a complex system whfch

recognlzes four major composlte factors: physlcal proflle charac-

terlstics (A), surface texture (B), slope (c) and a miscellaneous factor
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(X). Each factor lncluded 24 soll characteristlcs subdlvlded tnto 111

grades. The netbod of evaluatlon consfsted of asslgnlng polnts for

lndlvldual factors to each homogeneous land unft of lnterest, generally

assumed to be a nap unLt. The flnal srR value was obtalned by

convertfng the value of the lndtvfdual. composite factor (4, B, c and x)

to percentages and nultlplyfng them togetber. Because Èhe SIR conslders

the sofl- characterlstfcs exclusfvely, thls method evaluated solls rather

than lands. I.Ilth some adJustnents, by f ncluding elther crlmate

characterlstlcs (Nelsonr 1963) or management factors (Leany, L974) or

both (Rfqufer et al., 1964), the SIR method has been applfed to evaluate

the land fn several reglons other than Callfornla.

A wfde range of oplnlons has been expresse<l on the value of the

parametric urethod; McRae and Burnhan (1981) presented a Iong, documented

llst of attrlbutes and crltlcisms. For example, they noted that Storle

(1954) and Wefers and Reld (1974) concl-ucled tbat farmers conslder thls

approach an equltable ¡nethod to be used for taxatlon assessment, whlle

McRae and Burnham (1981) polnted out that farmersr oplnlons on the

method could be lnfluenced by the legtslatlon based on that nethod. In

essence, thls rnethod presents similar sbortcomfngs to the Land Capa-

bf lity }ferhod.

2.2.2 Computatlon

At the Internatlonal Consultation of Land Evaluatlon Speclalfsts,

beld ln Irtagenfngen tn L972, lt was concluded that lnformatlon rneaningful,

to land use planners can be provlded by methods that speclfy rural land

use alternatives (Brfnkman and Smyth, L973). By speclfylng land uae

alternatlves, the structure of the agroecosysten (1.e., crop-land tract

comblnatlon) and management lnputs becorne certafn, ln whlch case the



-15-
agroecosystem output can be expressed ln physlcal terms. Several

studles have been performed assuming both the agroecosystemt s atructure

and lts long-tern expected output to be certafn. The land evaluatfon

nethod then took the form of computatlon. T¡¡o representatlve rnethods

belong to thls category: Land Ratfng and Land Sultabillty.

2.2.2.1 Land Ratlng

The land ratfng method consfsts of the nunerlcal evaluatlon of land

factors that lnfluence the yleld of a specfflc crop, and the overall

evaluatlon of a homogeneous land unft (Teacl, 1970). Due to many

sfmllarltles between the ratl,ng and parametrfc nethods, especlally

because both express the expected output(s) of the agroecosystems ln

terns of polnts, the two ¡nethods have been considered as land evaluatlon

rnethods of the same type (McRay and Burnharn, 1981; Rfquier, 1974). The

princlpal dlfference between theur ls that the parametrlc rnethod

conslders fndlvldual crop yfeld ln the analysls. Although the

agroecosystemr s output wlthfn the land ratlng approach ls expressed as a

rank varfable (nunber of pofnts) because ft was developed from observed

or estfrnated yleld val-ue, the asslgned pofnts values can easlly be

converted to physlcal unfts.

Moss (L972) developed a urethod for ratlng the solls of the provlnce

of Saskatchewan. The method Ì¡ras based on hlstorlcal wl-.eat ylelds

estlmated for indfvfdual shlpplng polnts by the Saskatchewan tr^Iheat Pool

an<l the Llne Elevator Companles. Three major factors were consl-dered to

affect the wheat yleld: climate, soll texture and soll profll.e. Uslng

a screenlng procedure and holdlng approxfmately constant two factors at

a time, the range ln yfelds over the provlnce was assumecl to be the

result of a thlrd factor, the variable. The Melfort assocfatLon, Thfck
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Orthlc Black sflty clay soll type was selected as the sÈandard land for

the provlnce and awarded 100 polnts (40 for clfmater 40 for texture and

20 for proftle). The cllmate nas consldered a complex factor that

fnpllcltl-y lncludes all elements relevant to yfeld varlatfon. Thls

factor was not derlved frour meteorologlcal data. A predetermlned

relatfonshfp was assumed between the cllnate pattern and the maJor so1l

zones (Brown, Dark Brown, Black, Dark Gray and Gray). I^Ifthln the

texture factor, two subfactors were lncluded: texture (partlcle slze

dlstrlbutlon) and organlc matter content; each of these subfactora \ras

subdlvlded fnto 13 and 10 1evels, respectlveLy. The proflle factor

fncluded several. soll characterlstlcs (nalnly genetlc), whlch were used

to dffferentlate bet¡¡een soils.

In Ronanla, Teacf (1970) developed a nethod slmllar to, but more

compl.ex than that of Moss (L972), called "BonLtare", f.e., the economlc

val-ue of agrlcuLtural 1and. The nethod has been applfed at a natfonal

leve1. The basLc unlt consldered ln analysls was the so-ca11ed

"Ecologfcal Honogeneous Area", EHA (Teacf and Burt, Lg74). A charac-

terlstlc of thfs method fs that the polnts values lrere derlved frorn

observed yleLds of several crops (wheat, corn, potato, etc.) wlthin

experlmental 6tation networks and selected 6tate farms. Correlated

factors v/ere excluded from the analysls. The effects of lndlvldual

ecologf cal- and managenoent f actors on yield \4tere calculated applying

llnear ancl curvlllnear regresslons to slte <lata. For example, Lfnear

relatlonshlps have been found bet\,reen ytel-d and solum depth, htrmus

content and slope r¡hile curvlllnear ( second degree polynomlal )

relatfonshlps were found between yleld and pH, depth to the vrater table

and cllmate factors. Data obtalne<l by Teacl (1970) were comparable wlth
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those obtalned by Moss (1972) and the dffferences ln the wefght factors

adequately reflected the difference fn condftlons that prevafled in the

two reglons.

Although the ratlng nethod ls roore approprlate for evaluatlng land

than rnethods of the compromlse type¡ lt presents aeveral theoretlcal and

practlcal shortcomfngs. Flrst, the rnethod does not lnclude the effect

of lnteractfon factors on yleld. second, the yleld value that can be

inferred frour the polnts value fs less useful to land use planners than

tt mfght appear. The reason for tbls ls that onJ.y the mean value over

relatlvely long perLods of time was computed. The tlrne trend present Ln

any crop yteld (see, for exarnple, I,Iaggoner, L9793 Thompson, 1969; LSTO;

willlans et 41., L975; Plrrer, L977; Robertson, L974; sakarnoto ' rgTg)

has been completely lgnored. Third, the data used to derlve efther the

yteld ranges (Moss, 1972) or regressfon coefflclents (Teacl, 1970), and

later, the numerlcal calculatlon of factor effect on ytetd have been

derfvecl from selected slte records. Therefore, the evaluatlon of the

lands withln the regfon under consfderatlon has been based on

"representatfve sftes" data. several authors (Legg, 1gg1; Nfx, 1gg1;

Chanter, 1981) pofnted out that the extrapolatlon of "representatlve"

yteld data fn space and tlme, a rnethod known ln lancl evaluatlon as

"extrapolatfon by slmllarity", has 11tt1e practlcal meaning.

2.2.2.2 Land Suitablltty

The land suitabllfty rnethocl bas been eurployed ln the evaluatlon of

land for speclfled klnds of use (F40, L976), naLnly in pllot srudfes

carried out ln cìeveloping countries (van den Kevie , 1976; young and

Goldsmtth, 1977>.

The concepts and procedures of the land suttablJlty method \^'ere
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lntroduced by the FAO and stated fn the document "A Framework for Land

Evaluatlon" (F40, L976). The general goal of the FAo fs ro help

developlng countrles to make ratlonal chofces between land use alter-

natl-ves (Baulkw1ll, 1972). Because there were no land re6ource survey

data Ln many developlng countrles, tbe sultabllfty approach was deslgned

to fnclude all relevant phases of land evaluatlon: pl-annfng the study,

field survey, presentatlon of results (classlffcatlon), and post-

evaluatlon actlvftfes. Cornplete and comprehenslve presentatlons of thls

approach were made by Beek (1978), FAo (L976, LggA) and Dent and young

(1e81 ) .

Although land sultablltty afms at land uae alternatfves ¡¡ore

speclflc than the land capabllfty nethod, "kfnd of use" stfll appears as

a general term. It refers elther to maJor kinds of land use or to lan¿

utlllzatlon type. Thts gave rfse to tero dlfferent approaches.

When the naJor kinds of land use rrere consldered J.n the analysfs,

the sultabfllty method was alnost ldentlcal to the capabfllty rnethod.

several studfes have been performed based on thls approach. For

example, Shankarnarayan et al. (1983) evaluated the lands wfthfn an arfd

reglon fn rndla, and Muchena and van de I.Ieg (1982) descrfbed the

applfcatlon of thfs approach ln Kenya at natlonal, provLnclal and

dfstrlct Ievels. At-tbough more elaborate schemes have been used to

evaluate the land in these studfes, and three degrees of suitabllity

I¡rere recognized (blghly, moderately and rnargfnally suf table), the

lnforrnatlon provided to land use planners renafned of a general nature.

Capablllty rnethods that lncluded ln the analysfs the rnajor klnds of

use evaluated the land only 1n relatlve terms. conseguently, thls

approach provided lnformatlon that ¡^Tas approprfate only for resorrrce
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fnventory.

A large number of authors (Beek, 1981; FAo, L978; Doorenbos and

Kassam, I979; NLx, 1981; Dunanskf and Stewart, 1981; Beek et al., 1983)

pofnted out that progress ln land evaluatfon can be achfeved r¡hen the

land capabll-lty rnethod fncludes the type of land utlllzatlon ln the

analysfs. However, only t¡.¡o studles based on thls more advanced

approach have been descrlbed fn the lfterature: The Agro-Ecologlcal

Zone ProJect for Afrlca (FAO, 1978) and Crop Productlon Potentlals for

Land EvaluatLon ln Canada (CPPLEC) (Stewart, 1981; Dunanekl and Stewart,

1983). These studfes lrere very slurllar, sfnce the Canadlan study

follows the concepts and procedures developed wlthln the FAO proJect.

Both studles were based on a sfmplfffed mechanLstic nodel.

The CPPLEC study was a1¡ned at predfctlng the ytel<ts of the most

fmportant rafnfed crops fn Canada as affected by tbe domlnant cllnatlc

and soll characterfstfcs (1.e., soil polygons based on Sotls of Canada

mapa, 1:510001000). The evaluatfon was carrled out Ln seven steps:

(1) Input flles for eacb pol-ygon were generatecl uslng clfmate and sofl

fnventory data. (2) Flve crops (wheat, corn, soybean, phaseolus bean

and potato) were selected as representatfve of land evaluatfon in

canada. (3) For each crop and polygon, the growfng season length was

lndirectly calculated, based on either corn heat units (CIIIJ) or degree

days (DD) wlth 5oC as a base. (t1) "Constralnt-free yield", the rnaxfmum

bf omass (aboveground net productlon, ANP), Lras computed, assurnlng alJ

factors of growth optlmum except lrradfance and temperature. This

phase, a model, was the core of the study. (S) In order to arrJve at a

so-cal1ed "ântfclpated yleld", or "actual" (ANPa), the constralnt-free

yield value r^7as correctecl for three stress factors: Mof sture Stress
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Factor (MsF), workabilfty Factor (wF) and a complex sorl factor, the

soll rndex (sr). (6) The ANpa was converted to econonrc yfeld (p) usrng

the harvest fndex approach. (7 ) The maxlmum conetrafnt-free yleld value

obtafned, nultlplled by the approprfate harvest fndex was assuned to be

the natlonal standard (ps). By dfvfdfng the econonr.c crop yiercr polygon

varues by the natfonal standard and x'urtfplyrng by 100 a Land

Sultabllfty Value (tSV) was obralned for each polygon.

rn the study, many assumptrons and approxlmatrons, most of rshich

were reasonable and theoretfcally sound, have been made. However, the

meteorologlcal assumptLons requfre further dlscussLon. The meteoro-

logical data avallable to thls study were long-term nonthly averagess

maximum and mfnlmum afr temperature, lncomlng global solar radlation,
precipltatlon, vapour pressure and wfnd speed. For predfctlon of
constraLnt-free yleld, only mean monthly temperature values were used.

The predlctlon of gross blomass productfon lras based on standardlzed

values of photosynthetlcally actlve radlatfon (pAR) by latltude and

nnonth (de I'ff tr 1965). Both nonthly solar radlatfon and temperature are

approxlmately normally distrlbuted (Joseph, 1973), and the use of
Fourler serfes to smooth the seasonal means and standard devfatfons ls
Justffied. However, to compute MSF and antlclpated yleld, a water

balance technfque for which dall-y meteorologfcal data were requfred, was

employed ' These data were derlved from monthly rneans by assumlng them

to be normally dfstríbuted on weekly and <lafly bases (stewart,19gl).
sakamoto (r981) polnted out that, v¡fth perlods shorter than a month,

normal dlstrfbutions of meteorologlcal data rarely exfst, and the same

vlewpolnt has been expressed by many other autbors. For example,

Rfchardson (1981) and Stern and Coe (1982) found dafly preclpltarlon
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data to be ekewed. Furtherrnore, Rlchardson (1981) showed that radlatlon

and temperature are slmultaneously below normal on rafny days.

Therefore, the predlcted "constrafnt-free ylelds" are a much nore

relfable estLmate of long term expected yfelds than are the "anticfpated

ylel-ds".

rn spfte of these l-l¡nftatfons, the cppl,Ec fs one of the most

reallstlcr correct ancl useful studles performed to evaluate agricultural
land. Reallstfc, because thls nethod used the observed physlcal data

(sol1 characterlstlcs and meteorologlcal elenents) to slnulate the

performance of agroecosyste¡os wlthln tbe reglon under conslderatlon.

Correct, because the slnulatlon was performed wlth ffxecl man-controll-ed

lnput (manageurent), the outputs of dffferent agroecosystem6 (polygons)

nere comparabl-e and thelr aggregatfon fnto dlstlnct land evaluation

unfts trras correctly made. useful, because the expected outputs of

agroecosystems of fnterest rùere predlcted ln physlcal terms, and these

values could easlly be converted lnto economlc unlts for maklng

declsLons on land use alternatLves.

2.2.3 Judgment

Many theorlsts (rneteorologfsts, statfstlcfans and economists) as

well as practltloners (farmers, engineers and other land managers) have

argued the fmperatlve neeci for a probabltlstlc approach to descrfbe

meteorologlcal phenomena and agricultural processes r 3n approach

designed to expllcltly account for uncertafnty (Stern and coe, r9g23

Luttrell and Gllbert, L976; hlalker and Krenzr 1983; Grand and Matfs,

1983; Engllsh, 1981; Arkfn and williams, 1983). ylelds depend on the

weather of a partlcular growlng season; slnce the pattern of day-by-day

v¡eather varles from one growlng season to another, the long-terrn
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performance of the agroecosystem fs uncertafn. When the structure of

the agroecosystem fs assumed certain ancl lts long-term perforrnance

uncertaln, the method of land evaLuatfon takes the forur of Judgenent.

An lntegrated rnethod to evaluate the land based on the probablllty of

the agroecosystemf I output has not been developed due to the lack of

approprlate data. An al-ternatlve solutlon to this problen has been

recently suggested by sclentl-sts worklng fn the fleld of crop modelllng

(Nix, 1981; I.Illllans et a1., 1983; Rltchle, 1984). The solutfon

involves the use of a co¡nblnatlon of two fundnental model types:

stochastlc and determlnistic.

2.2.3.1 Stochastlc Models

Gold (L977) referred to a stochastfc model as the representatlon of

a system or process 1n whlch the output 1s uncertaln. Ross (1980)

deflned the stochastlc process Dore preclsely as a collectfon of random

varLabl-es, all deflned on a cornmon sampl-e (t.e., probabillty) space. It

should be noted, however, that nrfthin a stochastLc process/systern/model,

the term stochastlc does not necessarfly tmply a set of cornpletely

fndependent random values. In thls latter case, the data serles would

be termed "whfte nofse" (Gottman, 1981). The term "random" often

implies that the data exhiblt a degree of randornness.

I+rhen the long-tern behavlour of the agroecosysten ls of fnterest,

the analysfs focuses on data varlatfon over many years; thfs collection

of clata ls termed a time-series. To select an appropriate approach to

descrlbe agroecosystem output, three related questlons must be ansr¿ered.

Ffrst, how do yields vary, 1.e., ls the long-term agroecosystenrs output

certal-n or uncertafn? Second, lf the ylelcl (output) ls uncertain, what

are the sources assocfated wttb the uncertalnty ln the output? Thlrd'
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ff the yleld ls uncertafn, then how can the probable yleld dlstrlbutlon

be obtalned for the agroecosystem r¡lthln the reglon under conslderatfon?

Theoretlcally, any tlme-serLes generated by a complex system such

a8 an agroecosystem can contaLn elther a trend, a determlnistlc (cycllc)

comPonent, a stochastíc conponent, or any courbfnatfon of these three

components. Thompson (1969), for exaurple, reported the presence of

trend and cycle components ln corn yfeld eerfes of ffve Corn Belt

states. In contrast, other authors found no evfdence of a cleterminlstic

component fn yfeld data. For example, Day (L965) analyzed corn, cotton

and oát ylelds for Mississfppl and found no evidence of cycllcity.

Luttrell and Gllbert (L976) analyzed twenty slx yfeld serfes of corn,

wheat, barley, rye and cotton recorded at natlonal (tbe Unlted SÈates)

and regf.on (representatf.ve states) levels. Based on tsro tests, the

Dubln-hlatson pârametric test and the hlallfs-Moore nonparemetrfc test, on

series wltb the trend components removed, they concl-uded that the yearJ-y

devlatlon of crop yteld from the average was random. Moreover, several

serles had a slgnlflcant skewness. Sfmllar results nere reported for

yferd serLes obtafned from a snaller area, ancl therefore, a more

hourogeneous land unlt. For exanple, Robertson (L974) analyzed l¡heat

ylelds obtafned at the Swlft Current Research Statfon over 50 years

(1923 L972) wlth the trend component renoved and concluded that the

wheat yleld variatl.on ÌÀ7as random. I t appears that the varf a tf on of

yfeJd from one year to another contafns a trend and a random component.

Thls assurnptfon is further supported, ãt least theoretfcally, by

conslderatlons assocfated wlth the uncertalnty of the agroecosystem

output.

Gold (1977) ldenttfled five sources åssocfated v'lth uncertalnty ln
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the output of many natural systems. At least three of them are

characterfstlc of the functlonfng agroecosysten. Flrst, there ls an

uncertalnty of natural environurental varfables (fnputs of the agroeco-

systen) from one year to another. For example, Waggoner (L979),

Rlchardson (1981) and Franquln (1983) all concluded thar wearher

varfables are generated by stochastfc processes. second, fn some

cLrcumstances, there Ls trncertalnty fn the agroecosystem paraneters.

Thls ls partlcularly true for sofLs affeeted by erosíon. Thfrd, even

the maln structure of the agroecosysten presents some uncertalnty.

Wlthfn annual crops, for Lnstance, the tftne when the crop becomes a

structural part of the agroeco6ystem (seedlng tfme) ls also a random

event. Thus, a sÈochastlc model would represent the long term behavlour

of the agroecosystem much more correctly, and the presentatfon of yleld

fn terns of a frequency dlstrfbutlon wltb all relevant parameters

specffled (locatlon, scale and shape) would be a nore useful descrfptlon

for land use planners.

The technfques fnvolved fn tlme-serfes analysLs of the stochastlc

process/systen have been descrlbed by several authors (Box and Jenklns,

L97O; Ross, 1980; Gottman, 1981; Law and Kelton, 1982). Two uraJor types

of analysis have generally been eurpl-oyed 1n tlme-serles studfes:

time-domain and frequency-domafn. An essentlal feature of both types ls

that they assume that the observed tfne serfes ls a sanple (1.e., a

reallzatfon) of output generated by a process/system, and the

tlme-series presents a correlatlonal structure. By flttlng an

approprlate stochastfc model to observecl data, tt has been possfble

efther to make lfmlted predlctlons of the system output or¡ uslng a

Monte Carlo approach, to generate a large number of outputs from whfch



-25-

concluslons about expected characterlstcfs of the process/system could

be drawn. In tlme-domaln studfes, whlch are generally used to analyze

time-eerfes, the most commonly used models rrere: (a) autoregresslve

(AR), known also aa the Markov cbafn; (b) movfng-average (MA); (c)

co¡nblnation of the autoregressfve and movfng-average models (AnVe); (d)

the ARMA combfned wfth an fntegrated tern to account for a cleterminlsttc

(cycle) component (ARIMA); and (e) the fractlonal Brownfan nofses

(fBn's) node1, approprlate for processes/systems wfth the so-called

"lnflnlte memory" (Mandelbrot and van Ness, 1968).

Although tbey constltute a powerfuL and approprfate method for

analyzlng tLure-serles with a randorn component, such as yleLd data,

stochastlc nodel-s have not been used to descrfbe crop yfeld varlation.

Such nodels cannot be dfrectly used for land evaluatfon purposes clue to

a lack of the lnftfal data needed to set up an approprlate model. Even

wLthln a reglon with establ-ished farmlng actlvlty an<l relatlvely long

yfeLd records, it has not been possfble to secure a rellable yfeld tlme-

-serfes. There are at least two reasons for that. Ffrst, most farmers

use some crop rotatfon 6trategy, consequently the yfeld data are not

contfnuous and equally spaced fn tlrne, condltfons assumed ln tfme-serles

analyses. Second, the yfeld records refer to a large geographfcal or

admfnistratfve area, and thls yfeld is, in fact, a summatlon of ylelds

generated by rnany ågroecosystems. These agroecosystems may be slnflar

1n many respects, such as structure and natural envlronment lnputs, but

they are not llkely to be slmflar wlth respect to man-controllecl lnputs

(uranagement). Spedcttng (1984) pointed out that, wlthln a given year,

varlatfon tn ylel-d obtalned by lndlvfdual farmers ls often as J,arge as

the yteld variatlon among years on the same farm. Based on many years
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of experfence, Dent and Young (1981) concluded tbat, ln a glven year,

wlthln large areas, fn developed countrfes wlth advanced farming,

farmers typfcally obtaln ylelde wlthln t 30 to 4oit of average, a range

approxLrnately equal to "good" and "bad" years for rafnfal1. rt fs,
thus, a dffflcult task to separate and to wefght the effect of the

management factor on yteld records over many yearsr yet thls fs the

method often enployed by land uae planners to correlate evaluatfon

fnforuratfon provfded by capabflfty classlffcatlons wlth physfcal yte]<t

values.

An al-ternatfve to generatlng the probable yteld dlstrfbutlons for

the agroecosystems of fnterest fs to sfnulate repeatedly a determlnlstlc

model with etther hlstorfcal weather records or !¡lth a synthetfc set of

weather inputs (Jones, 1981). Stochastic models have been extenslvely

used 1n the last decade to generate synthetlc weather data. Because

precfpftatlon events exhlbit the hlghest randomness among weather

varLables, Markov chafn models have been used to predlct the sequence of

days on which rain occurs (stern and coe, LgBz). coupled wlth an

assumed dfstrfbution functfon of dally preclpftatfon, severaL stochastlc

ralnfall models, also called slmulators, have been proposed. For

exauple, Todorovlc and Woolhfser (L975), I.Ioolhtser and Pegram (Lg7g) and

Rlchardson (1981) used a ffrst-order Markov chafn coupled with an

exponential distribution to slmulate ralnfall events. rson eË al.

(1971) and Waymlre and Gupta (1981) conclucted that the use of Markov

chafn wíth the garoma distrlbutlon ls a better representatfon for dally

preclpitatlon.

In recent years, several cornblnatlons of stochastfc weather

slurulators wlth determlnfstic models have been used to solve problerns
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!'rlth a practlcal obJectfve. For exanple, Mutsaere (1979) courbfned a

deternfnlstfc r¡odel that lncluded a detalled water balance wlth a

stochastlc rreatber sÍmulator to determLne the optlmum sowlng date.

stern and coe (L982) generated rhe probablLlty of dry spells of 10 or

more days wfthfn a region fn India. Jones (1980) developed a nodel to
generate the frequency dfstrfbutlon of crop yfeld as a functfon of water

(rafnfal-l probabtlfty) and optfmal stomata response, a genetlc drought

tolerance mechanlsm that can be lmproved by breedlng. Arkln et al.
(1980), Engllsh (1981), Mishoe er al. (Lggz) and swaney er al. (19s3)

comblned weather data sfmulators urlth dlfferent slnplifled

deterrnlnfstlc-mechanlstlc nodel types to assfst farmers ln rnakfng

lrrlgatlon declslons. l^Illllaurs et aI. (1983) cornblned a complex weather

sfmulator (for irradlance, tenperature, preclpltation, and wfndspeed)

wfth a determlnlstlc-mechanlstlc nodel to estlmate the effect of soll
erosfon on yfeld of different crops.

rt can be concluded that, ln order to generate a frequency

dlstrlbutlon of yfeLd for the agroecosystems wlthln a reglon, uslng

elther hlstorfcal weather records or sfrnulated weather variables as

lnputs, an approprlate determfnlstlc nodel urust be available.

2.2.3.2 Determinl stlc }lodel s

A determlnistic model has been deffned as descrfbtng a systern that

does not contaln random varfables (Law and Kelton, rgg2). Therefore,

for a glven set of lnputs, tbere fs a unlque model output.

Determlnistfc nodels can adequately descrfbe the agroecosystenrs

bebavfour over short perlods of tfme, such as one year or, more often, a

growfng season.

In the last two decades, conslderable effort has been made to
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develop deternfnfstfc noders that predlct an annual crop yleld (crop
nodels) as a functlon of land characteristfcs. Although they lncluded
one or another of the land characterlstfcs that affect yleld, they have

not been developed for land evaluatlon. Many sfnple crop models have

been developed that lnclude a slngle land characterfstfc, or descrlbe
only one process of the agroecosystem. of conslderably greater value
for land evaluatLon, however, are urodels that fnclude several relevant
land characterlstLcs that affect the agroecosystemr s functf on, Lr-Ith

lnplfcaÈLons for crop growth and annual yretd varfatron. severar
conprehensl've revLews of determlnfstlc rnodels have been publlshecl in the

lLterature. For example, Baier (1981, 1983) and Blswas (19g0) revfer^red

agroclfunate model types, Charles-Edrvards (1981) and Hesketh and Jones

(1980) descrfbed nodel-s developed around the photosynthesls process,

Acock and Grange (1981) and Tanner and Slnclalr (1983) reviewed nodels

that emphaslzed v¡ater use fn rel-atlon to crop productlon. Frlssel an¿

van Veen (1981) presented models developed to descrlbe the nftrogen

behaviour withfn sofl-plant systens. Legg (19g1), penning de vrfes and

van Laar (1982)' and France and Thornley (1984) descrfbed selecred
comprehenslve mociels that tncluded several relevant processes wlthln an

agroecosyst em.

Crop moclels have been classlfled ln nany different Ìrays. In order
to present examples of determlnlstlc crop mo<Jels that have been

developed, two broad categorles of these models have been recognfzed:

enpfrlcal and mechanLstlc, although no sharp distinctton can be macle

between them.

2.2.3.2.L Emplrical models

The essentlal characterlstic of an enpirical model ls that it
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dlsplays the relatfonshlps of fnput-output that exLst at the boundary of

tbe agroecosysten; the agroecosysten ftself fs treated as a "black box".

Because the lnput-output relatlonshfps are derlved from experfments and

observatf ons, such a nodel lras temed enplrlcal. Sf nce lt repreaents

the agroecosystem at a partlcular tfme, the ¡nodel can also be termed

" 6tatlc" .

The enplrLcal crop rnodels devel-oped attexnpt to relate crop blomass

of conrnerclal yleld (grafn) dlrectly to varlous land characterlstlcs.

Bafer (1983) pofnted out that the general strategy of these nodels was

to regress sanples of yfeld data rnalnly on samples of cllnate data

withln a reglon of Lnterest. In such moclels, the general equatlon for

yleld, Y(t), as a functlon of predlctor varLable, Xl(t), ls

p
Y(t) = 6o a r ßfxf(t) + e(r), r=1,... rn (2.L)

f=1

where t ls the statlon year, ßo ls the l_ntercept,

ßl ls the f-th regresslon coefffcLent, Xf(t)

t ls the predfctor

fs the value of thenumber,

predfctor variable for statlon year t (1.e., the technologfcal trend,

lfnear or quadratfc term for each land characterlstic varlable fncluded

ln the analysls), and e(t) accounts for unexplalned errors in the ¡nodel

for year t.

All rnodels lncluded meteorologtcal elements as predlctor varlabl,es,

especially the temperature and precipftatlon. In addftlon, several

models consldered soll characterlstlcs, eLther cllrectly (Lehane and

StapLe, L965; Seif and Pederson, l-978) or lndirectly (t{l11lams et al.,
I975; Motha, 1979; Sakarnoro, 1978).

Thompson (L969, L97o) used a multlple regressíon technfque ro

regress wheat, corn and soybean ylelds obtafned by the rnaJor producer
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states fn the Unfted States, on temperature and preclpftatlon varfables.

Annual values for temperature and precfpltatlon were found to be lnade-

quate as predfctor varlabl-es. Consequently, Thonpson used a mean value

for shorter perlods (Auguet - March, Aprfl, Hay, June, July). By usfng

a large number of predlctor varlables, he concluded that weather and

technology accounted for 80 to 927" of wheat yfeld varlatfon fn slx
states and for 987" of corn yteld varfatfon 1n flve Corn Belt states.

However, from these results, one cannot conclude tbet other land charac-

terfstlcs, such as sofl propertles and management lnputs, were not

lnportant productl.on factors. Because these factors generaLly acted on

a much snaller area, the nean value of ylelds at state level nullffled
thelr effects. l{ben such factors were consldered ln the analysfs
separately, they were found to be slgnfflcant. For exampl-e, Lehane and

Staple (1965) reported so11 characterfstfcs lrere slgnfffcant factors ln
crop yfeld varfatfon. Thornley (L978) reported yleLd varfatlon as a

resuLt of dlfferent amounts of fertfllzer applfed. pant (rg7g) and

Thornley (1983) clemonstrated that other msnagement elements, such as

pLant denslty and plantfng pattern, h'ere also maJor factors ln yleld

varlatlon.

other enpirleal models, cleveloped to assess crop productLon

potentlals, fncluded both meteorologlcal elements and soll propertles as

predictor variables . For exarnple, I^Ill llarns et al . (Lg7 5) analyzed

cereal ylelds 1n relatl-on to tlme trends, weather varfables, and soll

characterlstlcs wlthln the Canadlan Prafrle regfon at a crop dlstrlct
1evel. The rnajor characteristfcs of sotl consfdered vrere texture and

mol,sÈure content prlor to seedlng. As another example, pltter (1"977)

analyzed the wheat yleld variatLon ln oregon by crop distrlct and
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fncluded a complex predictor variable terrned the "soil type paraneter..

to account for soll characterfstlcs. The models used in botb studles

accurately predlcted the yfeJd varlatLon; wtlltarns er aL. (rg7s)
reported 57 to 867" of yleld varfatlon were accounted for by the nodels,

and Pftter (1977 ) reported a correspondfng ..coefflclent of
deternlnatl-on" of 962. Horvever, to lnclude soll cbaracterfstfcs as

naJor land propertLes, the nunber of predfctor varfables lras fncreased

to 12 by wll,llans et a1., and to 3g by pltter. Ifhen the nunber of
fndependent varfables is tbis Large, the rellabillty of the above

coefffclent of determfnatlon decreases suhstantlally. To lllustrate
this polnt, Sakanoto (1981a) fitted 20 yearsf data on Cal,lfornla cotton
yields using slxteen predlctor varlables, randomly selected and

conpletely unrelated wlth cotton yfeld, and obtafned an extrenely high

coefflclent of determLnatlon (R2 = gZ%).

The use of regressLon technlques ln crop model-s enployed as pre-
dictlve tools has several shortcoulngs. These are not assocfatect wlth

the methods themselves, but rather wlth thelr mf,suse. Most effort ln
enpirical nodels focuses on calculatfon of regresslon coefffcfents ( Of¡,
1.e., ffttfng an approprlate mocfel to observed data. There are three

basfc assumptlons to be made ln ffttlng a urodel. descrlbed by an equatfon

of the form of egn. (2.I). They are as follows:
(a) Y(t) are random sampJ.es from the population of fnterest.
(b) Xf (t) are efrher:

(l) normally dlstrlbuted or

(fi) fixed (f.e., Xl(r) = consranr).

(c) e(t) ls normally dtsrrlbuted wlth the followlng propertfes:

(i) nean zero,
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(fi) e(t) are fndependent of one another, and

(fff) o2 fs lndependent of the value of X.

chanter (1981) polnted out that there fs no reason to draw con-

cluelons relatlve to tbe causal connectlon between y(t) and xf(t)
because the above assunptlons do not lnply any causal llnk between then.

Therefore, from such an analysls, one cannot fnfer how much effect an

fndfvldual predlctor had on yfeld. The author also pofnted out that

extrapolatlon beyond the range of varfable values used to derlve the

regressfon ls not valld. No publlshed paper based excluslvely on

regressfon has made reference to extrepolatlon. For Land evaluatfon ln

partfcular, predlctlon for dlfferent sltes fs mandatory. If the res-

trfctlon of extrapolatfon ls lgnored, then the regressfon coefflcLents

(0f¡ are unrellable and thelr use fnevftably results ln error. Katz

(1979) pofnted out that the regresslon coefflcients also become unrell-a-

ble when there ls a large correlatlon between the predfctor varlables

consldered ln the analysls. To fllustrate thls, he used the equatlon of

the variance (Var) of esrinated coefflclenrs (B'r) (Snee, 1973):

Var($r) =o'/(I -Rf), f=1,...,p (2.2)

where o2 Ls the error varlance of the regresslon equatl-on, and Rl ls the

nultlple correlatlon coefficfent between Xf and other predfctor

variables (say Xi' J # f). As the correlatlon coeffl,clent Rf fncreases

to 1, the varfance of predlctor approaches lnffnfty and Ê'r is no longer

a rellable coefflcfent.

I,rithln emplrical models, many predlctors are correlated. For

example, there fs always a degree of correlatlon between precipltatfon

and temperature' and between preclpltatfon and so11 mofsture content.

Therefore, ft ls cllfffcutt to calculate rellable regresslon coefflcients
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that are very sensltlve to snall changes fn the observed predfctor data

and to their degree of correlatlon.

Sakamoto (1981a) revfewed otber uraJor llmltatfons that nfght be

encountered fn usfng regressfon technlques for crop yleld estlmates. He

concl'uded that the eurpfrical models can be valuable tools and thelr
usefulnese depends on cfrcumstances. For land evaluatlon purposes,

ernpfrfcal models al-one are not an approprfate approach for at least two

reaaons: ffrst, they fafl to account for yteld varlatlon from site to

site wlth no change fn predfctor varfables or coefflclents (Legg, 1981);

second, they represent the agroecosystem as statlc, whereas lt f6 dyna-

mfc 1n nature. Ilowever, as waggoner (L977) polnted out, the enplrfcal

relatfonshlps are "dlstlllatlons of experfence ln real fíelds". There-

fore, they provlde confldence fn the predLctfonrs accuracy for many

approprfate practlcal appllcatf.ons.

2.2.3.2.2 Mechanlstlc ModeLs

The essential characterlstfc of a mechanistlc model ls that lt

sfmulates aome of the chemlcal, physlcal and physlologlcal processes

that take place wfthfn an agroecosystem. Because the processes, 1.e.,

changes of matter-energyr lnformatlon and actlon rdlth tlme, are

descrfbed according to thelr mechanlsms, thfs nodel type fs termecl

rnechanlstfc or explanatory. Slnce a mechanfstlc model describes the

agroecosystem as it evolves over time, lt is also known as a ¿ynamic

model-.

Mechanlstic crop models attempt to represent as correctly as

possfble' processes that occur withln the agroecosystem an<l are rel-evant

to a specfffed objective. Tbe degree of complexfty varl.es among the

nodels that have been developed. pennlng de Vrles (1982), referrfng to
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the phases of developuent of nodels, dlstlngulshed three rnodel classes:

prelfnfnary, comprehenslve and aummary. Generally, each type derfves

f rom anoÈher fn the order presented. Prellmlnary models deal tr-lth
quantlflcatfon and evaluatfon of hypotheses on the procesaes consldered.

Conprehenslve models are complex modele based on ¡yell-known processes

described fn detafl. Exaurples of thls type are models tbat slnulate
vegetatlve growth and lnclude expllclt descrlptions of physlcal,

chenlcal- and physlologlcal proceases. Summary models are models that
describe processes ln a slnpllfled manner; most of the physlcal,
chenfcal and physiologlcal mechanlsns are fmpllcttly recognfzed.

Generall-y, these nodels are derLved fron comprehensíve models from v¡hlch

the details have been excluded but wlth the theoretlcal, scfentfflc
bases retaLned. Typlcal exanples of sunmary nodels ere models ln whfch

photosynthetlcally actLve radfatfon (PAR) and CoZ assLufLatlon are

computed, based on standardlzed functLons by latltude, temperature and

physfological crop paraneters (FAo, r97B; Dunanskl and stenart, 19g3;

van Keulen et al., 1982). Although these models slnpltfy tbe

descrLptfon of crop growth, they retar,n enough flexlbfllty to predlct

crop Srowth accurately fn dlfferent geographfcal reglons (van Keulen,

I9B2). Sfnce such models present the hlghest practfcal value arnong a1l

model types, they are the mo6t approprlate for land evaluation. Hor¡-

everr Goudriaan (1982) acknowledged that summary models have to be

constructed by sclentlsts with a conslderable knowledge of comprehensive

models fn order to arrfve at a logfcal and correct sunmarl,zatf.on. As

Pennlng de Vrles (1982) pofnted out, there ls no standard "6urnmary

model" that can be used to solve all practlcal problems.

Mechanistlc models are detafled moclels slnce they must be based on
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the mechanfsms of processes. The relatLonshlps among terna used ln
descrlbfng the leadlng physlologlcal processes, tbe carbon balance corF

Ponent8, and blouass fn crop nodels are presented ln Table 2. Three

conplex and fnterrel-ated terms, gro6s photosynthesls (pg), crop respf-

ratfon (Rc) and net photosyntbesls (Pn), are assocfated wtth tbe nafn

physlologlcal procesaes - the growth proceas. pn is not a process but

rather a useful measure of growth.

Some models are based on extrapolatlons of one measurement, usually

the aboveground net productfon (ANp). The reltablltty of these

extrapolatlons ls a functfon of the accuracy of the coefflclent6 used.

The harvest lndex (Ht) at cultfvar level aeema to be the nost relfable
coefflcient because lt ls genetlcally controlled (Donald and Hanblln,

L976). Gallagher and Blscoe (1978), for fnstance, found a coefflcfent
of varlatlon of Hi f or v¡heat of 67" and f or barley s7.. These

conservatfve values lùere obtafned from an experlment carrled out over

ffve year6 at three sltes. However, Day et al. (Lg7g) reported a

varlatlon ln Hi of sprlng barley from 0.42 to 0.51 and reLated tt wlth

lrater stress (deflctt).

The partltlon coefflclent (Kp) of dry natter between roots and A¡¡p

fs conplex and dynamlc. Slns and Coupland (Lg7g) found no slgnlflcant
correlatlon berrveen roots and ANp of grasses. llelbank et a1. (lg7A)

analyzed data for several crops and found Kp varled durlng the growlng

season but not from one year to another. Ryle and PoweLI (1976) worked

wlth barley and found that an lncreased proportfon of asslmLlates were

transferred to roots at low Lrradlance. The partltlonlng of asslmllates

betp¡een roots and ANP seems to be controlled by måtter-energy stress

rather than by genetlc terrplate.



Table 2: Relatlonshfps among phystologfcal processes and terms used ln rnechanfstlc crop nodels.

Maln Physlologlcal
Proces s

Relatlon to Carbon
Balance Component

Gross Photosynrhesis (Pg) Assfmflatlon (pg)

Respfratton (Rc) Constrmptfon/Oxidation (Rc)

Net Photosynthesis (Pn) pg - Rc

Pg-(Rc*Roorg)

fractlon of (Pg - Rc)

Blomass Tenns

A Measurements/calculatlons (nodels)

Gross Prlnary Productlon (GPP)

Net Primary Productlon (NPP)

Abovegroun<J Net Productlon (ANP)

Product, commerclal yleld (P)

B {gpro4ftnatlons (extrapolatlon)

GPP = ANP +(AM*Kp) + (ANP*Kr)
NPP=ANP+(ANP*Kp)
ANP=P+Pt(1-H1)/Ur1
P - ANP¡.lll

where: Kp = Roots/ANP (Partltloning coeff.)
Kr = Rc/ANP (Respiratlon ratfo)
Ht = P/AIW (Harvest lndex)

I

2

3

I

o,
I
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The Kr coeffLclent, whlch represents the ratl.o of Rc to ANP, Ls not

a conatent efther. The lnfluence of temperaÈure on resplratlon t¡as

reported by nany aurhors (Mccree, L97o; Blscoe et al., L975). rf Rc fs

a functlon of temperature then l-npllcltly the Kr rnust al,so vary wf th

temperature.

For predfctlon purposes, the crop bioma66 is computed through

nathematicaL descrlptlon6 of the mechanf-sms of the relevant processes of

crop growth as functlons of tlme, followed by a slmulaÊlon of these

processes over the tlme perlod of lnterest. Ntr¡nerous crop models have

been developed, describlng these proceases mathematlcally ln many

dffferent ways. The mechanfstlc nodelllng of a procesa or a system ls

much more complex than the "black box" procedure. This approach

requlres addftlonal informatlon relatlve to the geometry of the system,

and the envlronmental fnput6, as well as a nore el-aborate nathematlcal

descrfption of the system functfonlng.

charles-Edwards (1981), for example, developed a complex nodel of

net photosynthesfs at photosynthetfc slte(s) and then he expanded the

mathematfcal descrlptfon to the whole 1eaf. In thls approach the author

consfdered the photosynthesls and the photoresplratlon as sl¡nultaneous

processes and descrlbed theur based on bloche¡nical and physlcal cons|-

deratlons. Although models of thfs type descrlbe closely the mechanism

of the leafrs photosynthesfs, thls mathemaÈlcal descriptlon has rarely

been consfdered wfthln the crop models developect to solve a practfcal

problern. Charles-Edward s ( 1981 ) potntecl out that hls nodel rras not

fu11y mechanfstlc and numerous parameters (coefffclents) had to be

experfmentally derlved " Measurements frour a ffeld crop or even from an

lnÈact leaf do not permlt any relfable test of the mo<ie1 on many
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assumptlons made ltlthln thls complex rnathematfcal treatnent. However,

Èhe theoretlcal concepts outllned in the cornprehensLve models constftute

the baslc theory for other sfrnpl if led ¡natheuratf ca1 descrlptlons used l.n

many mechanfstfc crop models.

Strlctly speakfng, matheuratfcal mechanfstfc nodels have not been

developed even for processes that are theoretlcally well documented,

such as photosynthesls. Rather, each descrlptfon ls nechanlstl.c to some

degree. Although the descrlptlons that are more mechaûlstlc are the

most deslrable, due to thelr abflity to account for a wlder range of

envfronrnental conditlons, they are less practLcal. Selectfon of the

nost approprfate method that balances the mechanfstic- eurplrfcal

character of the model l-s controlled by the modelltng obJectLve.

The comprehensf.ve nodels represent a rather theoretlcal systen J.n

whfch the fncldent solar energy 1s the mafn constralnt on the llvtng

system. lllthln real agroecosystems, the plant/crop fs always more or

less under stress. Consequently, many crop model-s that have been

developed include other processes that pernft quantfffcatfon of the

effect of stress on growth.

Due to the large number of models and thelr compLexlty, a

representatlve sample of publlshed mechanlstfc model-s ls presented ln

Tables 3 and 4. Hfghly theoretfcal. models whlch require a large number

of lnput varfables and parameters, whfch makes them fmpractfcable

(Frissel and van Veen, 1981), have not been consfdered. Included in the

sarnple are those moc{e1s generally categorized as "statlstically based

crop-weather ana-1ysls models" (Baíer, 1981, 1983). They have been

included because they resemble mechanlstic models ln that they represent

the system dyna¡rlcs and the processes described are theoretlcally sound



Table 3: General lnformation of selected saurples of mechanfstlc crop mode]s published in the lfterature.
Authors/Reference Descrlptive Ful1 Name of Model Abbrevlated Name Crop

de W1È et al. (1978)
Penning de Vrles & Laar (1982
van Keulen (1982)
van Keulen (1975)
Sellgrnan and van Keulen (1981)

Curry et a1. (1975)
Meyer et a1. (1981)

Meyer (1985)
Duncan (1972)
McKinon et at . (1975)
McKinon and Baker (f983)
Stapper ancl Arkln (1980)
Tschescbke and Gi11ey (1979)
hïelr et a1. (1984)

Ritchie and 0tter (1985)

Holt et al. (1975)
Baier et al-. (1980)
Selirfo and Brown (1979)
Ntx (1981)
Wllllams et al. (1983)

BAsfc CROp Sftnulator *
) pnoroN

Slmple and Unlversal CROp Sfmulator
Sfmulator for growth and hrater use
Productlon of Arid Pasture llnited
by Rafnfall And Nltrogen
SoYabean MODel I
SOYabean MODeI/Ohto Agr. Res.
and Development Center
REAL tftne SOYabean slmulator
Sl}-tulator of COTton growth and ylelcl
SÍmularor yíeld Model of COTIon II
GOSsypium SlnuLator Yteld Model
CORN Forecastlng model
CORN GROwth rnodel
Agrlcultura1 Research Council
r,¡lnter hrlfEAT
Crop Estlmatlon through
Resource and Envlronment Syntbesis
Sftnulator MEDicago
TIMOTIIY dry matter yfeld
SIMulator of seasonal Forage yiel"d
CROP EVALuarlon nodel
Erosfon-Productfvity Impact Caleulator

BACROS

PHOTON
sucRos

ARIDCROP
PAPRAN

SOYMOD-T

sOYMoD/OARDC

REALSOY
SIMCOT

SYMCOT-II
GOSSYM

CORNF
CORNGRO

ARCWHEAT

CERES

SIMED
TIMOTIIY

SIMFOY
CROPEVAL

EPIC

general crop
general. crop
general. crop
pasture
pasture

soyabean
soyabean

soyabean
cotton
cotton
cotton
mafze
matze
wheat

wheat

alfal fa
timotby
forage
general crop
general crop

* The letters used ln the abbrevlated name of the nodel have been capltallzed.

I
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Table 4: Maln

MODEL NAME

characterlstlcs of sel-ected saurples of mechanistl.c crop models publlshecl ln the llterature.
Maior processes consldered

Ph

2
m

I
sm
SM

m

m

m

e
e
e

sm

sm

SM

n

1
sm
SM

m

m

m

e
e

:
SM

":

:

Re Gr Dev part LAI Root Transp Nurr Sen (^t) 3

seml-mechanistlc; e - enplrfeal

precfpftatlon;

Mafn Inputo
Varlables'

BACROS

PHOTON
SUCROS

ARIDCROP
PAPRAN

SOYMOD-I
SOYMOD/OAR-DC

REALSOY
SIMCOT
SIMCOT-II
GOSSYM

CORNF
CORNGRO

ARCWHEAT

CERES

SIMED
TIMOTTIY

SII"ÍFOY
CROPEVAL
EPIC

1. Major

2. I'fanner

m

m

sm

sm
SM

m

m

m

e
e
e

e
sm

sm
e

e
e
e
e
e

I - lrradiance; T
L7-r,¡lnrjspeed; C-

processes: Ph - pbotosynthesls; Re - resplratíon; Gr _
Parr - partltlontng; LAI - leaf area f.ndex;
Transp - transplration, water balance, water
uptake; Sen - senecence.

in which processes are described: m - mechanlstfc; sm
(e* measured).

ITP
ITP

T
ITP
ITWP
ITCDP
ITCDP
ITI^TP

ITP
IT
ITP
ITP
ITP
ITD
ITP
ITDP
TDP

TP
ITDP
special ffle

gror¡rth; DEV - phenologf cal deveopment;
Root - root expansion, actl.vlty, etc.;
flow, etc.; Nutr - nutrf.ent

e
e
e

e
e

:

e
e
e
e

e
e
e
e

e

e
e
e
e
e

e*
e*

:
e

e
e

:

e
e
e

e*
e

:

;

e

e

e
e
e
e

e

e
e
e
e

e

:
e
e

e
e
e

e

e
e
e

e
e

e

e
e

h
mLn

d
d
d

12 min
h

2h
d
d

d(r / 4ð,)
d
h
d

d
d
d
d

sm
sm

e
e

SN

e

SIn

SM

sm

sm

e
e
e
e

e

SM

e

:

:
e
e
e
e

keü7e

d

3

4
Integratlon tlme.
Maln lnput varlables: - temperature; D - photoperiod; p

carbon dloxlde concentratlon. s-

I
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and fn accordance with the fundamental prfnciples contalned Ln the more

comprehenslve models. Table 3 contalns the general lnformatlon about

each nodel: author/reference, descrfptlve and ahbrevfated name, and the

crop consldered 1n the rnodel. The author column does not always refer

Ëo the orf.ginaÈor of the model but rather to the author of the paper fn

r¿hlch some key aspects of the nodel have been descrfbed.

Most of the rnodels have been developed over a long perlod of tlrue.

For example, the Basfc Crop Sfnulator (BACROS) no<lel has been developed

by de Wlt and co-workers over more than a decade (Pennlng de Vrles,

L9B2). The Gossypium Slmulator Yleld Model (GOSSYM) was developed over

a sfmllar perlod of tlme (McKlnon and Baker, 1983). Many models derivecl

concepts from each other. The orlgfnal forms bave been reformulated,

lmproved, expanded to fnclude other relevant processes for nerù

obJectfves or slmpltffed to make the models more nanageable for soLvfng

pracÈlcal problerns.

I'lost of the nodels have been developed for a speclflc crop. A

relatlvely suall number, elther the most comprehensfve or the most

slmpllffed models, I^tere buflt to accommodate more than one crop. Thls

does not mean that the moclel slmulates slmultaneously the growth of many

crops, but rather that ft can slmulate alternative crops for alternatlve

sets of crop parameters. In botb Tables 3 and 4, the models have been

grouped by schools 1n r¡hlch they have been developed and by the speclffc

crops consfdered. There are måny sfmflaritles between the urodels deve-

loped by the sane group or for the same crop. However, each model has

had a dlfferent objectlve and, conseguently, the processes lncorporatecl

ln the model, the manner ln whlch the processes have been described, and

the major lnput varlables fnclu¡led, lrere comblned wlthln each model



-lt2-

dffferently. Table 4 presents the maln characterfstfcs of tbe models

sampled. Although these presentatlons are brlef and, to some extent,

subJectlve descrlptlons of the orlgfnal models, they provlde an overvlew

of mechanfstlc rnoclelllng actfvity. Four mafn lnterrelated characterfs-

tlcs of each model are lndlcated: the maJor processes consl,dered, tbe

manner ln whfch the processes have been descrlbed, the fntegratlon tlme

(Ât) selected, and the maln fnput varlables requLred to run the model.

The name of the process lclentlffed ln the tables was not precisel-y

defined ¡ an<I sometLmes the processes lncluded several associated

processes. The nunber of processes and thefr conblnatlons vary wldely

anong models, but photosynthesis, resplratlon and/or the growth process

have been lncluded ln every model. A group of models focused on the

plant/crop, assumfng anple nutrients and water 1n the soll at all tLmes

(BACROS, PHOTON, ARCITTHEAT) . These ¡nodels slmulate "'potentlaL growth".

Another group of models lncluded processes that take place wlthln the

plant/erop and the soll (ARIDCROP, PAPRAN, REALSOY, THYMOTHY, CROPEV,

EPIC). These models sfmulate "actual growth".

The nanner ln rn¡bfch each lndivldual process ls descrlbed ln Table 4

does not necessarfly coincíde wfth the opfnlon expressed fn the

reference paper. The classificatlon applled (rn mechanJ-stl-c, sn

sernlmechanlstlc and e - empirlcal) was based on the perceived mechanls-

tlc/emplrical character of each model. Thls classlflcatlon helps to

lndicate the generalfty (flexlbll.ity) of the partlcular methods employed

in clescrlbfng the varlous processes. The comparlson ls relative; the

mechanlstlc descriptlon ls not ful1y mechanfstic and the empfrlcal des-

crlptlon ls not entlrel v emolrical,

The lntegratlon tlme (¡t) generally was relatecl wlth the average
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tfme conslclered for the lnstantaneous rates computed. Slnce all tbese

models are solved nurnerfcally with a computer, the lntegratlon tlne

provldes some fnformatlon on the preclslon of tbe solutlon and on the

cost of runnfng tbe urodel. The lntegratfon tlmes vâry from mlnutes

(PHOTON, SOYMODI) to weeks (CROPEIIL), wfth the most common lntegratlon

tlme belng one day.

The mal-n lnpuÈ variables refer to flve fundarnental weather

varlables:Ifrraclfatlon;Ttemperature;D-photoperlocl;P

precipitation, I^I wlndspeed, and sometlmes, C carbon dloxlde

concentration fn the atmosphere. The specfflc varfables consldered are

dfrectly related to the processes lncluded ln the nodel and the manner

ln whtch these processes bave been descrlbed. For example, models that

descrfbed the pbotosynthesls process rnechanfstfcally (PHOTON, SOYMODI,

BACROS, REALSOY) lncluded lrradlance as an lnput varlable. Models that

descrfbed the growth process ln a slmpllffed manner (SUCROS, SIMFOY)

lncluded onl,y the temperature varlable J-n relatlon to the naln energy

source. The EPIC raodel ls a partlcular case of this sfmplffied

approach. The nodel usea a weatber sfmulator to generate stochastlcally

the weather input data. It requlres a speclal, complex lnltfal fnput

data fi1e, structured fn a partlcular format.

These models cannot be dfrectly compared in absolute terms, nor can

they be fulLy tested with respect to every assumptfon lncl udecl.

Comprehenslve moclels, such as PHOTOII, BACROS, and REALSOY, that <Jescrlbe

processes fn detail provide the most correct mathematlcal descrlptfon of

the systen consf <lered . Because they predlct only potentlal grorn'th,

thelr applicabll.fty ls restricted. The models wi.th hlgher potentlal in

solvfng practical problems are summary types, partfcularly those whlch
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consldered several lfmltlng factors of growth (pApRAN, TIMoTHY and

EPIC). Mechanfstlc models are not wlthouÈ drawbacks. For a partlcular

locatLon and a glven year' they may not be more ¿lccurate than empfrl,cal

nodels. Hor¿everr because they account for some rnecbanlstlc

characterlstfcs of the system, they can be extraporated fn spâce an<J

tlme. Above all, mechanlstlc nodels are cheaper and faster and do not

requfre physlcal land to sfmulate alternatlve uses. paraphrasfng Mi1ler

(1978) 
' a hypothetlcal physfcal prototype of a mechanlstlc crop model

would not be a nachlne that produces J-fke an agroecosystem but rather a

procluctlon machine.

2.3 CONCLUSION

The evaluatfon of agricultural land ls of great lnterest in rnany

countrÍes. rn thls clrcumstance, land evaluatlon focuse6 on

agrlcultural system (agroecosysten) operatlon, lts malntenance and

fmprovement. Tbe agroecosystem ls a complex system of a specfal kind ln

whfch a crop of lnterest and the sofl are the mal,n components. Thts

system ls drlven partly by natural environment inputs, and partly by

land management lnputs. I,Iitbln certaln llmits and wfth the exceptlon of

weather lnput varlables, the other three elements can be conbinej fn

several clffferent l{7ays, comblnations wbfch are land use alternatfves.

The obvlous questlon of land use planners and managers ls whlch

alternatlve fs the most efffcfent. Here, the term efficlent has â

cornplex connotatlon and lncludes polltlcal, social and economlc aspects.

At the base of any declslon on land use is an economlcal analysfs.

Accordlng to classlcal economic theory, efffciency J s the ratlo of

outputs to lnputs, expressed in economic unfts. slnce prlce and cost

vary wfdely ln a complex manner, land evaluatlon ls focused on the
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dfstrlbutlon of the expected ytelds under dlfferent

From the foregolng llterature revfew, ft ls evfdent that a varlety

of nethods are avall-able to estlmate expected ylelds. Most of then, ln

partfcular the earller roethods, are amblguous, elther because l.and use

alternatfves are loosely deflned - hence, no quantltatfve statementa can

be made relative to the expected yleld - or¡ because they assume the

system to be statlc, so that the yteld varLatl,on wlth tlrne fs neglected.

To a large extent, these problems are assoclated wfth the lack of

adequate yleld data. Nelther hlstorlcal yfeld records nor experlmental

yteld clata are approprlate sets for land evaluatlon. The first data set

is lnapproprlate because ft was generally recor<led from a large

geographlcal area wlth many dlfferenÈ land tracts, and tberefore the

ylelds are not comparable. The second data set ls lnapproprf-ate because

the so-called "representatlve" sfte, year and manageuent combfnatlon has

lfttle practlcal meaning. The most crltfcal component wlthln thfs

comblned assumptLon fs the "representatfve" yeâr. By assumlng thfs, the

long term variatlon of the yteld ls dfsregarcled.

An alternatfve way to generate yield clata adequate for 1an<l

evaluation fs to slmulate the system functlon, uslng an approprfate

dynanlc ¡nodel, over a large number of years, in order to account for

weather varlatlon from one year to another. Rlslng costs of a71 lnputs

wí11 affect the future locatlon of speclffc crops as well as the

managenent of lnputs. Adequate judgement ln land evaluatlon reguLres

adequate knowledge about the yleld probabtllty dlstrlbutlon. This is

the most useful fnformation required by land use planners from the lancl

evaluatfon process. Research on this problern ls, thus, potentially of

great soclal and economl-c va1ue.
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Chapter 3

MODELING ACTIVITY

The obJectlve of thrs thesls is to develop a rnetbod of land
evaluation that wirl allow the calculatfon of expected yierct

dlstributions for dlfferent agroecosysteus r^rlthln the reglon under

conslderatlon' Frour thls main objectlve, two lnterrelatecl dlrections of
research emerge:

1' The development of a determlnlstlc-mechanfstic model that sfmulates
the agroecosystem short-term functioning (one growfng season).

2. The evaluation of the model by comparrson wrth real srtuatrons.
Due to the nature of the probren generally addressed by rand

evaluatlon actlvity, the present study has had the charaeter of apprred

research. Two lurportant linftatlons are related to thts: (a) the

systern(s) under fnvestfgatfon exlsts in space, and lts boundarles cannot

be arbftraríly establlshed to rnatch al1 the assumptlons requlred hy the

most correct theoretical treatments; (b) the solutlon of the problem is
subject to several constralnts, such as the objectlve of the stucìy,

current knowledge of the rerevant processes, ancr the avarrabrtfty of
data.

As mentioned earller, the exlsting rnodels cannot be qsed <ìlreetly
for land evaluatlon. Hov¡ever, the funrlanental princlples and concepts

prevlously establíshed constituted the basls for developing the present
moclel. The modellng had two ob-Jectrves: flrst, to find a practical vray

to represent the system of fnterest as correctly as posslble; seconrì, to
select a ne$/ combJnatlon of the exlsting methocls that would provlcle an
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Lmproved, quantltatlve descrfption of the system and fts functlonfng.

3.1 SYSTEM OF INTEREST

The system of lnterest ln land evaluatfon úras assumed

agroecosystem' a complex goaJ-orlented system related to

aystems fn an organlzatfonal hlerarchy (Ftgure 2a).

to be the

many other

3.1.1 roecos tem Identlffcatlon

The agroecosystem of l.nterest 1n l.an<! evaluatlon r¡ras deffned as a

relatlvely homogeneous three-dlmenslonal soll tract wlth a unfform crop,

driven partly by rnan-controllecl lnputs (farm, goal oriented systern), and

partly by natural envlronment lnputs (atmosphere and geology systems).

The agroecosystem deflned ln thls way fs represented tn Ffg. 2b. The

soil and the crop qtere consfdered to be the major subsystems of the

agroecosystem' wíth both at the same hierarchlcal level. The soll
subsystem was coutposed of its naln geometrlcal components (area and

depth) and the crop !¡as composed of two rnajor parts (shoot and root),

Flg.2c.

The crop can only be described a<Tequately by lncluding blochemfcal

and/ot physfologtcal processes, whereas the soil can be aclequately

descrfbed by physical, and chemlcal processes a1one.

3.1.2 Agroecosystem Speciftcatíon

It was assumed that, ln Manltoba and across the Canadlan prairles,

land evaluatlon can be based on the expectecl yield of wheat, the major

crop growrì ln the reglon. Consequently, the crop speclfled fn the model

was wheat (Trltlcum aestlvurn L.).

Although the tvüo actlvitLes, land evaluation and soll s¡rvey, are

fnseparably llnked as one continuous process, their lnrmerJlate ohjectlves
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do not colnclde. I,rheat yleid ot'ta jnerJ on soJ ls mappect dif ferently may

or nay not he dlf fer:ent.

I'Ilthin the present studv, the soll serjes vrere consjdered most

appropriate for representlng the soll srrhsysten of the agroecosystem.

The agroecosystern is specifled as a three-<llmensjona.l soll tract of the

same soll series on which the wheat crop ls growlng.

3.2 DATA BASES

Based on the objective of the study, the agroecosystem structure
and general knowledge of lts functioning, the no<lel \ras clestgned to

functlon uslng f our sets of avall ahl e <rata : crop/plant <lata, sol l <1ata,

management data and r^Teatber data. Slnce both the root system and the

envlronmental lnputs are dynamlc, the most írnportant sotl propertles are

those related to natter-energy flow at the boundarles of the rootlng

zone anð wlthin the soll proflle.

3.2.1 Soll Data

Practical, useful approxlmatlons of matter-energy flow and solJ

texture, nore preeiseJy frons t orage

part I cl e

capaclty are generally derlved from

slze analysls cornblne<J with other flel<r measurements (cassel et

a1., 1983).

A1l soil properties usecl ln the model vrere sel ectecl to matcÌ, those

that can be derlved frorn the CanaclJan Soll Informatlon Systen (CanSIS)

data base and soll survey reports. cansrs ls a hfgbJ y org,anlzeð

natLonal conputer fli,e that stores a large set of soll data lnformation.

By uslng tallored comprrter programs as u¡ell as cornmercJal software

packagesr most of the soll propertles of lnterest can be taken from
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these data bases. obviousl.y, the sol.l subsystem parameters derlve¿ frour

pedon data stored in CanSIS cannot be as accurate as da ta ureasured in

the most accuratesnall fleld plot experLments. Nevertheless, they are

and rellable flgures available from tbe present data

large enough to be useful for land evaluatfon.

that cover an area

3.2,2 Management Data

To obtaln comparable data on yfeld among the agroecosystems nost of
the man-controlled fnputs (management <tata) were assumed to be flxed

across the reglon under conslderatlon. The anount of nltrogen fn the

so11 proflle at the beginning of the growlng season and seedlng clate

were treated as varlables amonpl the agroecosystems.

In nodel development, the nltrogen content ln the soll present

"today" \^7as assumed to reflect the past management lmpact on the
"actual" ferttllty level of the soll subsysten. For lmplenentatfon of

the method, thls fnformatlon can be <lerlved fron the results of soll
sample analysls performed over the last ffve years by the Manitoba

Provfnclal Soll Testi.ng Laboratory.

Past seedíng dates can be deríved from a Statlstics Canada Ffle.

This file provídes the seedlng date crata by year and crop <lfstrlct,
glving one value for each entire crop <lf strict, the clate r¿hen seedlng

"ls general". It v¡as assumed that the seeding date recor<1ed reflected
the dlstrict weather pattern for that year, but that wlthLn each crop

dlstrict, seedfng rvas also controtled by solJ dralnage characterÍstics.

ConslrierLng that tbe date recorrlecl for general seedlng represente<l the

time when lrnperfectly dralned sol I could be seeded o wel l clra j nerJ sol.l s

were assumed to be seeclecl elght days earl ier than the recordecl date and

poorly drained solls, elght days Jater than the recorded clate.
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3.2.3 Weather Data

Three weather variahles are measurerl dally by the weather statlons

that cover the regíon under consideratlon: maxJmum tenperature, mlnJmum

temperature anci precipLtatlon; onl y these tl^ree varjabl es rrere used

explicttly in the mode,l. They constitute the maln weather input

varlables. The clata were taken from a weather flle at the Univer:stty of

Manitoba, So11 Sclence Department, derivecl frorn a clata hase develope¿ by

the Atmospherlc Envir:onmental Service (AES) of Cana<.1a.

3.3 SI}TULATION PROCEDURE

The general strategy used ln modelJing ls to eonvert the problern

(blo1oglcal, physlologlcal, physical or chemical) into a mathernatlcal

problern that can be solved wlth the aval-l.able mathenatfcal techniques.

Although the most correct methods of solutlon are the analytlcal

technl-ques, nost of the functlons thât descrlbe relevant processes

wfthln the agroec.osysten are dlffl-cu1t or tmpossible to fntegrate fn

terns of eler¡entary functlons. For this reason, because even slmple

crop models require many caleulations, the method selected is a model

programmed for a computer, and the contlnuous functions are replaced

wlth dlscontlnuous functions, the dlfferential equatlons are convertecl

to dJfference equatlons an<! nurnerlcal lntegratlons are substJtuted for
analytlcal lntegratl ons .

The slmulatlon procedure used ln the present stuciy was base¿ on the

so-called "state-varfable approach" (de wlt, r9g2a). Essentlal to thls
procedure, a wldely accepted metho<J for dynaurlc model s, is the

assurnption that the state of the system can be guantl fied by ',state

varlables" and the systen's changes described mathematlcaJJy by "rate

varlables" associated with the state variables. Obvlously the rate
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varfable ls a result of speclflc processes. rn thls cfrcumstance, a

crftlcal element ls the selectlon of the lntegratfon tl¡ne lnterval, or
tlne 6tep as tt ls often call.ed fn nodelling, used to represent the

process over the tlme span of lnterest.

To lllustrate thls point, Iet us assune that the process to be

represented affects a state varfable (Sv) wbose changes wlth respect to
tfne (t) are descrlbed by a differentLal_ equatlon such as

åF = r(sv,r) (3.1)

By deflnition,

dSv _ lim ôSv
dt Ât+O 

^t
If Ât * 0, i.e., the

average) ls very smal l,

approxlmated as:

sv(t+Ât) = Sv(r) +*

Sv( t+¿t)-Sv(t)
ôt (3.2)

lnterval of fnstantaneous rate of change (or

tben on substftutlon eqn. (3. f ¡ can be

x Ât (3.3 )

1ln
Â t+0

tlme

That ls, the state varlable (sv) at tlne (t+ôt) ls equal to the stare

varlable (sv) at tlme (t) one step back, plus the rate varlahle (dsv/¿t)

at tfune t multiplied by the lntegratfon tftne lnterval (¡t). To calcu-

late the state varlable of fnterest, for lnstance, the accurnulatfon of

wheat blomass, the procedure rlescrJbed above must be repeated stepwise

over the tfme span of lnterest, i.e., a growlng season.

One of the sfmplest methods of lntegrating equatfons of the form of

eqn'(3.1) 1s the so-ca11ed Etrl.erts forward lntegratlon equation.
Although the rnethod Ís not the most accurate, lt ls the ¡nost appropriate

for solvlng lnttlal-values prohlems coupled with discontinuous ctrfvlng

varlables fnputs. However, EuJerfs method is based on the Taylor series

that exactly represents the value of sv at (t + 
^t), 

glven the value of
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the functlon and all lts derlvatlves at t:

Sv( r+a r ) Sv(t) + dSv
ãr

.lt-1s',., n-1
+ ^td.r-l (n-1

conparing eqn. (3.3) Trltb eqn. (3.4), egn. (3.3) ls seen to be a Taylor
series expanslon of sv about sv(t) truncated for terms contarnfng (¡t)2
and hfgher pov¡ers of 

^t. 
Most of the processes of rnterest rn the

agroecosystem are curvlllnear. The truncated Tayl0r serfes, belng

llnear, approxlmates the processes, even those that are curvflinear, by

stralght llne segments. The error thus introduced ln the solution fs
known as the truncatlon error.

Another túIo error types are associated wlth the state varlable
approach: round-off error and cumuJatlve error. The flrst type ls ¿ue

to the limlted nurnber of slgnlffcant dlglts used in arithrnetic calcu-
latlons' usually thts ls associated with the type of conputer used ancl

the computer language employed. The second type of error rs simply an

error transmftted from one step to another. All these errors, parti_
cularly the truncatlon error, glve rlse to the so-calJed oscfll-ation of
the solutfon. This means that the computed state variable takes alter-
nating values around lts tlrne trajectory with no hlologfcal, physlo-

1oglcal, physical or chemlcal rneanf ng. There are tr{'o optlons to solve

this problem' The flrst, ls to use a more accurate rnethod of fnteÉlra-

tfon that would include hfgher-derlvatlve terms in the Taylor serles.
This requlres that the dríving variables (lnput variabl.es) be avafrable
on a contfnuous basfs. A second alternatlve ís to use a shorter tl_me

step' provlde<ì that the drtvlng varlables (lnputs) are availahJe at the

same tlme step frequency.

Regardless of the slmpliclty of the moclel r any accurate crop mo¿eJ

+ | (3.4 )
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must conslder several fundamental proce6ses of the agroecosystem.

Ffrst, ln order to calculate the accumulated wheat blomass, one must

represent photosynthesls, respfratlon ancl/or growth process. second, fn

order to express the agroecosystem functlon ln terms of corrnerclal

yfeld, the partitfonlng or asslmflates among pJ.ant organs must be

represented . Thircl , because one of the mal n lfrnlting factors r,¡lthln

rainfed agrf-culture is water, the transplratlon process n¡st also be

considered.

Two fundamental lnterrelated questlons have been posed. How sma1l

should the lntegratfon lnterval be so that the above processes can be

approxlmated correctly uslng the ståte variable? Alternatively, whlch

processes can be represented correctJy at the time frequency (one

measureuent per day) of the avallable lnput data.

The ansr¿ers to these questions r¡ere formulated usfng tbe so-called
"time coefficlent" as the reference term. This term fs often used 1n

mechanlstlc crop modelllng wfth a meaning slrnllar to relaxatlon tlme,

transml-sslon time, resldence time, etc. Basecl on the analogy wfth the

term relaxatfon tfme used in physics as the tlne requlrecl to decrease

the state varlable below lts fnlttal value hy a factor of I/e, de l^rft

(f982b) concluded that an lntegratlon tlme lnterval should be about I/tt
or less of the tfme coefficient values for indivlcJual process. In thJs

case' the assumptlon that the rate variable of the process is constant

over the lntegratlon tlme would hold true. Alternatively, withln the

framework of thls study, the processes wlth tlrne coefflcients less than

three to four days cannot be correctly approxlrnate<l lf the tlme step of
one day fs selectecl to match the lnput data frequency. Based on tfme

coefficient values reported 1n the literature, as vrell as from calcu-
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I atlons made on ptrhl lshed experJmental resuJ ts, the foJ J owíng approp-

riate integration time val ues have heen founrl for the maln processes

mentloned earl ler: for photosynthesis (hase<ì on CO, assimllation rate),

respíratlon and partLtloning, processes that are closely related, the

lntegratfon time interval should he ( 5 h; for the transplratlon

process, the lntegration tlme Jnrerval shoulcl he ( 20 mlnutes; for the

grov/th process, the lntegration tlme J.nterval should he ( 1.25 days.

Fron thls prellrnlnary analysls, the followíng concluslons have been

d rau¡n :

1 I,lÍ thln the f ramework of thls study the wheat growth process ls

the most approprlate process that can be approxlrnated correctly

usfng the state varlable approach wfth a tiure step of one day.

rn order to lnclude other processes (bio1ogfca1, physlcal or

chemical ) that regulre an lntegration tlrne fnterval srnal ler

than one clay, the followlng optlons have to he useci:

substitution of processes wlth mecbanJsrns that retafn the baslc

concept and provlcle approxlmately the eorrect restrlts,

use of ernpirlcal equatlons derlved frorn ffelri experlments, or

use of forcing functlons basecl on sound assumptions.

abfl lty to predfct agroecosystem performance is limfted at

by a lack of suf f lclent clata, rather than a J,ack of under-

of the lurportant mecbanlsrns involved, or rnathematlcal skll I .

2

(a)

(b)

(c)

The

presen t

s t and lng

3.4 THE MODEL: PIXI,IOD

The na¡ne of the rnodel developed, Productivlty IndeX MODeI (pIXMoD)

was relatecl to the general obJectlve of the sturly: to evaluate the land

based on the pro<ìuctlvlty of the agroecosystem(s) wlthln the reglon.

The obJectlve of the model vTas to calculate the abovegroun<l net
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productlon of l,Iheat over a groç¡ing season r,¡ith four rnajor controì1ing

f actors: the suppl y of energy, r,râter, nltrogen, anrì the soll tempera-

ture. PI)0'rOD ls wrJ tten 1n FORTRAN IV and can accommo<late elther one

growing season or a serles of growlng seasons (years). on a maJn-frame

computer (AMDHAL 520), the model uses 2.58 of central processlng unlt

(cpu) time to slmulate wheat growth over one growlng season. on the

same maln-frame, 29 years require 9 cpu.

The maln symbol s userJ throughout thls chapter are presented in

Appendix A. The symbols, deflnltlons and unlts used fn the computer

program are reproducecl ín Appendix B an<Ì the PInfOD FORTRAN IV program

ls presented in Appendlx C.

3 .4 .1 Baslc Concept

The wheat

aboveground net

B ter¡n r¡¡as used

deflned ln Table

Sfnce B is

as

-. dB 
^B

h,- p-'-dt-¡t

At any tlme durLng the growing season (t

as accumulatlon of btomass:

crop vras assumed to be descríhed a<lequatel y

productlon (B) and the associated growth r"t" (i).

with the agronomlc meanlng of the bJonass as lt
a

by

The

was

functlon of tlme (t), the growth rate (b) can be deflned

(3.s)

) the B( tx) can he descrihedx

B(r )

t

f,I,
*dB

Edt
o

x

o

b dr

If the sJnulatlon ls dtvided

(3.6)

i.nto dlscrete fntervals of one day,

approach, then B(tx) lsôt = l day, the state varLable
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B(r (3.7)x

At the end of bfologlcal cycle (efther maturity or harvest), t* = trì,

the B(t*), egn. (3.6) or (3.7), takes the value of the cumulatfve above-

ground net productlon (Burc) obtalned uncler certafn growlng condltfons.

Three cfrcumstances equlvalent to three possible systens rùere

recognlzed: ldeal (controlled envlronment); agronomical optlmum

(optlrnum fleld experlment) ancl actual (agroecosystem, l.e. , ffeld

condftions).

If the requlrements of the llving subsystem ln terms of all ¡natter-

energy types are maintalned at optimum over the entlre blologlcal cycle,

then Bmc reaches the genetfcal potentlâl value, Bmgp. rn this clrcum-

stance the solL subsystem ls completely disregarded, and the only system

studied ls a llving one.

If the livlng subsystern ls associated wlth a given soil subsystem

and all mâtter-energy forms medfated by the soil are malntalned at

optimum over the entfre biological cycle, then the depth conponent of

the soíl subsystem can be neglected. However, the area component of the

soll subsystem ls retafned condftlonally, and whlle all the properties

of the soll surface rnfght be maí.ntainabl.e ât optLmum, the solar radia-

tLon cannot. In addltlon, when the lfvfng subsystem ls considered on an

area basfs, the manatlement factor ls operatlve and reflects the soclo-

economfc conditlons ln the re¡¡lon. Due to these tr,¡o llnltations, the

Bmc that can be obtained Ls always srnaller than Bmgp. There is thrrs an

agronomíc potential (Bmp) , a cell lng that varles from one reglon to

another as well as frour one management level to another. Hor+ever, ff

one knor¿s the value of Bmp ancl the functional <lependence of the above-

) ;"
f=1 *å"0."f],içr¡*at
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ground net production on the tlure, the value of the potential growth
a

rate (bpr) wlthln a glven reglon can be derlved.

Under ralnfed fleld condltlons, the rnatter-energy lnputs requLrecl

by the llvfng subsystem cannot be malntalnecl at optJnun over the entlre

blological cycle. At least for some days durlng the growlng season the

actual growth rate trr is smaller than ipi. Tberefore, the Bmc takes

the val-ue of the actual aboveground net productron, Bma, so that

Bma ( Bmp, for ta, a ini (3.8)

The difference between Bmp and Bma ls consldered to reflect the

stress effects on ip(f) that may occur at one tLme or anotber du::lng the

growfng season. The stress effect withln the region under consfderatlon

ls assuned to be Lnduced by one of the followfng three llnftlng factors:
supply of water (I^Irf I ) , nLtrate nltrogen (Nl,fi ) or soll temperature

(frft). All other productfon factor:s are assumed to be optlmum. wttb

the exceptfon of episodlc events (hail, fnsect outbreaks, etc.), the

above assumptions are reallstlc for the PraÍrle reglon. If the requlre-

ment of the llving subsystem for factor X ls totally satlsfied,1.e.,

Xul = 1, then irr/in, = f. If Xut = O, when the requfrements of the

living subsysten are at or below the threshold values for factor X, then

bat/bp, = 0. The actual growth rate can be written as a procìuct of the

agronomlc potentlal growtb rate and of an overall llmitlng factor, LFl.
Ë", = ¡Rr * LFt = Ëp x g(wrí,Nrf,Trl) (3.9)

These procedures can be written as sfmpJe functlons tn one of the

folJ.owlng forms:

LF' = Wli * Nl,, x Tt, (3.10)

LFt = AMIN [Tl,t , (Wrt x ]t[r) C3. t] )

Ltl = AMIN [I^I¿i, N&t, Tti] ( 3.I2)
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where the AMIN fs the mlnlmuur value among the stress effects of
fndlvfdual factors.

Each eguatlon rmprles dlfferent assumptions. Basfcalry, egns.

(3.10) and (3.12) follow two r¡elJ-knor,,'n plant growth theorles: Boule,s

Product Lar¡ and Lerbrg's Minrrnum Law, respectrvery. Egn. (3.1r) fs a

conblnatlon of both theorles. Boulers Product Law fafls to account for
the so-called negatlve feedback Jnteractfon uechanlsm. For example, ff
two factors are sfmultaneously deflclent, Lncreaslng one increases

growth (eqn. 3.10). rn fact, the other factor becomes even more

deficfent, therefore, lt wlll tencl to limft growth to an even greater

extent. Eqn. (3.L2) rs used r¡ithln the pr)GroD, 1.e., f t ts assune¿ that
the growth rate fs increased only by lmprovlng the value of the factor
ln mlnfmum supply.

Although t¡lthin an fndlvlclual tfuoe step the explfclt interactlon
effect of the factors ls neglected, the curnulative aboveground net

productlon over the growing season reflects an lntegratec! effect of aI1

factors,

tm
f- a

Bma = L- bO, x LFr r (3. 13 )l=1

since on a glven day, i, over the growlng season

actual growtb rate.

any factor (W, N or T)

3.4.2 Potentfal Growth Rate

To be useful, estímates of crop potentlal growth rate at the level
of the agroecosystem should be based on fleld experlments. Flel<l

experfments for this purpose are expensive and dlfflcul t because they

nust be performed uncler lrrfgation condltlons wlth the soll temperature

controlled. Consequently, the best avallable data, with hlologfcal and

may control the
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physlologlcal valtdfty, \.{as used to arrrve at a useful parametrrc
functlon for potentfal growth rate.

rÈ wa' assumed that Brnp values by reglons, computed r+fthrn the
cPPLEc study (sÈewart, 19g1; Durnanskr and stewart, r9B3), are reasonable

approxlmatrons to the agronomfc maxima for wheat crop gror^rth. By
mafntalnlng the shape of the growth rate curve and rnodrfyrng the
Parameters' the resulting values vrere used to define the probabllfty
densfty of the potentfal wheat growth. The agronomf,c potentfar of
aboveground net productron (Bp) is a function of tlme (days after:
seedfng):

Bp = f(t) (.3.14)

The Ëp rr" assumed to fo11ow a normar dfstributron functron,
bp N(uroz), wfth maxrmum value, oor, when the crop ffrst furly covers
the ground, 1.e., LAI = 5 (Flgure 3).

At the end of the growing season, t = N days, the Bp rs egual to
Bmp, so that

t=N
BPlt=N¡=Bmp=Í 

^t=0

gq!.
dt

N

f=l
dr ü1, x at = 0.5 lipm x n. (3.15)

The calculatron of ¡or r{as based on a model deveroped by de wrt
(1965) and updated by Goudrraan anci van Laar (rc,7g). Thrs nodel
predfcts a standard maxlmum gross photosynthesls rate (; ) as agross.
functfon of the anguJar height of the sun (whrch, rn turn, is a f.nction
of latitude, declination and local solar tirne), the condltlons of the
sky, and a "stanclard canopy", l.e., LAr - 5. rt should be noted that
IÁr - 5 r+7as rntended to proviae some standarai zatron of the canopy
geometry. However, because th " bg.o"" L s cornputecl on a per hectare
basls, assumlng a maximum råte of net coz assimiratron rate at hrgh
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Typical cumulative potential aboveground net
production curve (a), and potential growth rate
as a function of time (b), considered in the FAO
and CPPLEC studies.

o

Fígure 3:
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lfght fntenslty of zo kg hr-lh-1, the calculated value of ; gross
lmplfcltly assumes a specfflc densrty of the crop, that is, a speclffc

management level . The value of ;^-^^^ T^ras adJusted , igr, for meangross

daytlure alr temperature and LAI. Thls was combLned with the resplratlon

equatfon (McCree, l97O) where the auxlllary variable "b" in the orlglnal

equatlon was expressed as a functfon of teDperature (bf). Ultfunately,

the maxf.num potential growth rate r^ras expressed as:
aa

bpm = O.72 bgzl (1 + 0.25 b, x N) , (3.16)

and the agronomlc potentíaJ aboveground net productfon as:

Brnp = 0.36 f>ezl [ l/N + 0.25 bTl (3. 17 )

The CPPLEC study developed values of tmp an<t Bmp by major reglons

fn Canada uslng a flxed length for the growlng season and averages of

the meteorological elements. Theoretfcally, knowJ.ng Bmp and the

parameters of the potentfal growth rate function, u and o', one can
a

conpute bpr. Subsequently, if the value of the lfrnfttng-factors effect,

LFf 
' ls known one can eaJ c.uJ ate the actual grorlrth rate through eqn.

(3.13). However, the parameters of the potential growth rate function

cannot be used to slmuLate the aboveground net productlon 1n dlfferent

years. Thls is because the length of the growfng season ln <lays varles

year to year ancl from site to slte over a much shorter distance than

from one large geographfcal reglon to another. According to Sakamoto

(1981b), the wheat hearllng date ln the central- reglon of North Dakota,

for example, varle<l durlng 18 years by up to two weeks around the

average date for the reglon. such varlatlons ln the length of the

growing season wí11 shlft the parameters of normal growth rate, so that

the calculatlons of ip as a functlon of days after seecllng are no Jonger

rel,f abl-e.
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Although the parameters of the normal curve are not appropriate for

calculatlng the actual growth rate, tbe values of cumulative aboveground

net productlons, Bmp, are sufflcfently accurate to indicate the agro-

nomf.c potentlals for dlfferent reglons. In order to rrse the Brnp value

as an agronomlc potentlal, the "celllng", of wheat growth, furpllcitly

accounting for the PAR variable, tbe aboveground net pro<luctlon was

expressed in PIXI-IOD as a functlon of "phenoJoglcal tlne".

Phenological tlme ls used fn thls sttrdy as a specifted sequence of

morphologlcal and physlological changes. It qras assumed that the Jlvlng

subsystem can be cbaracterlzed by thro fundamental processes: phenolo-

gfcal development (growth stages) and actual growth. Further it Bras

assumed that both processes are ln essence control.led genetfcaJ-1y,

lnterrelated and not necessarlly chronologfcal-tlne-dependent, but

rather event-dependent. The phenologfcal development vras consldered to

be affected malnly by atmospherlc elements (tenperature and day length)

whereas growth r¡as consJdere<l to he a functl-on of phenologl-c development

and rnatter-energy supply (water, nltrogen and heat). The BloMeteoro-

loglcal Tlne Scale (BMTS) developed by Robertson (1968) fs usecl as a

subnodel to descrfbe the phenologlcal development process.

To express the rate of crop gro!'rth as a normal prot'ablllty density

functLon of the form fIbp;u(BMTS)' o(ultrg¡J' the two parameters' ulnrrs¡

and o(nUtg¡, must be known. A set of selected results of previous

experlments has been used in thls study. The baslc data set avallable

conslsted of aboveground net production records from a wheat growth

experlment carrled out by the Plant Sclence Departrnent, University of

Manitoba 1n 1976r.

t Dr. P. McVetty, personaJ. communlcatlon
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complete randomized block
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carrled out ln the fJeld, under

(Blacklake, Cuurulic

sites. Four wheat

desLgn experfment.

N and 66 kg ha-l
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varletles were

The amount of
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irrlgatlon

Universlty

used ln a

f ert i1l-zer

of P. Althougb the soll

temperatures were not recorded, lt was assumetl that the experlrnent was

performed under nearly optlmuur conditlons. The aboveground net

productlon l¡Ias saurpled f n tq¡o repl lcates for each varlety, f ive tlmes

durfng the growJng season, alr drfed and welghed.

since the sampllng qras done on a days-after-seedrng hasrs, the

phenologlcal tfme was calculated by runnlng tbe BMTS suhnodel wfth

weatber data recorded at tbe hlinnipeg Internatlonal Alrport weather

statlon ln L976. The observed aboveground net productlon recor<is were

rnatched with the approprlate phenologlcal time, pd, expressed as a

fractLon of BMTS unlt, (1.e., pd = BMTS x l-oo), based on the sannpllng

dates.

The cumul-atlve curve of the aboveground net production (A¡¡p)

expressed as a per cent of agronomfc potentlal (Bmp), accordlng to

phenologlcal development' q¡as llnearlzed using the probit transformatlon

(i.e., normal equfvalent <levfates coded by the a<ldltlon of 5.0) in whlch

the phenologtcal development variate was replaced with lts Jogar:Íth¡nlc

value, P*d = 1n Pd.

The parameters for the transformed data, urr and o* have heen

obtained usfn¡¡ the "probit" anal ysfs, a maxlmurrllkelthood complrter

proceclure, available as part of the Statlstlcal Analysls System (SAS,

1982). The equation used by the analysis r,rras an inverse normal

dlstributlon functlon of the form:
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_1

F^(y)+5=lco+cxp*d] (3.18)

where F ls the standard curnulatlve normal dfstrlbutfon functlon, Y is

the probablllty aboveground net productlon, co ls the lntercept, c ls

the slope.

The problt analysl.s glves the fractiles of P*d whlch correspond to

a gfven cumulatfve ANP (fractlon of the total Brp). A plot of emplrfcal

probit at flve phenologlcal developments superlnposed on the probft ltne

ls presented ln Flgtrre A. Since the points are scattered at random

about the straight 11ne, 1t was considered that the logartthm of

phenological development ls normally dlstrlbuted. The results of

cornputatfon of the mean and standarcl devlatlon of transformed

phenologlcal data are presented ln Table 5. After three fteratlons the

solutlon converged, wfth a mean !* = 5.540O5L27, and stanclard devfation

o* = 0.37452435. Slnce ¡2 tt" srnall (P > 0.10), the 952 flduclal ll¡rlts

were calculated. For u* = 5.5400, the ffducial llmlts !¡ere: LI = 5.4963

anð L, = 5.5852. Transformed lnto BMTS unlts the flducfal fnterval ls

0.22. Therefore, the probabllity that u* has a value larger than u* t

0.11 BMTS unlts is no greater than 0.05.

However,

logarithn, the

slnce the phenologfcal tlme was transformecl

prohabllfty density functfon f(Pd) wlth the

skewed dlstrlbutlon of unllmlÈed range

to the natural

parameters u*

in both tJ.me

b'ere obta f ned

(3.le)

(3.20)

and otr ls a

dfrectlons. The statistlcal paraneters u and o for Pd

based on a set of equatlons rìeveloped by Chow (1954) as follows:

u=exp[r,t+]o*rJ

o = u["*P(o*z¡-11t/z

0n substltutlon of u* and o* values, egns. (3.19, 3.20) hecome:

v = 273.19 Pd = 2.7319 BMTS (3.21)
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Table 5 Parameters of normal dlstrlbutfon functlon of transforme<!

phenologlcal development data (l*d + lnpd).

Iteratlon fntercept

-9.05292186

-9.770t9997

-9.7922rL93

-9.79223249

Slope

2.s3489046

2.66606265

2.6700496s

2.67005336

u*

s .5437 9847

5.54007986

5.54005125

5.54005127

g*

0.39449436

O.37 5j8tt96

O.37 452t487

0.37 452435

o

I

2

3

s = 106.01 pd = 1.0601 BMTS e.2Z)
Usfng these u and o values and the phenological tlme expressed in frac-

tlons of BMTS, Pd, the normal probablltty densfry functton f[ip(pd)l is

rtbp(pd)l = r+= e-(Pd-u)' /2o', --(pd (+- (3.23)

However, the aboveground net productlon accumulates only between

emergence and maturlty (thaÈ ls, between BMTS = 1 (1oo pd) and BMTS = 5

(500 Pd)- Therefore, the probabillty distrlburfon f(tp,¡r,o) musr be

truncated. The degree of truncatlon rras based on a procedure descrlbecl

by Hald (L952) for known truncatfon pol,nts.

(a) Truncatlon to the left (at eoergence stage):

Assumlng that at the emergence stage Bp = Bpo = 200 kg h"-1, then

"ttr-Ð = 0.0495 = 4.g5"Á, gtving (3.2A)

1/(1-0.0495) = 1.0399, (3.2s)

(b) Truncatlon ro the right (at maturlty stage):

Bp( Pd=500 )
Bmp = 0.0175 = 1.75%, gfving

L/(L-0.017s) = 1.0178

By multfplylng eqn. (3.25) wtrh eqn. (3.27 ) the

(3.26)

(3 .27 )

truncatlon correctlon



factor s¡aa obtalned,

truncatlon:

-68-
1.058, and eqn. (3.23) was correctecl for tbe

(Pd-u )' /2o' , where 100 < Pd < 500. (3.28)1-:- e{ ¿Ito
fI bp(Pd) ] I .058

The functton f(bp;uro) thus becomes:

x d(Pd) = 1 (3.2e)
Pd=100

Assunfng that the accumulated ANP as a functlon of ph.enologlcal,

development ls a step functlon, then the potential growth rate can be

regarded as a relatlve frequency, â.' such that ln (Pd, tp) - coordinate

sys t em:

1.0s8 

"*-
JPd=5oo "-(Pd-u 

)'/2o'

tp(Pd) = 1.058 tF+-E õi

a
2

"-[ 
Qa-213. 19)' / (2(106.01)'z ) ] x Bmp

for 100 < Pd < 500.

1s emplrical, tts parameters have

^Pd 
.

- ----J1¿
"l-

ôPd .
J

bp(Pd )n for Pd
-i

<Pd<Pd (3.30)

Alternatfvely, assuning that the accumulated ANP ts represented by

a contlnuous functlon, then the potentlal growth rate can be regarded as

the probabfltty element {ftÍ¡p(p¿)J x dPd}.

Horvever, the two functlons, bp(Pd)n and fIbp(Pd)] are equfvalent ln

the sense that frequencles, "J, and probabllfty element {fIbp(Pd)] x

dPdÌ are represented by the areas enclosed by equlvalent correspondlng

curves. Conseguently, the potential grovrth rate as a functfon of

phenologlcal development expressed in Pd units vras approxlnrated by eqn.

(3.28), nultiplted by an appropriate crop ceillng va1ue, Bmp:

(3.3r)

(3.31 )

someAlthough eqn

blological basfs, and the overalJ growth process as 1t 1s descrlhed ls
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blologfcally plauslble. For example, accordfng to eqn. (3.31) the

potential growth rate lncreases exponentially from emergence until

shortly before headlng, (u = 2.73 BMTS units) when lt reaches lts maxl-

mum value. After heading, the potentlal growth rate decllnes. For

deternf,nate crop specles, f.e., pLants wfth termlnal florescence such as

wheat, the vegetatlve structure lncreases rapldly from emergence to

headlng because both the number of leaves and thefr slze lncrease slrnul-

taneously (splertz, L9B2). Around the tlme of flowerlng, close to hea-

dfng as defined tn BMTS (Bauer et al., 1983), the growth Ln vegetatlve

atructure ceases (Austfn, 1981)" Around the tfme of headlng, the wheat

crop canopy ls f ully developed and tbe LAI reaches lts maxl.mum value.

Therefore, the growth rate also reaches f ts ¡naxlmum value (cte I,If t, 1965;

Goudrlaan and van Laar, L978¡ Kirkhan and Kanernasu, 1983). The decllne

in growth rate after anthesis also seems to be plauslble, sfnce after

thls stage most of the carbon compounds fro¡n flag leaf and ears move to

growlng seeds (Mllthorpe ancl Moorby, I974), and senescence of the bottom

leaves begLns.

3.4.3 Model Structure

The rnodel was constructed ín modules, i.e., subroutfnes. The

general structure of PIX'Ì'íOD ls presented diagramatlcally ln the slrn-

plifled flow chart (Ffgure 5). The model lncl-udes rwo supportlng sub-

routlnes that have not been represented. They are standard procedures

used to perform the operations of lnterpolatfon and plottlng, respec-

tively.

.4 Model 0peratlon

Each node on the maln program ts a prlnclpal actlon taken at a

3.4
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partlcular tlme durfng one run of the model. There are t$¡o types of

actf ons performed by the rnodel-: passlve actlons assoclated r.¡l th dec-

I'aratlve statements and actfons assoclate<l wlth executabl-e statements.

The passive actlons, represented wlth clrcles, are elther lnput/

output, readfwtfte statements (surall clrcles) or calI statements (large

clrcles) that activate subroutines.

The renalnlng actlons are elther computations, represented by

rectangles, or loglcal declslons, represented by rhombs. Inltlalizatfon

subroutlnes prepare tbe model for a partlcular run. supportlng sub-

routfnes are used repeatedly to solve standard problerns assoclatecl

nalnly wJth the lnterpolatfon of the functlons lncJuded ln the model in

tabular format. The functlonal subroutLnes âre assoclated wfth dlf-

ferent functlons of the agroecogystem. They perform more compl.ex types

of calculatlons.

The urodel has been developed to operate wlth two types of soil <!ata

fnput: (a) ln sltu measurenents, approprlate for evaluatlon of the

mode], and (b) data slmilar to that can be abstracted from the standard

soll survey data (cansrs), approprlate for appllcatlons. For easler

reference, the sirnulation usfng soll ffelct measurement data trras termed

scenarlo I (Sc. I) ancl símulation uslng derlved soll data r^7as termed

scenarLo II (Sc. II).

The depth component of the soll subsystern vras clfviclecl fnto j

dlscrete layers ( j < I ) , each 15 cm thtck. I^rith the exceptf on of

aboveground net pro<ìuctlon, grain ytelrt and excess \rater effect on the

f f nal ylel<t, aJ 1 other calcul-atf ons are basecl on unl ts of elther length,

area or vol.ume Jn cm, .r2 
"n.ì "r3, respectl.vely.



-72-

3.4.4.I Maln Program

The mafn program ls the controllfng program. rt ban<Jles fnput

data, lnftlallzes the state varfables¡ l.ê.¡ lnitlal condltlons, cal.ls

the approprLate subroutines, takes actLon for loop executlons and

control-s the outputs. Some slrnple computatfons are also performe<l

wfthfn the naln progran.

One of the rnaJor functlons of the nain program ls to handle the

order 1n whlch operatfons are performed. The maln progran starts by

readlng the f.nf ormatlon f rorn the f nput f lles. Thts J s followe<l by

calllng the lnltiallzed subroutl-nes. Based on these data/lnfornatlon, a

partfcuJ.ar set of parameters and state varlables are lnltiallzed and

used in a partlcular run. All other values become dunny variables. The

flrst declsfon (D1) concerns the sinulatlon type, 1.e., scenarfo. For

Sc. I the specfal subroutlne computatlon parameÈers (SCPARA) fs

bypassed. For Sc. II the maLn program passes approprlate data to SCPARA

and recelves lnformatfon back. Based on thfs lnforrnatlon, sone

parameters and lnltlal condftfons are reset to appropriate values. In

the order lndlcated in Flg. 5, the maln progran calls the functlonal

subroutlnes evapotransplratton (sETw), soll vretness (SswETN), soll No3-N

(SNO3I4I), soll temperature (SSTEMP), phenologlcal developrnent (SPDI{r) and

crop gro\,rth (SCGRI.I).

The urodel vras developed to slmulate growth over a standard perfod

of each growing season, frorn the 31st of March to the 1st of October.

It was assumed that wlthln Manltoba and the Pralrfe reglon, seecllng does

not start earlfer than the enrJ of March and the crop reaches blologlcal

maturfty, i.e., BMTS = 5¡ before the lst of october. The rnodel does not

include snow meltfng or soll thawlng, due to lack of data, nor can ft
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accoumodate the effects of eplsodfc events. However, lf the seedfng

date ls unknown, the urodel predfcts thls based on the computed daytlme

mean air temperature and soll moisture content. Thls ls controlled by

decfsfon number two on the maln l1ne (D2). It was assumed that the sofl

temperature threshold for germlnatlon fs 50C. Because mean temperatures

from a depth of 5 crn below to 200 cm above the soll surface cllffer only

sllghtly (Ga1lagher, r979), the alr temperature is use<J to compute the

daytlne mean temperature. The condftlon of seeding ls assumed to be

reached r,¡hen the temperature for three days ln successlon is ) 5oC and

soll mofsture content ln the first layer¡ l.ê.¡ 15 cD deptb, ts ( 9o7"

fleld capaclty (Fc). Sofl ¡nolsture content Ls computed by balancing the

water wfthln the ffrst tqro layers, uslng the SETW and SSWETN subrou-

tlnes.

Ifheat seed germlnatlon conditfons vary wlth cultfvar (Ktrkham and

Ahringr l978) and soil water potentfal (de Jong and Best, LgTg), but

thls degree of detall cannot be handled wftb the model. After passlng

the seeding date, Èhe loop controlled by D2 ls no longer executed.

Durlng the growing season all operations controlled by clecislon D5 are

executed at least once a day. The functlonal subroutlnes are called to

execute particular coaputatlons, and are updatecl by the main program.

However, to avofd osclllatlon in the solutlon of so11 molsture flow, the

SETW' SSI'IETN and SNO3W subroutfnes are called several. times durlng a day

wlth preclpitatlon > 2.00 cm. The number of dally fteratlons is

dlrectly proportlonal to the precfpitation, and ls controlle.l by

decision D3. Detall.ed day-to-day computâtlons are stored temporarlly on

dfsk. The number, type and freguency of the variable of Lnterest to be

stored, speciflecl ln the fnput <lata, are controlled hy the maln program
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(D4). The dally loop controlled by D5 ls elther executed unrll the crop

reaches maturity, whlch 1s ln essence controlled by the phenological

development subroutlne, or up to a date speclfled by the user. However,

tf the i-ength of tLne to be slmulated extends beyond the naturlty stage,

then plant growth ancl assocJated processes (transpiratfon, NO3-N uptake,

etc.) are arrested at naturlty and only physical processes are further

simulated. Thfs extended slmulation was used for testfng the modelts

performance. Soll nolsture and NOj-N content trrere measured ln the field

at barvest tlne. The harvest date lags behlnd maturfty by elght to ten

days; ln orcler to have comparable data for rsater and nltrogen the SETI,ü,

SSWETN and SNO3W subroutines were updated dafly until harvest tlme.

The stress effect due to water excess has not been represented

dynamlcally fn the model. An emplrlcal, and to some extent speculatLve,

adJustrnent of the aboveground net productlon ls calculated based on the

overall water balance durlng the growlng season. The execution of thls

adJustment, controlled by declslon D6, varfes from one sofl serles to

another as well as from one year to another for the same soll. rn the

next 6tep the yfeld (grafn) fs computed based on the harvest fndex

approach. Ffnally, the summary ancl/or detalled computed data wlthln the

slnulation are prlnted anð/or plotted. The rnodel can be stopped after

one run, that is, one growing season, or slmutatecl for sequentfal years

wlth standarcl soll pararneters and hlstorlcal weather records.

3.4.4.2 Input Dara

The input data set contains

durlng one run whlle others do.

tfme during one particular run

context of the whole stucly, they

variahles, some of whlch do not change

The varlables that do not change wlth

become paraûeters. However, ín the

vary across the reglon. The lnput data
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are asaenbled 1n two flles called DSMF and WEATHER.

DSMF (drlvlng-soll-management varfable ftle) contalns specJaJ ln-

fonnatlon that drfves the nodel for a partlcular run and data that des-

cribe the soll subsystem and man-controlled Lnputs (management). Durlng

one partfcuJ-ar run, all these varfables fn thfs flle remaln unchanged.

There are 15 1lnes ln the ftle. Each lfne ls headed uniquely and

contalns a specffic set of data. Although the ffl.e ls short, lt fs very

complex because ft contains code commands for the parameters. Appendlx

D contafns a sample of DSMF for the test slte l.Ilnnfpeg/l982 (Experl-

mental plots, universlty of Manitoba), followed by a detafled

descrlptfon of each varfable (type, format, value, unlts and declaratfon

lnstructfons). Thls flle contalns the followfng type of varlable:

(a) Soll Data:

- So11 depth,

- Surface textural claas,

- Coarse fragments (gtavel) 7",

- Dralnage class,

- Inffltratfon rate,

- Water table depth,

- Incomfng runoff,

- Shape and freguency of unconnected depressions,

- Slope class of depresslons,

Number of dlagnostJ c horlzons (or layers) wlthfn the soll

profi 1e ,

For each tdentiffed horizon or layer:

- Centre polnt,

- Bulk denslty,
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- Partlcle sfze dlstrlbutfon:

- c1ay,

- sllt,

- very f ine sancl ,

- flne sand.

- Organfc carbon content,

- Fleld-measured volumetric field capaclty (FC),

- VolumeÈric wlltlng point (Wp),

- Volunetrlc water content at seeding tfme.

Man-Controlled Input Data:

- Nftrate-nltrogen content before seedfng by horfzonflayer,

- Seedlng date,

- Nftrogen fertlllzer applled:

- amount,

- date of applfcatlon,

76-

the

be

(c)

For a glven

structure of the

declared unknown.

- Type of varlabl.es to be plotted,

- Number of days to rrrn the moclel .

to be stored,

be stored,

to be plotted,

not all DSMF data

must be complete

- Harvest date,

- Agronomlc-potenÈfal,

Drfvlng Varlables:

- Scenarlo numher,

- Number of variables

- Type of varlables to

- Number of varfables

cefllng for aboveground net productlon.

run,

file

are necessary. However,

Some of the varlables can

Appendfx E, glves the alternatlves J.n thls case.
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mafn program selects the approprlate

for the partlcular run become dummydata; all other

varlables.

The WEATHER

values unnecessary

ffle contains weather varlables on a dafly basfs; 183

of the varlablea areðays/ records for each growfng seaaon. Some

measured, others are computed. The frequency of these variable values

must match the tfme step lnterval used 1n the nodel, one day. Appendlx

E contains a sample WEATHER ffle for the same test sfte as for the DSMF

followed by the descrfptfon of eacb varlat'le wfthln a record. The

WEATHER flle contalns the following data:

- AES statlon name,

- AES statlon ldentfflcatlon nunber,

- Year,

Dafly data for:

- Precipltatlon,

- Maxl-murn temperature,

- Mlnimurr temperaÈure,

- Solar radlatlon at the top of the atxnosphere,

- Photoperfod.

3.4.4.3 Inltial.lzatlon Subroutfnes

Most of the paraneters

wl11 be consicìered expltcttly

subroutfnes are dlscussed.

inclu<led in the lnltiallzatfon

when the rna-jor equatlons ln the

fnltf allzatlon subroutinesThe

subroutlnes lncluded fn

subrout ines

functlonal

are only

thepresented brlefly. There are four such

model: SSINP, SCINPW, BLOCKDATA ancl SCPARA

The SSINP subroutine groups together the soll parameters used to

simulate elther water flow or so11 temperature. Soll hydraullc
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propertJesr essentJal to descrihe the florv of water, present the htghest

varf ahll f ty among soll characterJ stlcs (I,larrJck ancl Niel sen, I980). At

the agroecosystem leve-l they cân onl y he approxlmaterì roughl y. I,rlth jn

PIn'rOD they have heen recognlzed only through three textural classes:

clay, loam and sand.

SCINPI^I groups the crop parameters. Slnce the l ivlng srrhsystem

\,rlthln the agroecosysten vras ldentífied as only one crop, wheat, those

parameters could be lncluried directly ln the equatlons use¡l jn the

rnodel. They have been groupecl l-n a speclal suhroutlne f or f uture

consideration. For example, lf better paraneters are derJved or Jf the

rnodel ls expanded to fncl ude crops other than wheat, then the necessary

adJustments can he made wÍth rnlnlmum alterations to the model as a

whole.

The BLOCKDATA subroutlne contafns all tabulated functlons as arrays

of varlous slzes. The suhroutlne groups heterogeneous data/lnformatlon

used by dlfferent functlonal subroutfnes. For exarnpJe, it contafns the

value of hydraulic conductivity an<i dlffuslvity by soll textural class

as a function of relatfve avallahl-e water content, the optlnurn amount of

nitrogen requirecl by the crop at dlfferent growth stages, coefflclents

used wlthln SPDI"I subroutlne, etc. Use of the BLOCKDATA subroutine Js a

cornputer prograrmlng strategy of assigning values to fhe variables tbat

have not been "<leclared" wJ thln the so-cal 1ed "coMMoN,, region.

"BLOCKDATA" ls the key openlng <teclararlon ln FORTRAN progranmlng.

SCPARA subroutlne has a dlstlnctlve role ln the model. It computes

a specfal set of paraneters essentlal for model appllcatlons (sc. rr).

Thls subroutJ.ne provlcìes the crJ tl cal paraneters use<l to sJmu] ate the

so11 r,rater content, whlch 1s calculate<l in the rnoclel hased on a
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parametrl c approach. The basi c parameters used to clescrJ be the upper

and lower llmits of vrater available for the plants are FC and l,lp.

Although they are useful. parameters in solvlng rnany aÉÌronomfc practicaJ

problens related wJ th optinum vTater management, f lel d-rreasrlre<J val ues

rarely exlst. Estimating soil parameters that affect water flow through

the soil and uptake hy the plant ls cllfficul t, especlal Jy since tÏ,ese

parameters often vary wlthln the same soll serles. However, many

useful empirlcal models have been cleveloped to allow such parameters to

be estfmated from more fundamental soil propertles such as soll particle

size ciistributJon and organlc matter and/or organlc carbon content

(shaykewlch and zwarlch, 1968, clapp and Hornberger, 1978; Gupta and

Larson, 1979; de Jong, 1983; Ratllff er a1., 1983; cassel er al., 19s3).

The equatlons developeci by Shaykewlch an<l Zwarich (1968) are used

in the SCPAR.A suhroutine. The equatlons have been developed from ¡I2

samples of Manitoba solls, soiJ-s that vary wldely ln texture and other

physical and chemlcal properties.

The baslc equatfons employecl ln SCpARA are:

FC(w) = 9.8708 + 0.1182(Sr) + 0.27A1(C) + i.2655(0M) (3.32)

!IP(w) = 3.7960 + 0.0375(FS) - 0.0334 (VFS) + o.2202(C)

+ o.6646(oM) (3.33)

wbere:

FC(w)

I,rP(w)

FS

VFS

SI

C

- Flelcl capaclty (7. hy wetght)

- Permanent wiltlng percentage (Z by weight)

- 7" FTne sand (0.25 - 0.1 rnm),

- % Yery flne sand (0.1 - 0.05 nm),

- 7, sTJt (0.05 - 0.002 mm),

- Z CTay (< 0.002 rnrn),
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OM - 7" Organlc matter.

Slnce the calculatlons made ln the rnodel of water content are based

on vol-umetrf c rüater content, e, r3r-3, the Fc anð. llp, T" by wef ght

values, are converted to r3r-3 unlts uslng the bulk denslty values pb

-1(Mg rn -).

Fc(o) = FC(w) x oO (3.34)

I^IP(o) = ![P(w) x pO (3.35)

wlth OO befng estfmated by:

0b = 1.7756 - 0.0016(VFS) - 0.0017 (si) - O.OO47 (c)

- o.o7o7 (0M) + 0.008(c) (oM) (3.36)

All the predLctor varfables used ln eqns. (3.32), (3.33) and

(3.36)) are glven ln the fnput data by elther dlagnostic horfzons or

layers of varlable thlckness. Usfng the lnterpolation subroutfne,

approprfate values of FC, Wp and pb are cleslgnated for each standar<l

discretfzed layer consfdered ln the nodel.

The value of FC computed wíthfn SCPARA plays a double role ln the

model, first, as a parameter and (rrnder a speclal clrcumstance) as the

inltial conclltlon of so11 vrater content. When the slmulatlon is

performed for sltuatlons 1n which the sofl molsture content at seedlng

tirne 1s unknown, lt ls set equal to FC. However, thls standard

assumptlon, e(Jrt=0) = FC(j), can be easlly changed to accoxnmodate any

regional specffic conditlons 1f O(jrt=0) can be approxlrnated from other

f nf orrnatlon.

3.4 .4.4 Functlonal Subroutlnes

The functlonal subroutlnes are speclal corcponents withfn the model.

They simulate some of the processes that take place vrfthln the

agroecosystemr processes relevant to the allroecosysten main o¡tput,
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i.e., wheat yield. In essence the functfonal subroutlnes are submodels.

Although the lntentf.on was to keep a balance urith respect to the

detalls of processes represented ln PIXÌ"IOD, thls rraa not always

possible. All subnodels lncluded ln PIn'fOD are based on suburodels

developed ln varfous dlsclplfnes. The general strategy used was elther

to stuplffy the exlstfng comprehenslve models ln order to natch tbe

avaflable data or to enhance the eLementary models ln order to descrlbe

a specfflc process. In the ffrst case, sone processes descrlbed in

oÈher models have been replaced wlth forclng functfons, whereas ln the

second case sfnple models have been comblned ln order to descrlbe

aclequately the processes of lnterest.

The subroutlnes are lnterrelated in a much more conplex manner than

can be represented in the slnpliffed floqr chart of Flg. 5. Some

subroutlnes deal wlth processes that are related wlth only one subsystem

of the agroecosystem, but most descrfbe processes wlthln both llvlng and

nonliving subsystems.

3.4.4.4.L Evapotransplratlon subroutlne

Since the preclpltatlon ls an input variable, evapotranspíratlon

is the key auxlliary varlable fn calculatlng the water avalJable to the

crop and thus fn simulatlng the growth. In this study the evapotrans-
aplratlon rate, ET, fs deflned as the amount of water transferred <tal1y

from the soil to the atmosphere, calculated on a cropped-area basls. In
ogeneral terms, ET can be consfdered to be functfons of avallable energy

(g) and soil water content (e^).

Ér = e(6), s(0" )

If the arnount of water to be evapot ranspl red

functlon of the

(3.37)

., u" is

used for

fs unllmfted, 1.e

very large, then ET ls only a anount of energy
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evaporation. The amount of $taÈer evaporated as functfon of energy

supply alone ls terrned potentfal evapotransplratfon, ËtO. If potentfal

evapotransplratfon ls known, then the actual value can be wrltten as
oo

ET = f(ETp, t") (3.38)

Estlmating of potential evapotranspfratlon ls essentfal to caJcu-

late the actual value of water evâporated from the system. Conse-

quently, Ëfp must f lrst be approxlmated even r{rf thln the crop rnodel

developed for condftfons of llmlted r¿ater supply.

3.4.4.4.1.1 PotenÈla1 evapotranspirarfon

The estimatlon of potential evapotransplratfon tn PIXMOD

on an equation developed by Baler and Robertson (1965). The

used a linear multlple regresslon technique, on data from

locatfons ln Canada to derfve a set of eguations to predlct ËTp.

The equation sultable for use fn thls stucly was:

T_^_- + 0.933 ranÉle + 0.0486max

¡ -1ETp(crn d ") = 0.0094 {-at.03 + 0.928

ls basecl

authors

severa I

QoÌ

( 3.3e )

where T____ is dailymax

perature range (or),
-1(lv d ').

maxLmum afr temperature

Qo ls solar radlatlon at

range f s dal ly tern-

top of the atmosphere

(or),

3.4.4.A.L.2 Evapotranspfratlon

Ritchfe (1983) polnted orrt

components fs the key factor in

accepted that evapotranspiratlon

(Ëv) and transpfratlon (Ìr).

Ër=Ë.'+í.

the

components

that separatlon of evapotransplratlon

slmulating crop growth. It ls general.ly

comprlses two components: evaporation

(3.40)

are dlfficuLt toEvBecause and Tr are related ln a complex manner and



-83-
measure separately' the two terms are often consldered together. Under

some clrcumstances, for lnstance, when the nutrlent supply ls not recog-

nfzed in tbe model or when the crop ln the agroecosystem ls a perennial,

It rnay not be necessary to dlstlngufsh between Ë;v and it. However, fn

thfs study, the nitrogen uptake ls consldered ancl the canopy and root

system are dynamfc features. Consequently, it was mandatory to conslder

the two processes separately.

slnce Ët ts a functfon of t and 0" [eqn. (3.3g)J, rhe two compo-

nents Ëv an¿ ít 
"rn also be functfons of Ërp and 0":

Ëv = frt(1-p)(ETp), o""l (3.41)

ír = frlp(ETp), orrJ (3.q2)

where 0"" 1s the avallable water content fn the sofl surface layer ancl

0", 1s available urater content 1n the actlve rooting zone wl th p the

fractl,on of solL area covered by the crop. The evaporatlon process ls
deflnecl as water transfer from the soll surface to the atmosphere. The

rate of evaporatfon is a functfon of potentfal evapotransplratlon, soil

moisture content of Èhe surface layer and, lndírectly, a functlon of

croP characterístlcs, 1.e., the fraction (l-p) of soll that ls not

covered by crop.

The transpfration process 1s deffned as water transfer from the

actlve root soll zone to the atmosphere. Since thls r^rater passes

through the plant, the i. fs control.led by ETp ancl tbe plant stâtus

(stomata reactlon) as wel.l as by the amount of water ln the volume of

soil. accessible to the roots, and tbe fractlon (p) of soll covered by

the crop.

rn PrxMOD, lt v¡as assumed that a slmple shading percentage of

ground cover by the crop at various stages of development (Flgure 6,
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Hobbs and Krogman (1968)) approximates reasonably the proportlon of Ëfp

accounted for by irp or the p functfon. It r^ras assumecl that the hfghest
a

value of Trp coincldes wfth the maxlmum growth rate that ls assocfate<Ì

wlth the naximum leaf expanslon. The actLve surface for transplratlon

was assumed to lncrease exponentlally frorn emergence to headlng (BMTS =

2.73). After headlng, transplratlon was assumed to decllne due to leaf

aglng and senescence (Jones and Hesketh, l9B0; Splertz, 1982). From

seedlng to emergence, p 1s zeto, therefore, Ërp = Ëfp. From emergence

to maturf-ty, p fs based on data tabulated fn ln BLOCKDATA wlth the

phenologfcal development (BMTS) as the predlctor varlable. In ralnfed

agroecosystems, soll molsture content ls often limlting so the actual
oe

Ev and Tr are general-ly smaller than thelr respectl,ve potentlal value.

Because the two rates are related to dlfferent agroecosystem components,

Êv and it 
"t" computed separately.

3.4.4.4.1.3 Actual evaporatfon

It Il7as assumecl

from tbe top 15 cn of

that evaporation tak-es place at the

soi1. Further, lt was assumed that

soll surface

the amount of

vrater evaporated ls controlled efther by energy supply or by a

combfnatlon of energy, Trater content and hydraulic properties of the

soll. For calculatlng the amount of water transferred by evaporatlon,

It 1s assumed that evaporatfon place ln the superficial soll layer

"fa1ling rate" (Ph11lp, 1957; Aclams

1976>. Both stages are consJ.dered

"constant rate"

van Bavel and HiJ 1el ,

It r^'as assumed that when the soll ls molst, the actual evaporatlon

energy suppJ-y ( impllcitl y consl dere<1

fraction, so that the evaporatlon rate

is control led by the

tak,es

andln two stages:

et a1., 1976;

in PI)GrOD.

rate (i")

within ETp) and the partftlonfng
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fs livp. When the sofl nolsture falls below a certaln value, the evapo-

ration rate starts decreaslng below lts maxf.murn value. Both tbe transf-

tlon polnt from one rate type to another, and the functlonal relatlon-

shlp betw""r, Ët and Ëvp are controlled by the soll molsture content as

¡.¡ell as the soll hydraullc propertles. For the three texÈural classes

(clay, loan and sand), the functlonal relatfonshfp Ë"/Ë"p and rel-atlve

available molsture content, a*J, has been developed from the data

published by Baler et a1. (L972). The authors provlde a ser of etght

curves (A througb H) that relat" Ëf/Ëfp wfth 0*..

Based on the shape of soil,-characterlstfc curves for Manl,toba2, the

curve "D" of Baier et al. \ras selected as representative for clay soll,

curve "G" for loamy soll.s and curve "H" for sandy-sflty solls. For each

textural class beyond the transftion polnt from a constant to a falllng

rate, the following functfons that estlmate Ê*, (cro d-1) have been

developed:

1) for clay soil,

' ' (0.010258 *.6'877143 * t*j), for e*. < 0.66 (3.43)Ev=Evpx(0.010258xe j), 
J

2) for loam solls,
aa
Ev = Evp x (0.003333 + L.3976L9 x 0*¡), for 0* < 0.71 (3.44)

3) for sandy-s11ty sol1s,
aa
Ev = Evp x (0.00381 + 1.968571 x 0*3), for O* < 0.505 (3.45)

where O*, is the relatfve vrater content,
J

0*, , = (0, , - wP,) / (FC, - WP,) (3.46)l'J ' 1'J J' J J'

3.4,4.4.1.4 Actual transpfratlon

Slnce the soll moisture content ln PIXMOD 1s calculatecl by a water

2 Dr. C. Shaykewlch, personal communlcatlon (f985).
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budget technlque, the actual transpfratlon rate s¡as assurned to be the

naJor slnk term, SJ.

it ls calculated uslng a set of forcfng functfons coupled wlth

slnulated root penetratlon, and an estlnate of the active sofl volume

element, RZ. As a flrst approxfunatlon, the relatfve $rater avallablllty

for transplratlon was descrtbed by:

Rz/Ls Rzlrs
uä2, =[ t(er,r-vær)/Ð (Fcj-wpj)]x100 (3.A7>

't^ j=t ,=t

r¡here ufiz

actlve soh
other terms have been cleffned previously.

Several authors (Denmead and Shaw, 1962; Aston and Lawlor, L979;

Meyer and Rltchle, 1980) reported that for a constant soll moisture

content, the actual transpiratfon rate, ï., varies v¡lth the atmospherlc

demand. To account for thls, a ner.r functlon, g, \ras introduced to
a

balance Tr as a functfon of both

ls the percentage of avallable soll molsture content ln an

volune element, RZ fs the deptb of the root eystem (crn); all

ir/irp,
content,

developed

However,

order to

balancing

and SNO3I^I

Tr=B

Tr

relatlve transplratfon

O*Rz, and atmospherlc

by Shaw (1963, Flgure 7).
. -1xTrp(cmd'), 0(g(1

is calculated for the entire active

e**, and Ërp. The relatlonship bet¡seen

rate, and avallable soil ¡nofsture
o

demand ETp was derfved from a functlon

calculate the sfnk term by

the water and nftrate nitrogen

the Tr is partitioned among

(3.48)

sofl volume element. In

¡¡hich ls essential ln

the subroutlnes, SSI^IETN

layer,

wlthin

the layers of the actfve sofl

volume el.ement.

In PIn'lOD,

system depth and

Tr and 0,
J

are known. The other tv/o parameters, root

layer, $/ere estf matecT.percentage of roots withln each
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It was assumed that the vertlcal and horlzontal expanslon of the root

systen are correlated and that water uptake ls proportlonal to the

dlstrlbutlon of the root6 wfthfn the actlve soll volume. The root

densfty, RDr sras approxlnated as a functfon of RZ from the LLterature

data (Mtl-thorpe and Moorby, l97A; Ellls and Barnes, Lg73; Heen, l980a;

Heen, 1980b; Kirkbaur and Kanesmasu, 1983). The adopted pattern of water

extractlon by transpiratlon as a percentage of total transpiratLon rate,

Tr, as a functlon of depth (layer) is presented ln Table 6. Thfs data

ls lncluded in the BLOCKDATA subroutlne and is used as a df.menslonless

forcing function, fg, The lndependent varlable of the fg functfon, the

number of the actlve layers, anl, fs represented as a (8x8) matrlx. The

an1 values are calculated from the root depth, RZ, wbtch ln turn, fs a

functfon of phenologlcal tfme. The actual transpiration rate (crn a-1¡

from each layer fs

Í.**=Írxfg (3.49)
Jr1

The largest amount of water, > Bo%, is extractecl from the top 60 crn

of the soll. Hor¿ever, the subroutl-ne allows roots to compensate for

hTater deficit wfthin a layer that reached the l4rP value by uslng water

from layers wlth adequate rÂ,ater supplies.

3.4.4.A.2 Sofl Mofsture Subroutlne

Both water and oxygen deflciencles (water excess) are approxlurated

ln PIXMOD by budgettlng of the water content within the soil profile

durlng the growing season. The effect of vrater deficlt on yleld 1s

descrlbed ln some detail , r,o'hereas that of water excess 1s approxlmated.

The maln functlon of thls subroutlne, sswETN, is to budget soll

r^/ater content wlthin the rootlng zone. All the calculatlons descrfbed

in thls chapter not performed wlthtn SSI^IETN are performed either wlthfn



Table 6. The water extractlon pattern
from the transplratlon as
penetratlon.

by transplratlon
affected by the

as a percentage
depth of root

Depth (cn)
of root pene-
tratfon/1ayer

o - ßlr
15 - 3O/Z

30 - 4s/3

4s - 60/4

60 - 7S/S

75 - 90/0

90 - rls /7

115 - 720/8

Idater extracted (percentage fron total transpf.ration)
from each layer

100 50 40 35 3s 35

50 40 35 30 30

20 20 15

10 10 10

20

35

30

10

10

5

5

5

30

30

10

10

5 5

5

5

5

5

5

I

\oo
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the nain prograû or 1n other functlonal subroutlnes.

The soll volume explored by the fully grown crop roots ls ¿eflnecl

by the maxlmum rootlng zone, RZmax. In this study three different

clrcumstances affectfng RZrnax úrere consldered:

a) well-dralned soll subsystems rvith well-developed proffles,

b) soll subsystems wlth shallow profl,les due to bedrock-, gravel

deposlts or other pbyslcal barrlers thaË prevent botb root

penetratlon and the deep drainage, and

c) Soll subsysteras wlth well developed profiles but wfth the water

table aÈ a depth that affects the sofl nofsture content v¡ithln the

rooting zone.

The slnulatLon of the e/ater avallable to a crop ls, ln essence,

equlvalent to slmulatlng the water balance. Tbe general equatlon that

descrlbes water balance for ralnfed condftlons fs:

^SMC+PRECTR00FtDR-ET=0 , (3.50)

where ôSMC ls the change ln content of water stored in the so1l, pREC ls

preclpitatfon, ROOF ls runoff, DR ls the dralnage beyond RZmax, and ET

1s evapotranspiration.

Equation (3.50) fs a loose descrfpÈfon of the water bal.ance because

all the terms are rates; eqn. (3.50) does not deflne thls but only

lrnplies lt, cf. 
^sMC. 

rn <Jealfng wlth a dynamlc system, where tbe slze

of the llvlng subsysten 1s changlng contlnuouslyr lt is desirable to

define more preclsely the terms lncluded ín Èhe water balance equatfon.

The most common methorTs usecl to sfmulate r,rater balance are the so-cal,lecJ

"determlnlstic" and "parametrlc" methods (stroosnfjcler, r9B2). I,rithln

Pr)ß10D, a comhlnatlon of both methods Ls used, although overall the

r^/ater balance simulatlon fol lows the parametrlc approach.



-92-

3.4.4.4.2.1 Determlnistf c nethod

I^Ilthln the determlnistlc method, tbe qrater balance prohlen ls

converted lnto a boundary-values problem. The sLnulatlon consLsts of

solvlng the Darcy-Rfchards equatlon of water fl-ow, lncludlng a sink term

that accounts for water extractlon by plant roots¡ l.€.¡ transpiratfon,

usfng an equatfon of the general form:

(3 .51 )

Where C(U) is dlfferential. moLsture capacfty, f, = dO/dlþ, K(g) ls

hydraulfc conductlvlty and S ls the slnk term. Having deflned the

equatlon of flow, r{ater balance can be converted into a translent

boundary-values problem for r^rater fl"ow wlthln the system of lnterest.

However, to solve this problern one must know:

1. The agroecosystem geoûetry, partfcularly the depth dfrnensfons

of the soll subsystem, that ls, the lor^'er lfurf t of the prof l1e,

LL, and RZmax.

2. The equatlon of f1ow.

3. The parameters that control the f 1ow, l-. e. , C(,1, ) , K({, ) and S.

Obvlorrsly, to know C({), the relationship between rþ and 0 must

be known.

4 . The lnitial condltions , l. e. , ,þ(z rt = o) = úo.

5. Boundary conditions, that ls, the conditions at the top and at

tbe bottom of the proflle. Tbese can be expressed ín several

vrays:

a) ín terms of the lndepen<1ent variable, 1.e., rþ(z = ort) ancl

þ(z = RZmaxnt),

b) 1n terms of f1ux, 1.e., ü( t),,, the flux at the soll surface

c(,þ) +å = # [-,r,(# 
-

')] '

ana {1 r)RZrr*' the f 1ux at the bottorn of the sol l volurne,



c) combfnation of a and b; 1.e., and
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þ(z = RZnaxrt).

ls, the calculatlon6. The method used to solve eqn. (3.51), that

of û( z,t).

rt should be noted that the fJ-ow equatlon, eqn. (3.51), together

with the lnltfal condftlons and the boundary condltlons, contafns all

the elements of the water balance, eqn. (3.50).

To solve the flovr equatlonr êgD. (3.51), lt ls converted lnto a

flnite-dlfference equation and approxlmated by an implfclt flnlte-

dlfference scheme. Deterministic sí¡nulatlon technlques have been used

by Feddes et al " (1978) and by Belmans (1981) to simulate actual vrater

use by crops Ln more complex models. The approach is physlcally sound

and above all can provlde an accurate sfnulatfon of tbe effect of the

\tater table on crop growth . However, the rnethod reguLres clata that

cannot always be measured or approxfmated. rn additfon, even ff the

fnputs can be approxlmatecl, the nunber of fntegratfons fs very large so

that this approach ls feasible only for short sinulatlon runs.

3.4.4.11 .2.2 Parametrlc method

ü( t ),,

The mal-n

suunnarized as

1. The

assumptlons made in the parametrlc method can be

follows:

soll volume of lnterest is relatfveJ-y homogeneous.

srnaller nunber of l-ayers

the depth-tlme dfagrarn,

2

Therefore, RZmax can be clívided lnto a

of Lncreased thlckness cornpared wlth

where 
^z 

nust be a fev¡ cm.

The water stored ín

aval1able to plants

the soll wlthin the

so11 for a reasonable length of

the r^7ater

time and

can be approximated by held by

1 f mí t s FC ancl I,IP.

3. The two overall sof1 pararneters, FC and WP, provfde some



fnformatfon on v/ater flow (t and

magnftude of

ls high, then

the soll can

the sfnk ter¡n and Ev.

that no 1.ayer

value.

Each elenent of the water balance

Therefore, the lnlttal conditlons

content conblned

94

Q), as well as on the

Assurnlng that above FC, ü

can be estlmated separately.

expressed ln terms of nrater

el-ements of the rrater balance

be performed layer by layer

for one-dfmenslonal r.¡ater f1ow, r^rater tbat enters

be redlstrfbuted pararnetrically wfthln RZurax so

can hold more tr'ater than fndfcated by fts FC

allow a separate

vTith approprlate

hrater balance to

over each tlne step.

Although the parametrlc ¡nethod used Èo simulate matter-energy

transport processes ln soil dtvided fnto layers does not conforur to the

rlgorous descriptlon used generally ln sofl physlcs, the parametrlc

rnethod fs not a trlvfal solution (de lllt and van Keulen, 1975). These

nethocls have been usecl successfully by van Keulen (L975) (ARIDCROP

model) and Seltgrnan and van Keulen (1980) (PAPRAN rnodel).

The assumptlons in PIXMOD related to water flow were: lsothermal

conditfons, v/ater moves only ln Jlquld phase, the hydraullc hea<l

gradlent fs the maln clrlving force of r^rater flow, the pressure hea<l

represents nalnly matrlc suction, and t^Tater flow can be adequately

descrlbed by one-dlmenslonal floq' in the vertical directlon.

3.4 .4 .4 .2.3 Comblned parametrlc-determlnlstlc method

4

The calculation of

values problern approach

content over the whole

aLr-dry, Od. Although

balance based on a

provide lnformatlon

of condftions, from

r¿ou1d be a complete

translent boundary-

about soll moisture

saturatfon, 0s, to

solution, it can be

water

would

range

thls
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applled only to a limlted nurnber of practlcal agronourlcal problerns. On

the other hand, the parametrfc method cannot descrlbe many of the

fmportant field conclltlons that lnevltably exlst r¡lthfn the large

reglons considered ln land evaluatfon.

In the SSI,íETN subroutLne, for sof1 uoisture contents outslde the

range between ffeld capaclty (FC) and wfltfng percentage (I^rp), water fs

redistrlbuted parametrfcally. For WP < 0 < FC, trater is redistrlbuted

using a slnpllfled deterministic approach. The slmulatlon proce<lure

focuses on the r,¡ater avallable for wheat growth. Although the

redlstrlbutlon of water ín the range of water contents between FC and WP

ls slow, lt r¿as considered fmportant for several reasons. Ffrst, the

root system of the wheat crop does not explore the entlre sofl volume of

lnterest, i.ê., RZmax fron the beginnlng of tbe growing season, so that

water 1s not taken up slmuLtaneously from the entlre depth, and

developrnent of a potential gradient is to be expected. Second, because

nitrogen 1s considered a limitlng factor, lts redlstrlbutfon wlthln the

profile has been coupled wlth water flow. Parametrlc redlstrlbution of

water fs too coarse a representatlon of nl-trogen transport withln the

soil proflle. ThirrJ, the effects of different boundary condltlons at

the bottor¡ of the soll volume of lnterest cannot be represented wíthout

considering the hrater flux at that depth.

The geometry of the depth component of the three types of soll

subsystem consiclererl, the lnltfal condítions, and the lower boundary

con<lftlons for one-dlmensi onal flow are presentecl schematlcally tn

Ffgure 8. The soll is dlvided lnto j Jayersr l ( j ( 8, of equal.

tblckness, az = 15 cm. slnce hysteresis is not consldered ln thls

studyr lnltlal conditlons can be expressed equlvalently efther as



I
lL=l0Ocm

T

Lu =O

Ll *"o

Flgure 8

j =8; g(el

0lL ).o

0 {¡.s¡,o

o

LlslSOcm

+

2

ÀZ= l5 cm

f-----

.oJ- R7 l2O cmmox RZ o (j.e),o _H¿mox=f(Lt)
0¿= 0(rL),r tFC(ru)

0t= 0(rL),r. FClru) Ll -< 120 cm
mox=f(Lt)

0t =

i. e.

0(

qL
L ),r=0(J-<8),r

Q(rL),r=o

(o) (b) (c)

The geometry of the dePth component of three solr subsystem types conslderedln the study and the inltfal condltionsr.0¡,o, and the rower fãrrnaary condi_
:.i:"t, 9il, f or one-dimensionat f low; <ál íråii-ãeveloped prof iIe, welt drained,(b) profile with physlcal barrier and (c) proftie çrlth warer rabre.

I

\o
o,
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functlons of h or {, for each layer, desfgnated by A(2, t = 0) = O-1 
,o.

upper boundary condftlons, 0(z = 0, t) = 0u, are not necessary because

the elements of rdater balance fncluded ln the upper boundary condltfons,

precfpftatfon, runoff and evaporaËlon are measured or cornputed

separately. rn or<1er to approxlmate the effect of tbe boundary

condltlon on the lov¡est layer, an imaglnary 1ayer, rL, 1oo cn thlck is

considered to exlst beneath the last layer wlthln tbe soil volume. The

iuraginary layer fs assumed to have sfmflar parameters, i.e., FC and t{p,

to the Iorsest layer, and lt is used to approxlnate the lower bounclary

condltlonsr 0L.

The case represented ln Flgure Ba pertaLns to r¿e11-dralned soll

subsystems (experlmental slte or so11 serfes) with a well-developed

proffle. rn this case the soil proftle ls of the "seni-flnlte" type, Lu

< z < L['] - and the so1l element of lnterest has a maxfmum depth¡ l-.ê.,

RZmax = 120 cm. Wftbln Sc. I, tgro 
"rd 

ULro r". measured, so 0a can he

well approxLrnated. For Sc. II, since O, fs assumed to be at FCr, 0, ls

assumed to be at, 9o"/" of its FC* so that a posltfve flux (outflow) from

layerJ=Sisfnftlated.

The case represented ln Flgure 8b pertaLns to the soll subsystern

wfth shallow proflle below that fs a pbysfcal- barrfer to r.rater movement.

rn this case Lg < L2o cm ancl RZnax = f(L[). The ul,a = uj<gr, and the

flux out of the soll volume ls zero.

The case represented in Flgure 8c pertafns to the soll subsystem

wlth water table at a depth that may affect sotl hrater content within

the rootlng zone. In thls case, Ll, < 150 cm ancl RZmax = f(L[). OL is

set at O"IL. Using the flow equation wlthorrt gravfty term the flux at

the lower boundary 1s negative, 1.e., upward.
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The above infornatlon ls glven ln DSMF ffle as lnput. For the case

represented fn Flgure 8a, the number of layers, Dl, has the standard

value of 8. For the otber two cases represented ln Flgures Bb and gc,

n9. = L0,/LS was rounded off to fnteger values.

For soll water conÈents between Fc and wp the water rs

redistrfbuted uslng a slrnpllfled determlnlstlc procedure. Sfnce water

content between FC and I{rP represents an unsaturated condltion, rþ ls a

pressure head less than zero. Assumlng that the natrlc suctlon, vr, ls
the mafn component of ü, water flow equatlon ls:

* fôü- Iõ=-x(ü)lJ-rl.Loz l' (3's2)

The state varlable ln the SSWETN subroutfne ls volumetrfc water

content. uslng the chaf.n rule and assumlng no hysteresis,

aü
m au ae 1 âê

=-a- C(e) àz 'ðz Ae ãz (3.s3)

where d't,/¿g ls the recfprocal of the dlfferenËlal. mol-sture capacity,

i.e., dv/ae = 1/c(e). on subsrlrurion of aü*/az and K(o) for K(g), fn

eqn. (3.52) slnce the former relationshlp, K(e), fs affected by

hysteresls to a much lesser extent (Topp and Mi11er, 1966), the flux can

be wrltten as:

t = -K(e,l["b.*,J-'l (3.s4)

The dlfferentfal molsture capacfty term can be lmpllcitly represente<{ by

uslng the so-ca11ed cllffusivfty term. The hydrauJlc dfffustvlty term

was defined by Chtlds and Collís-George (1950) as:

D(o) = K(o)/c(o) (3.ss)

Therefore, ü 1",

ü=-D(o)#+K(e) (3.s6)
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For vertlcal flow of !ùater, the equatlon fro¡o Staple (L966) ls

approprfate:

#=# forur #] .] r*r'>t G.s.,)

Adding a slnk term, S, the flow equatlon becomes:

#=L[o,u> #+xte>]- s (3.s8)

rn all equations (3.56), (3.57) and (3.58) the rrue drrvfng force, vú,

fs replaced wlth the soll volurnetrlc water content gradient, Vg. The

relatlonship of the soil rùater potentfal to the volumetrlc water content

fs non-1lnear, as are the relationshlps of the hydrauJ.fc conductívfty

and the hydraulfc dlffuslvfty to the volumetrlc r¡¡ater content. However,

for volumetric water contents between FC and IrrP, the nonllnearlty is at

a nlnlmum comparecl \üitb the extrene ranges.

Water balance f s slmulated ln SSI^IETN f n three steps. Flrst, the

redlstrlbution of water betv¡een the centres of two adJacent layers is

calcuLated, using eqn. (3.56) to approxlnate v¡ater flux. Second, the

state varlable ls updated in each layer, and the water flow ls coupled

with, appropriate elements of the vrater balance. Thlrd, the state

varlable fs calculated over the growing season, uslng a flxed tfme step

of one day. fn essence, this last step is equlvalent to integratfng a

flnlte-difference equatlon chosen to represent eqn. (3.51) lvfth respect

to tlme. The solutlon of eqn. (3.58) 1s based on a slmple forward

dffference nonlterative metbod. Theoretically, 
^t 

should he much

smaller than one day, wlth a value based on the solutlon stabllfty and

convergence. Oscillatlons 1n the h'ater redlstrlbutlon solutlon have

been observerl durlng model development an<l screenlng of the simulatfon

program. They were assoclated wlth J.nduced steep soll molsture
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gradlents, for example, durlng days wlth hlgh preclpltatlon evenÈs an<l

low so1I moLsture content. To avold this, on days wlth precfpftatlon

exceedfng 20 rnm d-l, the so1l moisture content fs repeatedly updated

wlthln the one day tirne step. The number of integratlons lncreases

linearly with preclpltation rates; one addftlonal lteratlon for each 5

-1 -1mn d'precipitation above 20 mm d-^. It ls assumed that the proeesses

assocfated wtth Ì{ater balance are Llnear ln tfme over one day, so that

the calculated rates are divicled by the nuuber of lteratlons per day.

The rnaln problen ln uslng eqn. (3.58) fs to approxlmate D(0) and

K(e), coefffcfents that are not fundamental, but derlved sofl

"paraneters". Three different textural classes erere assumed to have

slgnlflcantly dffferent hydraullc propertles l-mportant in calcul.atlng

water flow: sand, loam and c1ay. Tbe values of K(e) and D(0) for each

textural class vtere derfved from a set of curves developed by Staple

(1969), Figures 9arb. Data polnts <lerived from these curves have been

lncluded tn BLOCKDATA as a tabulated functlon: untabulated values are

calculated by lnterpolatlon.

The runoff, ROOF, ls calculatecl uslng a slmple equatlon suggested

by Duffy et al. (1975), based on the amount of dally preclpitation.

ROOF = 0.344 x PREC - o.3t1| f or 2 < PREC (cm d-1) (3.59)

where PREC 1s precipltatfon ("r d-l¡, an lnput variable.

The soll molsture content as well as all other aatter-energy

entities of lntereat are calculated wlthfn the soil volume, 1.e., RZmax,

based on tq/o funcJamental assumptlons:

a. wfthln each clepth lnterval, a soil 1ayer, the state variables,

auxlllary variables and parameters are fu11y homogeneous,

b. wlthln a tlme step, generally one day, the flow of ûìâtter-
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Figure 9a: Dlffusivity as function of water content.
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Figure 9b: Hydraulic conductivicy as function of water content
(after Staple, 1,969, Soil Sci. Soc. Amer. proc. 33,
pg. 842, I'ig. 2 and pg. 843, Fig. 3).
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energy ls statfonary.

Having definecl all the elernents fnvolved fn the water balance eguatlon,

sofl moisture fs slmulated ln SSWETN ln three steps.

1. First, the hrater redlstrlbutlon wlthin the sofl

calculated by cornputfng the water flux between the

tÌ,¡o ad Jacent layers by mean6 of eqn . ( 3 . 56 ) . Thts fs

equationlllustratecl schematfcally ln Flgure 10. The flux

becomes:

X [oj_r-ejl/tz"] * *j_r,r(o), for 2 < j < 8 (3.60)

where ü. ls tbe flux (cm ¿-r) at the center of layer J into the jth^J

layer due to the gradient cleveloped between layer j-l, ancl layer 3, ñ ts

the average hydraullc dtffrrsivlty at the upper boundary of layer J (".2
-td ^), K 1s the average hydraul.ic con<iuctfvlty at the upper boundary of

-1?-Qlayer j (crn d')r 0 ls volumetric water content (cm'cm-') and, Lz is the

dlstance betlreen the centres of two adjacent layers (cnr).

The parameters ñ(e) an¿ R(o) 
"r" 

arlthmetlc averages of the respec-

tfve parameters over two adJacent layers, as a functlon of volumetrfc

water content.

The flux wfthin the fmaginary layer, rL, takes a value accordfng to

the lower boundary con<Tftfons of RZrnax (Figure 8) as descrlbed below.

Case a - v¡ell dral-ned soil wlth well-developed profile:

rL = {DrL -t/zG) [o-i=6 fFCrLl /dzt.l * Ku__r ¡r(o) (3 .61 )

where fFCTL is a fractfon of the flel<l capaclty of the lmagfnary layers
î _'r(cm-cm') ancl Â21," is the dlstance betr¡reen the centre of the last layer

vüf thj.n the RZmax, j = B, an<l the imaglnary layer, 1.e", A29"" = 57.5 cnr

( the subscrlpt rL refers to the fmagLnary layer). Al 1 other terms ancl

dlmenslons are slmllar to those defined for eqn. (3.60).

volurne ls

centres of-

t, = {o ._ t /zG)

+
g
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The fractlon f, a cli¡nensionless factor (f < 1.0), can be

approxinated from past experiments wlthin the reglon. The experlment

carrled out to validate the nodel indfcated thaÈ a value of 0.9 gfves a

good result.

For cases b and c, ü f" calculated using an equatfon slnllar to

eqn. (3.60), wlth approprlate substltutlons correspondlng to the

partlcular boundary condltions, as described belor^¡.

Case b - soll witb shallow proflle and physlcal- barrier:

The flux, är, = 0.

Case c - soil wlth water rable at a depth ( 150 cn:

By replacine fFCl wlth a value of 0 larger than FCtf,, for

instance, wlth 0"rL, and neglectfng the gravíty term, K(o), the flux,

ürr. ( o, (upward flux).

2. Second , the net f 1ow, Qn, wl thln an indivldual I.ayer ls

calculated, p". 
"r2 of land area.

Q"(j)=[Q(¡)-aCj+l)]-t(j), (3.62)

:he net flow (.rn3.rl2a-l¡ through the boundarles of layer

j, Q(j) ls the flow at the upper bounclary rnd Qq3+l) is the flow ar rhe

lower boundary. tn" t(j) 1s the slnk term, due to water uptake by the

roots for transpiration from the entfre layer (Azrcm) 1"r3.r-2.i-1¡.

Based on the assumption that the fluxes at the layer boundarl,es are

equal wfth the flux at tbe centres of two adjacent layersr egn. (3.62)

can be rewrltten as:

Q"(j) = tt(j) * A - t,r*r) * Al - i' 't-1 -(cm cm d
t)

where Qn, .. fs the net( J/
flux at the boundary,

a
the a rea ( 

"r') and i't

1 -t-f 1ow ( cm-cm 'cl

i-t / j and jl J+r,

(i)
1n layer j, i(r),(j+1)

respectively 1"* "r-2d-l¡

1')

(3.63)

ls the

,Ais

( j) 1s the actual transplratlon rate from eqn.
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3-2 I(3.49) (cm cm d

For the second-to-last layer wjthin RZmax, the calculatlons of

Qn(J) are strafghtforr'¡ard prohlems hecause the flux values are avâllahle

(eqn. (3.60) an<J eqn. (3.61)). i.,.r, for rhe acrf ve soll volume (R7.),

J.e., the .layer containJng roots, is Jarger than zero, whereas for the

soil layer wfthout roots lt 1s zero. However, for rhe first layer, the

+++
flux term, Q,, has not been caJcuJated; q:1s r:eplaced wfth Q*, a term' 'J' 

.1

calculated from lrater balance elements:

ô*a,,

where ü*,

= PP.EC

1s

precipl tatfon

(cm d-l¡, from

eqns. (3.43 to

(3.4e) .

The value

( cur

Js the actual evaporatlon

the actuaJ transplratlon

I s the runoff

( crr <l 
-l¡ 

, f .ot

( cn ¿-1) , eqn .

Ba secl on

per "r3 of

- ROOF - Ev - tr(J) for j = I,

the substltuted flux eJement (crn d

-1d ^) (lnput varlable, Appendlx Ë ), ROOF

a

(3.59), Ev

and Tr ls

-1

(3 .64 )

PREC I s)

egn.

3.4s)

or a" ( -i)
d tvi d lng

1s calculated

Qn by Lz,assurrptlon (a),

where

e
-i ,l-1

If l=1 then 0

flow ln layer

Jayers wlthln

for an entJre layer.

yields the net flow( i)
soll, Q*(n), 1"r3"r-3¿-l).

J

3. Changes 1n the state varlable of lnterestr t(J)r over one tlme

step, generally on e day, are calculated uslng an updatlng

procedure .

e.
Jt

eJ'l

0.
-lr1 i_l + Q*(n)1,1, for -J=1,

fs the volumetric t"rater

..., n!i8, and l=1, ... , n(¡n) (3.65)

content ln layer j on day f l"t3"r-3¡

ls the volumetrlc water content ln Jayer J on the prevlous day.

e the lnltlal condltlons.j

".3 of sol J <ìurf ng the tlme

ancl n(m) ls the last day of

t

Q*( n) 
3 ,1

nl ls the

ls the net

nunher of
J't-l
J per

RZmax,

o

the growlng season.
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Once 0., ls calculated, based on lnput dafa recorcled for day f*1,Jr1

the calculatfon of the fJ-uxes and net rates, (steps l an<t 2) fs repeater!

"td ejrl+l fs recalculated. The process continues untll the last ctay of

the growing season, l.e. the day when the crop reaches maturlty (BMTS =

5, Pd = 500). Sofl molsture content can be estlnated by layer, by

actlve rooting zone, RZ, by dlfferent growth stages, etc. Alsor any

other element of water balance such as rlrater evaporated, transplred or

runoff, can be estlmated over a tlme l-onger than Èhe one day tfme step.

3.4 .4,4.3 Soll- Nftrogen Subroutlne

For the present study, three fundamental aspects of the N-cycle

were assuned to be fmportant: (a) the "actual" amount of the nltrogen

present ln the soll durlng a growfng season; (b) the dynamlcs of

nltrogen, partlcularly the processes assoefated with nftrogen trans-

formatf.ons, rrptake by crop and losses beyond the rootlng zone and (c)

the nltrogen stress effect (lack of adequate amount) on crop growth.

All these aspects are lnterrel-ated and courplex; the anount of nLtrogen

fn the so11 varies wldely in tf¡ne and space. The nltrogen dynamlcs are

medfated by mlcroorganlsms, but this mlcrobiologlcal component of the

agroecosystem could not be represented ln PI)GîOD. The rate variables

use<l ln SNO3I^I subroutlne are derlved from the llterature an<J 1oca1

experiments. They are enpfrical and to some extent, speculatlve.

The maln objectlve of the SNO3I4I subroutlne is not to describe ln

detall the solute fluxes, but rather to provfde reasonable estlrnates of

the amount, positlon and distrlbutlon of the soluble nltrogen species

wlthfn the soll proflle durlng the growlng season. The subrorrtlne

follows an approach descrlbed by vlthoyathf I et al. (1977 ) and ca1-

culates a simple nftrogen balance for each sofl layer, closely lfnkecl
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trlth water balance. Several assumptlons were urade; they can be

summarl-zed as f ol1ows:

1. From the nany solute specfes present in sofl at any tfme

(Org.-N, l{oy ruf,, *o;, N2, etc.) ir was assumed rhar rh,o fon

specfes are the most lnportant for pJ.ant nutrftlon: nLtrate

(No;) and ammonrum (lurf). The nltrogen ln tbe sofl r¿as assumecl

to be represented by these two fons.

2. The nltrogen wlthl-n the agroecosystem r.ras assumed to be ln only

three states: "stable" in organlc fractlon (organfc matter),

mlneral fn the solutfon phase, and fn dynamfc (lfvlng) materfal

(plants).

3. The total amount of nltrogen ln the soll over a growlng season

was assumed to be a functlon of lntrfnslc propertfes of the

soil (natfve organic matter content), past nånagement (total

inorganfc nltrogen present in soll prfor to fertillzer

applicatlon) and nanagement lnput (arnount of fertllfzer

appllecl).

11. The nltrogen avallable for plant growtb vras assumed to be a

functlon of two lnterrelated groups of processes: (a) nl-trogen

transformatlon, (b) nltrogen novement and uptake by the plant.

5. The stress effect of nftrogen on pl.ant growth was considered to

be reasonably descrlbed by a slmple functlon of plant dernand -

soll supply.

The anount of nltrogen in the soll prlor to the appllcatlon of

fertillzer as r¿ell as the fertllTzatl.on rates are treated as inprrt data.

Consequently, the SNO3l^l subroutíne focuses on the tvro groups of pro-

cesses rnentfoned above: nltrogen transformatlon and nitrogen movement



and uptake.

subroutlne,

The stress effect was prograsmed vrfthin

slnce thls aspect fs closely related to the growth

-1æ-
the sccRw

process.

3.4.4.4.3.1 Nltrogen transformatlon

A large number of processes are related ln one Þ¡ay or another to

the nftrogen cycle. Generally, the most fmportant processes are assumed

to be minerallzatfon-lmmoblltzatlon, nftriflcation, denitrlflcation,

volatfllzatlon and blologlcal N, ffxation.

Two broad categories of equaElons have been used to describe these

processes: emplrfcal equations and klnetfc equations. The flrst

category ls partlcularly useful when the equatlons relate the nltrogen

to plant uptake under a preclse set of conclltions (optfmum or stress).

For example, the results of an optfmum, or highest nitrogen uptake by

tbe crop at each phenologlcal stage can be lnterpoJated 1n time and

space and usecl as a reference term. The equations that belong to the

second category have a wider theoretlcal range of appllcatlon slnce tbey

are based on proven blochemfcal processes. However, slnce most such

equatlons are medfated mlcroblologically, tbelr practlcal appllcatlon ls

lfmited.

The empirical equatfons are of the regressfon type. The kinetfc

thât have been wíde1y used to descrfhe alnost every rate

associated with the N-cyc1e, lnclu<llng the nltrogen uptake by

equatfons

variable

plants,

(a)

can be further subdfvlded fn

zero-order rate klnetics

three fundamental types:

dS*/dr = K

(b) flrst-order rate

dS*/dt = r

(c) Mlchaells-lfenten

o

kfnetlcs

r(s'k)

(3.66)

rate kinetfcs

(3 .67 )
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ds*/dr=Kr*g*/(Ks+S*) , (3.6g)

where ds*/dt ls the substrate transformatfon rate, S* ls the substrate

concentration, Ko, Kl , K, and K" are zero, ffrst, rnaxl.rnum and saturatlon

constants, respectlvely.

In the Present study ft was assuned that hrfthfn the Pralrfe reglon

the net mlneralizatlon, nftriftcatLon and denitrtffcatlon âre the most

relevant processes assocLated wtth the functlon of the agroecosysten.

The mathematlcal descrlptions of those processes used ln the SNO3I,I

subroutfne are based uralnly on empfrlcal equatlons.

A. Net Minerallzatfon. Accordlng to Nyborg er al. (L976), rhe

amount of nftrogen released from the soll durlng one year ls about 56 kg

-1ha ' ln the Prafrle reglon. The Provincial Soll Testlng Laboratories

frorn the regfon rnake fertlllzer recoûtrnendatlons assumfng that half of

thls amount ls released durlng the growfng season at a constant rate.

Further, they assume that all solls tn the reglon are the same as to the

propertles of their more stable nltrogen content, such as organfc

nltrogen, and the temporal condltions, such as so11 temperature and pH,

that affect the net mlnerallzatfon rate. Temporal soll condltlons

affect the net mfneral lzatlon fndlrectly by thefr lnfluence on

mlcrobiological actfvíty, which ls extremely complex, an<l thus dlfflcult

to represent mathematlcal l.y wfthin the framework of thls study.

However, the mineralizatlon-lmrnobflization processes are less sensltfve

to temporal soll condltions and more strongly related to tbe organl-c

nitrogen (van Veen, L977).

In order to differentlate between sofls, the net mJ.nerallzatlon

rate \4ras linked wfth the organlc matter content. By using the results

of past experlments carrled out ln llanltoba over several. years on
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dlfferent soil serless, the mfneralization was found to be exponentlally

related to organfc natter:

(No: N)ur=L2.9e1'l5*oM, r=0.64 , (3.69)

where (No: N)ut fs net mlneralLzation durfng the growing season (kg

-'tha ^) and OM ls the organfc matter content of the topsofl (%).

Assumfng that the mfnerall,zatLon 1s a slow process that takes place

at a constant rate clurlng the growlng season, lt was expressed as:

ñu = 7.01 x ro-4 uo'ls*oll , (3.70)

where Ñu r" the net minerallzatlon rate (Eg-N "r-2d-1¡. slnce most of

the mlcrobfal actfvfty takes place in the upper part of the soil

profile, the rnlnerallzed nltrogen r^Tas dlvtded equally between the first

two layers, 1.e., J = 1r2 (O to 15 cm and 15 to 30 cm).

B. Nitriflcation. In SN03W , lt was assumecl that nftrlflcatlon

takes place ln a slngle step (NHf * ¡fOr). Tbls assumption ls parrfcu-

larly approprfate for sofls witb approxlurately neutral pH, so that the

oxfdatlon of Nol is rapld. Agronomlcal experLence (Duffy et a]-., rg75)¿'
has sbown that most of the nltrogen fertlllzer applied ln reduced forms

nitrffles r^rlthfn a few r.¡eeks of appllcatlon. The authors concluded that

f or 11lf nols conditlons, about 8O'/" of
-L

NH¿ fertfllzer applfed ln the

sprlng ls nltrffled wfthin 20 days. Based on thls conclusion, ancl

assumfng that spring temperatures are much l-ower ln the Pralrie reglon

than ln the central part of the U.S.A., ft was assumed that about B0% of

spring-appJie<l lW| fertfllzer would nttrlfy withtn the first 45 days of

application. The nltri f ication rate, Ñt, ls computed f n SNO3I,I as

f oll.ov¡s :

3 Dr. G. Racz, personal communlcatton (19S5).
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¡lr(.)=0.BxAFA/45x0.01 t- (t(t +45 (3.71)a-â
NT(t)=0.005 ra+45<t , (3.72)

where llrct> is the nltrlflcatlon rate (nng-N 
"r-2d-1¡, AFA fs the amount

-+-1of NHo' ferttLlzet apprfed (kg ha'), r" fs the day of fertllrzer

appllcatlon (t, = 0). Sfnce often the nltrogen fertillzer ls applfed at

seedfng tl.me, t" colncldes wfth the to used to lndlcate the start of the

growfng season ln PI)GIOD. The factor 0.01 ts used to convert the amount

of nftrogen, fron kg ha-1 to mg 
"r-2. According to eqns. (3.71, 3.72)

8o% of the fertlrrzer, regardless of the type (1.e., ammonfum, sulfate,

urea), ls nltrlffed ln the flrst 45 days at a rate tbat depends only

upon the amount of fertflfzer applfed. After 45 days from the seeding

date, nltrfflcation contlnues at a low rate untLl all the fertilfzer is

nltrffled. Slnce the fertflfzer ls often elther broadcast or

shallow-lncorporated wfth the seed, the nltrlflcatfon r¡¡as assuned to

take place only wlthln the flrst layer, j = 1 (O to 15 crn).

C. Denltriflcatlon. In SNO3I^I , denitrlffcation was assumed to

occur ln all- soll types. The denftrlflcation rate was consídered to be

a functfon of soil molsture content and the amount of nltrate nitrogen

ln the soil. Theoretically, denltrlflcatlon occurs at a high lntensity

under floodlng conclítions; thus, a high rate should be expected when the

mofsture content ls cl.ose to saturation. Sfnce the rnodel does not

slnulate the rdater content wlthtn the profile above FC, condltlons of

saturatfon cannot be ldentffted. The FC val.ue 1s used to inclfcate the

conditlons of clenftrfftcatlon, not lts rate. Denltriflcatlon fs a

functlon of both depth and temperature; ft decreases exponentlally wlth

depth ancl increases Lfnearly wlth temperature (cho et al., LgTg). Thus,

ln sN03w, denltrlficatlon was assumed to take place only in the top
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layers of the proflle and to be relatlvely conatant over the growfng

season. Assumfng that a maxlmum of 25 kg ha-I can denftrffy durtng a

growlng season at a constant rate, and that the process takes place

wfthfn the ffrst two soll Jayers (1.e., J = Ir2 = 30 cm)r the rste of

denitrfficatlon ls calculated as follows:

DN 0.00136 fot r(J) t.(J) and NN,J) 2 0.00136, J I ,2 (3.73)

ls nltrate-2¿-1 
) ,

terms correctly; most processes take

mofsture content6 are consfdered over

the problem must be converted Jnto a

and NN

(.3.74)

at faster rates. If the sofl

ent I re

where ñH

nl t rogen

3.4 .4 .4 .3

The

descrlbe

.2 Nl trogen movexnent

dffferentlal eguatfon enployed by deterrolnfstlc nodels to

one-dfnensfonal flow under lsoËhermal condltlon (TanJt et al.,

1981) rsas of the general form:

ls the denltrlffcatlon

( u,g-N cr-2 ) .

rate (urg-ll cur

pl ace

the

a ( ecx)
ar "3;F " t -¿;ÏI+sK?Cx CxI(z,t)

ðz I

where 0 ls volumetrlc arater content 1"r3"r-3¡, Cx fs concentratlon of

rnoblle N specfes (ug cn-3), D fs apparent dfffustvfty coefflcfent

ç"r2a-r¡, { fs lrater flux (cn d-I), t ls root absorptfon coefflclent

(dlnenslonless), p ls soll bulk <tenslty (g 
"r-3), 

Ex fs concentratfon of

N specLes fn the exchange phase (ug g-1) and SK 1s a general source-sink

-2 -1terrn (ug cm - d ^).

It should be polnted out that the SK term stands for the overall

result of the transformatlons consldered to be relevant for a speclflc

problem (rnlnerallzatlon-fmmobfllzatlon, denitrtffcatfon, etc.). Also

the tlme dimenslon, ,lay (d), has been fntrocluced only to deflne the

range0d<e<Osrthen

houndary-vaJ ues probJ emtransl ent
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and the solutlon based on appropriate finite-<llfference eqrration. The

solutlon of eqn. (3.74) uslng a fJnlte dlfference method ls even more

complex and ctifflcult than the solution of water flovr eguatJon because

SK must he knor.'n alrnost on a contlnuous hasls, sK( z rt). The eqgatlon

used jn sNO3lt ls a slmplí fied verslon of egn. (3.74 ) and fol l ows a

procedure developed by de hrlt and van Keulen (1975) for the transport of

salt Jn layere<l soll. Thls proeedure has been widely usecl Jn many

rnodels with the soll profiJ.e dlvide<l into dlscrete layers (Kruh ancl

Segal1, 1981; van Veen and Frl ssel , l9B1 ) .

Equatlon (3.74) has been further slmpllfled; the terms of the rlght

hand side have been redeflned as follows:

D td

-r âCx
9-E=t"

Cx\(z ,t)
S,Q,rN

o

p ãEx_
e at l(ex)

SK=Nt-Sn ,

-3 -1where vO ls dlffuslon flow of the moblle ion (mg cm d

vectlve or central mass flow of the rnoblle lon (rng cn

a2Cx
T;T_ (3"75)

(3 .7 6)

(3 .77 )

(3.78)

(3.7e)

v ls con-)
c

-3¿-1 ) , Sl,m ls the

uptake of the lon by the crop (mg 
"r-3d-1¡, i(ex) ls rhe absorprlon-

desorptlon net result of the lon-exchange process (mg 
"r-3d-1) Nt is the

net result of transformatfons consldered (net mlneral izatfon,

nltriftcatlon and denitriflcatfon) (rg 
"r-3d-1).n¿ Sn ls the sfnk term,

1.e., mobJle nftrogen lon uptake by the crop (mg 
"r-3,t-t).

Eqn. (3.74) wrltten ln terns of nltrogen changes wlthJ.n one layer

of thlckness (l = 15 cr') over one tlme step (ât ' Àt = 1 clay) ls:
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( 3.80 ))

generall y hetuTeen 10 ancl

assumed that any arnmonlum

ô( oCx)

Since

mob11e. In

an<-l 1s qui te

neglected.

'N( i)
where v* 1s

"( i)
r^thefe vO

(mg-N cm

20 crnol(+)kg-l clry soll
+

lon , Ml4-ll , tha t ha s

Stm-i(ex)+Nt Sn

cm d

exchange capacity,

even hlgher, lt was

been denl trlfled i s

c
(mg

ca t 1on

and

not

most Manjtoba solls have a hlgh

eíther adsorbed on the clay surfaee or flxed anrJ 

_hence 
very s 1 lght 1 y

contrast,

rnohlle. The terms S0m and t(ex) ln

It was further assumed that the NOr-N

by the transpiratlon rate, since 1t seems to be unaffecte<J by the

nltrate nftrogen concentratlon 1n soil solution over a wide range

(Breteler et al., 1981), provided that Cz*,^- *,r ls larger than 0.1 rn M.rd that c{llor-rrr, ls lareer than (

Based on the assumptlon that there ls a steady stâte over a tlme

step' the calculation of NOr-N transport ls based on the net flow wlthln

each Jayer as fo1lows:

the nftrate nltrogen 1on, NO3-N, 1s not adsorberl

eqn. (3.80) have been

uptake Js controll,etl

"(i) - "(f-r) j 1r2" "<8
net flow of N0 -N lnto layer j (mg-N cm

3

"¿( j) * t"( j) '
1s dlffuslon flow (ne-N

-1) .

-2 -1

(3.82)

) and rc( 
-i) 

ls the mass fLow

-2¿-L), v

( 3.81 )

is the
_1

') and

(i)
amount of NoJ-n (flow) thar moves from layer j-l ro -j (ng-N cr-2,t

t(irf) t" the ånount of NO3-N flow thar moves frorn Jayer j to j+I.

Here,

( i)
_.)td

Diffuslve flow is calculatecl ln the same nånner as water flow.

Flrst' lt ls calculated as the flux between the centres of two adJacent

layers, based on Fickts flrst 1aw, and then the flow ls calculated at

the boundarles of the layers:
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ior:l=D^* ++ , (3.83)
J

where D^ ls apparent dlffuslon coefflclent 1".2d-l ¡, c is lol-uA /, - -3 -'

concentratlon ln layer J-l and layer J, respectively (mg-N cn-3) and 
^.J

1s the dLstance between the two centres of the adJacent l-ayers (crn).

For the simulatfon performed, the DA values are not known preclsely

at the leve1 of the so11 subsystems f ncluded . Therefore, f t r¡¡as more

convenient to conslder dlffuslon and dfsperslon as separate processes

and to adJust the coefficlents based on some propertfes of the soll.

Assunlng tbat the dlffuston and dlsperslon are aclditive, and that the

dfffuslon coefflclent ls a functfon of water content, e, and tortuosfty,

t, while the dfspersfon coefffclent ls a functlon of the flow veloclty,
-)
9r DO was expressed as:

e . .+0.
J-I J

2

where D^ ls dlffusfon coefflclent of NO;-N ln water ("r2.t-1¡,o-
tortuoslty (the ratfo of apparent dlffuslon pathway to the actual

r^tay) (dfmensfonless), 6 ls volumetrlc water content 1"r3"r-3¡,

dfspersion factor (cm) and { l" mr"r flux 1"*3"r-2.1-1¡.

Substltutlng the apparent dfffuslvity coefficfent OA, of

(3.84), lnto eqn. (3.83), rhe dtffuslve flow ls:

x
s

Do
t)DA XTX + +

g (3 .84 )

tis

path-

Dls
s

eqn.

,

S
D

Þ."d(i) + (3.8s)

The mass f low wlthln a dif f erentlal. soil volume element, J,ayer, 1s:

"'"(+*) rtc¡>l"F#(rng-N c'r

c. .+c.1-l 1 +

-

2 "( J)

c. .+c.l+= (rne-N "*-2,r-1) (3.86)

-2¿-1 
)

'"(j) = at:l x

"n".u Q(J) is

xAx

f low ( 
"r3"r-2,t

-t), t,r, fs water flux ¡"r .r-2d-1¡,
,)_

f low occurs (crn') anct C ls NO"-l{

$rater

A 1s cross sectional area through which
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-Jconcentratlon (mg-N cm )

Cracks often develop in the soll under ralnfed farmlng conditlons,

partfcularly in solls wlth hlgb clay content. These cracks have an

effect on ü, especfally ln tbe surface 1ayers. From a physical vler¡-

point' thls results fn nearly fnstantaneous flow. Sfnce the water above

FC ls redfstributed parametrically, the effect of cracks l.s lmpllcltly

recognlzed. However, the hlgh flux also alters the NO;-N transport,

i.e., the concentratlon of llor-n in the water ls rnuch lower than it

would have been lf the erater had been redistributed unfforml-y throughout

the entfre vol-une of soil. To âccount for thls phenomenon, a dlmenslon-

less factor, less than unfty, cal-ted "the leachlng efflclency" le (Beek

ancl Frlssel, 1973) ls lntrocluced. The actual amount of NOJ-N transport

by mass flux then becomes:

t.(i) =ü,rrxAxte (" :-t*'t\---z- -, -1(rng-N cm -d ') ( 3.87 )

By substitutfng eqns. (3.85) and (3.87) lnto eqn. (3.82), the

auount of NO" transported,
J

r(j), between two adJacent layers, J-l and j,

ls:

D

[o,".*
t(J)=

+oj-1 j
X

2

t) (3.88)

Equatlon (3.88) J-s used to compute NOr-N flow frorn the second sofl layer

down to the last l.ayer wfthin RZrnax ( j < 8). For the flrst l.ayer and

the lmaglnary layer, eqn. (3.88) ts modified sllghtly to account for the

depth geometry of the soLl suhsystem (Flg. 10), and f or the 1or^'er

boundary conditf ons (Fig. B) . I^If th all f low terms calcu1ated, the net

flow ls computed uslng eqn. (3.81). The change of ìlO]-N ln each layer

fs calculated dall,y uslng a balance technique:

,ic:, 
1"e+)1.1,,,1"

(n'g-N crn-td-

Ax0e++l



*J,,
*tJ,t
tnJ ,,

where NNr,

to, ,,
i., ,,

ls tbeI

NN + tN(J),t
J,1 J,J, t-t +Nt Sn

_t

, (rne-N cm ')

(mg-N 
"r-')

(mg-N 
"r-')

(¡ng-N 
"r-2 ) in rhe

+ lli, ,, * oñJ ,,
* tJ,,
amount of nltrate nLtrogen

-rt7_
(3.8e)

(3.e0)

(3. e1 )

layer J

yteld hyon day 1, and Nt ls the amount

the transformatlons consfdered,

and denltrlflcatlon. All other

NN
J,o

of nftrate nltrogen (ng-N cm-2)

To start the calculation at

nitrogen, *J, 
o , rDust be known; the amount

data (pp$). The converslon to the lnltlal

1s made as follows:

ppln x 0.001 x p

C
o

, andJ'o e.
Jro

C. x 0. x 
^zJro Jro

f.e., net nlnerallzaÈlon, nitriflcatlon

terms have been prevlously deffned.

f = 0, the lnltlal amounts of nltrate

of N03-N ls gfven as lnput

condltlons as mass per layer

-3(ng-N cn ) (3.e2)

-2(mg-N cur ) (3.e3)

Llhtle the SNO3['I subroutfne does not predfct preclsely the amount of

nltrogen wlthln the sofl proflle, lt does provlde an approximate accoun-

ting of one of the nost lnportant crop nutrlent and lts effect on yfeJ-d.

3.4.4.4.4 So11 temperature subroutl-ne

Soll ternperature affects al I processes that take place in the agro-

ecosystem regardless of their type, blological, chemical or phystcal,

and in PI)O'ÍOD it fs a correspondlngly lmportant form of matter-energy

wlth an overall effect on crop growth. The soll temperature subroutine,

SSTEMP, slmulates the so1l temperature at 20 cm depth.

If the temperature of the so11 surface 1s knov¡n for steady state

conclltlons, the heat transport fn a homogeneous sofl proflle by

molecular conductlon, the relevant transport mechanfsm, can be descrlbecl

by the first 1aw of heat cånductlon (Fourler's heat conrìuction



-118-
equatlon). To descrfbe the transfent state, Fourferfs heat conductfon

equatlon fs comblned wfth the contfnulty equatLon of energy conservatlon

that yield an equatlon formal 1y slmflar to Flckr s second law of
dlffuslon and the Darcy-Rfcharcls equatlon of tater flow. The

calculatfon of heat transport using sucb eguatfons has been approached

both mechanfstlcally, 1.e., numerrcar solutlon (I,Ilerenga et al., r970;

van Bavel and Hiller, L975) and parametrfcally (de hrlt and van Keulen,

L97s).

In order to be conslstent wlth the solutLon used for water and

solute transport' a parametrlc approach woulct åppeãr to be the most

approprfate solutfon. However, the sofl surface temperature changes

slgnlflcantly over one day, so the tlme step must be kept very sna11

even when the parametrLc urethocl ls adopted. For example, de I^Ilt and van

Keulen (1975) employed a tlme step of l0 urln., f.e., about lArîoo itera-

tions per growlng season. For land evaluatfon problems such a large

number of lterations ls prohlbltfve. Several other problems arlse in

the slmul-atlon of soil temperature. For lnstance, the tbermal con-

ductfvity (q), a parameter essentfal ln the heat frux equation, is

hlghly variable, both ln space due to change fn urineralogfcal composf-

tion of soll as r¿ell as ln tLme over a growlng season, due to changes fn

volumetrlc \4rater content. rt is dlfff.cult, ff posslble at aIr, to

approximate a parametric value of KI for a large area such as soiJ.

serfes from the exfsting data. rn additlon, pâst records of soil.

teDperature at seecllng time (1.e., the inltlal condfttons) are not

aval1able.

In subroutlne SSTEMP, both lnltial soll temperature and suhsequent

soll temperature changes are calculatecl using a sfmple approach. Flrst,
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1t was assumed that soll te¡nperature at 20 cm depth has an lnpact on

physfology of the root system and lmpl-fcftly upon growth rate. Sotl
subsystem was dfvidect ln sfx thin rayers, J*, of dtfferent thlck.ness, l,
2, 2, 5, 5 and 5 cm, respectrvely. rt uras further assumed that sofl
tenperature fs a functlon of the annual beat cycle pro<luced by the sun,

as ¡¡e11 as the temperature of the "temporal..afr mass that passes

randomly over Èhe soil surface.

The fnitlal condltfons, T(J*ro), are carculated assuming that sorl
temperature ls a functfon of tbe annual cycl-e of solar radiatfon a1one.

The temperaËure at Èhe soll surface ås å functfon of time of the year

(t) can be approximated by a slne functfon:

T(z=ort)=l+aoslnurtr (3.94)
where Ì ls the average temperature of the sorr surface, Ao rs the

average anplltude of seasonal changes fn soll temperature, t¡ ls the

angular frequency (radians) and t ls tlne.

Carslaw and Jaeger (1960) provÍde the solutlon of a heat transport

equatLon for transient condltlons usfng a slne functfon, fot a homo-

geneous nedfum with semL-flnlte boundary condftlons (o ( z I -).
The approxfmate relationshlp between soll temperature ancï sofl

depth at dffferent tirnes of the year fs:

T(z,t) = Í * Ao exp (-z/<jd) stn ({,r + 6 - z/aÐ, (3.95)

where dd fs the damplng depth, dd = 2D r/ ot), the depth where the

temperature arnplltude ls I/e x Ao and ç ls phase.

Using an appropriate set of parameters for the Canadlan prafrle

reglon, I = 5.5oc, Ao = L2.5oC, dd = LAO.7 cm fRelmer, 197S)r o = 0.5236
-tmonth * and 0 = -1.964 (cho et al., Lgl g), the ternperature at the centre

of each soLl layer fs calculated by employlng the following equation:
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T(zJ*,t") 5.5 + 12.5 exp(-zJ*/Lîo.7) stn[0.5236rs -("J*/il"0.7)-r.964l

(3.e6)

r¡here T(zr*rt") ls soil temperature loc¡ at thrl centre ,Jo (cm) of layer

J* at seedfng tfme (t" = day), calculated such that a" = e for the lst
of January and t" = 6 for the lst of July (Cho et al., LgTg).

Equation (3.96) ts used only to calculate the rnrtrar sofl
temperature values at seedfng tlne. The soil tempereture is slnulated

over the growlng season usfng an emplrfcal set of equatlons (I,Ialker,

L977)' Although eqn. (3.96) slmulates the heat transport correctly from

a physlcal vfewpolnt, for a given depth and tl¡ne of year, lt predlcts

the same soil temperature from one year to another and from one place to

another across the prafrle.

To account for varlatl,on of sofl temperature from year to year and

place to place the soll temperature of each layer ls updated uslng a set

of empfrical equa-tions rnvolvrng the afr temperature, the past

temperature of the layer (one day before) as well as the temperature of

the upper adjacent layers:

*jo=zj*/kr-k2 G.g7)
tjo,, = Ít Ki* < o, j* = 1 (3.98)

tjo,, = [(K¡* * tj*,1-1) * tj*-r,1ìl(x3,t+1), K3* ) 0, J = 0,..,6 (3.99)

Here, tjo 1s the temperature of layer j* on day t (oc), *jo ls an

empfrlcal variable (dfmenslonless), tio 1s tbe depth (cn) at the centre

of the soll layer J*, kt ls a constânt (crn), k, ls a dfmenslonless

constant and Ía ls the mean alr temperarure, (TMAX+TMIN)/2, (oc). The

chosen values of the constants r^rere kt = 6 and kz = o.25 slnce walker

(1977 ) used these values and found good agreement between measured and

slmrrlated data.
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Eqns. (3.97) to (3.99) lmply that rbe temperarure ar the sol,1

surface (, J* 0.5 cm) is equal to the mean arr temperature. .A,s the

depth fncreases, the soll temperature ls controlled less by the above

Layer temperature (T3*-1, 
1 ) and is more crependent upon rts or,0rr

temperature on the prevlous day (tJ*rr-r). The sorl temperature is an

average estfmate over one day, wlth no dfstlnctl.on between day an<t nlght
temperatures. It fs assumed that the soll temperature wfthln the slxtb
layer (15 to 20 cur depth) 1s much more stable tban the air temperatur:e.

Slnce the nodel sfmulates the aboveground net procluctlon, the
ê{.rôôô ntE^^+ ^C ^^^L c--L--- ,'ÈLrsbÈi erre(jL or eacn iactor (lneludfng soil tenperature) upon the crop

growth ls lnitiated at the emergence stage. Ilowever, the subroutLne

SSTEMP ls actf vated at seedlng tlrne. It \¡ras assumed that f or years

and/or locatfons wlth large devfatfons in terms of alr tenperature from

the average condftions in the Prafrle, condltlons lnplfcitly lncluded fn
eqn'(3'96)' by uslng eqns. (3.97) to (3.99) soll temperarure ar emer-

gence r¡ould be adequately adjusted and lt wlll be more representatLve

for a partlcular growlng season and locatfon. Theoretfcally, a better
adjustment of soll temperature at 20 cm depth wlll be achleved for cases

ln whfch the alr temperature 1s lower than the average because the tl.me

elapsed frorn seedlng to energence that ls controlled by the phenol.oglcal

development (SPDW subroutlne) wi-11 be longer.

3.4.4.4.5 Phenological Development Suhroutlne

This subroutine ls, fn essence, the BfoMeteorologlcal Tlme Scale

(BMTS) model developed by Robertson (f968). Although by cornparlson with

other scales (for lnstance, Haun's scaJe) Robertsonrs scale fs less

deffnltfve (Bauer et a1., 1983), the BMTS is the most appropriate model

f or thls study for several reasons. Ff rst, the rnodel uses stan<jarcl
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avallable meteorologlcal data as predfctor varlables. Second, the model

fncludes the effect of all three rnaJor envlronmental components (uraxlmrrm

temperature, rnfnfmum temperature and photoperfod) on r¿heat development.

Otber models are generally based on the degree-day approach, a slmple

nethod that Lncrudes only the temperature factor. Angus et a1. (19g1)

showed that the day length (photoperlod) strongly modifled the rate of
wheat development, partlcularly durlng the vegetatlve phase. Third, the

BMTS model accounts for nonllnear effects on developnent of each

fndlvldual envlronmental component. Fourth, the BMTS nodel integrates
¡lra {n.F1 ^c +L^ !L-^^ E^- L'L¡r= r¡¡rr(re¡.t.;íj ur Ene Enree ractors over short períods (growth stages) ln
whlch the major blological processes are llkely to be unlform. Flfth,
the BMTS model lncludes the effect of meteoroLogfcal eIe¡oents on

phenologlcal development over a tlne step of one day and therefore

depends on r¿eather elements rather than clfmate parameters.

The BMTS recognizes sfx phenologlcal events (s plantlng, E

emergence, J - jolntlng, H - headfng, D - soft dough and M - naturity,

1.e., blological maturlty) and flve biologlcal periods or growth srages.

Each perlod has ån equal length of a BMTS unlt (dfmenslonless). For

convenfence thfs unit \^7as subdivided into 100 units of phenologfcal

tlme, Pd, so that pd = BMTS x 100, and:

EJM

å 
to (r)= pE to(r)"' 3 

À 
to (i)= l BMrs = 100 Pd (3'100)

EJM

Fr 
to (i)+ å 

to(r)"' + 
Fo 

to (r)= s BMrS = soo Pd (3.101)

Pd the fractional progress toward maturfty over day i, ls:(1)'
Pd

Fp

(r) ut( t ) [Fr¡.'ex( r¡ + FwrHl r¡ J

a f unctf on of .lay length, F

(3.r02)

1s a functlon of maxlmumwhere fs
TY.AX



temperature and FtylH fs a functlon of mlnimum temperature

partlcular day, i.

tr(r) = "t(L(r) - "o) + ar(Lrr) - ao)2

Fruax(r) = bl(TNAx(r) bo) + bz(Tyax(r¡ - bo)2

Frvr¡l(r) = dt(Tyrn(r) - bo) * dz(Tur¡,(r¡ - bo)2

where L fs photoperlod (h), TyeX fs maxlmum air Èemperatu

a Stevenson scree" ( "p), TMIN ls rninlmurn a1r tenperature

Stevenson screen (oF¡ for the day, i, an<ì ao, al, 82, bo,

tn

for a

(3.103)

(3.104)

(3.105)

re ¡neasured fn

measured ln a

brb dt and2'

ð2 are coefffclents characterlstlc of each blologlcaJ perlod.

The three maJor independent varlables (L, Tn* and TUf¡l) are given

as lnpuË data (an exarnple ls presented fn ÂppendlxE ). The temperature

data are converted to oF ln the SBMTS subroutlne. The value of the

coefflclents (ao ...d2) are fncluded fn the BLOCKDATA subroutfne as an B

x 5 array.

The seedfng date, efther glven as fnput data or calculated, becomes

the lnltfal condltfon for phenological development.

By using eqn" (3.I02), the degree of maturfty fs cornputed on a

dafly basis. The cunulatlve value of the degree of raaturf.ty, 
"tO{r¡r t"

used frequently as an auxfllary varlable to slmulate other maJor

physfological processes 1n the SCGRI.¡ subroutfne.

3.4.4.14.6 Plant Growth Subroutlne

The plant growtb subroutlne, SCGRW, lntegrates data

from all other subroutlnes and passes back lnformatlon to

subroutlnes. This subroutlne makes the Ilnk betr¡een

ancl

the

sol I

fnformatlon

ftrnctfonal

and crop

by SCGRW:subsystems. Ftve

potentlal growth

actual growth rate

maJor groups of calculatlons are perforrned

elongatlon,ra te , root

and actual

composfte llmltlng factorn

productfon.cumulatlve net



3.4 .4 .4.6.1 Potential growth rate

The potential growth rate ls a straightforward calculatfon:

"td( r)
a

bP(r) t Ëp(pd)
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(3.106)
cPd (1-1)

where tO,r, is potentlal growrh rare ltg t,a-la-l¡ of day t, Í¡p(pd) ts

potentlal growth rate nornalfzed to phenological tfme, pd, (kg per

hectare per unlt Pd) (eqn. (3.31)), "td(r_t, fs curnulatlve phenologlcal

development on the previous day ( r-1 ) and 
"td( r) is cumulatlve

phenologlcal development over day f.

3.4.4.4.6.2 Root grovth

There ls evldence ln the llterature that supports the Ldea that

root development can be relate<l to phenological development. For

example, Brouwer (1963) pointed out that shoot and root growth are

coordinated processes. Austln (1981) showed that growth of vegetatlve

structure, therefore both shoot and root, generally ceased by anthesls.

Salter and Goode (1976) and Kanemasu (1983) noted that, for determLnate

species, the root growth slowed or cornpletely ceased at flowerlng.

Consequently, root elongatfon fs descrfbed ln SCGRW by a modlfle<l form

of the functfon proposed by Rasmussen and Hanks (1978):

RZmax - Zs (3.107)RZ(cPd), = Zs * kt-[k r* (cPd)r/cPdm]
1*e

where RZ(cPd), ls the depth of root sy6tem, or the active soil element

volume (cm), Zs ls the depth of sowlng (cr), RZrnax ls the maximum

rootl,ng zone (crn), (cPd), is the cumulatlve phenologlcal development (Pcl

unlts), cPdur ls the cumulative pbenologfcal devel.opment at whlch the

root growth ceases, and k, and k, are coefflclents.
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The sov¡ing clepth zs was set at 3.0 cn. rts value may vary sllghtly

wfth sofl propertfes or nolsture condftlons at seecling tlme as well as

wlth cultlvar. However, thls varlatfon has nlnfural lmpact on the calcu-

latlon. It eras assumed tha t rnaxlmtrm root lng depth occurred at

flowerfng. Sfnce the flowerlng stage occurs shortly after headfng

(Bauer et al ., 1983), the cPdrn value r^ras set halfway between headlng and

soft dough stages,1.e., cPdn = 350, 3.5 BMTS unlts. The value of kt

and kZ, the crop characterlstic paraneters, qTere taken from Rasmussen

and Hanks (1978). For sprlng wheat they suggested k,l = 5 and k2 = B.

Based on the conputed value of RZ(cPd)r, the number of actlve 1.ayers,

anl, ls calculatecì followed by the calculatlon ,of Tr, and ultfurately of

sof,l moisture and nitrogen contents.

3.4.4.4.6.3 Lfmitfng factors

The composlte effect of all types of stresses lncluded fn the rnodel

ls calculated usfng eqn. (3.12). Several terms are used ln the

llterature to deslgnate the undeslrable effect of the lack or excess of

different forms of matter-energy on crop growth: llrnitlng effect,

deflcltr stress, etc. For example, lrorgan (1980) and Hsfao and Braclford

(1983) use pressure potentLal, üp, to deflne cell wall <Jeformation due

to stress. They calculated the stress as a mechanfcal normal stress

(normal force per surface area, whlch ls equlvalent to pressure). Hfler

and Howel1 (1983) dlstlnguished betvreen "vrater deffclt" ancl "water

stress". The last tern was usecl 1n the case of severe r^rater def lctt.

In the present study the terms 1ímlting effect, deflcit an<l stress

are used wfth the same meanfng: an unclesírable con<lltfon of the lfvlng

sutrsystem, the lirnltlng factor being the factor that prevents the lfvtng

^..L^--^!^- t-^- 
--t-- 

tL, r /bÞuuùysLeut I ¡-ul,t cÃpresib;lrrx 1l_¡; J)uLellLJ¿tJ \rtoyer, l:röJr.
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A great number of artlcl.es has been publfshed on the stress effects

on croP yle1d. Slnce those experlments were performed under controll.ed

envlronnental conclltlons, very lfttle of thelr results can be applled to

fleld condftfons (Fisher, 1979; Jordan, l9B3; patrerson, 1993). By

necessfty, data used ln tbts study to express the llrntting factor effect

on r¿heat growth are composite lntegrated values or implfcft functfons.

As etlthln all practfcally orlented models, ARIDCROP, PAPRAN, TIMOTHY,

CERES ancl EPIC (Tables 3 and 4, Chapter II), PIn'rOD estlmates of stress

effects are based on slnple demand-supply functions. To arrlve at the

overall llrnftfng factor effect, LF, each fndlvlclual llmttlng faetor

effect ls calculate<l separately.

A. Water liurltJ ng factor. Tbe wâter J lmlting factor fs calculated

In PI)O'íOD usf ng an exponentlal equatlon suggested by Rf ckman et a1.

(L975) of the fottowing

-3x0
"u(f) 

= 1 - e

where 
"t(r) 

ls the

between 0 and unfty,

form:

*
Rz(r)

r.rater lfmftfng

(3.108)

effect (dlurenslonless, wlth values

the relatfve avajlable vrater contentand o*Rz(l) is

ln RZ, the actl-ve soll elernent volume.

Howeverr eQn. (3.108) has heen developed for irrfgatlon purposes

where, generally, the stress effect fs never severe. For exarnple, at

t**r1r¡ = 0.4, that ls, soiJ nolsture content less than mfclway between

FC ancl [?, egn. (3.108) predicts a relatlvely rnll<ì stress effect, w[(t)

= 0.70. Eqn. (3.108) ls used tn PI)GíOD to predlct the short term effect

of vüa ter defl clt , assumlng that the growth rate can recover to lts

potentfal value on removal of the stress. Thls ls based on evidence ln

the llterature for growth rate recovery after a rnflcl water stress (Begg



-r27 -

and Turner, 1976; Flsher, L979; Jordan, l9B3).

However, prolonged and severe water stresÊ lnduces a morphologlcal

change assoclated wlth cell elongation, cell dlvlslon and rate of cell

senescence, all of r^rhlch affect the photosynthetfc process and

therefore, the growth rate. Thts ls a permanent effect (Begg and

Turner,1977; Hslao and Bradfordr l983; Hiler and Howell, 1983), sfnce

there ls no mechanlsm for compensatlon, for lnstance, by lncreaslng the

number of leaves.

To account for thls a second q'ater llmftlng factor, w&*11¡, is

computed based on tbe so-called "stress day lnclex" approach (Hller ancl

Clark, 1971). The fundamental assumptlon behind the stress day lndex ls

that the yleld decreases slgnfffcantly under prolonged and severe vlater

atress. The decrease ln yield depen<ls not only upon the degree and

duratfon of water deflclt, but is aLso a functlon of the phenological

growth stage of the crop (CampbelJ, and DavLdson, I979; Shaw, 1983;

Jordan, 1983).

The general. form of stress day fndex equation 1s:

SDI
n
2 (sD
s=1

s
xCS ,

a functlon of the level of actual

(3.109)

stress day lndex can

evapotranspfration,

evapotranspl ration t

)

¡¿here SDI 1s the stress day f ndex, I ls the gro\^rth stage, SD" J s the

stress day factor (a measure of stress intenslty) and CS" ls crop

susceptibillty lndex (a function of both crop specfes an<J the growth

stage).

ff we assune that the main envlron¡nental ln<lex that descrlbes r^rater

actual evapotranspiration, then thedeficlt is the

be expressed as

ET, relatlve to fts maxlmum va1ue, l.e. , potentlal
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(3.110)(1 ET
s ETp

or

that the stress effect is multipllcative (

1J - - 
!t ! !l - 1 tt Lt- , flles LilaL Lne sLfess eItecL -rs a(l(ìlLrve \

SD ,ETp - ET.\--Ep--/" )s

where 1 - ET/ETp fs the relatfve evapotransplratfon <leffclt. Assunlng a

lLnear relatlonshlp between reJatlve yteld, Y/Yp, an.t ET/ETp (where Yp

fs the potentlal yleid), then the relatfve yleld decrease, 1 - Y/Yp, as

a functfon of the envlronmental factor selected, f.e.,

evapotranspiratlon, fs :

(r - ä)" = csr (r - $fo1" , (3.111)

,är" = I - cs (1 - Ële)". (3.112)

The crop susceptibil,lty factor, CS", fs tbus the relatlve slope

[¡(Y/Yp)s / L(ET/ETp)sJ, a cllrnensf onless factor lndependent of ET.

Several models have been proposed to describe the relatfve yleld

functlon, all based on the stress day ln<tex approach. Two of these were

proposed by Mlnhas et aJ-. (I97tt):

n
Y/Yp = II

s=1
(3.113)

and Doorenbos and Kassam (1979):

n
Y/Yp = 1 - I kys(l - ETlETp),

s=1
(3.114)

where ßs and kys are crop susceptlbillty factors whose values are

functlons of crop specles and growth stages.

The two equatlons are, fn essence, simllar. The rnaln dlfference

between them consfsts of assumptlons ma<le relatfve to the overall

stress effect over the growing season. For example; €QD. (3.113)fmpJies
n

) wtrereas egn. (3.114 ) lmp-
=1
).

I

t1-(1-(Er/Ero)")tlu"

n

fis

s*
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The model of Mlnhas et a1. (sllghtIy rrodlffed) was selected to

calcu1ate the stress day lndex. It e/as assumed that the actual

transplratlon, Tr, ls a more approprlate measure of water deffclt than

actual evapotransplratfon. Consequently, the prolonged, severe r^rater

stress effect, Wl*(t) ls computed as follows:

"o*(r)=tl-(t-it,r¡liro,r))218", 
(3.11s)

where Wt,*(f) ls prolonged, severe water llmtting factor effect (dimen-

sfonless, 0 1), i'r and i'rp are actual and potentfal transpfratlon

rates, respectlvely ¡"r3"r-2d-1¡, and ßs ls the wheat susceptlbillty

factor (dftnenslonless) wlth the foll-owlng values for the varlous growth

perlods (stages):

- vegetatfve growth, 100 < cPd ( 200; Bs = l-.5,

- flowerlng and grain fornatfon, 2OO ( cPd ( 400; ßs = 5.0,

- maturatlon, 400 < cPd; Ês = 0.0.

B. llftrogen lfntting factor. In the SCGRVI subroutlne, the

nltrogen lfmlttng factor J.s calculated based on a slmple denand-supply

relatlonshlp. It ls assumed that the rate of aboveground net productlon

fs not affected when a normal "optfmum" nltrogen concentratlon exlsts ln

the aboveground portlon of the crop. The optlmum nltrogen content at

different growth stages has been derived from the results obtafned ln an

experfment carrlecl out by Racz et a1. (1965) on a black., well-dralned

soil, Portage Assoclatlon, f.n 1962. The optlmum fractlon of nltrogen

content ln the aboveground net productfon as a functlon of phenologfcal

development, No(Pd), fs lncluded ln the BLOCKDATA subroutine as a

tabular functlon. AssumJng that tbe availabllfty of nitrogen becomes

llmfting when the uptake fa11s below 752 frorn optimum (Ba1dv¡ln, 1976),

the nitrogen lfmitlng factor effect 1s calculated using Bn exponentlal
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equatfon as follows:

(Pd) - Nu/Brn

*t(t) = "
0.75 lro(Pd)

, Nu/Bm ( No(Pd) (3.116)

*t(r)=l ,Nu/Bur)lIo(Pd) (3.117)

where Nt(f) ls nftrogen llmlting factor effect (dimenslonless,0 - 1),

No(Pd) 1s the optimun nftrogen fractfon ln the aboveground net

productlon (kg N/kg ANP), Nu ls total nitrogen uptake (kg N t,r-l) and Bm

ls abovegrouncl net productlon 1tg tra-l ).

C. Soil- tenperature llmltf ng factor. The response of wheat growth

to soll temperature was assumed to bave an optfmum val.ue as vre11 aa

lorver and upper 11¡nlts. The tenperature stress factor effect fs

computed r.¡lth the equatfon:

T j t
- [rì ((To - r * ) (3.118)

tt(r) = '
j I

where tt (r) is the soll tenperature llmltlng factor effect (dfmen-

sionless, 0 - 1)¡ T¡*rl i" soil temperature, f .e., J* = 6, (20 crn depth)

(or), To ls optimum sofl tenperature lor) ana Q is a coefffclent.

The optlnu¡o soll temperature value ls not well deffned, as can be

fnferred frorn experlments that attenopted to relate growth rate to alr

temperature. For exarnple, Varade et a1 . (1970) and Stewart ancl

l^rhitfteld (1965) reported an optlnuur of 2Ooc. Brengle and t^Ihitfield

(1965) found that at 12.8oC the wheat grelr slower and produced fewer

tlllers than at 18.3oC but at 12.8oc producecl about 502 more kernels per

head. Macdowall (L973) workfng r^rltb Marqufs wheat, reported two peaks

f or optimurn growth rate at 15oC and at 25o C. In PI)S4OD f t vras asstrmed

that 15oC is the optlmum temperature. Settlng the grovTth rate at a very

low va1ue, i.e. , 7O-2 ar OoC (273 K) , the eqrratlon (3.118) was sol.ved

* t3*,r)tl
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for Q. The soll temperature llmftlng factor effect ls thus calculated

usfng the equatlon:

T J*ri-lr.o27 2L ((288 - r T
J*, i j* ,l

2
) / )

Tt(t) = "
where the resultlng value for 0

(3.119)

has been used.

Havfng calculated indlvfdual llurltfng factor effects fn eqns.

(3.108/3.115), (3.LI6/3.117) and (3.119), rhe composlte effecr of

lfrnttlng water, nftrate nltrogen and sofl temperature can be calculated

datly uslng eqn. (3.I2).

3.4.4.4.6.4 Aboveground net productlon and graln yield

The calcul.atlon of cumulatlve aboveground net productlon, Bma, ls a

strafghtforr¡ard conputatl-on. The actual growth rate ta11¡ ls calcuJated

ffrst by rnultiplylng the potential grorlrth rate wfth the composlte

llmltfng factor effect. Summatfon of the actual growth rate over the

growfng season, 1.e., from emergence, BMTS = 1, Pd = 100, to maturfty,

BMTS = 5, Pd = 500, produced the flnal ANP value:

nrPd=500 . _l
Bt"lra=500) = ? ^^ht(,. 

(ke ha ^) (3'120)
l=1,Pd=1OO \r/

The grain yieJd or product, (P), ls calculated based on the harvest

lndex approach:

-1P = Bmalpd=sgg) * III (kg ha ') (3-r2r)

Two impltcit assumptlons are behlnd eqn. (3.121 ) . Fl rst, 1t ls

assumed that graln yleld is determined by the total ANP accumulated over

the entlre growing season. Although thls vlewpolnt ls not accepted hy

all physiologl,sts, there ls strong evidence (Flsher, 1979; McPherson and

Boyer, L977) suggesting that grafn ylelcl ls correlated wlth totaJ ANP,

- 
..!L -...-. !t -- --r!t, rL- L ^E 

^ilñ 
c^.-^t ).--!-^ !L^ ^--{--C{1I{-¡L¿tLlteI Lltalt wJ Lil Lile ¿lr¡tuul L ut ¡ìt\r J.uf llteu (lur I rrH Lrre ¿<¡ drrr ¡ rr rr ¡rF
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perlod. Second, ft fs assuued that Hl ls constant across the reglon

under conslderatfon and fron one year to another. As rnentloned in

Chapter II, Ht ls a more conservatfve parameter than other paraneters

generall-y used fn rnodeLfng, but ft ls not a constant. In the present

study, a Hf value of 0.38 \^râs derlved from a large data set gathered

wlthln Manltoba over several years and at nany slte locatlons.r

3.4.4.5 Poor Aeratlon Llrnltlng Factor

To lnclude the effect of poor aeratlon on yleld, tbls condltlon was

replaced by excess v¡ater condftfons assoclated wlth the so1l drafnage

characterlstlcs. Excess water condftfons were assumed to affect

agroecosystem functfon fn three ways (or a conbfnatlon of them): (a)

delay of the seedlng date, (b) reductfon of growth, and (c) crop losses

by flooding of unconnected depressfons.

The adJustnent of seedlng date due to fmperfect or poorly dralned

soil-s has been discussed 1n sectfon (3.2.2). Reductlon of yfeld per

unlt area either due to \.rater excess, Iffi, durlng the growfng season or

smal1 depresslon, WA, ls calculated by

'' Bttlnd=500¡ and P, graln, obtalned by

ls calculated fn PI)C'íOD as follows:

Ìüater accunulatlon wlthln a

adJustlng the final yleld, I

sftnulatfng tbe dally growth.

The rsa ter excess f actor

e

I

nl
Ðj=

Eì

Ð
l=1

(PREC Ev
J (r) ( i) - Trp(r)

where 0 t 1"*3"r-3¡ fs the dffference between the !ùater content 1n thej

soll Jayer at seedlng time, I,IC*

layer of solls wlth vrater excess

j, and *j (the 
"a*j 

ln the subsurface

problem 1s higher than FC j) o, ls the

WE (et xLz)+ ) (3.r22)

n Dr. G. Racz, personal corrnunlcatlon
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datly precfpltatfon,

rate, respectlvely

and TrR,i) ,t"

transplratlon
I( cm cm d

The rnodlfled plant-available soll mofsture content at seedlng tfme

(gtr) Ls not the most approprfâte reference term to calculate the excess
J

water factor (WE). The alr-fllled poroslty (relatlve afr content) is a

more logical reference pârameter to estlnate the excess ttater effect on

crop growth. However, to calculate the relatlve aír content both the

poroslty index and the degree of saturatlon uust be known. Calculatlon

of the degree of saturatlon requlres sirnulatlon of soll wetness (e)

dynanlcally (one day step lnterval) over the full range, 1.e., frorn dry

soll (Oa¡ to conpletely saturated sofl (os¡. The pararnetrfc metho<l

enployeci ln PI)OÍOD does not permlt a detalled sftnulatlon of so11 water

content above FC value. The equatfons used ln the urodel to calculate

the excess !¡ater effect on wheat growth provide on1.y a crude

approxlmatlon of tbe effect of excesa water on crop yleJd. More

elaborate model s and large data set6 are needed to correctly simulate

the excess \rater effect on crop growth based on concepts derived from

classlcal soil physfcs theory.

In the urodel evaluatfon phase, the Or are measured. For applf-

catlon, Sc. II, the e ¡ âre approxlmated , based on cal culatlons of

saturated molsture content:

êr : ç r\ = [(ps - p,r.r) / ps] x Lz (3.123)- (j) -(j) = [(Ps - o¡(j)) I os1 x Lz

3-j-j
where t( j) ls porosity (cn"cm -'crn), ps 1s density of soltds (g cm "),

taken as a constant (for most nlneraL soll,s þs = 2.65 g cû-3), and ot(j)

fs the bulk. density by Jayer (e cr-3), values calculated by SCPARA

subroutlne, an<l ò,2 is layer thlckness ( cn) .

)
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The adJustment of water content, et(J) fs made for sofls that are

elther cbaracterlzed aa lmperfectly dralned, poorly dralned or so11s

wfth water table at I-t < 150 cm (Frg. Bc). The ntrmber of layers for

whlch tt(J) ls modlffed, fs based on texture, drafnage class and lower

boundary condf.tlons, LL, from the input data. These paraneters were

approxlnated from early sprlng field observatlons gathered over

several years ln Manftoba.s

Reductlon of yleld due to I.IE fs calculated using a rnodlfled

equation suggested by McBrfde (1984) that, fn essence, fs based on the

Doorenbos and Kassam stresa day lndex model¡ €gn. (3.114):

v:t/Ys=l-[kys(lIE-kt)/k2|,ffi)kt G.124)

where Y* ls adJusted yteld (kg ha-1¡, vs ts slmularecl yreld ltg t,a-l¡,

kys fs crop susceptlbflity factor (dfmensfonless) over the entfre

growing season kyg = 1.15 (Doorenbos and Kassam, 1979), kl and k.2 are

coefflcfents, k, = 15 cm and k, = 35 cm (McBride, 1984).

Eqn. (3.l2tt ) lurpltes :

(1) slnulated yleld, Ys, fs the maxfmum yletd attafnable assumlng no

effect due to lack of soll aeratfon. Thls fs not necessarily

potentfal yield, because other llmlting factors, such as the amount

of nftrogen and the soil temperature, wl11 act on yleld even when

soll condltlons are ln optfmum ln terms of water and aeration.

(2) A r^/ater excess, WE, as an overall amount of r¿ater wfthln the rootlng

zone during the growfng season, woul d have a simllar lmpact

on growth as woul d a v¡ater deficlt. The coef f lclent kys r,Jas thus

chosen to be 1.15, as suggested hy Doorenbos and Kassam (L979) for

5 Dr. I^l . Mf chalyna, personå1 communlcatlon, 1.984.
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lncreaslng the vrater exceas

the yleld becomes zero. The

been calculated uslng as a

for corn and oats (McBride,

(3) The yleld

factor, so

values of

reference

1984 ) .

The crop l-osses r¡¡ere defined ln as losses of

forned durlng

thls study

watershed s

the

theeffectlve cropping areas due to small

growfng season l-n unconnected depresslons. The fnitlal assunptlon made

was that the entlre area of soll serles charactertzed as frnperfectly or

poorly dralned can be seeded, wfth some <lelays as compared to well-

drafned sofls. The effectlve watershed areâ fornecì fn any glven year

waa assumed to be controlled by both so1I subsysten parameters (depth

and surface component) and preclpltatfon events.

Soll dralnage Ls an hydrologlcal problem rather than a purely soll

physfcs problem. Many data requfred ln solvlng hydrologfeal probl-ems

have to be determlned at the drainage basin 1evel. Tn the present

study, for a qulck and crude approxirnatlon of the effect of soll

drainage characterfstfcs on crop losses, the basin concept was replaced

by the reglon concept. In thls vlay ¡ the emphasls r^Tas placed on tbe

geometry of the soll surface ratber than on the dynamlc processes

responsfble for shaplng the watersheds. Most of tbe paraûìeters neede<J

to caLculate crop losses can be estlnated from soll survey maps and

fleld reconnalssance studies (Laltberte et a1. 1982). Four major

characteristlcs of the lancTscape \,¡ere consldered fn calculating the

r¡atershed, that nay form wlthln a region: frequency (denslty), slze,

shape and slope of depresslons.



_136_

The frequency 1s sfmply the average number of depressl.ons per

quarter sectLon of land that can accumulate enough q'ater to becone a

snall watershed tf preclpltatlon exceeds the sum of lnflltratfon rate

and evapotranspf.ratlon. The size was expressed ln terms of the cubic

metres of water that can be held by the depresslon. In hydrologlc

stuclles, the shape of a watershed ls expressed usually as an index whfch

fs a ratio of watershed length along fts maln atrear to lts average

vrldth. For a slmple method of calculatlon, a clepresslon was assumed to

be a very shallow parabolold of revolutlon. The slope class ls the

average nicrodepresslon slope.

I'Iater accumulatlon was assumed to be elther from runoff wlthln the

quarter sectlon or as qulck-return flor¡ frour nelghbourfng upland areas.

Thls qufck-return flow was assumed to take place on soLls located on the

lower slopes of the landscape.

It was assumed that durfng the growfng season onl.y preclpltatlon ln

excess of 20 nn/ð could create a watersheci (pondlng) tbat nfll persist

long enough to asphyxlate the plant r^rithln lrnperfectly and poorly

dralned soil-s. For many soil-s wlth heavy texture that exhlbit

shrinklng-swelllng phenomena (Red Rlver Valley), a 20-nrn preclpltation

event exceeds tbe tnffltratlon rate, but lt r^ras assumed that the

resultfng small accumulatlon of vrater for so short a perlod of tlme does

not klll tbe plant.

Whenever a hlgh-preclpltatfon event occurs, the amount exceedlng

20 ûm 1s comparecl v¡ith the exlstlng value of a duurny varlable named

COMPE and the largest value ls retalned.

At the end of the growlng season, the value stored ln COMPE, the

land characterlstics mentloned earlier an<l tr^To soll paraneters (water
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table depth and Lnflltratlon rate), are used to calculate the volume of

water accunul-ated wlthln a depresslon per quarter sectlon. The actual

area of the watersbed proJected to the horfzontal plane ls calculated on

the basls of the effectlve radlus of the parabolold (rather than a cone)

of revolutlon of knovm volume

Y = L/2 ¡r2h, (3.125)

where V ls the volume of water accumulated 1n one depresslon (r3), h is

the vertical depth (m) and r is the radlus of the circular area covered

by water (n).

sfnce tan s = h/r (where tan s fs the "slope" of the depression),

then

v nr2h
tan s 2h/r

3llt
= 2

1r

2
(m)r

(3.126)

and
3

)/ (3 .L27 )

Based on the observed frequency of unconnected depresslons, the total

area lost quarter sectlon ls conputed and converted to a percentage of

the cropped area. Thls latter value ls used on a proportlonal basfs to

correct the slmuJated Bma(Pd = 500) and P values.

3.4.4.6 Outputs

A large number of varlables can be either stored, prlnted out, or

both. Durlng the ¡nodel development and program screening phases most

varlables were prlnted out and checked.

In fts ffnal form, PIXMOD generates t$ro output sets: (1) an

extended f1le, ancl (2) a summarlzed ft1e. wben the model ls run for

eval.tratlon purposes, 1.e., Sc. I, both extended ancl surrmarlzed files are
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produced. For slmulatlon purposes, Sc. II, only the aumnarLzed ftle ls

generated.

(1)

general

(a)

The extended

fnformatlon and

flle contains tqro groups of lnformatlon: (a)

(b) dally fnformatlon.

The general fnformatlon fs fnput data such as:

so1l serfes, year of

fnltlal condltlons.

sfunulatlon, scenarlo type¡ boundary

Thls fnformatlon ls useful as a

reference.

(b) Dafly fnfor¡natfon conslsts of the tine (Julfan day), the layer

numbers, the value of the rnaJor drlvlng varfable (preclpltatlon) as v¡ell

as computed values for the uraJor auxfllary varfables sucb as tr1, Év1,

"or, 
*oi, ,r!, to,rr, ú"1r¡, and state varlables, such as Pdlr Bma,

tJ,rr *j,, ttd tj=U,t. Of partlcular lnterest are the state varlables

that are compared wfth the measured values used ln the nodel evaluatfon

phases.

(2) The summarlzed flle contalns general lnformatlon slmilar to

that of the extended flle and an overvlew of the calculatfons performed

wltbln one growfng season: for example, the date of each phenological

stage (S, E, J, H, D and M), ct¡mulatlve values over the growlng season

of the maln lnput varlable (preclpltatlon) an<J auxiliary varlables

(ETp, Ev, Tr.), as well aa the values of the state variables at the
J

maturlty stage, Pd = 500, (Bma, P, 0j, *J).

In addltfon to a1l those outputsr lf, durlng a run, a kfllfng frost

occurs (TMIN < -ZoC), then the grafn yield, p, ts set to zeÍo, the

sfunulatlon stops and the following lnformatlon ls prlnted out: I^Iarnlng

"FROsr"; date when frost occurred (Jullan,lay); TNI¡li phenologlcal.

development reached by crop when frost occurred (BMTS unlts); "graln

yield, P, eqtrals zero".

plot l.ocatton/

conclltlons and

means of cross
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ChapÈer 4

MODEL EVALUATION

The attalnable accuracy of PI)O'ÎOD nas assessed by courparing

predlcted outputs dlrectly wfth the outputs of the real system at two

levels: validatlon and veriflcation. Although there are mány dlfferent

r¡tays (wlth their assoclated terns) used to evaluate a model, valldatLon

and verfficatlon !¡ere considered to be the most approprlate crlterla for

tbfs study. In the valldatlon phase, the usefulness of the nodel was

tested by eomparlng the mean grafn yteld observed wlth the predfcted

value.

Since the noclel vras lntended Íor practlcal applfcatfon uslng a

llrnlted data set, the valldatlon procedure had th'o goals: (a) to

establish the theoretlcal soundness of the rnodel, 1.e., lts goodness-

of-ftt, and (b) to establlsh the usefulness of the moctel. The noctel was

run twlce uslng t$to scenarlos. Scenarlo I almed at assessfng the

theoretlcal basls of the rnodel, lts accuracy. In thls slmulatlon the

soll subsystem parameters were measurerJ, and lower houndary and ínJtlal

conditlons rtere known. Scenarlo II aimed at assessing the appllcabllfty

of the model, its plauslblllty for land evaluatlon usfng exlstlng data.

For thls slnulatlon only standard Soll Survey data r¡rere used as lnput

data.

rn the verlf f catlon phase, an evaluatlon \'ras made of several

assumptlons ln the nodel. Since the processes represented ln the modeJ

ltere contlnuous, the rnajor state varlables computed 1n the SPDI^I , SSWETN,

Cñ^?f.7 -*l Crzr¡/rDf,l ¡..Lç^..¡{..^^ ^^----^l -.{ !L ^^--^^^^-J¡-^ ^L-^---^JÐu¡rr.vuLf ¡lçÞ wEIE Lvu¡pdtEU wf L¡r LUI rrÞpurluJ_rlts uu¡jet vc:u
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values of the varfables.

The naJor goal of the eval-uation phase qras to compare the noclel

outputs wlth data from real systems that qrere slnllar to the

sgroecosystens from the reglon of lnterest rather than to caLfbrate the

nodel or perform a sensltfvfty analysls. It was consldered essentlal to

use field data to evaluate PIn'lOD, even though lt vras expected that

there would be a loss of measurement preclslon and dlfffcultles ln

applying standard statistlcal methods when uslng these data.

4.I MATERIALS AND METHODS

The nodel was desfgned to slmulate wheat ylelds for large areas and

agroecosystems ln r¿hlch sofl subsystems are represented by soll serfes.

A test of the model at thls scale 1s not practlcal. PI)GíOD was testecl

uslng experlmental data from srnall plots. However, the srnall plot

cannot be a perfect "scale ¡nodel" of an agroecosystem. Data requlred

for the slmulatfon, Sc. II, vras collected for each plot uslng the

standard rnethods employed by the Soll Survey.

The informatlon used to evaluate the model. were obtalned fron fleld

experlments carrled out durlng the growlng seasons of L9B2 and 1983.

Twelve sltes Bagot, BeauseJour, Dauphln, Marl.apolls, Robl1n, Shoal

Lake, sourls, swan Rlver, Teulon, waskada, wlnnipeg and l^Ioodmore - r¡/ere

establlshed as experlmental sltes l-n cooperatlon with the Plant Sclence

Department of the Unlverslty of Manltoba. The main characterlstlcs of

the f leld experirnent r.rere as follov¡s:

1. The experirnental sltes \.rere scattered across the entf re farnJng

sector of the province and lncluded a wide range of charac-

terJstfcs of the agroecosystens represented ln PfXMOD. Flgure

11 represents the soll zonal. map and sho'¡s the I oc¿tl-ons of the
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plots used to evaluate the mode1.

2- A slngle wheat (Trltlcum aestfvum L.) variety, Glenlea, qras

monitored at each slte.

3. All managenent elements (sol1 tf1lage, seedlng rates,

fertlllzer appllcation rates, weed control, ete.) were unfform

acroas the province and fron one year to another. Thfs

characterlstlc was very useful ln the evaluation of the model

because the sub jective management elements r,rere ell¡nf nated.

The varl,atlon of yieJd both ln both space and tlne were largely

eontrolled by the soll subsystem propertles, naturaL

environment lnput (parttcularly preclpl,tatlon) and thefr

lnteractfons.

However, the experlmental desfgn presented thro shortconings for urodel

testlng: first, the experlments rrere performed on fa1low plots. Fallow

ls not a common practlce ln Manltoba. On fallor¿ plots, sofl molsture at

seedfng tfme was elther at, or close to, the fleld capacfty. Therefore,

the assumptfons made ln Sc. II as to the lnltlal soll moisture content

could not be checked. Second, the Glenlea wheat varlety fs not

particularly representatlve of the varletles presently grovrn on the

Pralries. However, since the crop data rrrere not use<J for callbratlon,

thls last problern was less important.

4.2 FIELD DATA

Data coll-ected at each slte fall lnto two broad categorles: clata

that descrlbe the agroecosystem

descrlbe the behavJour of the

structure and envlronment, ancl data that

Data from the flrst category formed the lnput data

the growíng season.

files regulred to run

agroecosysten over

thp mn¿la1 ñara f ran ¡L,^ ^^^^-I ! L--L- J !L - -- t ,-Lils ÐcLUrr(r LdLEËury LUrrbLrLuLec' Lilg lelgfence oåEa
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for comparisons made Jn the val jdatlon and verJfJ.catlon procejures.

4.2.1 Input Data Useri to Slmulate pIXMOD

- r43

data rdere col.lected: soil data, weather data anrl

Slnce most of the management .rza rlahl es were kept

reglon, only seeding date varled wlth slte-year.

were the major lnput varlables collected.

Three types of

management data.

constant across the

So11 and weather data

Table 7 I f sts the 12 experimental sites used in the str.rdy,

as general ínformatJon on soll types and the nearest weather

as wel.l

sta t lon

from whlch most of the meteorologlcal data r¡ere obtained for thls stu¿y.

Taxonornically, the solls at all sftes are slmllar and, r^rlth the

exception of the soll at l,IlnnLpeg, they al1 belong to the chernozemlc

order. The Chernozemfc A horizon in the Cana<lian System of Soll

classlfication, is slnllar to the "molJlc" eplpecion of the u.s. soil

Classffl,catlon System, and 1s cbaracterlstlc of the dark-colored an<l

base-rlch sol1s of the prafrie regfon. However, at the soll serfes

category, criterla speclflc to geographic I ocatlon are enployed for

thelr unique deflnltion. The texture refers to the surface texture

because some textural clifferences betnreen horizons exlst wfth each

profile. However, the textural class of soll ranges from clay (Dauphin

slte) to loany f lne sanri (Bagot ancl l,Iood¡nore sltes).

The selectlon of the weather stations r¡¡as basecl on the proxlmlty of

the weather statlon to an experlmental plot.

4.2 1.1 SolJ. Data

Fleld and laboratory neasurements performe<i lnclucled the followLng:

1. Morphologlcal descrlptlons of the typlcaJ. so11 proflJes. ThJs

was performed by using the stan<Jard procedures ernploye<l hy the



Table 7

S f tc Iocat Ion Lega),

Description

I BÀGOT

3 DÀUPHI N

5 ROBLI N

7 SoURI s

9 TEULON

1 O WÀSKÀDÀ

.I I WINNIPEG

l2 wcrcrDMORE

General information on experimental slte locatlon useddescription, soil classlflcatlon, Eexture, and L/eacherwere derived.
to evaluate the model;
statlon from which rhe

plot legal
weather records

SoiI

Series

weatlìer SL.ttiorì

ID Nunrber t,at--I oñg. (degrees)

2 aEÀUSEJOUR sw 6 t4 Bw Lakeland Gleyed Rego alack Chernozem cL

SH 6 12 9w wi ll.ocrest cleyed Block

NW 23 24 l9W paulson

S ubg r oup

GIeyed Cumu). icRegoso.l

Order TexÈure Name

Macgregor SO4 t6A4

Beause jour 5O 3O t 6O

Dauphin 5040680

Somerset

Chernozem LFS

Chernozem SiC

49.54

50-07

5 r . 06

49 - 27

5r.23

50.24

49.c¡2

5 t .59

50.07

49 -O2

49 -54

49.01

94.42

95. 30

100-o3

98 .3')

101-24

1()0.24

99.58

101-11

97 -2r)

f oo - 4 5

4 MARrÀpOLrs Nw l{ S tZw Fifere

Gleyed Rego Black Chernozem

Orthic al.ack Chernozem CL

Gleyed Rego alack Chernozem L

Regosol ic CL

c

LOrthic Dark Grey Chernozem

NE 1 28 Zgvt Erickson Orthic Dark Grey Chernozem CL

50 f 27 f o

6 SHOÀL LÀKE Nw 2 7 I -t 24et Neud¡ I q

Robl i n

wðskada

50 124'7 3

NE 9 I 2lw Hartney

Strathcl¡i r SOtZ796

Brandon CDÀ 5OlO4B5

Ssan Riwer 5O42BO5

Stonewa I I SO2ZjAn

8 swÀN RrvER S9¿ 4 36 27]rt suanford cleyed Rego Block chernozem scL

Nw 24 l6 2e Lake).and G).eyed Rego Black Chernozem Sic

SE 4 2 2E Bearford Orthic Black

U. of M. pl.ot a).ackIake Gleyed Bl,ock

NE l7 2 SE Kittson

5013120

wi nn i peg 
^ 

5O23222 9-/. 14

97 - 12 I

}.
Chernozem LFS Enìerson 5020880
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Soil Survey, The Canadlan Systern of Soll Classificatfon (Canada

sofl survey conmfttee cssc, 1978). These descrrptrons

provlded lnformatfon relatfve to the number and tbickness of

horfzons ln the proflle, as v¡ell aB on lower boundary con-

dltlons. The morphologlcal characterlzatLons and classlfl-

cations were made wlth substantfal fnput from experlenced

pedologlsts.

Partlcle slze analysls. These analyses were performed by usrng

the plpette method, as described by McKeague (1981).

Organlc carbon analysis. The organlc carbon content lras

determlned by Ì^7et oxldatlon (urodi f led Wakley-B1ack acld

tftratlon method).

Bulk density, pb, (IrS il3), pb was determlned uslng a method

outllned by Zwart-ch and Shaykewtch (1969).

Field eapacfty values , FC (7" by wetght). The measurements were

taken ln the fteld uslng a method descrlbed by shaykewfch and

Zwarlch (1968).

Permanent wlltlng polnts, w, (7" by wetght). The nater content

at -15 bars (FAP) was determlned by uslng the pressure-plate

rnethod on one-cm-thlck dlsturbecl soll samples. The I,/p r^ras

caLculated using an equatlon developed by Shaykewlch (1965):

7. ltP = 0.021 + 0.775 x FAP. (4.1)

Soil molsture contenrr W,jrt=0), (% by wefght) ar seedfng tlme.

The values vrere determlnecl gravlmetrlcally by soll sampJing.

Nltrate nltrogen concentratíon, N(jrt=0), (ppr) at seedlng

tlme. Tbese ana] yses r4'ere determined by the Manitoba

Provlnclal soi 1 Testing Laboratory uslng a stanrlarcl rnethod, the

tl

5

6

7

8
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"nfrrare rest" (Nyborg et a1., Lg76).

9. Water table hetght, Lf,r, (m) at seecllng tlxne and several times

durl.ng the growlng sea'on. The er.evatron of water level qraa

deternfned ln shallow well of 0.05 m dfaureter pvc plpe.

Bulk densitles, fteld capaclty values, soll molsture contents and

NO3-N concentratfon were rneasured ln slx, slx, ten and two (composite)

repllcates, respectlvely. Depths of measurement were o-0.15 rD, o.15-

0.30 n,0.30-0.60 m, 0.60-0.90 rr, O.9O-1.20 m.

Statfstlcal analyses of the bulk density and gravfmetrlc fteld

capaclty data are presented fn Appendix F and Appendlx G, respectfvely.

The mean bulk denslty values exhlblted low varlatlon wlthln a pJot, wlth

few exceptlons (BeauseJour at 0.90*I.20 m depth and Marlapolls at
0.60-0.90 n depth); the values of the coefflclent of varfance (Cv¡ for

subsurface layers were less than 102. cv values for the upper layer,
0-0.15 m depth, were hlgher because of large varlatlons fn soll
structure. Fteld capaclty also shor¡ed a relatlvely low varlatlon, er-tth

cv near 102, except for the woodnore sLte where cv was up to 2g7,. Thls

larger varfatlon tta6 due to the frequent varfatlon ln clay and sand

content over very short dlstances.

Sotl molsture content and nltrate nltrogen concentratfon fn the

so11 presented hlgher varlatlon. CV val.ues for so11 molsture content

\rere generally between l5"l and 30%.

Particle slze analysis, organrc carbon analysfs and pernanent

wl ltfng points nere determinecl on dupl lcate composite sampl es formed

fro¡n slx repllcates col Lected from bulk densfty and field capacfty

sarnples. Tbese repllcates were taken efther at the standarcl depth or by

horizons as they v¿ere fdentffted rnorphologlcal ly.
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In surnmary, sofl subsystem propertles fncluded ln the model had

relatlvely 1ow and medlun varlatlons, and for all practlcal purposes can

be consldered parameters of the agroecosystem.

4.2.L.2 Weather Data

The measured weather data conslsted of standard dafly variables:

maxfmum temperature (oc), mlnfnuur temperature (oc) and precfpftatfon

(u,ur), and were taken from the Atmospherlc Envfronment Servfce-station,

Environment Canada Flle. Slnce the preclpltation ls hlghly varlable

over the Prafrfes, and some statlons qrere some dfstance from the

experimental sltes, at slx site locatlons Bagot, BeauseJour, Marfa-

polf sr'Teulon, Winnlpeg ancl Trloodmore, ralnfall fÂras measured dfrectly on

the sfte.

4.2.I.3 Management Data

The management

seeded ln standard

completely randomfzed

at a deptb of 0.06 rn

recelved 32 kg h"-1

t ime.

The wheat r¡as seeded ln ror¡s 0.15 m apart

seedlng rate of 150 kg h"-1. Each plot
-1IIO kg ha ' (P205), broadcasr at seeding

data were slnflar for all plots. The crop was

plots of 39 x 11 m ln four replfcates usfng a

deslgn.

uslng a

(N) and

The only true management

date. Thls r¡ras controlled

prec I pl tat fon)

combinatlon.

varlable fn space and tlne v¡as the seedlng

by the weather elements (ternperature an<J

and soll condftlons speclflc to each slte-year

4"2"2 Reference Data for pIlO4OD Evaluatfon

Comparison of all variables compute<l by the model (state, rates and

lJtq nôt nncc{}r1 oauxlllary varlables) to the actual measured values
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The computed varlables chosen to be compared wlth riata from the real

systems r,Jere the procluct (graf n yf e1d) and the ma-jor state varlaì_.1es:

phenologlcal development (SPDI4l srrbroutlne), soil molsture contenr

(SSWETN subroutlne), nltrogen content ln the sofl (SNO3Iù suhroutine) anrt

aboveground net procluctlon (SCGRI^I subroutlne) at dlfferent growth

stages.

A1l phenologfcal events could not be identlfJed rlgorously.

Ilowever, basecl on the <lescriptlve deflnltlons glven by Robertson (1968),

the date at the begfnning of each growth stage was noted and use<] as a

tlme reference to measure all other varlahles.

Soll mofsture contents and nltrogen concentratlons \rere meastrred at

the emergence, jolnting, headlng, soft dough and maturlty stâges at

stanclard depths (0-0.r5 m,0.15-0.30 m, o.3o-0.60 m,0.60-0.90 rn, and

0.90-1.20 m). Moisture content was determfned gravlmetrlcally on l0

replicates taken randourly (5 ln the row and 5 between rows); the results
\,/ere converted to a volurnetric basls (*3r-3) using the approprfate pb

value. Frorn the 10 soll samples taken for moisture content, t$ro

conposlte so1l samples were formed for each standard depth. The No3-N

concentrations (ppm) vrere determlned fronr the composfte samples by the

Manftoba sofl Testing Laboratory uslng standarcl technlques.

At each growth stage, startlng with the jolnting stage, square

metre sarnples of aboveground plant materlal v¡ere harvested fn sfx
replicates. The sarnples were atr-drled and wefghed. At harvest tine,
the aboveground plant materlal was threshed, and the grain was wefghecl.

Generally all the neasurements $rere performed at each ¡¡rowth stage.

However, due to the large volume of samples and scattered pl ot

locatfonsr sone of the measurements vlere rníssed at some growth stages.
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4.3 RESTILTS AND DISCUSSION

Ffeld data sets, soll lnput data and the reference data for nodel

evaluatfon qrere analyzed statfstfcally. Except for the phenologfcal

development, all clata used for evaluatfon of the model were mean values.

Conslderable effort was nade to make all meaaurements accurately.

rn spite of thls, when the raw data sets nere analyze<i, some of them

appeared suspect. Because the saurpllng tfne qras controlled by

phenologlcal development, those measurements could not be repeated; all

samples have therefore been retained and used ln the moclel evaluatlon.

4.3 1 Slrnulatlon Type

The ¡node1 was run twlce for each slte-year cooblnatlon, sc. r and

Sc. II.

Table 8 shows the values

parameters used as fnput data for

Sr.¡an Rlver, Teulon ancl Woodmore,

relatfvely shallow depth (0.90 ro

The observatfon of water tables

hlater tables fluctuated

1983 the vùater table u¡as

days later, at the soft

It appeared that at all

encountered, rather than

high fluctuatlon of the

of the fundamental physlcal soll.

the Sc. I slmulatlon. At BeauseJour,

qtater tables have been observed at

1.50 m) during the growlng season.

was rnade on a discontinuous basls.

relatlvely rapidly. For example, at Teulon ln

observed at 0.70 u' at the headlng stage, but 17

dough stage, the water table r^7as belor¡ 2.5 m.

sltes a so-calJ.ed "perched" r^rater table v/as

a true \rater tab1e. This would explaln the

\rater table 1eve1 durlng

fiel d

the growing season.

records shor¡ed onlyHowever, llmlted

that at the four

lnformatlon \^7as aval1able;

locatlons mentloned, the rnrater

that affected the soll nolstur:e content in the

tabl es

rootfng

rose to a depth

zone (1.20 m).

l.êrma nfTo ensure a standard procedure from one place to another, ln
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Table 8 Soll physical parameters used
simulatlon Sc. I.

as fnput data in PIiftlOD;

Sitê locàtion Dept h

(m)
OuIk dêñ5ity Hi¡tihg poinr FieLd côpôcity

tÁs/n,3 ) tn3 7n3 t {,37n,3 ¡

Avõ i lôbIe eàter

contênt (m3lr3)

BAGOT

2 DEAUSEJOUR

DÀUPH I N

XÀRI ÀPÕLT S

s ROAL I N

6 SHOAL LAKE

? soun¡ s

8 SHÀN RI VER

9 TEULON

1 O HÀSKÀDA

1 1 HI NNI PEG

I 2 QOODMORE

0
0
0
0
0

0
o
0
o
0

0,
0,
0,
0.
0.

00
15
30
60
90

00

30
60
9C

0. o0
0.15
0.30
0.60
0. 90

00
15
30
60
90

-0
-0
-o
-0
-l

1,10
'1 .35
1.ó4

0.064
0.08{
0.107
0.117
0. 136

ú , 198
0. 208
o .226
0.337
0.395

0. 134
0. 124
0.119
o .220
o.260

8t
2B
65
55
39

0.147
0. r95
0. 158
0.203
0.2{5

0.319
0.3? 1

0.334
0.403
0.{59

4.172
0. 176
0. 176
0.200
0.213

l5
30
60
90
20

0.60
0.88
c.70
0,81
1-11

0.167
o.211
0.184
o .202
0.213

o.318
0.396
0.364
0.395
0.400

30
60
90
20

91
15
17
1'l
12

0.141
0. 160
0.169
o.172
0.137

0.337

0. 363
0.351
c.336

0.00
0.15
0.30
0,60
0.90

0.73
1.21
1.29
1 .36
1 .5{

0. 106
0. .150

0.14t
0.144
0.151

0.253
0,339
0.310
0.313
0.339

0. 1s7
0.189
0. 166
0. 158
0.188

0. 00
0.15
0.30
0.60
0.90

0.9{
1.43
1 .56
1.66
1 .80

0.106
0,121
0. 1 1¡¡
0. 1{8
0.149

0. 194
o .222
0.182
a .200
0, 193

0. 301
0.343
o .296
0.3{9
0.3{2

60
90
20

l .05
1 .38
1 .40
1 .38

0.091
0,091
0. 106
0. 108
0.110

179
145
161
170
20 â

0.00
0.15
0. 30
0.60
0.90

30
60
90
20

0.78
1.15
1,21
1.23
1 .26

128'l{7
12A
1a8
160

o,273
o .299
o.2'ra
0.258
0.302

0, 1{5
0. 152
0 - 150

0.270
0.236
o .2'7 3
o-278
0.314

15
30
60
90
20

- 0,15
- 0.30
- 0,60
- 0.90
- 1.20

-0
-0
-0
-0

0.00 - 0
0.15 - 0
0.30 - 0
0.60 - 0
0.90 - 1

15
30
60
90
20

0,15
o.30
0.50
c. 90
1 .20

0.15
0. 30
0.5(,
o. 90
1 .20

0
0
0
0
1

0
0
0
0
1

0
0
o
0
1

15
30
60
90
20

15
30
60
90
20

15

0,151
0.185
0.180
0, 192
0.187

0. 196
0.231
0. 194
0.179
0. 199

0.1a2
0. 168
0, 159
0,158
o .202

0.161
c.183
0 .202
4.202
0. 160

o
0
0

o
0

-o
-0
-o
-0
-1

0
0
0
0
0

0
I
1

1

I

3
1

1

0
I
1

1

1

-o
-0
-0
-0
-1

0.111
0. r{3

0.00
0. 15
0.30
0.60
0.90

-0
-o
-0
-0
-1

0.290
0. 34 3
0.311
o.326
c.350

0. o0
0. 15
o.30
0.6c
0.90

15
30
60
90
20

0.130
0.137
0. 16A
0,168
0. 161

0.290
0. 320
0.3?0
0,370
o,320

0. oc
0. 15
0.30
0.60
0.90

0.85
0.89

1.10
1.16

0, 199
a .206
0.233
0, 196

o.3{9
0.165
0.37{;
0.385
0.383

0.126
c, 166
0. 'l 70

0. r8?

1{8
1't 6
r 56
168
148

28
61
59
'7 

1

69

0.0c
0.15
0.30
o.60
0.90

0.076
0.078
0.058
c.053
0,018

o,23U
c,20!¡
0. r75
0.239
o-241

0.15{
0. r31
0.11?
0. r86
o .254
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antecedant condltJons of soil, all phystcal parameters vrere measure<l fn

the fa11, after harvest. At the sites wi th a water table, the

measurements of sol I physl ca1 paraûeters r¡7ere repea te<ì during the

growÍng season when the $rater tahl e was hel ow 2,00 ¡n.

The fundarnental physLcal soil propertles used as lnput data for the

Sc. ïï simulation are presented Jn Table 9. Basecl on these data, the

SCPARA subroutine computed soll physical pararneter:s (ps, FC and wp), an<i

the nodel vras run assuming that t j , o = ta j. The cornputerr parameter

values ü7ere not equal to the measured values. However, the most crtti-
cal parameter for the model ls the stor:age capacity or maxfmum avaJlahle

water content (I^IAC) . Tabl e l0 shows the measurecl an<i calcuLatecl val ues

of WAC and the mode]. error (dffference between ca1culated ancl measured

value) wlthin the standard profile to a l.2O m depth. I,Ijth the excep_

tlon of Teulon and I,llnnfpeg, the calculated values were withtn about 10%

of measurecl values. At both Teul on and l^Ilnnlpeg FC v/as rerneasurecl ln
1983. At I'Ilnnlpeg the observed value was 0.230 m as compared with the

0.204 m lnitfally measured, and the ¡node1 error ln 1983 less than 52,.

Sl-nce the sites were not side-by-slde ln 1982 and 1983, the sfmulatlon

in 1982 was made using the fntttal value observed. However, the såme

large dffference (0.061 n) was obtalned at Teu]on. The error nay have

been fnduced by the regresslon equation usecl to predlct soll physlcal

parametersr but error Ln measurement cannot be ru]ed out because the

measurements \rere based on a standard tlme for the soil to draln (48 _

60 hours) and not based on a repeated sampllng procedure that would

permlt drawlng some Jnference about the drafnage process as a functlon

of tlme.
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Table 9 Fundamental soil nhvsíca1 properties used as input data
in PIXMOD: sÍmulation Sc. II.

Sirc
loc¡t ion

Ltye r Depr h

(m)
Pr r t i c ì s i t e (t) Or9àñic

càrbon(:)very ¿ ínê s6ñd(0.25 - 0. r hm)
¡ i ne ¡ðnd

(0.1 - 0.05 ññ)
SiIr(0.05 - 0.002 mn)

CLð(< t-o t
02 mm)

0.9
o:'

I
9
4
0

25

I
I
6
l

5S

0
0
0
0
0

I

2
3
{
5

0. r5
0.30
0.60
0,90
1 .20

29
23

40
l7

5{
58
57
51

2

28
36
{8
l9

51
¿8
28
50
59

l1
{9
{9
22
36

6'l
19
50

5¿

27

28
23

46
{4
at

¡5

3{
32
30
l0

33

37
38
38

29
3r

2B
26
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Table l0: Available water content for
calculated and model error.

plants 1n the proflle of st.andard depth (1.20 m); measured.,

9

Site l-ocation ÀvaiIabIe water content (m) Model error
( ca Ic ula ted

(m)
measured )Mean observed

I BÀcoT 0.221
2 BEÀUSEJOUR 0.238
3 DÀUPHIN 0.217
4 MÀRI APOLI S 0.238
5 ROBLTN o.2oo
6 S1JOAL LAKE 0.241
7 SOURI S 0.212
B SWÀN RI\/ER O.24g
9 TEULON O.2O4

1 0 wÀsKÀDÀ 0.233
I 1 WI NNI PEG O.2O5
1 2 wooDMORE o .21 1

PIXMOD estimated

o.230
o .261
o.254
o -255
o.181
o .244
o .237
o.217
o .261
o.2s5
o -252
o.20a

o. oo9

o. o23

o. o37

o.o1B

-o.o18
o. oo3

o. o25

-o.032
o. o57

o.o22
o-o47

-o. oo3

L,(,
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4.3.2 Crlterla Used to Evaluate the Model

The abfllty of the model to predlct accurately tbe mafn outputs of

the real- system !7as assessed fn terms of the adJusted coefflclent of
determfnatlon ñ2 and the standard error of predrctron (sEp):

2R I (I-R,)(N-1)/df

SEP +
MO

N
x(Y

l=1

r/2

(tl.2)

(4.3)
2

Y / (N-2))M 0 t

where M stands for model, o stands for mean observed value, y stands for
the entfty consfdered ln the analysfs (for example, graln yfeJd, above-

ground net productlon, days from one phenologlcal event to the next,
etc.) and N ls the nunber of comparrsons made. Egn. (4.3) has a form

sllghtly different from the classlcal standard error of estfnate used in
regresslon analysfs and the root mean square error (RMSE), sfnce those

statístLcs are calculated based on the overall experlment mean. In this

study the comparlson lras based on the sum of squares of dffferences

between the lndivldual slte-year combinatfon predicted value (rrodel) and

actual observed value dlvlded by N-2 degrees of freedom. (Two degrees

of freedom are lost because of the two approxfmatlons lnvolved ln the

analysfs, averagfng the observecl data, and the model estimatlon.) Both

Rz and SEP were considered important crlterla for evaluatlng the mo<Jel..

Iz provfded some lndlcatlon of the proportlon of varfation of observeci

data explalnecl by the model whereas the SEP gave an Lndicatton of tbe

range of the model error expressed ln the orfglnal units used to measure

the observed variable. The model bfas was expressed sometlmes fn terms

of model error, the dlfference between predfcted and observed values.
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the end of the growfng

observed data versus

Y Bo + I íX, have

4 .3.2.I PIn'lOD Valldatton

Flrst, the nodel was valldated as a whole ln terms of its abillty

to predlct the product (graln yleld). Table 11 shor¡s the observed graln

ylelds and PIruoD predfcted values durlng lg82 and 1983 together wlrh

the total ralnfall recorded from seedlng to maturlty.

Generally, 1983 was a drler year than 1982, but ln the Dark Grey

Zone (Roblln and Swan Rlver sltes) the reverse ï,ras true, and ln the

Interlake Reglon (Teulon stte) the total. amount of preclpltatfon was

approxfmately the same ln both years. "Dry year" and "urolst year" are

general statements that cannot be used to characterLze the weather

pattern over large areas such as a provlnce or prafrle reglon. Tbe

graln ylelds ln 1983 were lower than fn L982. The observed grand rnean

ln 1983 was lower by 563 kg ha-l than ln rgg2, due to loq¡er precfpfta-

tfon fn 1983.

By comblnlng an approprfate descrlptlon of the system and its

dynamic functfonfng wlth the main lnputs, PI)GíOD sirnulated successfully

the wheat yfeld at al-l locatfons for both scenarlos. The nurnber of

sLrnulatlons ln Sc. I was smaller than tbe number of sfmulatlons ln Sc.

II because the fnftfal soll molsture content cou]d not be measured for
Dauphln and Shoal Lake 1n 1982 and slnulatlon Se. I could therefore not

be performed.

Figures L2 and 13 show

graln yfelds plotted versu6

the scatter diagram of the mean observed

For grain yield and aboveground net productfon at

Beason, slnple llnear regresslon equatlons of

PIXMOD-predfcted values of the general forur

also been developed.

the value preclLcted by the mo<lel ln Sc. I



Table ll: Mean observed graln yfeld and Pr&foD predfcted values for l9B2 and I9g3 growlng seasons.

Obs . Site
s ymbo I

Sit-e locðtiorì Yea r
Pr ec i p i t d t i on

from seeding
to horvest

(mm)

GRÀIN

s

141

v I E L D (ks,/ha)

AÀGOT

BEÀ U S EJOUR

DAUPH T N

MÀRIAPOLIS

NOBL I N

SIIOAT, LÀKE

SOUR I S

SWÀN RT VEIì

-rF(,f.,o¡{ ¡ r i

w^sK^D^

W¡NNIPEG

wOOÍ)MOR E * r

r982
l9a3

187 .2
92 -7

266 .6
I A2.9

1982
r9a3

l9a2
1983

t¿8.8
303.4

t 9a2
I 98 3 r 68.8
I 98 2
| 98 3

275. I

365-7

PIXMOD prediction

20

Observed (N=6 )

Y (t) sc.I Error r. sc.Ir Error

3405
3269

279
213

34 r 5
33 37

l0
68

3{60
34A I

1¡32¡¡
3234

4459
3 r 09

t 35
- 125

50I
285 179

I O7

2
3

B

E

D

M

n

U

w

I
2

7
I

55
2t2

97
3 35

3
4

5
6

9
o

5
6

{421
3569
,t939
4030

22 30
3226

l2'¡4
3494

3756
3232

4 t87
1602

460t
40t8

395
25 t

261
t 69

B3
147

| 24
t62

1982
19a3

245-4
147 -4

1982
1983

r t6.o
8O. {¡

4127
| 64 I

98
98

I 98 2
r983

I 98 2
r983

4760
3923

2200
296 I

3835
3280

1982
198:ì

227 .3
t 55 - O

4 629
4018

I

II

¡¡t

lv

VI

vt t

VI ¡ I

¡x

X

xl r

3943

3 189 2AO

60
-39

{53¡¡
lTlt 407

70

tl
266 .3
137 .3

2544
2909

2260
303 r

60
70

30
26s

2524
3082 -20

173
3
4

352A 3652 124

Fiqures l6 õnd 17.

.gO - l.5O nr) cturiñg tlìe groving se(ason

3A26 294

r8
1

24

19
20

2l))

308
- 163

78
80

270
233

194
I t9

2
4

6
2

299
205

3988
3484

r53
204

36 r6
3654

-219
37 4

38{5
36A1

3939
3837

94
t 50

,¡153
3524

4176
34 t4

46
242

4 252
3464

76
50

4t6
3t8 -2A

0
4757
4050

283
496

2
o t982

l9A 3
290. r

r 85. 7
3473
27 36

6l
| 62

3455
294rl

-t8
204

Note: Syntbo) used for observed nreon 9rÐin yeld pLotted in
:Í:o.:- P¡XMOÞ predicted volue-- ueoir obsèrwed volue5¡te Hrth observed water toble at Ð shollow deth ( ósite -irh soit prof iIe vitf. pr,y-icãI-uorrier.

(¡
o\
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and Sc. II, respectlvely. Data was plotted 1n the same nânner ln both

graphs. The letters represent the observed mean graln yteld at each

sfte-year combfnatlon uslng the symbols of Table 11. posltfve and

negatlve sfgns lndfcate standard error (St) above and belor¡ the mean,

respectlvely. The dlagonal llne fs the 1:1 lfne. Any point letter that

falls below thls llne lndlcates a lower observed nean graLn yield than

the value predicted, the result of a posltfve error ln the model

predictfon. Conversely, pofnts that fal1 above the 1:l lfne lndlcate

negatfve error in the rnodel predlctlon. However, if the 1:1 llne lfes

wlthfn the standard error llmfts of the mean observed data, the pl)ü"loD

predlction can be regarded as a correct estfunatlon. The general

agreement between observed and predfcted graln ylelds for all sfte-year
comblnatlons together ls lndLcated by the regressfon llne of observed

graln ylelds versus PI)c'rOD predlcted yteld (clotted line). The posftlon

of this lfne relatlve to the 1:1 regresslon lfne provides fnformatJ.on on

the overall performance of pI)CvfOD.

The graln ylerds for the 21 slte-years sfmulated by pr)0!roD in sc. r

r'rere ln good agreement wfth observed data. I^Ilth the exceptlon of Shoal

Lake (1983) 
' 

I'Iaskada (1982) and l^Ioodmore (1983 ), v¡here rhe predtcte<l

value was hlgher than the mean observecl value pIus stanclard error,
PrXMOD predicted rhe graln yreld correcrly (Frg. n) for al1 rhe

sLte-year combinatlons. The rnodel, generally overpredicte¿ the grafn

yleld, as lndlcated by the regressfon line.

The graln yleld slmulared by prlo,foD fn sc. rr was also in good

agreement wfth the observed value and followed the same pattern as ln

sc. r (Tab1e 11). Generally, the precricted graln ylel<1s f or each

slte-year comblnation v¡ere hfgher than the ohserve<J mean values, wfth
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larger error than for Sc. I. At Swan River (1982) and Teulon (19g3) the

model, Sc. II, underpredlcted the graln yield r.¡hereas the slnulatlon Sc.

I overpredfcted the graln yleld. These opposfng results were due to the

dlfferences between measured and calculated soll parameters and the

assumptlons made ln Sc. II as to the fnitlal soil molsture content. For

example, at Swan Rfver ln 1982, soll molsture content at seedlng tlme

was at the FC value. Because thls ls the assumptfon made ln Sc. fI, the

yfeld slmulated ln thls scenarfo should be the same as the yield

slmulated fn the Sc. I. However, the soll parameters, and therefore the

lnitlal soll ¡1o1sture content were not 1<lentlcal tn both scenarios.

overal1, sc. rr also overpredfcted the graln yield, and the

regressfon llne of observed versus predlcted values fa1ls below the

1:1 regressfon 1lne. In addltfon, the regresslon llne lnclicated that

the devlatlons from observed were larger for hlgher ytelds (3000 to
-1 -15000 kg h"') rhan for lor+er graln ylelds (1000 ro 3000 t<g tra-r).

Table 12 summarizes the statlstlcal results of graln yfelcl used to

valldate Prn'foD. Data have been analyzed ln three ways: by scenarÍo,

and for each scenarlo uslng data from all slte-year conblnatfons and

each year separately. Three statfstics r^rere presented for each set of

data: the sEP, the ñ2, and the regressfon equation relatlng observed to

predicte<l values. For sc. r, SEp values were low ( ! L25 kg/t,a for a1l

sf te-year combinatlons, ! 97 kg/ll" ln rgg2 an<i t r52 ke/t,a ln 19g3 ) .

The absolute value of SEP provides better lnformatton about the bias of

Prh'foD when 1t is compared r¿ith the grand mean of observed data (l).

Thls comparfson suggested that the ¡noclel. predicted grafn yleld wlth an

overall error of 2.57" (7982) to 4,7"a (1983). The model was successful

1n sirnulatlng a large proportion of the observed varlatlon ln graln



TabIe I2 Grand mean (Y) and_srandard error (S
of determination (n2), standard errovalidation of pI&fOD.

;) :f observed graln yield, adjusred coefficlentr ot predlction (SEp) and regression equatlon;

Sceno r i o

II

Ye.f r

1982 1 98 3

1982

1 98 3

f 9a2 I 98 3

r 982

1 98 3

Nurnbe r o f
s i tes

Obgerved yietd ( kq,/ha ) F2

crond ¡nean (i) s(t)

345'l 155 o.9a

3779 237 o.99

3216 la2 o.96

347 4 t 58 o.95

37 56 243 o.96

3216 tB2 0.91

- Regessiorì equat ion
_ot observed yield (y)
PIXHOD predicted vaJ.ue

vg.(x).

*/- s¿e

k9/ha

125

97

152

243

225

2ao

3.5

5.0

2.6

4.7

'7 -O

9

2t

l2

23

1t

Y

Y

Y = 241.09

-25..l1 - O.986x

-1O.55 + O.9a7x

Y 27.39 + O.9S6x

3.ao O - 955x

o.907x

12
4.7 Y = -f47.a7 + O.987x

o\
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yle1d. The values of adJusted coefflcfent of determlnatfon were high

(0.98 for all sLte-year combfnatlons, 0.99 for the sites used fn tbe

experLment ln 1983 and 0.96 for the sLtes used ln the experlment ln

1982) lndfcatfng a hlgh correlatLon between the observed and predfcted

values. For thfs study, ñ2 úras an lndicatfon thaÈ PIXMOD showed

stabtllty ln accurately predlctlng the graln yteld from one sfte-year

conblnatlon to another.

The slopes of the regressfon equatfons developed were close to 1.00

(0.986 for pooled data,0.987 for 1982 data and 0.966 for 1983 data).

The fntercepts were sllghtly dlfferent, belng negative for 1982 (-10.55)

and posltfve for 1983 (+27.39). Although thelr values were small, the T

test suggested reJectlon of the null hypothesis, Ho:8o = 0. Based on

statlstLcs obtained for data analyzed by indlvidual year, ft appeared

that PI)GÍOD predlcted the graln ylelcl sl ightly better fn 1982 tban ln

1983.

The summary statfstics obtafned frou Sc. II were slnllar to those

from Sc. I. Generally, the sl¡nulated graln yields fn Sc. II were less

accurate than those ln Sc. I. The SEP values were hlgher (t 243 kg/¡a

for all sfte-year comblnations, ! 225 kg/ha for L982 and + 280 kg/ha for

1983) and the Fz r^rere lower (0.95 for all combfnations, O.96 for Ig82

and 0.91 for 1983). Although the parameters of the regresslon llne

(ßo = 3.8 and ß1 = 0.956) for all site-year combinatlons Lndlcated a

good agreement between observed and predlcted values, a much larger

difference between those parameters vras obtained analyzlng each year

separately (ßo = 24I and Bt = 0.907 for 1982, and ßo = -Iú6.87 and

ßt = 0.978 for 1983).

In summary, PIXI"ÍOD predicted the grafn yleld well for a wfde range
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of growlng condltfons. The number of sfte-year combfnatlons used to

valfdate the model u¡as relatfvely s¡nall, but the range of observed mean

graln yfelds was Large (1641 kg/t'a ar Marlapolts ln 1983 to ú629 kg;/ha

at I{lnnlpeg ln L982). Generally, the urodel overprecllcted the graln

yteld, but the bias \üas not eonslstent, partfcularly for slnulatlon Sc.

II. Thfs fndlcated that a further correctlon of the nodel prfor to

applfcatlon ls a more conplex matter than a stmple caltbratlon based on

fteld data of the type obtalned ln thls experf.ment. As expected, PI)GíOD

predicted the graln yleld more accurately when the sofl physlcal

parameters and lnitlal sofl rnoisture content nere rneasured, 1.e., the

graln ylelds simulated fn Sc. II v¡ere less accurate. However, the SEP

values were less than + IO7. of tbe observed grand mean. Consfderlng the

wide range of observed yleld, it can be concluded thât pI)O,fOD

r¿heat graln yteld reasonably well, even wlth llntted data lnput

pred lcts

and can

provide reliabl,e values in practlcal cases.

4.3.2.2 PI)O'ÍOD Verif lcatlon

The oost lmportant state varfables ealculated by the rnodel (pheno-

loglcal development, soll rdater content, nftrate nftrogen ancl above-

ground net productlon) were anaTyzed ln the verlflcatfon phase. These

sÈate variables are tbe maln outputs of four subroutines fn PI)ßrOD.

Because the soll lrater content and the nltrate nitrogen concentration

depended strongly on boundary and lnttlal conclltfons, only the outputs

from the simulation Sc. T have been consldered. Pbenologlcal clevelop-

ment was calculated ln the same manner in both scenarlos anci the pre-

<llcted values were l<ìenticaL. Slnce the aboveground net productlon ls

the key varíab1e ln the appllcatlon phase, the preclictlon of thls

variable was analyzed for hoth scenarios.
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4.3.2.2.I Predlctton of Phenologfcal Development - SPDW Subroutfne

Table 13 shows the date of observed growth 6tages and the date

predfcted by PI)0'íOD. Growth-stâge values were vlsual observatlons. The

observed data at maturfty represent the harvest dates rather than the

biological rnaturlty as descrlbed by Robertson (1968). The harvest

dates, a management decislon, were later than uraturlty dates by about 10

to 15 days . Since the blologlcal maturl ty r,ras not f dentf f led accu-

ratel-y, the harvest date was used aa the reference date for rnaturfty

(M*). Ustng excluslvely meteorologlcal data, the model can easlly be

calibrated to predfct the harvest date.

Flgures L4a and 14b show the scatter dfagram of predlcted growth

stages around a 1:1 llne and tbe regresslon llne of observed values

versus model predfcted values, with and wfthout the harvest date. The

predicted values fa11 above the 1:1 regressf on 1f ne. I,Ilth three

exceptions out of 104 ot'servatfons, the BloMeteorologfcal Tfune Scale

conslstently precl lcte<I a f aster phenologf ca1 clevelopment than üras

observed at every growth stage. The summary statfstlcal results of the

comparison of observed and precllcted phenologfcal developrnent are

presented f n Table L4. Wben all growth stages were lncl_ucled, the

coefflcfent of determlnation values were hlgh (R'= 0.97 for all year-

locatlon comblnatlons) and remalned consistent from one year to the next

(ñz = 0.98 tn 1982 and ñ', = 0.96 fn 1983). slnce rhe btas of rhe moclel

was conslstently negatlve, the SEP deffned as [(modeJ-observed)'/W-Zll/2

has had only a negatlve value. Overall, the model predfctecl the growth

stages to be earlf er than observed by 7 days. A better predlctlon r¡ras

obtalned in 1982 (Sfn = -5 days) as compared wlrh 1983 (SEp = -8 days).

Tbls fs reflected also fn the SEP values cal culated for fncllvldual



Table 13: Date of observed
(Jultan d.y).

phenological events (growth stages) and prn'foD predicted dates

Site Location

BAGOT

2

3

4

ROBLI N

BEÀUSEJOUR

DÀUPH I N

Yeor GROI{TH ST^GES

r 982
1983

244
230

244
227

257
244

230
2t5

227
216

1982
I 98 3

198?
1983

25 r

233

23t
226

o\
L¡I

236
223

236
220

2

22A
207

2la
209 215

224
212

224
214

215
216

Seed i nq Emergence JolnÈing tleod i ng Sof t dough Motur i ty

Moder obs. Modet obs. Moder oba. uoder obs. Model obs. Model obs.r

142
l3t

r48
t45

t96
ta8

218
206

229
208

140
136

173
r69

r 96
| 93

219
20'Ì

228
216

232
216

155
151

20I
r95

245
226

197
189

202
207

196
189

t99
195

175
174

173
179

175
r 78

172
t65

179
t73

172
167

173
173

1?3
175

171
174

147
147

152
158

r 48
l4a

153
159

11¡8
142

t48
t45

147
153

146
143

t40
145

l5?
r59

148
147

146
145

t 49
142

t 38
r4t

149
t46

l¡¡l
t 30

t 45
t4t

MÀRI ÀPOI LS 1982
| 98 3

SHO.AL LÀK E 19a2
r 9a3

souRl s 'l 982
r 98 3

SWÀN RIVER

9 - TEULON | 9A2
r9a3

to WÀSKADA

'I I WI NN I PEG

t2 9TOODMORE

144 l5t t ãz

141
t48

147
156

222

216 221 226

222188
194
t95

202
207

t 78
t66

202
taa

2',| I
r 93

200
196

3

r4l
't46

148
144

147
r 53

t87

188

t 78

20

9
9

226
218

245
229

196
lg9

221
209

229
215

233
2t8

244
229

983
29A 202 256

222 254

200
r98

204
206

229
221 221

252
243

7

6

7

t58

174 t 78 195 206 ,iu

256
254

250
2t6

25t
227

232
218

236
229

251
224

173
179

| 982
r983

l9a2
19a3

195
19¿

t 89
r a9

196
r 90

r89
t 88

19A
t91

179
175

162
t66

175
170

a
6

152
148

t53
152

174
170 'ie

1982
19A3

132
129

166
174

l9a2
t983

r43
137

212
207

222
208

224
216

5
5

Note t r The observed moturiÈy date ia the harveat dote.
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f

o
oÞ
T'
o

(¡,

-c)o

260

?40

220

200

r80

t60

r40

t2c,

260

220

200

r80

r60

r40

120

t20 t40 160 t80 200 220

PIXMOD pred¡cted dote (Julion doy)

(a)

160 t8 0 200 220

PIXMOD predicted dole (Julion doy)

(u)

240 260

?4Q 260

?40

o
!
c
.:
f
-)
o
o

!
Þo
o
-o

t20 t40

l: i u,rr rt, i lt Sc¿ìt f t,r ci i;i¡¡r:rm of tlte. d¿rte ()n whlc:h ca,.:h grrtwt.h sl¿ìg€l
wiìs ()bst rved ¿tnd thc¡ d¿ìLe pred ir'ted bv l'IXMOD f or the
i982 and l9B3 growing seasons; (a) incl-uding rhe harvest
date, and (b) without harvest date.

n
É'

f+'

rir'o
p'

BË

#

t¡
$

JJ

J

Observed growth stoge dote
E - emef9ence

l - jointrng

x - heolrng

o - gofl dough

M - horvesl (molur¡ty)
lrl line

Regressron lrne of observed vs

PTXMOD pred¡cled dole

D

Observed growlh stoge dote
E - emergence

J - ,olnllng
H - heolrng

D - sofldough
I I lrne

Regress¡on lrne of observed vs

PTXMOD pred¡cred dote

8,.

D

.$o

J

eE

J¿ ..f,

oo.D'

o.b

Jr Jl.

o.

È ìiA'
X... HH
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Table T4:. Adjusced coeffícienr of determination (R2) an¿ standard
error of prediction (SEP) of date on which phenological
stages were reached for various year and growth stage
combinations; verification of subroutine SpDW.

Number of
comparisons

ñ2 - SEP
(days )

Growth stage Yea r

AIì growrh stages
lncluding harvest

(maturity)

Àil growth stages
r,r i thout harvest(maturity)

1 982 1983

1 982

1983

1 982 'I 983

1 982

1983

1982 - 1983

1982 - 1983

1982 - 1983

r982 - 1983

104

44

60

81

33

4B

0.97

0. 98

0. 96

0. 98

0. 98

0. 98

0 .62

0 .12

0.55

0 .67

0.25

0 .47

0.69

0.12

10

4

'1 0

9

I

7

q

B

Emergence - E

Jointing - J

Heading - H

Soft dough- D

Emergence - E

Jointing - J

Heading - H

Soft dough- D

Emergence - E

Jointing - J

Heading - H

Soft dough- D

22

1B

23

18

4

9

6

B

1 982

1 982

1 982

1982

10

6

1l

6

4

4

1983

1 98 3

1983

1 9B 3

12

12

12

12

0.90

0.30

n oo

0.73

'1 
1

B

B
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gro\,th stages by year. In 1983 the dafly temperature values durlng the

growfng season were hlgher than ln 1982. It appeared that the blas of

SPDI,J was larger fn the hotter, drler year. Sfnce the photoperfod

varfable enpl-oyed by the BMTS model varled from one year to another

wfthln a narro!¡ range, the temperature coefffclents domlnated the

estfmatlon of growth stage. Therefore, the blas toward earlfer

predictfon than observed growth stage was due to too bfgh a value for

the ternperature coefflclents.

The values of SEP calculated for lndlvidual growth stages lndfcated

that the accuracy of predfctfng phenol.ogfcal development clecreased ln

the followLng order: ernergence (-4 days), headfng (-6 days), soft dough

(-B days) and Jotntlng (-9 days). It fs qulte llkely that the coeffl-

cfents developed for the perlods emergence to Jolntlng and Jolntlng to

heading need further callbratlon. However, the absolute values of SEP

are not accurate because the observecl values r^rere not as preclse as

other measurements. There ü7ere tr"o reasons for thls: flrst, the

orlglnal descrlptlon of the growth stages (especially of jolntlng and

soft dough) presented an lnherent dffflculty ln thefr assessment;

second, the experlmental sites qrere scattered over a large geographical

area wlthln Manltoba preventlng frequent vfsfts to the sftes. There-

fore, the growth stages could not be monltored preclsely. An error of

+3 to *5 days from observed dates should be consldered to be withln

experfmental error.

Slnce the blas of the model ls conslstent, a correctlon 1s pos-

slble, but thls will requfre hlgh-quallty data obtained frorn a

rlgorously controllecl experfment. Dorafswamy and Thourpson (1982) used

data acquired by the U.S. Department of Agrtcultural Statfstlcal
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Reportfng Servfce, durlng I978, fron wheat flelds fn North ancl South

Dakota, Mlnnesota and Montana, to modify the regressfon coefflcfents of

BMTS. PIXMOD enployed these coefflcfents for several slte-year

combfnatfons. By 
"ori"rl"on, 

Robertsonrs orlglnal values gave much

better results than the nerr proposed eoefffclents.

The results of the stucly showed that Bl"lTS f s a rellable method

avallable for estluratln6¡ wheat growth stages 1n Manltoba, and

probably ln the entlre Pralrle regLon as well.

4.3.2.2.2 Prediction of Soll Wetness - SSWETN Subroutlne

Soll water content has been related in a complex manner wJth soil

subsystem propertles, crop subsystem characterlstlcs, and lnltfal

boundary condltlons. A very large number of varlables, measured at

short tlne fntervals are needed for a complete assessnent of SSL\rETN.

Froul the field data collected, useful inforrnatlon rras <lerlved on the

overall performance of the subroutlne and on tbe assumptions urade for

lower boundary condltlons of the soll subsysten.

Since the fnltfal condltfons have been neasured for tbe slmulatLon

Sc. I and upper boundary condltfons were elther lnput as drlvfng

variables or coûputed by other subroutlnes, the predictecl water content

values are mainly related to soil characterlstfcs and lower boundary

condltlons. Because SSVIETN was drLven by fnput varlables monltored on a

calendar tlme basls, the reference time used ln the analysls of the data

htas the correspondfng Jullan day for the observed growth stages. The

standard error of predictfon of soll molsture content ln the rootlng

zone for each experfmental slte at emergence, jolntlng, headlng, soft

dough and maturlty fs presented 1n Table 15. The so11 molstrlre content

r¡Ias predlcted wlthln acceptable llmlts of accur¿ìcy at the sltes wlth



Tab le l5: Standard error of model predl-ctlon (sEp) of soír wetness
dlfferenr growrh srages over both years (rgg2 and l9g3);

1n the rooting zone (1.20 m depth) at
verification of subroutine SSI{ETN.

+/- SEP ÀT DIFF,ERENT GROWTH STÀGES <^37^3 ISite location

Note:

Eme rgcnce

staqe represents
obse r wed wa ts e r
soil protile wi

Joi nt ing

t.he harvest date.
tsbl-e at a shollow deth ( O-9o
th physical, borrier.

l.5O m) during the growiDg season

l{ead i ng Sof t dough Maturityr

I

2

3

4

5

6

'Ì

I

9

to

l1

12

fÌÀGoT

BEÀUSEJOUR TT

DÀUPT{ I N

MÀRIÀPOLI S

ROBL I N

SllOÀt- t,¡\KE rr¡

SOUR] S

SWÀN RIVF:R *r

artuLoN r r

WÀSKÀDÀ

WI NN I PEG

WOODMORE T*

0-o43

o. o9a

o. o35

o.o35

o. o64

0.039

0.133

o. o97

o -o72

0.038

o.047

o. 155

o. o76

o. 120

o. o92

o. rol

o. o30

o.o44

o. 156

o. I 07

o. oa9

o. o46

o. o26

o. 135

o. o63

o. o92

o. o9a

o. o74

o - o54

0.o46

o.l8l

o. I 02

o. o60

0.o39

o.o27

o - r 28

o.o46

o. o9a

o.l lo

o.078

o. o25

o.o37

o. r 63

o.t22

o. o67

o. 04 t

o.038

o. t 59

o. o53

o.rol

o. o55

o. o78

o.o2r

o.05a

O.1-)4

o.l5l

o.122

o.or2

o.033

o.149

* - vaturi*" - site vrr* - Site H

tsy
ith
i rh I

.-¡
O
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well-drained proflles (Bagot, Dauphfn, MarfapolLs, Roblln, Waskada and

Wlnntpeg). The sEP varfed 1n the range ! 0.012 to t 0.047 r3r-3 at

hlaskada and l.trfnnlpeg, fn the sllghtly larger ranges t 0.021 to I
1 -? 3 -30.076 m-m ' at Bagot and Roblln, and t 0.035 to t 0.110 ¡n m at

Marfapolfs and Dauphln. Slnce the standard error of the mean observed

data was withfn a range of t O.OIO to 0.020 r3r-3, the standard error of

predictfon values qTere regarded as reasonably smal1. For exanple, at

the Winnlpeg slte the predfcted values of water content at the headlng

stage ( the lor¡est SEP) r¡rere about t 47" f rom measured aval lable water

content and at emergence (tbe hfghest SEP) about ! Ltt7". At Sourls, a

site consfdered to have a well- dralned proflle, the SEP values were

hlgher; the blas of the model was systernatícally negatlve. The Sourls

sfte was lntroduced into the experiment late ln the sprlng of 1983 and

no lnformatlon about water tables could be obtalned. It ls probable

Èhat the sfte had a shallow water table because the sofl molsture

content values determLned on the samples collected at all growth stages

nrere elther close to, or even hlgher than the measured FC. Goo<l results

(Snp = r 0.037 to I 0.058 m3n-3¡ r.r" obtained at Shoal Lake, sftnulated

as a soll proffle wlth a physfcal barrfer (the bulk denslty at a depth

of 0.90 to 1.20 ur was 1.80, Appendix F).

The highest SEP values and therefore the largest bfases in calcu-

latfng the soll water content r^7ere obtained at Beausejour, Swan Rlver,

Teulon and hlooclmore. These sf tes had fluctuating, shallow \.rater tables.

Thls blas \,Ias to be expected because the paranetrfcal method employed in

the rnodel cannot accommodate computations of soil vrater above FC.

Generally, at those sites, the mean observed values of vrater content

were larger than the preclfcted r¡alues. Table 16 shows the mean observed



Table 16: Mean observed and predicted (pIXMOD Sc.
stages at Beausejour site in 1983.

I) volumetric water content at different qroi¿th

GrowtL¡ sÈage

Seeding **

Eme rgence

Jointing

Head i ng

Soft dough

Maturity

DaÈe of samplinq

16 May 1983

27 t,'ay 1 98 3

28 Jun | 983

12 Jul ',t983

O4 Àug 1943

t5 Àuq 1983

DepÈ h
(m) Mean observed

1^3 /m3)
(N=ro)

Mean observed value)

Model I)red
( m3 '/m

Mod e
(m

iction
3) | _errorr/ñJ )

0. oo -o.15 -0.30 -o.50 -o.90 -

0.5t
o.5 I
o-s6
o-40

- o. t5
- o.30
- o.60
- o.90
- t -20

41
43
40

o .26
0.35
o.33
o.40
o-46

o8
to
0a
o3
o6

o. o0
0.15
o.30
o.60
o.90

o.15
0.30
o.60
o.90
t .20

o.34
o-47
o.43
o .49
o .44

o.25
o .2a
o - 30
o- 37
o.43

-o. o9
-o _ 19
-o. 1 3
-o.12-0.01

- o. r5
- 0 - 30
- o.60
- o-90
- t -20

o.32
o.4t
o.39
o .44
o -42

to
1'7
oa
o?
o't

o. 15
o.30
0 - 60
o-90
1-20

o.oo - o.1o.1s - o.3o.30 - 0.60.60 - o.9o.90 - t-2

0.00
o. 15
o. 30
o.60
o - 90

o. oo
o. 15
o.30
0-60
o.90

o.3a

.34

.45
0
o
o
o
o

-o
-o
-o

o

-o
-o
-o
-o
-o-t2
-o. r8
-o. 13
-o. o 1

-o - o2

-0. 1 1

-o. r5
-o. 16
-o. o3

o - o4

o -22
o .24
o.31
o.37
o-41
o.15
o. t9
o. r9
o-33
o.40
0- 15
o. t9
0.16
o .32
o-40

o -2'7
o-37
o-32
o. 34
o-42

0.00
o. r5
o.30
o.60
o - 90

0. t5
o.30
o.60
0.90
1 .20

o .26
o.34
o-32
0. 35
o.36

5
o
o
o
o

Nota: * - Yog.l error = (F,rxMoD esrimated walue- Initial conditions.
- Maturity daÈe is harvest date_

F.\j
NJ
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values, model predlcted values, and the rnodel error of soll molsture

content at BeauseJour fn 1983. The mean observed values were close to

FC and even hlgher than FC at every growth stage. At seeding tfme, tbe

soll molsture content was at calculated saturatlon and even htgher (0.51

to 0.56 r3r-3¡ rt a depth of 0.20 ro 1.00 rn. The htgh sofl water

content at seedf ng date \{as not lnduced by the r^tater tab1e, but by

preclpltatlon prlor to seedlng combfned wlth poor percolatlon condltlons

because of a thln frost layer (approxfrnately 0.15 - 0.20 m), observed ln

the fteld durlng seeding.

The adjustment of yfeld for water excess, althougb crude, appeared

to be appropriate. I.Iltbout consfderlng tbe negatfve effect of water

excess, the model would predlct a graln yleld of, for example,

-1 -'l3880 kg ha ^ at BeauseJour ln 1983 approxlmately 600 kg ha ' hlgher than

the observed value.

In summary, SSIIrETN performed reasonably well. The predlcted values

of soll moisture content r¡ere ln an acceptable range of accuracy and the

assumptLons made for lower boundary conditlons and \^rater excess effects

on yleld appear Justlfled. The errors ln estfnated water content vrere

both posltive and negatfve, but the general tendency of the nodel $/as tc)

underpredlct the soll molsture content.

4.3.2.2.3 Predfctlon of Sof 1 Nltrogen - SNO3I,I Subroutine

The nltrogen content

predlcted by the moclel than

error of predl ctlon for

Generally, the SEP ls 1n the

NO^-N concentratlon fn the
.t

proflle \¡7as less accurately

Table 17 shor¿s the standard

at dlfferent growth stages "

to ! 50"Á from the mean observed

ln the soll

vlater content.

each site

! 407,range

soiJ proflle.

values of SEP were obtalned at the sltes wlthThe largest absolute



'r,.ì-1 ^ 1 1l\ruac I I

I

3

4

6

'7

a

9

l(ì

t1

12

Site 1ocðtiorì

Note:

BÀCOT

BEÀIJSEJOUR * *

DAUPTI I N

M^Rt Àr>oLl s

RORLI N

Stlo¡r- l¡xe **'

soun r s

sw^t{ t¡IVEft **

TEUT,ON T *

w^sK^f)À

WI NN T t]EG

WOODMORE r t

Standard error of model prediction (SEp) of nitrate
zone (1.20 m depth) at different grov¡th stages over
l9B3); verification of subroutine SNO3W.

nitrogen ln the roocing
both years (1982 and

. /-sEP_
E)tne rqg¡,""

3.9

7.6

8-a

r0.8

14. t

5.3

5.9

3.2

t6.7

2 .'t

9.0

Jo i n t i ng tleod i ng

À T D r F F E R E N T G R o w r H S T A c E s (ppn¡)

Soft dough Moturity

5.9

5.2

t8.3

9.9

12 - |

4.4

'7.1

4.5

13.3

5.3

r8.5

t3.6

2.6

2.4

14-4

13. r

I t.o

2.6

6.-t

5.3

15.O

5.7

la.4

7.2

2.3

2.4

13.4

6.6

4.8

6.4

5.8

5.1

ta.2

4.6

r4.9

5.9

2.9

3.1

8.4

7.6

7q

4.2

5.O

la-8

2-6

l4.t

- Maturi
- Site w

- Site w

ty
i t lr
i tlì

Stage represents
observed Fater
soil prof ile ui

Lhe harwest daÈe.
table at a shallow deth ( O.90
Èh physical b.rrrier.

l.5O rn) during the groping season.
I

{
F'
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htgh nltrogen content ln the soll prlor to fertflfzer applfcatlon. For

exanple, at Dauphfn the mean observed value of NO]-N was Lg.8A ppmr at

Marlapolls 25.30 ppn anrl at Teulon, 31.90 ppn. 0vera11, the model pre-

dlcted larger amounts of nltrogen ln the soll than observed, a posltlve

blas. I.ff th the exceptlon of the Teul-on sl te, the largest error tùas

observed fn the flrst half of the growlng seaaon, particularly at the

Jolntlng or headlng stage r¿hen the rnodel overpredlcted the nftrate

nftrogen content ln the soll proftle. This nay have been the result of

hlgher actual nitrogen uptake rates. The nitrogen uptake rates are

htgher at the begtnnlng of the growlng season and some of the nltrogen

uptake ls stored ln the roota. Tbis nltrogen ls used for protel,n

synthesls later (Vos et al., 1982). Nltrogen storage ln the roots and

translocatlon were not descrlbed tn PIln"rOD.

The moclel blas alternaÈed between postive and negative when the

nltrogen data Íras analyzeð by dlscrete layers and at dlfferent growth

stages (data not presented). Exceptlons were observed at Wfnntpeg and

Dauphln, where the errors were almost always posltive. At both sLtes

the clay content ln the soLl was hlgh (Table 9) and probably some

fixatlon of nitrogen took place, a process not lncluded ln the model.

In summary, SNO3I^I provided only a general estfmatlon of the <tlstrf-

bution of the nttrate nltrogen r^'lthtn tbe so11 proffle durlng the

growlng season. However, the pattern of changes ln tfme frorn seedlng to

maturfty and ln space v¡ithfn the profile rrras approxlmated reasonably

well for each slte-year comblnation used tn the experiment.

Further research on soll chernistry and plant nutrftlon are neecled

fn orcler to fmprove the slmulatlon of the nitrogen cycle ln the agroeco-

system.
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4.3.2.2.4 Predf ctlon of Abovegrouncl Net Productf on - SCGRI,¡ Subroutf ne

Aboveground net productfon rìta6 the most lmportant 6tate varlable

calculated by the model; lt was slnulated dally by lntegratfng the

varlables predlcted by all the other subroutlnes ln PIXMOD, and fts

value at the end of the growing season constftuted the baslc flgure for

tbe graln yielcl calculatlon.

In order to determlne whether the accurnulated dafly estfunates of

ANP at any

evaluatlon

tfme vrere sufflclently accurate for the assessment of land

based on PInfOD, the subroutfne

the accr¡mulated ANP tùasdetafl. Flrst, analyzed ât tbe end of the

growlng season, as predlcted by the ¡nodel for both scenarfos for each

lndivldual sfte. Second, the predfcted values over the growlng season

were analyzed at four key growth stages (Jolnttng, headlng, soft dough

and maturlty).

Statfstlcal analysls results of aboveground net productlon fleld

data are presented fn Appendfx I . The vaLues of ANP predlcted by

PIXMOD, for each scenarfo and observed mean (Y) and S; for the
v

fndfvldual slte-year combfnatfons used ln the experfurent (Table 18) were

plotted on graphs (Flgures 15a and 15b). Data for ANP were plotted ln

the same way as the graln yleld data; the mean observecl ANP have been

lndlcated ln Figure 15 by symbols (Table 18) surrounded by I * tt and

ç - S;. The dotted lfne represents tbe regresslon llne between mean
v

observed values and modeJ predicted values and the contlnuous llne 1s

1 : I llne.

Most of tbe precllcted abovegrorrnd net

SCGRI,I was verlfied ln more

erere wf thf n the range of Í t tt

produc tlon

15a). At

values of Sc. I

(Fte. f lve -qf tes , the

predlcted values were sllghtJy larger than the standarcl error of the



TabLe I8: Þlean observed aboveground net production
predlcted value in l9B2 and l9B3 growing

(ANP) at the end of rhe growlng season and pIll,fOD
seasons.
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mean obaerved values. I.Ilth the exceptlon

ANP wlth 326 kg

of Marlapolls fn
-1h, ', alL other

- r79

1983, where

pred lctfons

the nodel

values for

data, lt

cal. culated

the model

that fall were posLtlve.

All the predlcted values that fell

1983; generally they were too htgh.

predlcts less accurately

soll nolsture content were generally

outslde the Y t S; occurred fn

Thls lndlcates that

Slnce the predlcted

locrer tban observed

underpredlcted

outside y- t s-
v

for dry year6.

appears that elther the water atresa factor was larger than

by the model or thls was the consequence of overpredfctlng N03-N.

The values of ANP slmulated by the model ln Sc. II (fle. 15b) were

less accurate than those predlcted ln Sc. I. A larger number of

predfcted values falL outslde the ranges of I t tt. Wlth t!üo excep-

tLons, Swan Rlver, L982 and Teulon, 1983 (sltes wlth water tables where

the nodel underpredfcted the ANP), all predfcted ANP values rrrere hlgher

than observed. Seven out of ten overpredfcted values v¡ere obtained for

1983, the year with less preclpltatlon.

The surunary statlstfcal results of the analysls for cumulatlve

aboveground net productlon at the end of the growfng season ls presented

in Table 19. These results were dtfferent from the results for grain

yteld (Table 12) for two reasons. Ffrst, the grand mean observed values

have dffferent standard errors, and second, 1n calculating the graln

yteld the observecl harvest lndex value was used, not a standard value.

However, the statistlcal results lndlcated that PI)OíOD predlcted the ANP

at the end of the growlng season accurately enough for both scenarlos.

For the comblned clata, Lg82 ancl 1983, the î'\¡as hfgh (0.97 for Sc. I

and 0.91 for Sc. II). The SEP values, although relatively large for Sc.

II, partlcularly ln 1983, (SEP = t 788 kg ¡"-1) r¡rere less than ! IO7.



Table 19: Grand
of the
error

mean (Y) and standard error (Sç) of observed aboveground
growing season in 1982 and I9t3, adjusted coefficient of

of prediction (sEP) and regression equatl-on; verification

l.¡unìber of
sites

net productfon
determinatlon
of subroutlne

at the end
standard

(ANP)
(R2),
SCGRW.

S.:err¿¡rio

II

Yea I

r982 - r983

1982

r 9a:l

1982 19A3

t982

I 98 3

observed yie).<ì ( kq,/F,a)

Grond mean (y) sf!-l

9A 3 1 333

R +/- sEP Regession equðt ionof obserwed yield (y) vs.
PIXMOD predicted value (X)

2l

9 f 0718 476

367

347

45 r

367

o -97

o - 99

o.93

o.9r

o - aa

o.85

kq/ha

345

242

440

682

624

788

x,v

3.6

2.6

4.8

6.a

6 -2

4.7

Y = -2O5.52 + O.99Bx

Y = -713.76 + l.048x

Y = 342-68 + O.97tx

Y = -974.12 + 't.OSOX

-O.62 + O.971x

Y =-1311.45 + 1.O?8x

)1

1!

12

9166

10072

roo6 t

9166
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from the observed grand D€€rn. The regresslon equatlons vrere computed to

provlde some lnformatlon on the degree of flt of the nodel predlcted

values. The technfque of predfctfng yleld used fn thls study was not

based on regressfon, therefore the lntercept values are less lnportant.

The slopes, whf ch hrere the parameters of f nterest, llere relatfvely

constant for a1l comblnatlons analyzed, wlth values cl_ose to 1.00

fndlcatfng a stabllfty ln the modelrs predlctlons when run wlth both

types of input data.

By uslng the slnulated ANP of Sc. I and the observed nean value at

dlfferent growth stages, R2 and + SEP were computed for dlfferent slte

year and growth stage combLnatlons. The summary statfstlcal results of

ANP analysfs are presented in Table 20. For all 78 sfte-year-growth

stage combfnatfons, as well as for the slte-growth stage comblnatlons

for 1982 and 1983, R2 was hleh (0.95, 0.98 and 0.94, respectlvely). For

the sltes wlth the water table near tbe rootfng zone, tbe predlcted ANP

values were adJusted for the effect of water excess at the end of the

growlng season. For thLs reason, data for these sltes Ìvere not lncluded

ln the analysls of aboveground net procluctfon at a glven growth stage.

The accuracy of estlnating ANP lncreased as the growlng season

progressed, i.e., SEP decreased. At the Jolntlng stage, the coefficlent

of determlnatlon was low (R2'= 0.19), wlth the model consistently

overpredfcting the ANP for every slte-year comblnatfon. The model error

at thls stage rÀ7as hlgh (SEP = * 1319 ke/ha). Generally, the rnodel

predlcted a cumulatfve blomass of about twice the observe<I value. There

are two probable reasons for thls overpredlctlon. Ffrst, because the

SPDW subroutlne predlcts a faster phenologlcal development than actually

takes place, partlcularly at the Jointlng stage (SEP = -9 ctays) ,



Table 20:

Number of sitès,/
locâtioñ

coefficlent of determinatlon (n2) ana standard error or moderprediction (sEp) of aboveground. net production for differentyear-grov/th stage comblnaËÍons and for each slte l0catlon usedin the experlment.

Yeàr Grovth st¡9c
( 9rônd neôn )

Nuhber of
conpâri¡oña

R2 t/- sep (xg/n¿)

9

12

2l

16

21

BÀGOT

B EÀUS EJ OU R

DÀUPHI N

MÀR I ÀPOLI S

ROBL I N

SHOÀL LÀKE

SOURI S

SHÀN RI VER

TEULON

FASÁADA

HI NNI PEG

HOODXORE

r982 - 1983

I982

1983

J,H,D, ând H.

J,H,D, and X¡

i,H,D, and Hr

J ( Y - 1tO{ ) rr

H ( Y - -ç186 )

D ( Y - 9045 )

Mr( Y - 9?06 )

J,H,D, ànd Xr

J,H,D, ¿¡çl y.

J,H,D, ðnd H.

J,H,D, ànC H.

J,H.D, ¡ncl Hr

J,H,D, ând Hi

J,H.D, and xr

J, H, D, âõd Hi

J,H,D, and ì4*

J.H,D, ônd xi

J,H.D, ånd Xr

J,H.D, ònd x.

78

30

48

18

21

18

21

a .9."

0.98

0.94

0.r9
0.{7
0.80

0 .98

0.98

0.98

0.99

0.96

0,89

o,9't

o.92

o .97

0.9{

0.8{

0.98

0.95

120 ì

133é

'l 143

159?

1 169

103?

1067

952

1 197

1602

1388

1 669

1525

1332

16{3

790

1261

5-

6-

't-

8-

r0 -

]t -

1982

r 982

r 982

1982

1982

1982

I982

r 982

r 982

r 982

1 982

1982

r 982

1982

r 98 3

1 983

r 98 3

r963

r983

1983

r 98 3

r983

1981

1983

1983

1983

198 3

r983

1983

r983

I

6

4

4

6

6

oo
N)i _ Mðruri!y dà!ê is !he hôrvest dÀte.ir - Àt jointing 5!à9e (J) the noae).-piedicted èlyàys highêr vâlue then thê hêàn obsêrvèd

No!e:
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simulated root growth was faster, the volume of soll expJored vras

larger, and consequentl y, the I lml tlng water: factor was underestlrnared.

Second, the modeL <i1d not correctl y pr:erl1ct the ef f ect of one or more of

the 1imíting factors for the interval betv¡een emergence and jointlng.

However, the R2 value improvecl gradually as the slnulatlon progressed

towarcl the maturity stage so that at heading the R2 was 0.47, at the

sof t dough stage 0. B0 ancl at ûa turl ty, 0. 98 . The SEP clecrease<l ln the

same manner, from jointing to rnaturlty. Aithough the absolute values of

SEP v¡ere slmllar at jolntlng, hea<1lng and soft dough, they decreased

fron 100% of the grand mean at jolnting to about I4"/. at the soft dough

stage. Poolecl ANP data from both growlng seasons and all growth stages

r,¡ere analyzed f or each site. The coef f J.cient of determinatlon values

were relatively hlgh and sftnllar from slte to site. The SEP varied from

790 ke/na (at I,Iínnlpeg) to 1669 ke/l.a (ar Sourf s). Ir appeared rhat

overa11, the model predlctlon of wheat above groun<l net productlon was

slmulated reasonably well at every locatlon.

4.3.2.2.5 Detailed predlctlon at three selected sites

Data used to verlfy the outputs of the major subroutJnes LTere not

ful1y dynamfc because collection of field data at one-clay tLme steps ls

not practical. Due to the heterogenelty of the solJ propertles, as well

as because the measurement of most varlables of lnterest requires use of

a sampllng urethod wlthout replacement, changes ln the state variables

over such short tfure lntervals are practlcally fmposslble to measure anrl

fnterpret. Even though quantftatlve comparlsons between the mo¿e1

predicted values and observecì <lata coul d not be rnade on a contlnuous

basls, useful lnformatlon about PI)ßIOD performance úras derived from

fnspectlon of the curves of accumulatecl datly estimates of tr,/o major
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variable6 ln the system, the so11 nater content and ANP, coupled wl.th

dlscrete measurement6.

Detalled outputs of PI)il'fOD for soll molsture content and

aboveground net productlon are presented graphlcally for three sltes

wlth well-dralned solls of dffferent textures: Bagot (loa¡ny flne sand),

Marlapolls (loam), and Wlnnipeg (sflty clay). The sfnulated values used

ln all the graphs v¡ere derived fro¡n the model outputs. Examples of

PIWOD datly slmulatlon output6 (1982) for the sftes mentfoned above,

are presented ln Appendix .¡.

For each locatlon-year conblnatlon, the precfpltatlon recorded at

the slte durfng the growlng season, mean observed soll rnolsture content

at each phenologlcal event and PI)OIOD Sc. I contlnuously estfurated

values are presented ln Flgures 16 and 17 for Bagot, ln Flgures 18 and

19 for Marlapolfs and ln Flgures 20 and 2I for Wlnnlpeg. The model

predfcted the soll roolsture content reasonably well for all three

textural classes and varlatlons 1n precfpltatfon. Most of the mean

observed values nere close to the contlnuously estfmated values. The

best agreement betr¡een observed and slnulated values was obtafned for

the sllty clay soll at Winnlpeg, and next best for the loamy flne sand

so11 at Bagot. The error r¡ras hlgher on loam sol l at Marlapolls,

partfcularly for 1983 (Ftg. 19) betv/een the depths of 0.30 n and 1.20 u¡.

Slnce the slmulated values for 1982 (Ffg.18) q/ere fn good agreernent

v¡fth the mean observed values for al1 depths, lt appeared that the error

fn the predlcted values was not fnduced by lncorrectly estfmatlng the

soll physlcal propertles that af f ected the rùater f I or"r. The error vtas

probably lnduced by lnadequate representatlon of the root sysËem

adaptatfon to partlcular so11 molsture condltlons. In 1983, for
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lneÈance, 63 mm of precfpftatlon (about 777" of the total for the growlng

season) occurred before Jointlng. It rofght be posslble that the roots

developed at a shallow depth and fafled to take up water from the

theoretlcal naxlmum rootfng zone (1.20 rn deep) assumed by the urodel. On

both sandy and loamy solls the rnodel seemed to underestlmate the soll

mofsture content to a depth of 0.30 m. Thls was most evfdent at Bagot

for 1983 (Flg. 17) and at Marlapolls for 1982 (Ffg. 18). Sfnce the

model also unclerestfrnated the soll moisture content at the emergence

stage, thls suggested that the model overpredlcted the anount of water

evaporated. The water lost by evaporatlon, expressed aa 7" of trans-

plratfon, wa6 predfcted by PIIG'ÍOD as follows: at Bagot 247" ln 1982 and

L77. tn 1983, at MarlapolLs, 272 ln 1982 and 207" 1n 1983 and at l,Ilnnlpeg

about I8Z In both years. Generally, the PIffOD estlnate of water lost

by evaporatlon was well correlated wftb the entlre amount of

precfpltatlon, the frequency of preclpltatfon event6, and thelr

dlstrfbutlon over the growfng season, aË well aa wfth the hydraullc

propertfes of the sofl. More elaborate fleld experLments are required

to evaluate thfs predictfon, and therefore, no precise 6tatenent can be

ruade on the evaporatlon estlmates.

The PI)GfOD simulatlon of sol.l wetness seemed to be well correlated

wlth other processes, hourever. For example, water content slmulated for

a depth of 0.60 n changed rapldly ln response to upPer boundary

condftlons (preclpltatfon, evapotranspfratfon) and to the çtater uptake

by the root system that ls the mo6t <lynamlc wlthln thls depth range.

the profile from 0.60 m to 1.20 m was slmulated as befng

The water content at thfs depth started to decrease

at the jointlng stage. It decreased faTrly steadlly (at

The r¡ater ln

more s table .

a pproxfma tely
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dlfferent rates frorn one locatfon to another and from one year to

another), ancl becarne stable agaln between the soft dough stâge ancl

maturfty, an lnterval durlng whlch the root actlvlty decreases and even

ceases. Thls seemed to be a reallstic representatlon of the fleld

condltfon because the deep horfzon of well-dralned sofJ proflle ln the

Pralrle reglon acts as a reservolr tbat ls rechargecl wlth vrater rnafnly

from preclpltatlon durlng the fall- and wlnter (cle Jong and Cameron,

1980 ) .

The contfnuous predlctlon followed observed soll moJsture content

fafrly closely for every slte-year comblnatlon, fnclfcatlng that the

¡nodel ls sensftlve to both the soll physlcal propertles and the natural

environment fnputs (preclpftatlon and energy).

The contlnuously predlcted aboveground net productfon (ANP) values

frorn PI)GÍOD (Sc. I 1982, 1983) and the mean observecl ANP data versus

phenologlcal devel opment are presentecl ln Figure 22 for Bagot, ln Flgure

23 for Marlapolls and fn Flgure 24 for Wlnnfpeg. Tn all three flgures

the cumuLatlve PI)OrOD ANP estlmates are represented by a contlnuous

llne, and the mean observed values are lnrlfcated by letters for each

growth stage. Generally, the curves of cr¡mulatlve ANP showed good

agreement between rnodel slmulated values and mean observed data. For

all site-year comhinatlons the estlmate was better for the hearl 1ng,

soft-dough and maturlty ståges; the contlnuous curves elther passed

through the range of [(î+s-) - (l-s:)], symbollzed ln the graphs by
vv

" + " i+S; and " l-S- around the meån value, or close to theseyy
values. The best flt was obtained for Bagot, ln 1983 (nfg. 22h), and

the slrnulated curves passed throughMariapolfs, fn 1982 (Ftg. 23a) where

ç +c-
v

ranges at a1l growth stages except the jolntlng stage. As the



t8000

t6000

t4000

r2000

toooo

8000

6000

Flgure 22 : PIþ,f OD Sc . I , conr l-nuous predf crlon (_¡ of
observed value ac Joinrlng (J), headlng (H)
slte tn (a) 1992, and (b) 1993.

t8000

t6000

t4000

2000

!J

o

200 400

Pd(units)

aboveground net productlon (ANp), and mean
, soft dough (D) and marurlry (M'r) ac Bagoc

o

b

t

o
Ê

o
t

o-
z

o
:
9
l
€
f

H

t2000

or.

9 roooo

o.
z

8000
¡¡
.:
E:6 60@
t

(J

4000
4000

I

.l

I

i

''

l
i

2000

o

U

t)

200 400
0

Po (uniî s)

\o
u)



t8000

t6000

t4000

t2000

8000

6000

4000

2000

0

Flgure 23:

o

t8000

t6000

t4000

2000

o

H

o00p
o
E

o
a

ù
z

o
.:
9
t
E:

(J

'*

12000

o
-ê,

I toooo

o.
z

8000
a,
.:
!
tE 6000
t

(J

4000

*

+

o

H

.J

200

1J

200
400

o
400

Pd (unit ¡)
Pd(unit¡)

PrnloD' sc' r, contlnuous PredlcÈ1on (-) of aboveground net producr,lon (AN?), and treanobserved value at Jolnclng (J), headfng (H), soft dough (D) and uraturlry (M*) aÈ Marfapollsslce ln (a) I982, and (b) 19g3. \o
s'

I



t8000

16000

t4000

8000

6000

4000

2000

o

Flgure 24:

o

t8000

t6000

t4000

t2000

8000

6000

4000

2 000

o

b

+

D
t2000

to

oooo

o4
oÍ
È
z

o
.:
o:
E
t

(J

H

ooloo

o
E

o
t

o-

o
.l
o
)
€
f

lÌ

JJ

0 200 400 o 200 400
Pd (units)

Po (unirs)

PIþ10D, Sc . I , conc inuous predictlon (-) of
observed value ar Jotnring (J), headlng (H),site ln (a) I 982, and (b) 19g3.

aboveground neË productlon (ANp), and mean
soft dough (D) and EacurlÈy (Hr,) ar Wlnnlpeg

I

ts
(/l

I



- 196

sumnary stâtlstlcal results (Tabl e 20 ) shorved, the l.east accurate

predlctlon r.ras made at the Jolnttng stage. In addltlon to the probable

rea6ons for overpredlctlon urentLoned ln the prevlous chapter, ft ls

posslble that the lnitfal parameters of the normally dlstrlbuted curve

of ldeal growth rate (eqn. 3.31) were ln error. A callbration of the

norJel based oD the observed ðata set ls not approprfate because data

regulred for fittlng the ldeal growth rate must be derlved from

irrfgated experlrnents. However, the mo<Je1|s contlnuous predictlon of

ANP seemed to be a reasonable approxlmatlon of r^rheat cumulative

aboveground net productlon. The shape of the eurves ls <llfferent frorr

one place to another and fron one year to another, lndlcatlng that

PIruOD presents a reasonable clegree of generallty and that the slmulate<l

cumulative ANP values were rellable.

The appllcatlon of PI)tfOD for land evaluatlon assessments depends

to a large extent on the abfllty of the model to predlct accurâte1y the

wheat ANP uslng a lJrnited data set as ln Sc. II. Aboveground net

production values (observed and sl¡nulated, both scenarfos) accumulated

from each phenological event to the next, are shown for Bagot ln Ffgure

25, for Marlapolis ln Flgure 26 and for I^Iinnfpeg ln Fl,gure 27. In al1

three flgures, the accumulated ANP from emergence to jolntlng, frour

jotntlng to headfng, frorn headlng to soft dough and from soft dough to

maturity are presented in stacked bar graphs. The predlctlons fn Sc. II

were sllghtly hlgher than those of Sc. I, hut dlfferences hetween Sc. II

and Sc. I were 1n narrow ranges. The absolute value of error varle<t

from one slte-year comblnatfon to another, with the same pattern for

both scenarlos. For example, at Bagot (Flg.25) both scenarlos

underprecllcted the accumulated ^ANP between Jotnting and heading in 1982
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by approxlrnately 1650 ke/ha; at Mariapolfs (Ffe. 26) the largest error

was between sof t dough and naturlty f n 1983, about 1800 kg/l.ra. At

Marlapolls thls error coulcl be the result of the error for the sofl

mofsture content estfnate (flg. 19) because the nodel underestl¡nated the

sofl htetness for the seeond half of tbe growlng season. At hlfnnipeg

slte, except for the accumulated ANP from soft dough to maturfty, all

other estlnated val"ues were close to tbe observed data.

It nay be concluded that the estfnates made by the urodel ln Sc. II

r^7ere not accurate enough for the lndividual growth stage fntervals.

However, because the accumulated ANP values were welI. approximated

elther for jolntlng-headlng, headfng-soft dough or both fntervals, and

because the growth rate was largest during these stages, the ANp

accumulated at the end of the season was estlmated reasonably well. The

reason for the good predictfon of the aboveground net productlon at

naturity stage ls tbat errors ln lndlvldual stages tended to cancel each

otlrer. For example, at Bagot 1n 1982, the overpredfcted value for the

emergence-jofntlng fnterval \ìraa compensated for by an underpredfctfon

for headlng-soft dough period.

In sunmary, the appllcatlon of PIK4OD cannot be recommended to

asslst the farmers ln making declslons durlng the current growLng

season, but the slmu1ated yields are accurate enough to slmulate wheat

ylelds under dlfferent growlng conditl.ons and to compare different

agroecosystens wlthln a reglon of lnterest.
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Chapter 5

CONCLUSION

The pre6ent study has approached the problen of land evaluatlon

from a systen standpoLnt, wlth emphasls on the dynamlc lnteractlons

among rnaJor components of the agroecosystem and the stochastfc

environmental factors. Two lnterrelated actlvitles have been performed.

The ffrst

s frnula t ed

lnvolved

wheat growth

the evaluatlon

lnvolved the development of a determlnistlc dynarolc model that

over a growlng season.

of the nodel performance

the outputs of

The second actfvfty

usfng field data, to

a real system and theenable a dlrect comparLson between

outputs of the mode1.

A computatlonal procedure was descrfbed to sfmulate wheat grovrth

Prairle reglon where sollunder ralnfed condltlons 1n Manltoba and the

wetness, nitrogen content in the soll and temperature rr¡ere assumed the

rnajor factors that controlled the productlon of wheat. The nocìe1

developed, PIXMOD, enployed the rnethod known as "the state-varlable

approach", and was based on tr^ro model programs, the ffrst descrlbed by

de I^Ilt and van Keulen (1975 ) and the second by Vlthayatbll et al-.

(1,977). The nodels were modlfled to accommoclate the constrafnts under

which PI)OIOD must operate: the obJective of the study, the knowledge

about tbe relevant processes of the agroecosystem, and the avallabllfty

of ðata.

PI)ßIOD has been

usfng a tfme step

photosynthesis an<l

of

developed

one day.

to simul ate aboveground net productlon

The baslc physfologlcal processes 
'

\¡/ere conslclerecl lmpllclt1y. The modelrespfra t fon ,
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nov¡ fn use fn Canada (Crop Productlon Potentlals for Land Evaluatlon fn

Canada) waa adopted, slnce ft accounted for the genetfc and adaptlve

potentlals of wheat growth as well as for the photosynthetlcally actlve

radiatlon (PAR) constralnts. The varlatlon of yfeld from place to place

and from year to yeat r^ras assumed to be the result of dlfferences ln

soll subsystem propertfes, stochastlc weather elements, and tbelr

lnteractLon. Consequently, attentlon was focused on phenologfcal

development and growth rate as the rnaJor physlologlcal procesaes, and on

physlcal and chernfcal processes tbat controlled the most relevant

factors llrnltlng crop growth ln the regfon: soll r¡ater content,

nftrogen avallabllity and soll temperature. Data used to develop tbe

model were derived frorn the lfterature and from experl,ments perfonned ln

Canada, particularly ln the Pralrle reglon.

To evaluate the model, ffeld experfments wlth measurements of

boundary and lnltlal conditlons of the most crltfcal varlables lncluded

in PI)il'lOD, perlodlc harvestlng of aboveground net productlon and sofl

sarnplfng, have been performed across the agrlcultural sector of Manftoba

over the growlng seasons of L9B2 and 1983. Brlefly the evaluatlon

resul.ts were:

l-. The model predlctecl most of the state variables of the agroecosysten

reasonably well. Partlcularly good agreement !¡as obtafned for the

observed grain yteld, and the aboveground net productlon at the end

of the growfng season.

2. PhenoLogical development of the wheat crop estimated by the

blometeorologlcal time scale (BlrTS) was predfcted to be earller than

vtas observed, by approxlmately seven days. However, the BMTS is

sti11 the rnost re1lable model avaflab-l.e for estlmatfng wheat growth
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stages ín the Pralrfe reglon.

Agreernent between slmulated soll wetnesa and tbat measured ât

Jolnttng, headlng, sofÈ dough and maturlty waa good, Lrlth a fer¡

large clevLations observed at some locatlons. The results suggested

that, in order to predlct sofl molsture content accurately,

knowledge about the lower boundary conditlons of the rootfng zone

and about the sofl lnltial- conditlons fs as lmportant as data on the

soil storage capacfty for vrater and soll hydraullc properties. The

negatfve lnpact of excess water on yteld, whlle based on

"fntelltgent guesses" rather than a rigorous physlcal approach, r^tas

found to be Justffled fn many instances.

The predicted value for nltrogen content rrTas a rough approxlnatlon.

The nltrogen content l^ras not well sfnulated, whereas the grain yteld

and total ANP were stfl1 sfmulated falrLy well. Thls seened to be

the result of conpensatlng effects durlng the growlng season, rather

than the model-fs fnsensltlvity to tbe âmount of nltrogen tnfttally

present in the soll or to the amount of fertlllzer applled.

The test results showed that the model predfcted graln yfeld and

aboveground net productlon reaaonably accurately, even wlth lfrnlted

data (Sc. II). This suggested that the exfstfng standarcì Soll

Survey data can be used to approxfmate fundanental soil propertfes

and to provide lnput clata for PIWOD.

Although the performance of the model was satisfactory compared wlth

the behavlours of the real system, a number of weak points r^rere

ldentlflecl . First, the rnorphology of the root systen elas not well

representerl. The forclng functlon used for the water extractfon

pattern, although based on sone experfunental results, is stll1

tl

5

6
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largely speculatlve. The only reallstfc variabJe considered ln the

no<lel that changed the pattern of tbe root system nas the physlcal

barrler at the botton of the proflle. Second, the effectlve area

lost due to excess qrater nas calculated based on lnfornatlon

provided by expert pedologfsts rather tban on experfmental data.

Thtrd, although the nodel r¿as developed lndependently of data

collectLon, these two actlvltfes proceeded in paralle1 and sone

tnteractlon was unavofdable. The lnteraction was maLnly rel.ated to

acldftlon of processes fn the model that lrere neglected lnftlally,

rather than adoptfng curve-flttlng procedures. Nevertheless,

further valfdatfon of the rnodel uslng fully lndepenclent data set ls

recommended.

Finally, PIn'fOD should be consfdered a flrst stage ln the clevelop-

ment of an operatlonal nodel for land evaluatLon. However, the study

showed that PI)OÍOD, by uslng soil and management data eoupled wlth

hlstorfcal weather records, can be used Èo sfmulaEe htheat ytelds under

different growfng condftlons. The sfnulated ylel-d can be anar.yzed to

arrfve at probable wheat yteld d{strlbutlons for the agroecosystems

ldentlffed ln the Pralrle reglon. These data can be reforrnatted in any

desired level of prohabllfty. The expected wheat ylelds can be trans-

formed lnto productlvlty fndfces'or, by fncludlng cost/price factors,

they can be converted lnto proflt lndlces, a basls on t¡hfch the land

wfthln the Pralrle region can be easlly evaluated.
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Appendi.x A

Synbols, Ì{eanings and Units Used in ChapËer 3

(Modelíng Activity)



The main s
c ients character
were def ined in

The un i ts
ented in fundame
and time (T).

Syrnbol

AFÀ

ÀMINil

ÀNP

an1

B

Bmâ

Bmc

Bmgp

Bmp

Bp

accumulated ÀNP
season (rainfed

accumulated ANP at the
seâson (under sPecif ied
tions)

ymbols used in Chapter 3 were. listed below' The coeffi-
istic to the equations used Èhroughout tshis-chapter
itt" s..tions tli.r. they have been introduced'
oi tt" symbols used t¡iËh t¡. general meanings were pres-
nl.i q,.r"-ntities *ittin bracketsi mass (l¡), length (L)'

accumulated
t ime cyc 1e
potential

ÀNP aE the end of
of the crop, i.e. '

the I i fe-
genet ical

22tl

unit (dimension)

cm2

oc

kh,/ha

kg/na

dimensionless

(M L-2 )

ks/ha

kq,/ha

xs/ha

kq,/pLant

ke,/ha

À

Ào

Meanlng

unit area

amplitude of seasona] change of soil
Èemperature

amount of nitrogen fertilizer applied

FORTRÀN Iv J.ogicaI function that selects
tir" lninimum rrãIue from arguments ( )

aboveground net production; assimifation,
i.e., gross photosynthesis -minus consump-
tion, 1..., lespiration and minus roots

number of soil laYers with roots

general term for biomass (either above-
{round net production or net prinåry
production)

accumuLated ÀNP from seeding up to a

li".n time ( rainfed agroecosystem)

a t the end of the grolJ I' ng
agroecosystem )

end of the growing
grow i ng condi -

Bm

accumulated ÀNP at
season (agronomica),

the end of the growrng
optimum conditions)

cumulative À
time during
ical optimum

NP from seeding uP to a grven
the groHing season (agronom-
conditions)

bf auxiliary variable function of daily mean

kq,/ha



b

air temperature used to compute the crop
respiration rate
groeth rate (unspecif ied conditions)
grorrth rate ( rainfed agroecosystem)

standard maximum gross photosynthesis
raate as function of the angular height
of ¿he sun and LÀI=5

adjusted standard maximum gross rat.e for
mean daytime air temperature and LÀI

growth
tions)

rate (agronomica)- optimum condi-

maximum growth rate (agronomical optimum
conditions)

in soil
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d-1

(M L-2 T-1)

kg,/ha- d

kg/ha - d

kg/h.a-d

ks/h.a-¿

ks/ha - d

kg/ha- d

dimensionless

dimensionless

dimensionless

cmz /ð

cm'/ d

c^2 /ò

ba

bgross

bgz

bp

bpm

bp(Pd)

bp( Pd )

agronomical
function of
the crop

potent iaI growE.h raÈe as
pheno).ogicaL deveJ.opment of

potential growth raÈe expressed as reÌa-
tive frequency divided by the cLass
lengch

c nitrte nitrogen concentraÈion
solution mg-N/cm3

stress dinensionl-ess

þ9/cn3
(r.3 L-3 L-1 )

CSs

Cx

c0l/)

cPd

c Pdm

crop susceptibi).ity index

concentration of mobiLe N

differential soil moisture
phenological development
units)

for rrater

species
capac i ty

(accumulted Pd

D

DA

Do

D5

D(0)

õ(0)

DN

DR

pheno).ogical deveJ.opment (Pd units) at
which the root reaches the maximum depth
( i . e. , root grorrth ceases )

dif f usivity coef f icient
âpparent dif fusivity coef f icient
diffusivity coefficient of NO -N in water

dispersion factor
hydraul ic di f fus i vi ty

average hydraul-ia diffusivity for t.wo
adjacent soi L layers

denicrification rate
fLow out from the root-drainage (water

i ng zone )

t ime

cm

cm /o

.^z /d

ng-N/cm2

(L)

dayd



dd

ET

Ev

Evp

F-1 (y)

FC

Fc(n)

Fc (.0-)

f(j)
flbp(Pd)l

r Ibp(Pd) ] xdPd

Hi

h

IL
i
i(ex)

j*

potential evaporation

damping depth

evapotranspiration rate
potential evapotranspiration rate

"actuaI" evaporation
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cm

(v r--2 T-1)
(v r-2 T-t )

cm/cmz - d

(M L-2 r'-r)

Its/s

dimensionLess

.^3/.^3

(¡,3 ¡--3 )

1"¡¡3/cm3) x cm

dimensionLess

dimensionless
dimensionJ.ess

m

dimensionLess

mg/cn3 d

dimensionless

dimensionless
(r, t-1)

cal/cm s oc

cnr/ò

cnr/a

ra te
rate

Ex concentration of N
exchange phase

species in the

inverse normally distributed function
that gives the fractiles of ln Pd which
correspond to a given accumulated ÀNP

f ield capaciÈy

f iel.d capacity, percentage by

(9eneral term)

within a soil

we i ght

f ieLd capacity
total porosity laye r
probability density function of potent-
ia). growth rate as function of phenolo-
gical developmenÈ

probabi ì. i ty element

harvest index

maximum depth of water accumuLated in
sma1l depressions
imaginary ).ayer

a given day during the growing season

net result of thea bsorpt i on -de so rpt i on
ion-exchange process

soil layer number (downward direction);
soil profile was divided into a number of
J.ayers of 15 cm thickness (1L j1B)

soiJ- layer number (downward direction);
soil profile was divided into 6 Layers
of different thickness for heat simula-
tion

K

KT

hydrauJ.ic conductivi ty

thermal conductivity

hydraulic conduct ivi ty

average hydrauLic conductivity
adjacent Layers

K(0)

K(0) for

kys crop suscetibi).ity factor for water
stress

two

dimensionless



L

LI

Lu

LÀI

LF

Le

N

NL

NI f

iq¡¡

NN

No(Pd)

photoperiod

lower boundary Limit of the soil profile

upper boundary liniÈ of the soil profile

leaf area index

Èotâ1 stress effect (o<¡p(r)

Leaching efficiency factor
number of days within Èhe growing season

nitrogen stress effect (O< NL < 1 )

nitrogen limiting factor
net mineral.izat.ion rate
åmount of nitrate nitrogen in soil
optimum nitrogen fraction in the accu-
mulated ÀNP

net mineralization over one growing
season

nitrification rat.e

total nitrogen uptake by the crop
number of layers of
rdithin a given soil

15 cm thickness
prof i 1e

a given growingthe ]asÈ day rri. thin
sea son

organic matter in the soil profile
product, commercial yieId, grain
phenological development (BMTS unitx100)
transforrned phenological devei.opment,
Pd*=InPd

daily precipitation (rate)
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h

(L)

(L)

dimensionLess

dimensionl.ess

dimensionless
dimensionLess

dimensionless

mg -N/cm 2

mg-N/cm 2

d

(Noã-N)rn

f Ior.' rate (amount
per unit of time;

spec i f ic
f ).ow per
norma I to

of substance moving
" f l-ow " )

dimensionLess

kg/ha

mg-N/cm2- d

kg,/ha

dimensionl.ess

dimensionLess
(%)

ks/ha

dimens i onLess

dimensionl,ess
(r,3 r.-2 T-1 )

(u r-1)

tv /a

(v r-1)

ñr
Nu

n1

n(m)

OM

P

Pd

Pd*

PREC

a

Qn

Qo

q

solar radiation at Ehe top of the
atmosphere

net flow ( infLoH - outfLow ) wi thin
soil element with an area of 1 cm

a

discharge (flux density, "fJ.ux",
unit area in the direction

the area )

f Iux at the cent re of the f i rst soi 1 ).ayer

(¡r r.-2
(u r.- 2

T-1 )

T-1 )q*



ROOF

RZ

RZmax

r

s

s*

Sc.I

Sc.II

stress day index

stress day factor
source-sink term (rate)
eguation that described
soil nitrogen content

zon e

covered by

of tbe modeL with
f rom t,he standard

( soi L survey data )

used in the
the changes in
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(u3 L-2 r-1)
cm

cm

m

(r.3 r.-3 t-1)
(M L-3 )

dimensionless
dimensionless

t-t9,/cn

mg,/cm

runoff (rate)

depth of the root system

maximum depth of the rooting
the radius of circuLar area
water accumul,ated in small

scenario II, simulation
soif input data derived
soil data measurements

depress i on

sink term (water extraction tunction )

substrate concentrat ion
scenario I , simu).at ion of the model with
soil input data in situ measured

SDI

SDs

SK

SIm

Sn

Sv

s

T

i"
T1

rlf
Tmax

Tmin

it
Trp

t
Lo

tm

d

duptake rate of less-mobil.e
sink term (upÈake raÈe ) for(Noã )

state variable, generaJ. term
groL'th stage interval
soil temperature
daily mean âir temperature
soil temperäture stress effect (OL.f Lll
soil temperature limiting factor
daily maximum air temperature
daiJ.y minimum air temperature
"actual," transpiraEion rate
potentia), transpiration rate
t ime

ion (NH4)

mobile ion
mgr/cm

(M, L3

-d

eÈc. )

oC

t^

initial time

day in which

time (the end
the crop)

a given time

the fertilizer was

of the bio)-ogica),

dur i ng the grow i ng

og

dimensionless

o6

og

em,/cm2 - d

(v r--2 T-1)
(r)
(r)
Jul ian day

(r)
(r)

app), i ed

cycle of

season



à volumc of water àccumulâted in one
depression

-N within
cm2

229

m3

mgr/cnz - ¿

mg/cm2 - d

mgr/cm2' d

mg/cm2 - d

cm/cm3

cm

dimensionless

.r/"rn3

( ¿s L-3)

(u r.-2)

ks/ha
(l¡ r-- 2 )

kg,/ha

cm

(L)

cm

dimensionless

cm

BMTS unitxl00

NO3--N flow
area of 1 c

convective flow of NOã-N

diffusion flow of NO3--N

net f1ow ( infLor¡-outflow) ot

within a soif element with an
m2

tc

td

tN

wÀ

wc*

I.ÌE

w1

wL*

wlf
WP

wp(w)

wP(0)

Y

Y*

Yp

Ys

Zs

"j*

Bs

A¡

Apa

a rea
Noã

of 1a soil. element with an

percentage of Ìand area
a section on which the
to water accumuLation i

from a guarter of
crop wãs Lost due
n smaIl depressions

vol,umetric soiL wetness at seedin
on imperfect or poorly drained so

erater excess limiting factor

t ime
1sI

I

water deficit stress effect (O< tJL < 1 ) dimensionless
pro I on ged
effect (0

( severe )(wI*(r)

dept b

depth of the centre
(soil profite divide

disE.ance between centres
layers used Èo calculate
movement (Aj =6,2)

water deficit stress

of soi l" )-ayer
for heat simul-ation)

of two adjacent
the nitrogen

water deficit limiting factor
wil.ting point
permanent wilting percentage by weight
wiLting point (9eneral term)

"actua1" yield (general term)
adjusted yield (¡Np) for water excess
limiting factor effect
potential yield (general, term)
simuLated yietd (ÀNp)

seeding depth

c rop suscept i bi 1 i ty
stress

factor for water

phenologicaL deve).opment integrat ion t ime
integral- (cIass length)

change in water content stored in the soi I(general term) (r-3 L-3 T-1)
AsNc



Ar
A,Z

4""

L,zr"

A(0cx)

e

0*

6t

0",

0d

0 j'o

0r-

0s

0s

integration time incerval

thickness of soil layer

distance between the centres of two
adjacent soil layers

distance between the centre of the Iast
Ìayer within the rooting zone and the
centre of imaginary layer

change in concentration of mob!le N
species over one time stage

soil volume wetness

relatived soiL voLumetric water content

the difference between soil. voLumetric
wetness a t seedi ng t ime , above FC, and f.IP

distri-
variabl.e
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(T)

cm

cm

cm

(M L-3 T-1)

(r.3 r,-3)
(rs r,- 3)

"^s /cmg

(13 r-'3)
ç¡3 /çm3

ç¡¡13 /ç¡3

ç¡3 /¿m3

¿¡3 /çm3
(¡.3 ¡.-3)

(¡-3 L-3)

"^s /cn3
dimensionless
dimensionl,ess

dimensionl-ess

a/^2

Hg/mt

9/cms

dimensionless

ott

0u

À

It

lt*

soiL air-dry voLumet,ric wetness
(initial. condi-soi I volumetric netness

tions)
Iower boundary conditions for the profile
in terms of soil water content

soi L saturated volumetric wetness

soil. water content (undefined ).ayer)

available water content in the soil-
surface Iayer
upper boundary conditions for the profile
in terms of soil water content

root absorbtion coefficient
50% fractil.es of Pd normally distributed

50% tractiles of transformed phenological
development variable (Pd* = Ln Pd),
normalLy distributed
availabLe energy for evapoÈranspiration
( flux density)

bulk density
density of solids

availabl-e soil
rooting zone

standard deviat ion
bution function of

standard deviation
burion function of
(pd* = 1n Pd)

of norma I 1

trãnsforme

water content in the acÈive

of
Pd

normalJ.y distri-

pb

ps

o

o* f

d
dimensionless



T

ó

t,ortuos i ty f ac tor
phase of the periodic function used for
heat flow
pressure head

matric suction
pressure "poEential"
angular frequency

23r

dimensionless

dimensionless
(r.)

cm

bars

radian month-1

ú
rþn

,!p

o)
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Appendix B

Symbols, DefiniEions, and Units

Used in PTXMOD Computer Program



Symbol

ÀNCX

ÀPPMR

ÀPPMP

ÀooM

ÀREÀ

ÀRÀD

AVBD

ÀZERO

AWCR

ÀwcP

BYI ELD

CDUT

CLD

CNORTX

CNPPM

CNORÍ.I

CPEV

CPFC

DC

DDEPTH

DEPTH

DENT

Definition

Amount of nitrate within the profile

Àverage NO3-N in rooting zone

Àverage NO3-N within the profile

Àverage organic matter content to 60 cm
of the soil profile

233

Unit

kg/ha

ppm

ppm

o

ha

g/cc

oc

cc/cc

cc/cc

bu/ac

cn/day

9o

ng N,/cc (soil soi.)
ppm

mg N/cc

cm

o.o

dimensionless

cm

cm

mg N,/cm2 -daY

Àrea occupied by the soil type within
region of interest (may be used for a
weighting procedure when an aggregate
value is required for a larger area),
a default val.ue

a

Actual radius of a natershed that may be
formed on imperfectly and poorly drained
soils when a high precipitation event
occ ur 5

Àverage bulk density within the soiL
prof i Ie

Àmplitude of seasonal soil heat wave

Àverage voÌumetric water content within
the rooting zone

Àverage volumetríc tater content within
the soil profile

Grain yield (units that may be preferred
by some users)

Hydraulic conductivity ( interpolated
value )

Clay content (particfe size distribution)

Nitrâte concentration (by layer )

Nitrate concentration (by Layer)

Àverage nitrate concentration below the
profile considered in the model

Cumulative evaporat ion

Soil water content in g. of FC

Exponent value for diffusivity used for
clayey soils
Dampening depth

Depth

Rate of denitrification (ideal soil
conditions)

fn



DHÀRvT

DI SP

DIF

DL

DMT

DNFMX

DNTUPX

DPLÀNT

DRLF2

DS

EMEX

ET

ETLX

EWSMR

FÀI

FERTX

FERTMX

FGR

FLRNX

FLRTX

FMBDD

FSD

GR

GRA3L

GRAX

The day of harvest (if known )

(nitrate toDispersion coef f icient
water )

Diffusion coefficient (nitrate to water)

Exponent value for diffusivity used for
J.oamy soils
Day time mean temperature

Rate of nitrification
Rate of nitrogen uptake (by layer)

Planting date

Drainage limiting factor ( intermediate
va r iabLe )

Exponent value for diffusivity used
for sandy soiis
Emergence date

Àctual transpiration rate

Àctuâ1 evapotranspiration rate (by layer)

TotaI amount evapotranspíration without
soil moisture restriction (as effect of
drainage and high uater table)

lnitial phase of heat wave

Fertilizer rate used

Date of application of fertiLizer

Ideal growth râte

Nitrate flux (by Iayer)

Flow rate (by layer)

FieId measured bulk density

Fine sand content (particle si.ze
distribution)
Àctual" gror¡th rate

Percent available moisture in the rooting
zone (abscissa argument value for high
stress)

Percent availabLe moisture in the rooting
zone (abscissa argument value for Iow
stress )
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JuIian day

cm

cn2/ðay

dimensionless

oc

mg N,/cm2-day

mg N,/cmz-day

JuLian day

cm

dimensionless

JuIian day

cn/day

cn/day

cm

dimensionless

kg/ha

Julian day

kg/ha -day

mg N,/cm2 -day

cn/day

g/cc

kg,/ha -day

GYI ELD Grain yield ks/ha



HI NDEX

For implicit
I BLT

I BMTSX

INCONST

ICLSLOP

I DÀY
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Harvest index for ¡,rheat dimensionless

format aIl integer variable symbols start irith letter "I".
Boundry layer with the profile flag dimensionless

Biometeorological time scale BMTS units

Agronomical potential ceiling for a given
management Ieve1

Slope class

t<g/ha*1000

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

JuIian day

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

cn/òay

dimensionless

dimensionLess

dimensionless

dimensionless

dimensionless

cm

9o

dimensionLess

Number of days per year
be run (either fu11 yea
season )

the model to
growing

Drainage type flag

Crop district number before 1977

Crop district number from 1977 on

Estimated seeding date

Freguency of microdepressions
(on a section bases)

Number of fertilizer applications

Number of variables to be printed

Number of variables to be plotted

Number of discrete layers within profi).e

Lowest layer affected by Hater table or
poor drainage

Number of data points to be plotted

Infiltration rate

Number of layers wi.thin the soil
prof ile (morphological description)

Integrâtion interva)- per day

Flag for type of sj.mulation (scenario
code )

outside runoff (code)

The uppermost layer affected by water
table or poor drainage

Precipitation
Stoniness e. by weight

Region number for draLnage description
(code )

for
ror

I DRÀI N

IDST55

I DST77

I ESÞ

r FQOI{D

IFX

IG1

TG2

IKX

ILL

INP

I NFR

I NLR

INT

I RFS

I ROF

IUL

I PREC

I PSTON

I REGI O



KL

KS

ITEXT

ITCPD

IWTÀBL

Íx,21

fxz2

KC

LM

LMN

LMT

LMW

MATX

MBD

MFC

MFL

MPDT

MI NR

MWT

MOI STS

NFLRN

NI TUP

NL

NORN

NP

NTRTX

NTRÀTX

ocD

oc1

Surface texture cl.ass (code)

cro!,th stage ( Pd=BMTS*100)

Water table depth

Àrray of variabtes codes to be printed

Àrray of variables codes to be plotted

Exponent value for hydraulic conductivity
used for clay soils

Exponent value for hydraulic conductivity
used f or l.oamy so i I s

Exponent value for hydraulic conductivity
used for sandy soils

Minimum Iimiting factor

Nitrogen limiting factor

Temperature limiting factor

Water limiting factor

Maturity date

BuIk density used (either rneasured or
computed )

Measured field capacity

Mass flor, ( for nitrate )

Middle point of soil profile master
hor i.zons

Mineralization rate

Measured wi).ting point

Stre55 excess water

Net flor¡ of nitrate

Cumulative nitrogen uptake by plants

Time interval for printing

Nitrate concentration in rain

Time interval for plotting

Àmount of nitrate (by IaYer)

Tota1 amount of nitrate formed from
fertilizer
organic carbon (by Iayer)

organic carbon in first layer
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dimensionless

Pd units

cm

d imens i on Ie ss

dimensionless

dimensionless

dimens ionless

dimensionless

dimensionLess

dimensionLess

dimensionless

dimens ionless

JuIian day

g /cc

cc/cc

mg N,/cm2 -daY

cm

mg'N/cm2-day

cc/cc

dirnensionless

mg N/cm2 -day

kg N,/ha

dimensionless

mg N/cc

dimensionless

rng N/cm2

kg/na



oc2

oc3

OINX

OMEGÀ

OPNIT

OPTXX

OPTYX

osM

PÀO, PA1,
PA2

PBO, PB1,
PB2, PB3,
PB4

PÀMX,
PÀMCRZ

PÀREÀL

PÀTN

PEV

PET

PFFC

PHOTP

PGR

PLÀNTX

PLGRX

PPMFC

PPMl

POACUM

Organic carbon in second layer

Organic carbon in third layer

Jointing date

Angular freguency of heat r¡ave

optimal fraction of nitrogen

Grorrth stages (abscissa value of
optimum nitrogen function)

optimum eo nitrogen (ordinate value
of optimum nitrogen function)

Soil moisture on the Previous day
(by layer )

Àrrays which consist of regression
coefficients used in BMTS that accounts
for the photoperiod factor PÀO -
photoperiod threshold, PÀ1 , PAz -
quadratic coef f icients

Arrays which consist of regression
coefficients used in BMTS that accounts
for the temperature factor PBO -
temperature threshofd, PB1, PBz -
quadratic coefficients used for maximum
temperature, PB3, PB4 - quadratic coefficents
used for minimum temperature

ÀvailabIe moisture content, t ithin the
rooting game

Area under watershed

Matrix water extraction Pattern

ÀctuaI evaporation

Potential evapotranspiration

Àvailable soil moisture as percent from
F. C.

Photope r i od

Potential growth rate

Planting date

Cumulative yield

Nitrate content (by layers discertized
as in a field experiment)

Nitrate content (by layer )

Incoming water from a recharged
neighboring area

Daily precipitation

9o

_237_

90

JuIian day

month-1

kg/ha

BMTS units

cm

dirnensionless

dimensionless

9o

,o

cn/day

cm/day

hour s

kg,/ha day

Jul ian day

ks/ha

ppm

ppm

9

PREC cn/ðay



PTHD

PRECSH

PSD

RATIO

RDAY

RZONE

RUNOFF

SID

sDox

sHc2

SOLD

SOI LMX

SOI LTX

STMN

sTwc

SR

T

TÀNGT

TCPD

TDENTX

TEE

TETL

TETWSM

TEVT

TEWSMR

THI KNX

Predicted thawing date

Cumulative precipitation f rom
seeding to harveËt dates

Predicted seeding date

Crop development ratio (actual./potenitai
transpiration )

Current date

Cumulative root groi¡th (depth)

Surface runoff to low Lands

Silt content (particle size distribution)
Seeding date

Àrray for plotting nitrate uptake

Profile depth (if > 120 cm,
SOLD = flag)
Soil moisture (by layer)

Soil temperâture (by layer)

Standard nítrate concentration(by layer )

Volumetric measured soiL moisture
content at seeding time

Solar radiation at the top of the
atmosphere (by parabola)

Time (countin
run the modeL

g method required to
)

Tangent of slope angle (tan( ) )

Cumulative growth stages

Totoal denitrif Ícation

Months time value chosen in heat wave
solut ion

TotâI evapotranspi rat ion ( by Iayer )

wi thout soi 1Total evapotranspi rat ion
moisture restriction
Total. evaporat ion

Total transpiration without soil
moisture restriction
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Julian day

cm

JuIian day

dimensionless

JuIian day

cm

cm

Julian day

ks/ha

cm

cfn

oc

mg N/cc
( soi I so1. )

cc/cc

caI/cm -òay

JuL ian day

deg ree

Pd units
1 OO* BMTS

kg/ha

dirnensionless

cm

cm

cm

cm

cmLayer thickness (used in heat transfer)



TMAX

TMI N

TORT

TOTPE

TOTÀLW

TOTT

TPÀMSE

TPEV

TPREC

TPORO

TRESS 1,
2r3

?ZERO

TWWPAS

VFSD

VMÀX

WÀCUM

wcc

wcx

F¡cÀP

I^lcFc

wcoN

WCXFC

I.II LT

WTFC

Daily air maximum temperâture

Daily air minimum temperature

Tortuosity

Cumulative potential evapotranspiration
from seeding to maturity

Soil r¡ater holding capacity !,ithin the
prof i Ie

Cumulat ive evapotranspi rat ion

Minimum J.imiting factor l,hen plant
stress occurs

TotaI evaporation

TotaI precipitation from seeding to
maturity dates

Total porosity by layer

Àrrays containing stress factors as a
function of g" available water

Àverage prairie soil temperature used
in heat wave solution

Total water content within the soil
profile at seeding time

Very fine sand content (particle
size distribution )

Maximum volume of water that can be stored
in a microdepression (at { section scale)

Volume of rrater accumulated in
microdepressions (at { section scale)

Takes value on WCX

VoLumetric water content (by layer)

Water holding capacity (by ).ayer)

Volumetric water content used in the model-
by layer (takes a val.ue either on a
measured or computed basis)

Àctual avai.IabLe volumetric water content
( by layer )

vol.umetric water content (by layer as
measured in the field for testing purposes)

Volumetric wilting point (by layer)

Volumetric water content within the layer
bel.ow the considered prof ile
Year for which a simulation i.s performed
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oc

oc

dimensionless

cm

cm

cm

dirnensionless

cm

cm

>o

dimensionless

oc

cm

9

m3

m3

cfn

cm

cc/cc

cc/cc

cc/cc

cc/cc

cc/cc

YEÀR year (yyyy)
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Appendix C

PIXMOD Program
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C PIXJ.IOD PROGRÀ},I STRUCTYRE:
c
c
c
C JCL
C PROGRÀM
C MÀIN,
c BLOCKDATÀ,SSINP,SCINPW,SCPÀRÀ,
C SETI^¡, SSWTN , SNO3W, SPDW, SSTEPM 

' 
SCGRÍ{,

C ÀFGÀN,PLOT
C JCL2,
C DSMF
c
c
C JCL
//sotr,caoe JoB '#### , , ,T=5,L=14, I=40,co=1' ,c.oNoFREI
/"15O SOIL
//. ExEc FoRTHCLG,opr=2,LC=65,csIZE=300K,s=NosouRCE,MÀP=NoMÀP F=JCL
//EORT.SYSIN DD *
c
c
C PROGRÀM:
c
C MAIN
c

IMPLICIT REÀL*4 (À_H,J-Z )

COMMON /COU¡/ ITEXT,YEÀR,IESD,PHOTP,RDAY,IRFS,ICONST,ICNT,
1 HEÀD, IHEÀD,T,WTFC, F( 1 O ),HCFC( 1 O ),SR,TMAX,TMIN,TCPD,RZONE,
2 PEV,TPEV,MSTF,TPÀMSE
coMMoN /cous/ AREÀ,CWHT, INLR,SoLD, IBLT,STWC( 1 0 ),

* MFC( 1 0 ) ,MWT( 1 0 ),HINDX,CNppM( 1 0 ) ,wcc( 1 0 ) ,srMN( 1 0 )

coMMoN /couc/ PREC,RUNOFF,
* Xx( 10) ,Dy( 1 0),Ky( 1 0),opTxx(7 ),OPTYX(7 ),wILT( 1 0)

coMMoN /cotrf/ cNoRw,AooH,MINR,oc1,oc2,oc3,
* DENIT,DIF,DISP,NORN,TORT,WTSÀT,WF( 1 O )

coMMoN /couø/. rKx,cNoRTx(10),FLRNX(11 ),FLRTX(11 ),ÀVBD
coMMoN /cour/

I MSO(10), FERTMX,FERTX,IB}fTSX,DTX,
2 HÀRVTX,NITUPX,NTRATX,PLANTX, PLGRX, PLGRMX,DNTUPX( 1 O )'
3 NTRTX(10),SOILMX(10),WCX(10), TDENTX,HIW
coMMoN /couc/ TzERo, ÀZERO, DDEPTH, OMEGÀ . FÀ I , THI KNX ( 6 ) , I X,

* DEPTH(6),SOILTX(6)
coMMoN/cout,/ ÀÀ(8030),INP
coMMoN /co¡'tx/ wcoN(10),wcÀP(10),PRFC(10)
coMMoN /cour,/ I cDT, I CDS , PTHD, PSD, PFFC , EMEX, OI NX, HÀDX, SDOX,

1 MÀTX,GYIELD.GYIELM,BYIELD,PPMFC(5),WCXFC( 5),PPM1 ( 1O),
2 AWCR, ÀWCP, ÀPPMR, ÀPPMP , CPEV, PRECSH
coMMoN /co¡,t[/ I LTCPD, IÎCPDX, PÀ0 ( 5 ), PÀ1 ( 5 ), p¡2 ( 5 ), PBo ( 5 ), PB1 ( 5 ),

* pB2 (5),p83 ( 5),p84(5),DC( 1 o),KC( 1 0),DL( 10),KL( 10),DS( 1 0 ),Ks( 10 )

COMI''ON /COUA/ I PSTON , I DRÀI N, I NFR, I WTÀBL , I ROF , I CSLOP, I REGI O,
* TPORO(10),TWWPÀS
coMMoN /coup/ TorPE,Torr,TEvr,TETL( 1 0),LMNM,TEwsMR,

* PET, ET , LMW, LV.}{ , LMT, LM, PGR, GRM, GR, PÀMCRZ , TPREC 
' 

EWSMR 
' 
LÀSTR

coMMoN /cous/ ts5277(25,3),1-s7780(4,3),IDsr55,IDsr77
*TNTEGER*4 

FG(e) /',á]íä: 
; : :iî; : : : î :ii,, 2' 

.o,u',' 4.2,',' 2F4.,,

INTEGER*4 FMT(3,2)/, (F9.,,i3),,",'(9X,','F7.4',')'/,
*FMTA ( 3 )

DrMENsroN ETLX(10),FRTMX(3),FRTX(3),Awcc(10),ÀwIEL(10)
DTMENSTON CROP( 1 ),r'MSpp( 1 0 ), IXZl (2),rX,Z2(2\
DTMENSTON MPDT(10),VFSD(10),FSD( 10),SID( 10),CLD(10),OCD( 10)
DÀTÀ cRop( 1 )/'cwHr' / ,Heeox/'ut'to' / ,soev,/'soev' / ,I eRu¡¡,/' ¡ne¡',/, vuøoì /' r'¡¡so',/, ttpr,n/' uer,n' /, n¡o"t /' ueor' /,

z outo/' ou¡o' /,onot/' p¡or',/,r,tHN/' ltnN' /,Npeu/' NPPM' /,
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3 w|cr/' l{Àcr'/,t{Frc/'ntPc' ./ ,t4vILT/'wLT' / , sMNc,/'sHNc',/
DIMENSION TI,IÀGE(20)
CÀLL SSINP
CÀLL SCINPW
I I -0
REÀD( 5, 200 )À, ( rMÀGE( ¡ ¡, ¡-1, 1 9)

200 FORI,IAÎ(20À4)
IF(À.NE.HEÀDÀ) GO TO 190
wRIIE(5,9878) (IMÀGE(J ),I=1, 19)

9878 FORHÀT( 1H1 , 2X,19A4//)
wRrrE(6,5030)

5030 FORHÀT(//' SPECIÀL DRIVING PÀRÀMETER VÀLUES.)
CÀLL REREÀD
REÀD ( 5, 2 O 1 ) À, NP, NL, I DÀY, YEÀR, SOLD, HI NDX, I NTÎ, I FORM, T G1, T, XZ1, TG2,

1 TX,Z2, INLR, ITEXT, IESD, IRFS, ICONST, IBLT, IPSTON, IDRÀIN, INFR,
2 IWlABL, IROF, ICSLOP, IREGIO, IDST55, IDST77

201 FORl,tÀT(A4,284.0,t4,2F4.0,F5 .0,12,r1,2212')
REÀD( 99,9876) (rMÀGE( r ) , r= 1 ,20 )

9876 FORì.|ÀT( 20À4 )

r{RITE( 6,9877 ) ( IÌ{ÀGE(¡ ¡, ¡=1 ,20)
987? FORl.tÀT( 1H0 ,20A4/)

IF(À.NE.SDPV) GO TO 190
IF(NP.E0.0. ) NP=2.
IF(NL.E0.0.) NL=2.
IF(INTT.EQ.O) INTT=1
IF( INLR.NE. O. ) INLSSR=INLR
I KX=MI N1 ( 1 0. , SOLD,/1 5. )

IF(ITEXT.GT.2) GO TO 450
IF(ITEXT.GT.1) GO TO 450
DO 440 I=1,IKX
KY(I )=KC(I )

440 DY(I )=Dc(I )
CDSE10**3.5
DI SP=4 .
TORÎ=O.4
DO 462 L=1 ,5

462 wr(I )=0.5
DO 463 I=6,IKX

463 wF(¡ )=0.9
GO TO 470

450 DO 451 I=l,IKx
KY(I)=KL(I)

4s1 DY(r)=Dr(r)
cDs=10**4.2
DO 452 I =1 ,5

4s2 l.¡F(l)=0.5
DO 453 I =6, IKX

453 wF(l)=0.9
DI SP=2.
TORT=0.4
GO TO 470

450 Do 461 I=1,IKx
KY(I)=KS(I)

461 DY(l)=os(l)
CDS=1 0rr4
DI SP=0. 7

TORT= 0 . 6
470 CONTINUE

rF(rFoRM.EQ.0) GO TO 5
CÀLL REREAD
REÀD(5,202)FG

202 FORHÀT(31À1 )

REÀD( 99 ,9876) ( IMÀGE( 1l ,r=1 ,20)
s¿R r rE ( 6 , 987 7 ) ( r ¡.1¡Cn ( I ) , r = 1 , 2 0 )
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5 CONTINUE
CÀLL REREÀD
REÀD(5,793) À,CNPPM

793 FOR¡.jÀT(À4, 1 0F5. 0 )
REÀD(99, 9876) (¡u¡ce( I ),t=1,20)
lr(¡.xe.xpPM) co ro 190
CÀLL REREÀD
REÀD(5,206) 

^,FFIBDD206 FoRl'rÀr(À4, 1 0F5. o )
REÀD(99,98761 (IMÀGE( I ),I='1, 2o)
rF(À.NE.rræp) co ro 190
DO 10 I=1,IKX

1O HBD(I)=FMBDD(I)
CÀLL REREÀD
REÀD( 5,1 000 )À,MPDT

1 000 FoRUÀT(À4, 1 0F5. 0 )
REÀD( 99,9876 ) ( IMÀGE( I ) , I =1 ,20 )

rn(¡.He.upLR) Go ro 190
CÀLL REREÀD
REÀD( 5,1 005)À, (VFSD( I ) ,FSD( I ), SID( I ),CLD( I ) , r =1 ,5)

1 005 FORÌ,'ÀT(À4, 20F2. 0 )

REÀD(99,9876) ( IMAGE( I ), I=1, 20)
IF(À.NE.MÀDT) GO TO 190
CÀLL REREÀD
REÀD( 5, 1 001 )À, (vFsD( I ), FsD( r ),srp( r ),cr,p( r ), I =6, 1 0 )

1 oo1 FoRMÀT(À4,20F2.0 )

REÀD(99 ,98't6ì- (IMÀGE( t) ,r=1 ,20)
rr(¡.xu.ouqD) Go ro 190
CÀLL REREÀD
REÀD( 5, 1 008 )À, (oco( I ) , I =1 , 1 o )

1 ooB FoRMÀT(À4, 1 oF5. o )
REÀD(99,9876], (IMÀGE(r ),t=1,20)
rr (¡.¡re.pÀDT) co ro 'l 90
oc1 =ocD( 1 )
oc2=ocD( 2 )
oc3=OcD( 3 )
Ir(oc3.GT. 1 . ) ¡ool¡=(oc'l +oc2 ) *1 .724
rF(oc3.LE. 1 . ) ¡OOu=( (OC1+OC2 ) /21 *1.12q
rF (oc2.LT. 1 . ) ¡OOr.r=OCl,/2* 1 .7 24
IF(ÀOOM.GT. 50. ) ÀOOM=50.
MI NR= ( 1 2 . grEXp ( 0 . 1 5*ÀOOM ) ) /1 8400
CÀLL REREÀD
REÀD( 5,800 )À, ( STIiC ( I ) ,I =1 , 10 )

800 FORMÀT(À4,10F5.0)
REÀD( 99 ,9876l- ( IMÀGE( I ) , I =1 ,20 )

IF(À.NE.HÀCT) GO TO 190
CÀLL REREÀD
REÀD(5,801 )À, (MFc(I ), I=1, 1 0)

801 FORMÀT(À4,10F5.0)
READ( 99 ,9876) ( IMÀGE(
IF(À.NE.MFFC) GO TO 1

CÀLL REREAD
REÀD( 5,802 )À, (Mhrr'( r ), r =1, 1 0 )

802 FORHÀT(À4,10F5.0)
DO 2507 I=1,IKX

2507 MwT( r )=¡,fir¡( I ) *0. 775+0. 021
REÀD( 99,9875 ) ( rM¡Ce( r ) , r =1 ,20 )

IF(À.NE.MWLT) GO TO 190
CÀLL REREÀD
REÀD( s,803 )À, (srMN( I ), I=1, 1 0)

803 FORMÀî(À4 , 1 0F7.0 )

REÀD( 99 ,9876) ( l¡¡¡Ce
I F ( A. NE. S},ÍNC ) GO TO
IF(IRT'S.GT.9) GO TO

r),r=1,20)
90

( I ) ,I =1 ,20 )

190
780
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IF(IRFS.GT.8) GO TO 770
IF(IRFS.GT.7) GO T"O 760
CÀLL SCPÀRÀ (MPE¡T,VFSD, FSD,SID,CLD,OCD,WCFC,WILT,

* INLSSR, IKX,SOLD)
DO 751 I =1 , IKX

751 wcx(I )-wcFc(I )

GO TO 790
760 DO 761 I=1,I

wcFc(I)-MFC(
WILT(I )=MWT(

761 wcx(I )=wcFC(
wcx(1 )=wcx(1
co r'o 790

KX

7 7 0 CALL SCPÀRA ( MPûT, VFSD, FSD, S I D, CLD, OCD, WCFC, WI LT,
* INLSSR,IKX,SOLD)
DO 771 I=1,IKX

771 wcx(l)=Smc(I)
GO TO 790

780 DO 781 I=1,IKX
wcx(I )=srwc(I )
wcFc(I)=MFc(I)

781 erlLT(¡ )=uwr(t )

790 CONTINUE
TÀ[{WP=0.
DO 791 I =1 , IKX
Awcc( r )=wcFc( r ) -wrLT( r )

À1.¡IEL( I ) =Àr.tCC ( I )* 1 5.
TÀWÍ.¡P=TÀWWP+ÀWI EL ( I )

cNoRTX(r )=(CNPPM(r )*MBD(I )*0.001 )/wcx(r\
solL¡{J(( I ) =1 5. *wcx( I )

DNTUPX(I )=0.
791 NTRTX(I )=sOIL¡¿x(I )*cNoR"x(I )

REÀD( 1 1 ,FG,END=1 8O )YEÀR,RDÀY, PREC,TMÀX,TTIIN,SR,PHOTP
YEÀR=YEÀR+1 9OO.
IF(YEAR.GT.1952. ) GO TO 5O8O
rF(rRFS.E0.7) GO To 5017
wRITE(6,5018)

5018 FORMÀT(/', SIMULÀTION SCENÀRIO -I (SO¡r, pHYSICÀL PÀRÀMETERS 
"1 'MEÀSURED,BOUNDÀRY ÀND INITIÀL CONDITIONS KNOWN).)

GO TO 5020
5017 CONTINUE

r.rRrrE(6,5019)
5019 FORr-tÀÎ(/' SiHULÀTION SCENARIO - II (SOIL PHYSICÀL PÀRÀMETERS

1'CALCULÀTED,BOUNDÀRY ÀND INITIÀL CONDITIONS ÀPPROXIMÀTED)' )

5O2O CONTINUE
wRITE ( 6, 5021 ) I DSTs5,WCFC, wILT, MBD, ÀWCC

50 2 1 FORl,rÀT_ ( / /' CS\TERÀL I NFORHÀTr ON 

" 
/ /2X,' CROP DI STRI CT : 

" 
2X, r 3,

I)
I)
I)
)*0.9

1

)
3
4
5

///zx, 'sorL PHYSIcÀL PÀRÀHEIERs
//lx,'FIELD cÀpÀcITY $c/uc) :',2x,10(
//gx,' wILTING PoINT (uc/uc) :' ,2x,10(
//3x,'BULK DENSITY $4 G/Mc) :',2x,10(
//lx,'ÀvÀrLÀBEL wÀrER (uc/uc) :',2x, 10(

WRITE( 6,5022 ) IHTÀBL, IBLT, IDRÀIN
EORJ'L 1(//' LOWER BOUNDÀRY CONDITIONS 

"//zx,' wÀTER TÀBLE :' ,3x,12,
//zx,' PHYSIcÀL BoUNDÀRY :' ,3x,r2,
//zx,' DRÀINÀGE cr,Àss :',3x,r2l-

wRrrE( 6,5023\

Ê4.2 ,X) ,
Ê4.2,X) ,
F4.2,Xt ,
F4.2,x))

5022
1

)
3

5023 FoRMÀ"t(//5x, 'LEGEND:' .
1 /6x, 'WÀTER TÀBLE
2 /6x, 'PHYSIcÀL BoUNDARY
3 ,/6x,'DRI NÀGE cLÀss

5O8O CONTINUE
Do 399 I=l.IKX

PRESENl= 1 5 ,
PRESENT= 1,
WELL = 3,

ÀBSENT
ÀBSENT
I MPERFECT=

UNKNOWN=98' ,99
0
2 POORLY = 1')
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399 TPORo(I )=0.
IF(IWTÀBL.LT.15) GO TO 2565
IF(IBLT:GT.O) GO TO 2565
IF(IDRÀIN.LT.3) GO TO 2565
IF(IDRÀIN.GT.2) GO TO 390

2565 CONTINUE
DO 2501 I =1 , IKX

2501 TPORO( ¡ )=1-(uso( ¡') /2.561
DWTFC=TPORO( I KX ) -WCFC ( I KX )

IF(ITEXÎ.GT.2) GO TO 2502
IN=IKX-2
co ro 2503

2502 CONTINUE
IN=IKx-1

2503 CONTINUE
lf.tlfPÀS=0
DO 2555 I=IN,IKX
rF(TpoRo(r ).LT.wcFc(I ) ) co ro 2559
TWWPÀS=TWT{PÀS+(TPORO(I )-WILT(I ) )*'I 5
l.tcx(I)=rPoRo(I)
IF( IWTÀBL.LT. 1 6) WCFC( I )=TPORO( I )

IF( IÍ.?TÀBL.GT. 1 5) WCFC( I )=WCFC( I )

IF(IDRÀIN.GT.2) GO TO 2555
MULTF=TPORO( I )/WCX( I )

cNoRTx ( r ) =cNORTx ( r I /HuLTF
GO TO 2555

2559 CONTINUE
rF(TPORO(r).LT.9tcx(I)) GO TO 2504
TWwpÀs=Tr{wpÀs+ (r.¡cFc ( r ) -wr r,r( r ) ) * 1 5
wcx(r )=wcFc(r )
IF(IDRÀIN.GT.2) GO TO 2555
I{ULTF=TpoRo( r ),/wcx( I )
cNORTx( r ) =cNoRTx( r) /pruLTF
GO TO 2555

2504 CONTINUE
TWç.?pÀS=Tr*rp¡S+ (wCX( I ) -WI LT( I ) ) * 1 5

2555 CONTINUE
IL=IN-1
DO 2505 I=1,IL

2505 TwwpÀs=TWWpÀS+(wCX(r )-wILT(I ) )*15
ÐO 2555 I=1,IKX
SoILMx(I)=wcx(I)*15
NTRTX( I ) =SOIL}TX( I ) *CNORTX( I )

2556 CONTINUE
rF( rBLT.EQ.1.ÀND. IDRÀIN.LT.3 ) GO TO 551 2
IF(IT.TTÀBL.LT. 1 6.ÀND.IKX.LE.B) GO TO 5512
GO rO 2560

5S1 2 IUB=IKX+1
DO 5515 I=IUB,10
TPoRo( I )=TPoRo( IKx)
}¡ILT(I )=HILT(IKX)

5515 TWWPÀS=ThrwPÀS+(TPORO(I )-WILT(I ) )*15
wRITE( 6,3002 )rWWp¡S

3002 FoRMÀT('TwwPÀs ' ,î7.2)
2560 CONTINUE

!¡"IFC=D9¡TFC+WCX ( I KX )

390 CONTINUE
IF(YEÀR.G".1952. ) GO TO 5OB1
wRr rE ( 6, 5024 )wCX, CXpp¡.1

5024 FOp¡tAT(//' rNITIÀL CONDITIONS 
"1 //2x,'WÀTER CoNTENT (nc/uc) :' ,2x,10(F4.2,x

2 //2x, 'No3-N coNcENTRÀTIoN (PPM) :' ,2x,10(F4.1,x
5OB1 CONTINUE

I CDT= 0
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ICDS-0
F{IHD=0
PsD=0
TPEV=0.
LÀSTR-0.
rF(rEsD.Eo.2) co ro 65
PFFC=WCX(1 )*0.9
PRFC( 1 )=PFFC

55 CONTINUE
CÀLL REREÀD
REÀD(5 ,207l.A, (rsrXXX(I ),DEprH(I ),r=1,5)

207 FORHÀT(À4, 1 2F3.0 )
REÀD(99,9875) ( ¡t't¡CS( r ),l=1 ,20 )
IF(À.NE.LTHN) GO 1-O 190
OO 4 l I=1,6

41 SOILTx(I )=0.
PEv=0.0
CPEV=0.0
Ix=1
TEWSMR=0.
I NEVTS=0
POÀCUM=1.
COMPE=0.

35 DO 145 IJ=1,IDÀY
rF(r.cr.90..ÀND.T.LÎ.274. ) GO TO 50
CÀLL REREÀD
REÀD ( 5, 204 )À, DÀREÀ, DCWHT, SDS, SDE, SDl, SDH, SDD, SDM

204 FORMÀT(A4,2F4. 0, 6F6. 0 )
REÀD(99,9876) (rMÀGE(I ), I=1, 20 )

IF(À.N8.ÀREÀÀ) GO TO 190
IF ( DÀREÀ.NE. O. )ÀREÀ=DÀREÀ
I F ( DCÍ.¡HT. NE. O . ) CWHT=DCWHT
CÀLL REREÀD
REÀD ( 5, 205 ) À, DPLÀNT, DHÀRVT, r Fx, ( FRTHX ( r ), FRTX ( r ), r = 1, 3 )

205 FORHÀT(A4,2F4.0, I 1 ,6F4.0 )

REÀD(99,9876) (IMÀGE(T),T=1,20,)
rF(À.NE.CROP(1)) GO rO 190
IF(DPLÀNT.NE. O. ) PLÀNTX=DPLÀNT
IF(DHÀRVT.NE. O. ) HÀRWX=DHÀRVT
IF(YEÀR.GT.1976. ) GO TO 611
I =YEÀR-1 951 .
J=IDSTS5
IDISTR=IDST55
PLÀNTX=I 55277 (T ,JI
GO TO 612

61 1 CONTINUE
I =YEAR-1 976.
J=IDST77
I DI STR= I DSTT 7

612
PLÀNTX= I S 7 7 8 O ( I , J )

CONTI NUE
IF( IDRAIN.EQ. 1 ) pLÀN'¡¡=p¡¡¡a¡+8
IF ( IDRÀIN.EQ. 2 ) PLÀNTX=PLÀNTX
IF( IDRÀIN.EQ.3 ) PLÀNTX=PLÀNTX-8
FRTMX( 1 )=PLÀNTX
DO 40 I=1,IFX
rF(FRrx( r ).EQ.0. )FRTX( r ) =28.
iCx=0
CONTI NUE
IF(TCPD.LT.5.) GO TO 600
HÀR\IIX=MÀTX
CONTI NUE
IF(T.GT.HÀRVTX) GO TO 145
rF(rESD.EQ.2.OR.T.GT.90. ) GO TO 61

c

40

50

600
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PLÀNTx=0
ICx-0
FERTI¿X=0
INT=2

6l CHEKPD=PLÀNTX-1
IF(T.LT.CHEKPD) GO 1O 70
rF(PLÀNTX.EQ.0..oR.T.GE.PLANTX) GO TO 70
I CNT= 0
mx=0.0
I BMTSX= 1

EMEX=0.0
OI Nx=O . 0
HÀDX=O. 0
SDOX=O.0
¡rÀTx=0.0
IF (PLÀNTX.GT. 1 20 ) GO TO 501
Dv1 =PLÀNTX-90
DV2=1./30.*DVl
TEE= 3 +DV2
GO TO 602

601 CONTINUE
DVl =PLÀNTX-1 20
Dv2=1./31.*Dv1
TEE=4 +Dv2

602 CONTINUE
Do 211 I=1,6
solLTX( r ) =TZERO+ÀZERO*EXP( - (DEPTH( r )/OOne*t) ) *

* sIN( (oMEGÀ*TEE)-(DEPTH(I ),/DDEPTH)+FÀI )

21 1 CONTINUE
IF(YEÀR.GT.1952. ) GO TO 5082
wRITE( 6, 5025 ) SOTLTX( 6 )

5025 FOR¡.íÀT(/2X, 'SOIL TEMPERÀTURE ÀT 0.20 M. (DEGREE CELSIUS):' ,2X,F5.2)
5082 CONTINUE

r.¡RI TE ( 6, 5040 ) vE¡n, PI,ÀNTX. FRTX ( 1 )
5O4O FORHÀÎ1///, MÀNÀGEMENT DÀTA"

1 ,/,/2x, 'yEÀR oF SIMULATIoN:' ,20x,F5.0,
2 //2x,'SEEDTNG DÀTE (JULIÀN DÀY) :',.13x,F4.0,
3'//2x,'NrrRocEN FERTILIzER ÀPPLIED (Kc/HÀ) :',3x,F4.0)
wRITE (6,5027 )

5027 FORl,rÀT( ///' DÀrLY OUTPUTS' //l
wRrrE(6,398)

398 FORMÀT(' .IP¡Y DPHD DÀYP CUMP PETB CPEV ÀCET W- LÀ-1 LÀ-2 LÀ-3"
1 ' LÀ_4 LÀ-5 N- LÀ-'1 LÀ-2 LÀ-3 LÀ-4 LÀ-5 LMWF LMNE LMTF TLFT CU"
2 'HÈ.NP'//)

IX=1
70 T=T+1

rF ( rcx.GE. rFx.oR.?.NE.FRTMX( ¡ç¡ç+1 ) ) GO TO 80
ICX=ICX+1
FERTX=FERTx+FRTX ( I cx )

FERTUX=FRTÐ(( ICX)
REÀD( 1 1 , FG,END=1 8O ) RDÀY, PREC,TMÀX,TT{IN, SR, PHOTP
REÀD( 1 1,FG,END=1 8O )YEÀR,RDÀY, PREC,TMÀX,TMIN,SR,PHOTP
yg¡¡=yg[p+1900.
IF(PLÀNTX.GT.O. ) GO TO 50OO
IF(TMIN.LT.O..OR.TMÀX.LT.5. ) GO TO 35OO
IF(FTHD.GT,O.) GO TO 32OO
I CDT= I CDT+ 1

IF(ICDT.LE.5. ) GO TO 145
PTHD=T
WRITE(6.4200)PTHD
FORMÀT(' PTHD-"F4.0)
DMT= 0 . 7 5*T¡d\X+ 0 . 2 5ÍTMI N

WRITE (6,420 1 )DMT,T
FORMÀT(' DMT-.,F8.2,2X,' DÀY-"F4.0)

c B0
80

4200
3200

4201
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c

rF(Dlfr.LT.5.) GO r"O 4000.
CÀLL SETÍ{ ( ETLX, PA},LK, HÀRVTX , PLÀNTX, I X, I KX, PRFC )

DO 85 I='I ,INT
cÀLL SSWETN ( WCX, FLRTX. SOI LMX. ETLX, I KX, 1 , I NT, PLÀNTX, CKS , CDS )

85 CONTINUE
rF (PREC.GT.1..OR.wCX( 1 ) .GT.PFFC) GO TO 4000
JCDS-ICDS+1.
f{RITE(6,3300)ICDS

3300 FORHÀT(' ICDS-' ,2X,r2l
rF(rcDs.LT.3.) co m l¿s
PSD=1
PLÀNTX=PSD
FERTllx=PLÀNTx
FRTru((1)=FERTltx
wRITE ( 6, 3900 ) PTHD, PLÀNTX, FRTMX ( 1 )

3900 FOR$ÀT(5X,' THÀwrNG-' ,F4.0 ,/5X,' SEEDING-' ,F4.0,
1 //5x, ' FERT" DÀY-'"F4.0)
GO TO 145

3500 rF(prHp.eQ.0.) GO TO 4901
4000 IcDS=0

GO TO 145
4901 ICDT=0

GO TO 145
5OOO CONTINUE

IF(T.LT.PLÀNTX) GO TO 145
IF(TCPD.GT.2..ÀND.TMIN.LT.-1. ) GO TO 2505
INT=2
I PREC=PREC
IF(IPREC.LE.2) GO TO 1234
¡ ¡¡,¡= ¡ ppgq+ 1

1234 CONTINUE
IF(T.LT.PLÀNTX.OR.T.GT.HÀRVTX) GO TO 1 16
rF(HÀTX.GT.0.) GO 10 2511
TPREC=TPREC+PREC
PRECSH=TPREC
GO T'O 1 16

251 7 PRECSH=PRECSH+PREC
1 1 6 CONTINUE

CÀLL SET!¡ ( ETLX, PÀMX, HÀR\¡TX, PLANTX, I X , I KX, PRFC )

DO 95 I=1,INT
cÀLL SSWETN ( WCX, FLRTX, SOr LMX, ETLX, I KX, 1 , I NT, PLÀNTX, CKS , CDS )
cÀLL SNO3W ( WCX, r'r,RtX, SOI LMX, I KX, CNORTX, FLRNX, NTRTX, DNTUPX, FERTX,

* PLÀNTX, HÀRVTX, FERTMX, DNFMX , NTRÀÎX, I NT, TDENTX, I BLT, SOLD )

95 CONTINUE
CÀLL SPDW( PLÀNTX, IBHTSX, DTX, EHEX,OINX,HÀDX, SDOX,MÀTX)
CÀLL SSTEMP(THI KNX, SOILTX )
I F ( T. GE. PLÀNTX. ÀND.ÎCPD. LE. 5. ) CÀLL SCGRW ( PT,¡NTX,

1 NITUPX,PLGRX, PLGRMX,SOILTX,PÀMX,ETLX, IKX,
2 DNTUPX, CNORTX, OFTXX, OPTYX,'1, WCX, WI LT, I X, ÀVBD, I LTCPD, I TCPDX,
3 soLD)
IF(T.NE.HÀRVTX) GO TO 115
Do 100 tz=1,10

100 DNTUPX(Iz)=0.
RzONEX=0.
NI TUPX= 0 .

1 1 5 CONTINUE
IF(TCPD.GT.
IF(OINX.GT.
IF(EMEX.GT.
vcnF = 1

GO TO 8011

) co ro 8011
GO TO 8040
co ro 8020

BO2O CONTINUE
MSTF=(.1- ( 1 -LÀSTR) **2 ) ** 1 . 5
GO TO 801 1

4.0
0" )

0. )
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8040
8011

MSTF= (.l - ( 1 -LÀSTR ) i*2 ) **5..0
CONTINUE
rF(rG1.80.0) GO To 140
TF(ÀMOD(T,NL).GÎ.0. ) GO TO
ÀNCx=0.0
DO 2000 IX-1rIX
ÀNCX=ÀNCX+NTRTX(IK)
ÀNcx=ÀNcx,/I x
SHC2=NITUP*1 OO.
WRITE( 6, 350 )T, PLGRX, ÀNCX
FORMAT( 1 HO, F5 ., 6X, 2F8.21
DO 136 I= 'l ,IG1
Ixz=Ixz1 ( I )
co ro( 1 30,1 31 ) , Ixz
wRITE(6,370)CNORTX
GO TO 135
wRITE(6,380)wcx
CONTI NUE
FORr.tÀT( ' CNORT' ,3P10F7.2 )

l=1 ,2
=PPu1 ( I )

=wcx( I )

=(ppul(3)+ppM1(
=(wcx(3)+wcx(4)
=(ppul(S)+ppH1(
=(wCx(5)+wcx(5)
=(pp¡ll (7)+ppM1 (

=(wcx(7)+wcx(8)

140

2000

360

130

131
136
370
380
140

4447

PPMFC (

4448 WCXFC(
PPMFC (
wcxFc (

PPMFC (

wcxFc (

PPMFC (

FORUÀT
DO 444
PPMI (I
DO 444

wcxFc(
ÀwCR=0
ÀwCP=0
ÀPPMR=

('
'7

)=
I
I)
I)
3)
3)
4)
4)
5)
s)
.0
.0
0.

wcx"10F7.3)
I=1,IKX
(cNoRTx( r ) *Ftcx( r ) I / (HBD(I ) *0. 001 )

4), /2
t/2
6)'/2
\/2
8r)/2
,/2

0

ÀPPMP=0.0
DO 4460 I=l,IX
Àr,rCR=ÀwCR+wCX ( I )

4460 APPMR=ÀPPMR+PPM1 ( I )

DO 4461 I=1,IKX
ÀwCP=ÀwCP+wCx ( I )

4461 APPMP=ÀPPMP+PPM1 (I )

ÀwCR=ÀwCR,/I X
ÀPPMR=ÀPPMR,/I X
ÀPPMP=ÀPPHP/TKX
CPEV=CPEV+PEV
ÀwcP=ÀwcP/I Kx
IF(IRFS.GT.7) GO TO 5041
rF(TcpD.LT.4.90.OR.TCPD.GT.5. 10) GO TO 603

5041 CONTINUE
r{RI TE ( 6, 4 4 4 6 ) RO¡v, rCpn, PREC, PRECSH, PET, CPEV, ET, WCXFC, PPMFC,

1 LMW,LI,IN, LMT, LM, PLGRMX
4446 FORMÀT(X,F4. 0,X,F4 .2,2 $, F5. 2 ), 3 (x,F4 .2), 3X, 5(X, F4. 2 ), 3X, 5(X,F4

1 ),x,4(F4.2,X),F6.0)
603 CONTINUE

rF(rG2.80.0) GO ro 230
IF(ÀMOD(T,NP).GT.O. ) GO TO 230
WRITE( 12,400 ) PT,CNX,NITUPX

400 FORr\,!AT( 0PF9. 3, 2Pî7 . 4)
ÀÀ(II)=T
II=II+1

230 CONTINUE
IF(PREC.LT.2..OR.IDRÀIN.GT.2) GO TO 145
I NEVTS=I NEVTS+ 1

DIFPI=(PREC-2.)/1OO
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IF(COMPE.GT.DIFPI ) GO TO. 1 45
COMPE.DI FPI

145 CONTINUE
WRITE( 6,234)

234 FoRüÀT(/////' S u M M A R Y o u r P u r s"
1 ///2x,'pREDrcrED cRo9¡rH srÀcEs (¿ur,¡¡x DÀY)')
f{RITE ( 6, 2 3 5 ) PLANTX, EHEX, OI NX, HÀDX, SDOX, MåTX

235 FORMÀT(/5X,' SEEDING EHERGENCE JOINTING"
1 ' HEÀDING SOFT-DOUGH .MÀTURITY' ,/7)<,F4.0,5X,
2 F4.0,8X,F4.0, 6X,F4. 0,8X,F4.0, 7X.F4.0)

OTPREC=TPREC* 1 O

OPRECH=PRECSH* 1 0

OTOTPE=TOTPE* 1 O

wRITE( 6,236)OTPREC
235 FOR¡''ÀT(//5X,' PRECIPITÀTION DURING THE GROWING"

1 ' sEÀSoN: ',F6.2,x,'MH')
wRITE( 6,2516 )OpneCil

2 51 6 FORÌ.|AT ( /5X,' PRECI PI TÀTI ON FROM SEEDI NG TO' ,
1' HÀRVEST :',î6.2,X,'MM' )

wRrrE (6,237 )O:'OrpA
237 FORMÀT(/SX,' POTENTIÀL EVÀPOÎRÀNSPIRÀTION

1 F6"2,X,'¡An')
TOTÀLç'¡=0 '
TETr{SM=TEwSMR+CpEv
OTE\/I=TEI¡I*'l 0
WRITE(6,238)OTEVT

238 FOR"¡.{ÀT(/5X,' ÀCTUÀL TRÀNSPTRATTON
1 F6.2,X,'MM')
IF(IRFS.LT.7) GO TO 2222

!trX

! t ,X

2222

510

620

HI I.J=HI NDX
CONTINUE
rF(coHPE.EQ.0.
IF(IREGIO.GT.1
I SLOPE=B 0

IFQoMD=7
vMÀx=58946
co ro 620
I SLOPE=1 00
I FOOMD=4
vMÀx=2631 5
rF(rcsLoP.EQ.1
rF(rcsLoP.EQ.2
rF(rcsLoP.E0.3

GO TO
GO TO

670
610

TBTÀS=0.005235988
TETÀS=0.010471975
TETÀS=0.017453292

640

641

630

660

6s0

TÀNGÎ=TÀN ( TE"ÀS )

WÀCI.JM= ( 32OOOO*COHPE) /I FQO}4D
IF(INFR.GT.3) GO TO 630
pOÀCLJM=pOÀCUl¿+ 0 . 2 5
IF(IROF.GT.1) GO TO 641
POÀCUM=POÀCUM+ 0 . 5 0

CONTI NUE
IF(IT.ITÀBL.GT.15) GO TO 650
pOÀCUM=pOÀCU¡¡+ 0 . 2 S

co ro 650
IF(IWTÀBL.GT.15) GO TO 660
pOÀCIJH=pOÀCUy+ 0 . 5 0

IF(IROF.GT.1) GO TO 650
POÀCUM=POÀCUM+ 0 . 2 5

CONTI NUE
POÀCUM=POÀCUM- 1

WÀCUM=wÀCUM* POÀCUM
ARÀD= ( (w¡cUu/'r¡NGll /1 "5708 ) **0 

" 3333
PÀREÀL= 1 - ( ( ( 3 . 1 4 1 59rÀRÀD* * 2 ) * J FQOMD )/64 0 00 0 )

PLGRX=PLGRX* PÀREÀL
PLGRM=PLGRMXf PÀREÀL
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T{RITE(6,638)PLGRX
638 FORHÀT( 3X,' PLGRXBWEXC= 

" 
F9. 3 )

570 CONTINUE
rF(rDRÀrN.EQ.3) GO TO 2508
rF(rDRÀrN.E0.2) GO TO 2509
IF(TPREC.LT.5.) GO TO 2510
IF(TPREC.LT.15.) GO TO 4452
GO TO 251 1

2509 rF(TPREC.LT.10. ) GO TO 2510
IF(TPREC.LT.2O..ÀND. IWTÀBL.GÎ. 15) GO TO 4462
GO TO 251 1

2508 IF(TPREC.GT.15.) GO TO 4462
2 51 0 PLGRX=PLGRI'Íj(

GO T'O 4462
251 1 CONTINUE

TOTÀLw=TwI.lPÀS
DRLF2 =TûTÀLW+TPREC- ( rnWS¡¡n+CppV )
IF(DRLF2.LE.15.) GO TO 2515
MOrsrs=1 - ( 1 . 1 5* (DRLF2-1 5'' /35)
PLGRX=PLGRX*MOI STS

251 5 CONTINUE
wRITE ( 6 , 60 5 ) TEWSMR, CPEV, TETWSM, TOTÀLÍ.¡, DRLF2 , MOI STS ,* I NEVTS , DI FPI , COMPE, PÀREÀL, TÀNGT, WÀCUM, ÀRÀD

605 FORHÀT ( /SX,', TET 

" 
X, F5 . 2, X,' SEV 

" 
X, P5 . 2, X,' TTRWR 

" 
X,î5. 2,

1 | THÀ' , X, F5 .2 ,X,'DRLFz' , X, F5. 2 , X, 'MSF' ,X,F5.2 ,X,
2 'rNE', ,I3,X,'DIF' ,X,F5.2,X,', C' ,F4.2,X,'P'. ,84.2,X,
3 'T' ,F5.3,'W' ,F5.0,'À' ,F3.0)

4462 CONTINUE
GYI ELD=PLGRX*HI W

BYI ELD=GYI ELD* O . O-I 4 9
WRI TE ( 6, 240 ) YEÀR, OTPREC, PLGRX, GYI ELD

240 FoRHÀT(////4X,' y r E L D (KGIHÀI 
",//6x,.1'ÀBOVEGROUND NET PRODUCTTON"5X,'GRÀIN'/16X,

2 3F6.0,15X,F5.0)
rF(rG2.EQ.0) GO TO 999
I NP=I DÀY/NP
DO 5031 IX=1,IG2
REI.II ND 1 2
Do 5032 tz=1,3

5032 FMTÀ ( r z ) =Flrr( rz ,rxz2(t x) )

DO 5033 II=1,INP
5033 REÀD( 12,FMTÀ,END=1 56) ÀA(rXp*tt )

GO TO 5034
'l 56 I NP=I I

5031 CÀLL PLOT(fxzz(tX),2)
5034 CONTINUE

GO To 999
180 wRrrE(6,500)

FORHÀT(' INSUFFICIENT I.¡EÀTHER DATÀ. )

wRrrE(6,550)
FORMÀT(. CONTROL CARD ERROR')
wRITE ( 6, 2507 ) veeR. RDÀy, TCPD, T?'rI N

FORV¡T(//' *****t*****rÈ I ,F5.0,'- FROST Ë*r*t**r**tttr ,
1 / 'JULTNÀ DÀy = ',84.0,2x, 'BMTS = ',F4.2,2><,
2 'MINIMUM TEMPERÀTURE = ',F4.0,2X, 'YIELD = 0.0')

s00
190
550

c2506
c2507
c
c

999 STOP
END
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I NI TI.ÀLI ZÀTI ON SUBROUTI NS

SUBROUTINE BLOCKDÀTÀ BLOCK DÀTÀ

BLOCK DÀTÀ
II,IPLICIT REÀL*4 (À-H,J-Z )

coxuoN /can¡/ I TExr, yEÀR, I EsD, pHorp, RDÀy, I RFs , I coNsr, I cNT,
1 HEÀD, I HEÀD, T, WTFC , F ( 1 0 ) / WCFC ( 1 0 ) , SR, TÎ.{ÀX, TMI N, TCPD, RZONE,
2 PEV,TPEV,MSTF,TPÀMSE

coMMoN /couc/ PREc,RUNoFF,
* xx( 1 0),Dy( 1 0 ),Ky( 1 0 ) ,Oprxx( 7 ),opryx( 7 ),wILT( 1 0)

coMMoN /covtt/
I CR¡lX( 1 0 ),cRÀ1y( 1 0 ),cRÀX( 1 1 ),GRÀ3L( 1 1 ),STRES1 ( 1 1 ),STRES2 ( 1 1 ),
2 srREs3 ( 1 1 ),TRESS1 ( 1 1 ),TRESS2 ( 1 1 ),TRESS3 ( 1 1 ), PÀTN( 1 0, 1 0 ),DÀTES ( 1 0 )

c
c
c
c
c
c

s),
0)

cor,rMoN /cow/ r LTcpD, ITcpDx, pÀ0 ( 5 ) . pÀ'l ( 5 ), PÀ2 ( 5 ), PBo ( 5 ), PB1 (

* pa2 ( 5 ) , pB3 ( 5 ) , pB4 ( 5 ) , Dc ( 1 0 ) , Kc ( 1 0 ) , DL ( 1 0 ) , KL ( 1 0 ) , Ds ( 1 0 ) , Ks ( 1

coMMoN /cous/ ts5277 (25 ,3), r s7780 (4 ,3, , rDST55, IDST77
o¡r¡ xx/ 0.1,0.3,0.5,0.7,0.9,1.,1.,1.,1 .,1./,

I xc/ -4. 55,-4.0, -3.6, -2. 8, -1 . 85,-1 . 5,-1 . 6, -1 "6, -'t .6,-l ..6,/,
z oc/ -0.2,0.10,0.35.1.02,1.45,2.05,2.05,2.05,2.05,2.05/,
z xr.i/ -6.0,-4 .7,-3.75,-2.8,-2.4,-2.0,-2.0,-2.0,-2.0,-2.0/,
c or,/ 0.0,0.08,0.20,0.95,1.3,1.5,1.5,1.5,1.5,1.5/,
5 KS/ -5.3,-5.0,-4.5,-3.5,-2.6,-2.4,-2.4,-2.4,-2.4.,-2.4/,
6 DS/ 0.35,0.25,0.33,0.45,0.8,1.0,1.0,1.0,1 .0,1.0//
DATÀ cRÀ1x/1 ., 1 .24,1 .5,2.13,2.5,3.03, 3. 3,3.5,4.3,5.0/,

5 cRÀ1 y/0.3,0. 51, 0. 6, O. 86, 0. 96, 1 . 05, 1 ., 0. 95, 0. 66, O. 32//,
I ca¡,x/0., 0. 1, 0.2, 0.3, o. 4,0. 5, 0. 6, 0.i,0. B, 0. 9, 1 . /,
a cRÀ¡f,/o .,0. 1,0. 1 5, 0 .2,0.2s, 0. 3, 0. 4, 0. 5, 0. 6, 0 .7, 1 . /,g srREsl,/0. 05, 0. 1 5, o. 25, O. 4,0. 57, 0. 7 2,0.85,0.95,0. 98, 1 ., 1 . /
DÀTÀ STRES2/0.1 3, 0.23,0. 4, O. 65, 0. 84,0.94,0. 97, 0. 98, 1 ., 1 ., 1 . /,

1 STRES3/0. 35, 0. 65,0.77, 0.88, 0. 93, 0. 95, 0.97, 0. 98,0.99, 1 .,1. /,
2 TRESSl/0. 01, O. 05, 0. 1 2,0.21, 0.32,0. 47,0. 62,0.7 6,0.89,0.98,1 . /
3 TRESS2,/o. 05, 0. 12, 0.25, 0. 4, 0. 56, 0. 74, 0. 85, O.94,0.9?, 1 ., 1 . /,
4 TRESS3/o. 1 5, 0. 28, O. 42, 0. 6, 0 .7 6, 0.86, 0-. 94, 0.96,0. 98, 1 ., 1 . /,
s oltts/1 . ,2. ,3. ,4. ,5. ,6. ,7. ,8. ,9. ,10./,
6 PÀTN/1 ., 9*0.,2*0.5, 8*0., 2*0. 4,0.2,7*0.,2*O.35,0.2, 0. 1, 6*0.,
7 0. 35, 0. 3, 0 .2,0.1, 0. 05, 5*0., 0. 35, 0. 3, 0. 1 5,0.1,2*0. 05, 4t0.,
8 0. 35,0.3,2*0. 1, 3*0. 05, 3*0 .,2*0.3, 2*0..1, 4*0. 05, 2*0.,
9 2*0.3,0. 1 ,6*0.05 ,0. ,2*0.3,0.1 ,5*0.05 ,2*0.025/
DÀTA oprxx/0.,t.9,2.7,3.2,3.7,4.5,5./,

t ovtux/0.030.0.0s2,0.039,0 .025,0.021,0.018,0.017 /
DÀTÀ pÀ0/0 . ,8.41 3, 1 0.93,1 0.94 ,24.38/ ,

1 PA1/0. ,1.005 ,0.9256,1 .389 ,-1 .14/,
2 P^2/0.,0.,-0.06025,-0.081 91,0./,
3 pBO/44.37,23.64,42.65,42.18,37.67/,
4 pB1'/0. 0 1 086, -0 . 00351 2, 2. 9588- 4, 2. 45BE-4, 6.'t 33t -5/,
5 PB2/-0. 0 o 0 2 2 3 , 5 . 0 2 6E- 5 , O . , O . , O . / ,
6 pB3'/0.009732, 3.6668-4,3.9438-4, 3..l 09E-5,2. e+Zt-A,/,
I eøe/-z.z67E-4 ,-4.2BzE-6,0 . ,o . ,0./
DÀTÀ rS5277/111,117,122,127,134,126,118,121,134, 133.131.

133,137,133,140,136, 131, 135,147,136,139, 134,152,143,135,
112,1'17,132,130, 141,132,116,141,142,139,148, 140, 137,138,
1 45, 1 43, 1 38, 1 37, 152, 1 35, 1 36, 1 32, 1 52, 1 34, 1 32, 1 1 4, 124, 1 26,
1 30,1 40,1 31 ,1 20,132,142,140,142,1 35,1 37,1 33 ,139,1 38, 1 37,
139,149,139,1 41,1 35 ,152,141 ,132/,
rsiTao/123 ,135,144 ,122,123, 1 35, 1 48 ,122,124 ,135,1 48 ,122/

1

2
?

{
5
6

END
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c
c
c

SUBROUTINE SOIL INITIÀLIZATION PARÀMETERS - SSINP.

SUBROI,J"T¡ NE SSI NP
II,TPLICIT REÀL*4 (¡-I¡,J-Z )
coMMoN /cou¡/ ITExr,yEÀR,IEsD,pHorp,RDÀy,IRFs,Icoxsr,IcNT,

1 HEÀD, I HEÀD, T,9TTFC, F ( 1 O ), WCFC ( 1 O ), SR, TTIÀX,T}'IIN, TCPD, RZONE,
2 PEV,TPEV,MSTF,TPÀMSE
coMMoN /cons/ ÀREÀ,crlxT, INLR,SoLD, IBLT,srwc( 1 0 ),

* urc ( 1 0 ), l'fr{T ( 1 0 ), HINDX, Cxppr.r ( I 0 ), wcc ( 1 0 ), STl'o{ ( 1 0 )
coMMoN /cotø/ cNoRw,Àoou,MINR,oc1,oc2,oc3,

* DENIT,DIF,DISP,NORN,TORT,WTSÀT,WF('I O )

coMMoN /conc/ TzERo,ÀzERo,DDEprH,oMEGÀ,FÀI,THIKNx(6),Ix,
* DEPTH(5),SOILTX(6)
T=90.
TZERO=5.5
ÀZERO=12.5
DDEPTH=140.7
OMEG,C=0.5236
FÀI--1.954
NORN=0.00 1

DENIT=0.00136
CNORW=0.004
HEÀD=0.
I HEÀD= 1

CWHT=1.
Do 10 I=1,3
wr(r)=0.7
DO 40 I-4,10
HF(I )=1.
æ 20 t=1 ,2
r(l)=0.5
DO 30 I=3,10
F(I)-1.
RETURN
END

SUBROUTIN CROP INITIÀLIZÀTION PÀRÀMETERS (WHEÀT) - SCINPW.

SUBROUTINE SCINPW
IMPLICIT REÀLT4 (À-H,J-Z)
COMMON /COU¡/ ITEXT,YEÀR, IESD,PHOTP,RDÀY, IRFS, ICONST, ICNT,

1 HEÀD, I HEÀD, T, WTFC , F ( 1 0 ) ,9¡CFC ( 1 0 ) , SR, TMÀX, TMI N , TCPD, RZONE,
2 PEV,TPEV,MSTF,TPÀMSE
coMMoN /coue/ r Kx, cNoRTx ( 1 0 ) , FLRNX ( I 1 ) , FLRTX ( 1 1 ) , ÀvBD
coMMoN /cour/

1 MBD(10), FERTMX,FERTX,IBHÎSX,DTX,
2 HÀRVTX,NITUPX,NTRÀTXI PLÀNTX, PLGRX, PLGRJ.{X,DNTUPX( 1 O ),
3 NTRTX( 10 ),SOTLHX( 10),wCX( 10), TDENTX,HTT.¡
coMr'loN /coup/ TorPE,TolT,TEVT,TETL( 10 ),LMNM,TEWSMR,

r PET, ET, LMW, LI'ÍN , L}'fT, LM, PGR, GRH, GR, PÀMCRZ , TPREC , EWSMR, LÀSTR
PLGRX=200.
PLGRÐ(=200.
TûTPE=O.
TûT"r= 0 .
TE\¡T=0.
EWSMR=0.
DO 50 I=1,10
TETL( I ) -0.

5O CONTINUE
NTRÀTX=0.

0

40

20

30

c
c
c
c
c
c
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c
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NITUPX-0.
TPREC.0.
FERTX-0.0
TDENTX=0.
HIw-0.38
TPÀMSE-1.
RETURN
END

SUBROUTINE COMPUTÀTION PÀRÀMETERS - SCPÀRÀ.

SUBRoUTINE SCPÀRÀ(MPL,VFS,FS,SI,CL,OC,9¡CFCV,WILTv,
* INLSS,IK,SOLDX)

TMPLICIT REAL*4 (¡-II ,.¡-Z )
COMMON /COU¡/ I TEXT, YEÀR, I ESD, PHOTP, RDÀY , I RFS , I CONST, I CNT,

1 HEÀD,IHEÀD,T,WTFC, F( 10 ) ,WCFC( 10 ) ,SR,TMÀX,T1'ITN,TCPD,RZONE,
2 PEV,TPEV,I,ISTF,TPÀMSE
coMMoN /couc/ PREC,RUNoFF,

* xx ( 1 0 ) , Dy ( 1 0 ) , Ky ( 1 0 ) , oprxx ( 7 ) , oprYx ( 7 ) , wr LT ( 1 0 )

coMHoN /cous/ rKx,cNoRTx( 10),FLRNX( 1 1 ),FLRTX( 1 1 ),AVBD
coMMoN /cout/

1 MBD( 1O), FERTMX,FERTX, IBMTSX,DTX,
2 HAR\/IX, NI TUPX, NTRATX , PLÀNTX, PLGRX, PLGRI¿IX, DNTUPX ( 1 0 ) ,
3 NTRTX(10),SOrLMx(10),wCX(10), TDENTX,HTw

COMMON /COUN/ IPSTON, IDRÀIN, INFR, IWTÀBL,IROF,ICSLOP,IREGIO,
* ?PORO(10),TI.¡!¡PÀS

DTMENSION MpL( 1 0 ),vFS ( 1 0 ), FS ( 1 0 ),SI ( 1 0 ),CL( 1 0 ),OC ( 1 0 ),e¡C ( 1 0 ),
1 BDC(10),FCC(10),f.¡pc(10),BD(10),FC(10),wP(10),wCFCv(10),f{rLTv(10),
2 sorLu( 10),NTRT( 1 0),CNORT( 10)

)-0.0017*sr (r )-0.0047*cL(r )-0.1215*oc(r )
)))
+0.27 41 *CL( I ) +2. 1 767*OC ( I )
0. 0334*vps ( r )+0. 2202*cL(J )+1 . 1 431 *oc( r )

BD( I ) =ÀFGEN(HPL,BDC, INLSS, PDI )

FC( I ) =ÀFGEN (MPL, FCC, INLSS, PDI )
WP( I ) =ÀFGEN(MPL,WPC, INLSS, PDI )
wCFCv( I ) =Fc ( I ) *0.0 1 *BD( I )
wILTV(r )=wP(I )*0.01*BD(I )
MBD(I )=BD(I )
IF( I .GT.2 ) GO TO 5
MBD(I )=HBD(I )*0.75
wcFcv( r ) *wcFcv( I ) *MBD( r )
CONTI NUE
PDI=PDI+15.
CONTI NUE
ÀvBD=0
DO 500 I=1,IK
AVBD=ÀVBD+BD( I )

ÀVBD=ÀVBD/I K

rP(rPsroN.EQ.0) Go ro 500
ÀFSpÀR=1 - ( ( 1 00*rpsroN*ÀvBD) / (z'lo*tPsroNr (¡vso-2 .7 ) I ) /1 00
DO I5 I=1,IK
WCFCV( I ) =WCFCV( I ) *ÀFSPÀR
WILTV( I ) =WI LTV( I ) *ÀFSPÀR
CONTI NUE
RETURN
END

DO I I=1,INLSS
BDc ( r ) -1 .7 7 56-0. 00 1 6*vFs ( I

1 +0.0008*(cr,(¡ )*( 1 . 72*oc(I
rcc( ¡ )=9.8708+0. 1 1 82*sI ( I )
wPc(I )=3. 795-0. 0375*Fs( r )-

8 CONTINUE
PDI =7. 5
DO 9I=1,IK

5

9

500

15
600
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FUNCÎIONÀL SUBROI.EINES :

SUBROUTINE EVÀPOTRÀNSPIRÀTION (WHEÀT) - SETW.

SUBROUTI NE SETÍ{ ( ETL, PÀM, HÀRVT, PLÀNT, I XR , I K , PRFCX )

IMPLICIT REÀLÈ4 (À-H,J-Z)
coMMoN /cou¡/ I TExr, yEÀR, I EsD, pHorp, RDÀy, I RFs , I coxsr, I cNT,

1 HEÀD,IHEÀD,T,WTFC, F( | 0 ),WCFC( 10),SR,TMÀX,TMIN,TCPD,RZONE,
2 PEV,TPEV,HSTF,TPÀMSE
coMMoN /couu/

1 cRÀ1x( 1 0 ),cRÀ.l y( 1 0 ),cRÀx ( 1 1 ),cRÀ3L( 1'1 ), STRESI ( 1 1 ),STRES2 ( 1 1 ),
2 srREs3 ( 1 1 ),TRESS1 ( 1 1 ),TRESS2 ( 1 1 ),TRESS3 ( 1 1 ), pÀTN( 1 0, 1 0 ),DÀTES ( 1 0 )

coMMoN /coup/ TorpE,Torr,TEVT,TETL( 1 0),LMNM,TEwsMR,
* PET, ET, LI"ÍW, LMN, LMT, LM, PGR, GRH, GR, PÀMCRZ , TPREC, EWSMR, LÀSTR

coMMoN /coþra/ IpsroN, IDRÀIN,rNFR, IwrÀBL,IRoF, Icsr,op, IREGIo,
* TPORO(10),TwwpÀS
DIHENSION ETL( 1 O ),PRFCX( 1 O )

CT¡,tAX=Tf¡tÀX* 1 . B+ 3 2 .
CTHIN=T}'!IN*1.8+32.
LET=-87. 03+ ( 0. 928*crMÀx ) + ( 0. 93 3* (cTMÀx-cTHrN ) ) + ( 0. 0486*sR )

IF(LET.GT.O.) GO TO 50O
LET= 0 .

5OO CONTINUE
PET=LET*0.0094
TOTPE=TOTPE+PET
rF(pLÀNr.EQ.0..OR.TCPD.LT. 1. ) GO TO 70
RÀTIO=ÀFGEN (GRÀ1 X, GRÀ1 Y, 1 O, TCPD)
EWSI.IR=PETf RÀTIO
TEWSMR=TEHSMR+EWSMR
IF(TCPD.GT.3..ÀND.TCPD.LT.4.5) GO TO 2O
IF(PET.LE. . 4 ) ST=PET*NÀTIO*ÀFGEN(GRÀ3L,STRES3, 1 1,PÂM)
I F ( PET. GT. . 4 . ÀND. PET. LE. . 56 ) ET=PET*RÀTI O*ÀFGEN ( GRÀX, STRES2,'I 1, PAM )

IF(PET.GT. . 56 )ET=PET*RÀTIOIÀFGEN(GRÀX,STRES1, 1 1,PÀM)
GO TO 40

2O IF(PET.LE. .41 ) Et=PBI*NÀTIO*ÀFGEN(GRÀ3L,TRESS3,1 1 ,PÀM)
I F ( 81. GT. . 4 1 ) ET=PET*RÀTI O*ÀFGEN ( GRÀX, TRESS2, 1 I, P¡I¡)

4O CONTINUE
rF(EwsMR.E0.0.) Go ro 501
LÀSTR=ET/EWSMR

501 CONTINUE
T.oTT=TOTT+ET
DO 45 IJ=1,IK
IF(DÀTES(IJ).GE.IXR) GO TO 55

45 CONTINUE
55 DO 50 I=1,IK
50 ETL( I )=PÀTN( I, IJ)*ET

DUÀR=1 -RÀTIO
IF(DUÀR.LT.O.) GO TO 59
DPET=PET*DUÀR
IF(TCPD.GT.1.) GO TO 71

7O CONTINUE
DO 72 I=1,IK

72 ErL(I)=0.
DPET=PET

71 CVAR=PRFCX( 1 )
IF(ITEXT.GT.2) GO TO 450
IF(ITEXT.GT.l ) GO TO 430
rF(cvÀR.GT.0.66) GO TO 480
PEV=DPET* ( 0. 0 1 0258*EXP( 6. 877 1 43*CvÀR ) )

GO TO 60
430 rF(CvÀR.GT.0.71 ) GO TO 480
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pEV=DpET* ( 0. 003333+'t . 39] 619*CvÀR )co To 60
450 rF(cvÀR.cT.0.505) GO TO 480

PEV=DPET* ( 0. 0038 1 +1 . 9685?1 ÈCvÀR)
co To 60

59 PEV=O
co ro 60

480 PEV=DPET
60 CONTINUE

IF(TCPD.GT.1.1 ) GO TO 80
PEV=PEV/3

80 TETL( 1 ) =TETL( 1 )+ETL( 1 )+PEv
TPEV=TPEV+PEV
IF(TCPD.LT.1.) GO TO 1OO2
DO 1001 t=2,IK

1 OO1 TETL(I )=TETL( I )+ETL( I )
1 OO2 CONTINUE

Do 1003 I=1,IK
TEW=TEVT+ETL( I )

1 OO3 CONTINUE
RETURN
END

c
c
C SUBROUTINE SOIL WETNESS - SSWETN.
c
c
c

SUBROUTI NE SSWETN ( T.¡C, FLRT, SOI LM, ETL, I K, I WH I I NT' PLÀNT, KS I L, DS I L )IMPLICIT REÀL*4 (À-H,J-Z)
.coMMoN /COne/ - _ rTEXTtypAR, rESD,pHOTp, RDÀy, IRFS, ICONST, ICNT,1 HEAD, r HEÀD, T, I{TFC , F ( 1 O ) , wcFc ( 1 0 ) , Sn, irq¡i,.iui N, rcpD, RZóNE,2 PEV,TPEV,MSTF,TPAMSE
coMMoN /cona/,^. _ ¡REÀ,cffiTr INLR,soLD,IBLT,srwc( 10),* MFc( 1 0 ).,Mwr(.1 0 ),HrNDx,cñppui i ól;Hé¿¡îõi, õruñiiô I
coMMoN /coruc/ pREC,RUNoFF,* xx( 10 ) ,Ðy( i 0.),Ky( 10 ),opTxx( z ) ,op:,vx( 7 ),wrLT( 10 )

çg¡a{oN /conx/. wcoN(10),wcÁp(ioi,pnÉètîo j -'
coMMoN ./ç?MR/ rpsroN, rDRÀrN, rNFR, IwrÀBL, rRoF, rcsLop, IREGro,* TPORO(10),TWWPÀS
DTHENSTON wc ( 1 0 ), rlnr( 1 1 ), sorLM( 1 0 ), ETL( r 0 ),OSM( 1 0 ),DPFC ( 1 o ),* CPFC(10)
orrx (x) =1 0. **ÀFGEN (xx,Dy, 1 0,x )
CDUT(x) =1 0. **ÀFGEN (xx, xy, I O,x)
IK=MIN1 { t O.,SOf,O,/t S. )
Do I0 I=1,IK
osu(r)=sorLM(r)
wcoN(r )=wc(r )-wlr,r(l )

t,JcÀp(r )=wcFC(r )-wrLr(r )
1 0 pRFc( r )=wcoN( t ) /wcee(t )

rF(PRFC(r).r,r.1.) co To 950
PRFC(I )=1.

950 CONTINUE
rF(PLÀNT.Ee,0..oR.TcpD.LT.1. ) co ro I0t
IL=IK+1
rF(rBLT.Ee.0..ÀND.rwrÀBL.cr. t5) co ro BB0rF(rBLT.Ee.1) co ro 870
Fr,nr( I r.) = (osrL* (r{c ( r K ) -r.rrFc ) /57 .s) /tNTco ro 991

B7O CONTINUE
FLRT(IL)=0.
GO TO 20

B8O CONTINUE
WTFC=0.9*wC(rK)
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890 CONTINUE
pr,r'TFC- ( wTFC-wI LT ( I x ) ),/r{CÀp( I K )
AVD= (DI FN( PRFC( IK) ) +DIFN( P.''TFC) I /2.
Àvc= ( CDUT( pRFc ( r K ) ) +CDUT( pwrÎc) ) /2.
FLRT( rL) = (¡vp* (wc( ¡ x ) -wrFc t /57 .s+Avc) /rNT

991 CONTINUE
20 DO 30 I=2,IK

ÀvD=(DrFN (pRFc ( r -1 ) ) +DrFN( pnFc( t ) ) ) /2.
Àvc=(CDUT(pRFc( r -1 ) )+CDUT(pRFc( r ) ) I /2.

30 FLRT( r )=(ÀvD* (r.¡c(r-1)-wc( r l, /15.+Àvc )/rNT
TF(IWH.NE.1) GO TO 70
IF ( (PREC+HEÀD,/IHEÀD).GT.3. ) Go To 60
RUNOFF=0.
GO TO 70

60 RUNoFF=0. 344* (pRnc+na¡p/tunto)-o. 344
7O FLRT( 1 )=(PREC-RUNOFF+HEÀD,/IgN¡P*¡Nt'I /tYt

ETL(1)=ETL(1)+PEV
DO 400 I=1,IK
sorLM(r )=osM(r )+FLRT(r )-FLRI(r+1 )-ETL(r )/rNT
r¡c(r )=sorLM(tl/15.
rF(wc(r ).LE.wcFc(r ) ) co ro 90
FLRT (r+1 )=FLRT(¡+1 )+(wC(I )-wcFc( I ) )n1 5.
r.Ìc(I)=wcFc(I)
solLM(I)=15.*wc(I)

90 rF(wc(¡ ).ce.w¡r,T(r ) ) co ro 4oo
SOILM(I )=SOTLM(t )+ETL(I ),/INT
IF(I.LT.IK) ETL(I+1 )=ETL(I+1 )+ETL( I )
ErL(I)=0.

400

101

700

t{c(I )=soILM(I)/1s.
rF(wc(il.ce.wiLrtill co ro 4oo
FLRT(r+1 )=FLRT(r+1 )-(wrLT(r )-wC(r ) )*15.
wc(I )=wILT(I )
solLM(I )=15*l.¡c(I )

CONTI NUE
ETL(1 )=ETL(1 )-PEV
co ro 500
osM(1)=SOILM(1)
solLM( 1 )=osM( 1 )+( (PREC-pEv)/INT)
etc ( 1 ) =sor LM( 1 ) /15 .
rF(r{C(1).LE.WCFC(1)) Go rO 700
f^¡c(1)=wcFc(1)
SoILM(.1 )=1S*l.tC(1)
rF(wc(1).cE.wrLT(1)) Go ro 500
wc(1)=wILr(1)
solLM( 1 )=1 5*wC( 1 )
CONTI NUE
RETURN
END

500
300

c
c
c
c
c
c

SUBROUTINE SOIL NITRÀTE NITROGEN (WUS¡T) sNo3t.¡.

SUBROUTI NE SNO3W ( WC , FLRT, SOI LM, I K , CNORT, FLRN, NTRT, DNTUP, FERT,
* PLANT, HÀRVT, FERTI M, DNEM, NTRÀT, I NT, TDENI T, I BLT, SOLD )

IMPLICIT REAL*4 (¡-U,¡-Z )

COMMON /CON¡/ I TEXT, YEAR , I ESD, PHOTP, RDÀY , I RFS , I CONST, I CNT,
1 HEÀD, I HEÀD, T, WTFC , F ( 1 O ) , WCFC ( 1 O ) , SR, TMAX , TMI N , TCPD, RZONE ,
2 PEV,TPEV,MSTF,TPÀMSE

coMr',roN /cotn/ cNoRw,ÀooM,MrNR,oc1,oc2,oc3,
* DENIT.DIF.DISP,NORN,TORT,WTSAT,WF( 1 O )

coMMoN /coux/ wcoN(10),wcÀp(10),pRFc(10)
COMHON /COUA/ IPSTON,IDRÀIN,INFR,IWTÀBL, IROF,ICSLOP, IREGIO,



* TPORO(10),Tl{I{PAs
DIHENSION DNTUP( 1 O ),WC ( 1

f NTRT(10),DFL(1 1 ),MFL( 1 1

IX=MrN1 ( 1 o.,SOLD/1 5. )

IF(TCPD.LT.1.) GO TO 7OO

FLRN(1)-FLRT(1)*NORN
DO 20 I=2,IK
DFL( I )= (DI SP*ÀBS(FLRT( I )

* *(cNoRT(I-1)-CNORT(I
IF(FLRT(I ).LE.O. ) MFL(I )
IF(FLRT(I ).GÎ.0. ) MFL(I )

20 FLRN( I )=MFL(I )+DFL( I )

JL=JK+1
I F ( I BLT. EQ. O. .ÀND. IWTÀBL
rF( rBLT.EQ.1. ) GO TO 870
GO TO 887

B70 CONTINUE
FLRN(IL)=0.
GO TO 888

88O CONTINUE
CNORW=CNORTfiK,I /4

887 CONTINUE
DFL ( I L ) = (OI SP*ÀBS ( FLRT( I

* * (cNoRT( rK ) -cNoRw)/5
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o ) ,FLRT( 1 1 ),solLM( 1 0 ),cNoRÎ( 1 0 ),FLRN( 1 1 ),
),NFLRN(10)

) +DI F*TORT*0. S* (wC 1 ¡ - l ) +wC( I ) )/INT)
| ) /15.
=nLRt(I )*cNoRT(I )*wF(I )

=FLRT(I )*CNORT(I-1 )*WF(I )

.cr. 1 5. ) GO TO 880

L ) ) +Dr F*TORT*0. 5* (wC ( I K ) +WTFC )/INT)
7.5

888

90

BO
700

IF (FLRT( IL) .LE. O. ) MFL( IL ) =0.
I F ( FLRT( I L ) . GT. O . ) HFL ( I L ) =FLRT ( I L ) *CNORT ( I K )

FLRN( rL) =MFL( rL ) +DFL( rL)
CONTI NUE
DO 80 I=1 ,IK
NFLRN(r )=FLRN(t r-t"p¡¡1r+1 )

NTRT(I )=NTRT(I )+NFLRN(I )-DNTUP(I ),/INT
IF(NTRT(I).GE.O.) GO TO 80
FLRN(I+1 )=FLRN(J+1 )+NTRT(I )

NTRT(I )=0.
CONTI NUE
CONTI NUE
IF(NTRÀT.GE.FERT) GO TO 90
DNFM=O.005
rF(T.LT. lpspa¡Þ{+45 ) ) pxFu=rgRT*0. 0002
NTRÀT=NTRAT+DNFM* 1 O O,/I NT
NTRT( 1 ) =NTRT( 1 ) +DNFH/INT
IF(TCPD.LT.1 .1 ) GO TO 1 O1

DO 100 I=1,2
rF(wc(I).LT.wcFc(I)) Go ro 1oo
DENT=ÀMIN1 (DENIT,NTRT( I ) )
NTRT( I ) =NTRT( I ) -DENT/INT
TDENI T=TDENI T+DENT/I NT
CONTI NUE
tF(TCPD.GT.5.) GO TO 120
CONTI NUE
NTRT( 1) =NTRT(.1 )+MINR/INT
NTRT( 2 ) =NTRT( 2 ) +MI NR,/I NT
GO TO 130
NrRr( 1 ) =NrRr( 1 ) +0. 0008/INr
NTRT( 2 ) =NTRT( 2 ) +O. OOOB/I NT
DO 140 I =.1 , IK
CNORT(I )=NTRT(I )/SOILM(I )

RETURN
END

100
101
122

120

130
140

c
c
c
c
c

SUBROUTINE PHENOLOGICÀL DEVELOPMENT (WHEÀT) - SPDW
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SUBROUTINE SPDW(PLÀNT, I BMTS,DT,EME,OIN,HÀD, SDO,MÀT)
IMPLICIT REÀL*4 (¡-H,¡-Z)
coMMoN /con¡/ I TExr, YEAR, I EsD, PHorp, RDAy , I RFs , I coNsr, I cNT,

1 HEÀD, IHEÀD,T,9t1tFC, F( 1 0 ),9|CFC( 1 0 ),SR,TMÀX,TMIN,TCPD,RZONE,
2 PEV,TPEV,HSTF,TPÀI'ISE

coMMoN /couc/ PREC,RUNoFF,
Ê xx( 10 ),Dy( 1 0 ),Kv( 1 0 ) ,oPTxx( 7 ),opryx( 7 ),wrLT( 1 0 )

coMMoN /co¡+t/ rLTcpD, rrcppx, pÀ0 ( 5 ), pÀ't ( 5 ), pÀ2 ( 5 ), pBo ( 5 ), pB1 ( 5 ),
* p¡2( 5),p83 ( 5),p84 ( 5 ),DC( 1 0 ),KC( 1 0 ),DL( 1 0 ),KL( 1 0 ),DS( 1 0),KS ( 10 )

I LTCPD=TCPD* 1 OO

FTI'íÀX=TI'|AX* 1 . I + 3 2
FTMIN=TMIN*1.9+32
IF(IBMTS.GT.1) GO TO 1OO
FUNl -1 .
co r'o 200

1OO FUNl=(P¡I (IBMTS)*(PHOTP-PÀO(IBMTS) ) )+
* (pÀ2 ( r sHTs ) * ( (pxotp-pÀo ( IBMTS ) ) **2 ) )

rF(FUN1 .LT.0. ) nuNl=0.
200 FUN2=(psl (rnMTs)*(FTMÀX-PB0(TBMTS) ) )+

i (pB2(rBMTS)*( (r'ru¿x-pBo( IBì'frs))**z ))
rF(FUN2.LT. 0. ) ruNz=0.
FUN3=(pB3 ( IBMTS )* (r'n¡lH-pB0 ( IBMTS ) ) )+

* (pB4( rsMTs)*( (FTr,rIN-pBo( IBMrs) )**z ))
IF (FUN3.LT.O. ) FUN3=0.
CDT=FUN1T(FUN2+FUN3)
DT=DT+CDT
TCPD=I BMTS+DT- 1

IF(DT.LT.1. ) GO TO lOOO
DT=0.0
¡ gMTg=¡ gMT5+ 1

IF(IBMTS.EQ.5
rF(rBr'frs.E0.5
IF(IBMTS.EQ.4
IF(rBMTS.E0.3
IF(EME.GT.O. )
EME=RDÀY
co ro 1000
IF(OIN.GT.O. )
OI N=RDÀY
GO TO 1 000
IF (HAD.GT.O.
HÀD=RDÀY
GO TO 1000
rF(sDo.GT.0. )

GO TO 1000

700 ) co ro 1000

GO TO 1000
SDO=RDÀY
co ro 1000

9OO IF(MÀT.GT. O. )
MÀT=RDÀY

1 OOO CONTINUE
RETURN
END

GO TO 1000

SUBROUTINE SOIL TEMPERÀTURE - SSTEMP

SUBROUTINE SSTEMP(THI KN,SOI LT)
IMPLICIT REÀL*{ (À-H,J-Z )

COMMON /COU¡/ I TEXT, YEÀR , I ESD, PHOTP . RDÀY , I RFS , I CONST, I CNT,
1 HEÀD,IHEÀD,T,W'IFC, T( 1O),WCFC( 1O),SR,TMÀX,lMIN,TCPD,RZONE.
2 PEV,TPEV,MSTF,TPÀMSE

DIMENSION THIKN( 6),SOI tT( 6)

1

TO
TO
TO
TO

TO

GO
GO
GO
GO

GO

900
800
700
600
000

600

800

c
c
c
c
c
c
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c
c
c
c
c
c

CTMEÀN= ( TMÀX+THI N ),/2
TDEPIH=0
DO 50 7=1,6
I.fTDEFI=TDEPTH+ ( THI KN (I , /21
EMPQ- (wrD9o.a/6', - '25
rF(EMPQ.GT.0.) GO TO 20
rF((r-1).c8.1) co ro 'r0

SOILT( 1 )=CTMEÀN
GO TO 40

10 SOrLT(r )=SOTLT(r-1 )

GO TO 40
20 rF((r-1).c8.1) co ro 30

solLT(I )=( (EMPQ*SOTLT(r ) )+CTÎ.íEÀN)r/(elCpQ*1. )
GO TO 40

30 sorLT(I )=( (EMpe*solLT(I ) )+solLT(I-1 ) ),/(EMPQ+1
4O TDEPTH=TDEPTH+THI KN( I )
50 CONTINUE

RETURN
END

SUBROUTINE CROP GROWTH (WHEÀT) - SCGRW.

SUBROUTI NE SCGRW ( PLÀNT, NI TUP, PLGR, PLGRM, SOI LT,
1 PÀM,ETL, IK,DNTUP,CNORT,OPTX,OPTY, If.¿H,HC,WILT, IXR,AVBD,
2 ILTCPD, ITCPDX,SOLDX)
IMPLICIT REÀL*4 (¡-U,.:-Z )

INTEGER HÀXl
COMMON /COU¡/ ITEXT,YEÀR, IESD,PHOTP,RDÀY, IRFS, ICONST, ICNT,

1 HEÀD,IHEÀD,T,WTFC, F( 10),9¡CFC(1 0),SR,TMÀX,TMIN,TCPD,RZONE,
2 PEV,TPEV,HSTF,TPÀMSE

COMHON /CONE/ TOTPE,TOTT,TEVT,TETL( 1 O ),LHNM,TEWSMR,* PET, ET, LMw, LMN , LlifT, LM, PGR, GRM, GR, PÀMCRZ , TPREC , EWSMR, LÀSTR
coMttoN /coun/ IPsToN, tDRÀIN, INFR, tWTÀBL, IROF, ICSLOP, IREGIO,

* TPORO(10),TWWPÀS
DTMENSTON r.JC('l 0),err( 10),DNTUP( 10),CNORT( 10),Oprx(7) ,O?Ty(7) ,* wrLr(10),sorLr(6)
IF(TCPD.LE.1.) GO TO 1OO

R zoNE= 3 . 0 + ( 1 4 7 . / ('t .0 *uxe ( 5 . - ( I . * (tcpo,/3. 5 ) ) ) ) )

RZONE=RZONE+7. S

IXR=ÀMrN0(l':¡Xl (nZOXE, 15., //15, 1 0, rK)
w=0.
wx=0.
IXRW=MINO(IXR,IK)
DO 10 I=1,IXR9¡
wx=r.rx+wcFC ( ¡ ) -w¡ r,r( r )

1 O Í.J=W+HC( I )-WILT( I )
PAM=W/wx
PÀMCRZ=PÀM
LM$^¡=1-EXP(-3.*PÀM)
DO 20 I=1,IK
DNTUP( I )=ETL( I )*CNORT( I )

2O NITUP=NITUP+DNTUP( I )
OPNIT=ÀFGEN(OPTX,OPTY, 7,TCPD)
R=ÀMI N1 ( 1 0 0. iNrrUe/Rr,cn, oeNt t)
LMN=EXP ( - ( OpNI T-R I * * 2,/ l0 . 75*OPNI T) r* 2 )
RM=ÀMI N1 ( 1 OO. *NITUP/PLGRH, OPNIT )

LHNM=EXP ( - ( opNr T-RM ) * * 2/ (0. 7 s*oPNI T ) ** 2 )

SOrLK=SOIL7(6)+273
LMT=Exp ( - ( ( 1 . 027 21* *soI LK ) r ( ( 2BB-soI LK )/sol LK ) *r 2 ) )

rF(sorLK.LE.291.) GO TO 951
LMT=O.74
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951 CONTINUE
LM=ÀMI N1 ( LMT, LI't}¡. LMN )
TPÀMSE=AMI N 1 ( LI,IT, LM9¡, LMNM, I.{STF )
CRFTX=1 .058504834
ITCPDX=TCPD*1OO
MDMP=1 OOO*ICONST
¡ ¡.¡gpp=¡ ¡açpp+ 1

PGR=0.
IF(ITCPDX.GT.ILTCPD) GO TO 90O
ILTCPD=ITCPDX-3

90O CONTINUE
DO 950 I=ILTCPD,ITCPDX
FGR= (CRFTX* ( ( 1 / ( ( SQRT( 2* 3. 1 41 59265 ) ) * 1 06 . 01 32422) ) *

* EXp( - ( ( | -27 3. 1 9491 48 ) **2 I / ( Z* t 06. 01 32422** 2 ) ) ) ) *unup
950 PGR=PGR+FGR

GR=LM*PGR
GRll=TPÀMSE*PGR
PLGR=PLGR+GR
PLGRM=PLGRH+GRH

1OO CONTINUE
RATURN
END
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c
c
c
c
c
c
c

c
c
c
c
c
c

SUPPORTING SUEROUTINS :

INTERPOLÀTION SUBROLEINE - ÀFGEN.

FUNCTION ÀFGEN(ÀRG, FUNC, IDIM,X)
IMPLIcIT REÀL*4 (¡-H,¡-z)
DIMENSION ÀRG( IDIM), TUXC( ¡P¡T,I)
DO 10 I=1,IDItl
IF(ÀRG(I ).GE.X) GO TO 20

1 O CONTINUE
35 AFGEN=FUNC(IDIM)

RETURN
20 rF(r.80.1.) GO TO 45

J=I-1
ÀFGEN=FUNC ( ¡ ) + ( rUXC ( r ) -FUNC ( J ) )/( ARG ( I ) -ÀRG ( J ) ) * ( X-¡nC ( ¡ ) )
RETURN

45 ÀFGEN=FUNC( 1 )
RETURN
END

PLOTTING SUBROUTINE - PLOT.

*

SUBROUTINE PLOT( NO,},T)
coMMoN /cout/ À(8030),N
DIì.IENSION YM(2\ ,vPR( 11 ) ,JP( 10 )

DÀTÀ YMl1 0000. , 150./
INTEGER*4 ÀNG(91/',*123"'4567"'89'.,', /,BL',', ANK/"',',,

LocrcÀL*1 our( 101'tl'o1l'1':'l/" i'* 
'/

INTEGER*4 HEÀD(5 ,2',/'ïIHEA','T ôR','ot{TH' ,'(KG/' ,'Hà) ' ,'N-up' ,

'TÀKE' , ' (KG' ,' /HA)' ,' '/
wRrrE(6,200)NO
FORI'|ÀT( 1H1, 60X, 7H CHÀRT,r3,//l
wRrrE( 6, 300 ) (He¡o( r,NO), I =1, 20 )
roru.nr(57x,20A1 ,/)
YMI N=0. 0
YMÀX=YM ( NO )
YSCÀL= ( YMÀX-YMI N ) /.1 OO . O

YPR( 1 ) =YMIN

*

200

300

20

400

500

DO 20 I=1,9
ypR( I +1 )=ypR( I )+YSCÀL*1 0. 0
YPR(11)=Yì'rÀx
wRrrE(6,400) (YPR(I ), I=1, 1 1 )

FORMÀT(9X,11F10.2)
wRrrE(6,500)
FORI'{ÀT( 15X,10(' .' ,9X),' .')
MY=M- 1

DO 50 L=1,N
DO 30 I-1,MY
LL=L+J TN
IF(À(LL).GT.YMÀX) GO TO 25
.rp( l ) = ( (À (LL ) -v¡¿¡N ),/YscAL ) +1 . 0
our(JP(l ) )=¡NG(l )

GO TO 30
JP(l)=101.
OUT( 1 01 )=ovER
CONTI NUE
LL=À(L)

25

30



- 263-

WRITE(6,600) (our(J ),I=1, 101 )
600 FoR}.lAr( I 6x, 101À l )

DO {0 I-1,MY
40 ouT(JP(¡ ) )=BLÀNK
50 CONTINUE

wRITE(6,500)
wRrrE(6, 400) (ypn( I ),I-1, 1 1 )

RETURN
END

c
c
c
C JCL2
c
7/co.ptt1F001 DD DsN=oNoFREI.wEÀTHER.DÀTA,DISP-sHR'/lco-ert2F001 DD sPÀcE.(TRK, ( 6, 6) ),uxIr=sYsDÀ,
'/l - äl= lnEcFlt=FB, LRECL- 1 0 3 , BLKS I zE= 1 0 3 0 )

,/co.svsrx oo o

F-JCL2
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Appendíx D

Example of Drivíng, Soi1, Management Input Data,

- DSMF f or I^iinnipeg Síte , I9B2



c
c
c

DRIVING PÀRAI'IETERS, SOIL AND MÀNÀGEMENT DATÀ 
' 

FILE - DSMF.

SITE/YEÀR OF SIMULÀTION - WINNIPEG(U. OF
1831952 1200.351 20 0 1 2 0 1

6 46.0 36.0 30.6 30. 6 28.2 28
9 0.99 0.99 1.10 1.10 1.16'1.
s 37.5 52.5 67.5 82.5 97.5112
1 139s9 1 13958 1 13958 1 140
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I / 1e82
21018003999922111

5 27.5
61.16

HEÀD
SDPV
NPPM
FMBD
MPLR
MÀDT
DMÀD
DÀDT
WACT
MFFC
MliILT
SMNC
LTHN
ÀREÀ
CWHT
c
c

22
48. 6 49
0.85 0.
7.5 22

2 23858
1 1 4058

I

2

2
6
Ê

M.
81
27.
1.'l

58

4.
0.3
0.3
0.2
0.3

1

6 2.
2 0.3
5 0.37 0.41 0.41
6 0,23 0.24 0.24
996 0.5026 0. 5461
123255

00000
0.7 0.7 0.0 0.0

0.37 0.37 0.37 0.37
0. 38 0. 38 0. 38 0.38
0.23 0.23 0.23 0.23
4968 0.4968 0.4978 0.4978
520

0 222.0 236.0

0.4855 0.48s5

ss3 0 0 0
0.9 0.9

0.40 0.40

1 14553 1 '1 4
0 1.3 1.3
5 0.38 0.38

0.38 0. 38
0.27 0.27
0.5451 0
10 5 15

64 1.0 132.0 146.0
132 2361 132 32

166.0 189

The first line "HEÀD" contains general information for the trail
test site and the year of simulation. When the simulation is run for
practical application the site location is substituted with the
appropriate soil type or soil series name and the year or range of years
for which the simulation is performed. The user can develop any desired
heading (Rocr, = 80, À4) suited to his purpose.

The second line "SDPV", a special line reguired by the model.,
contains 29 hetrerogenous variables.dey are presented in detail beLov:

1. Plotting time interval, F 4.0. It may take any value > 1.
Because the particular value of a variable for a given day is
plotted and not the average over the interval, the value = 1 or
2 is suggested.

2. Printing time interval, F 4.0. The comment made for first
variable holds true here.

3. Number of days the program is reguired to be run, 14. The model
was run over the growing season emp).oying a 183 day growing
period from Mârch 31 to October 1. This assumes that within the
prairie region that the growing season for wheat will always
fa11 within this period. Potential users can chose any desired
length including a fuIl year. In tis case new appropriate sub-
routines must be added to the model.

4. The year of simulation or the 1st year of simulation, if more
than 1 year is run. This variable is not mandatory if the
rreather fiLe contains this variable, in which case the variable
becomes a dummy variable.

5. Depth of the profile in cm, F 4.0. À J.imiting layer or boundary
such as bed rock, Irater tabLe,Bnt horizon may be present within
a particular soÍ1 profile If no such limiting Iayer is present
or information is not available a dummy variable, 120, is used.

6. Harvest index, F 4.0. For model testing with respect to the
impact of soil an actual val.ue is used. For practical
simulation pruposes Hi was assumed to be standard, 0.350. For
our purpose of land evaluation ¡,re assume that only a variety of
wheat is used, therefore the Hi which is mainly geneticâl.Iy
controlled can be considered constant. Holtever, the user can
chose any va1ue, standard, or nonstandard, whichever best
fits his particul.ar data set.

7. Integration interval, I2. Some of the functional subroutines,
especially those related rlith water oalance, i.e. water f1ow,
require several. iterations per da
tity of solution. Default value

in order to avoid instabi-v
I

B weather information format, I2. The weather file is structured
in a special format and wiIl be described later. The user can
keep the same structure of the weather file in uhich case this
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variable must be declared 0 or he can change it to any suitable
format, in which case, this variable must be declared '1.

Obviously, if the weather format is changed, the main program
must be slightly changed to âccommodate this.
Number of variables required to be printed, I2. The maximum
value is 14 variables. Use of this capability of the program is
convenient for a relat,ively srnal1 number of variables. For
testing purposes a larger set of variables were carefully
monitored. By setting this variable to 0 and using a WRITE
statement nithin the main program any desired variable value
can be printed.
First variable number that will be stored in an array and
latter pr inted, I 2.
Second variabJe nurnber that will be stored in an array for
Iatter printing, I 2.
The number of variables to be plotted, I2. À maximum of 14
var lables. Default 0.
First variable number to be plotted, I2.
Second variable number to be plotted, I2. The number of
variables to be printed and plotted is given as an example. In
our test runs ee did not use the main frame capability for
plotti.ng, therefore, its value was set to 0.
Number of layers for which soiÌ physical properties are given
in the datacards that follow. UsualLy the description of soil
profiles is made either by employing standard incremental.
layers or by natural horizons. Soil parameter prediction
(SCPÀRÀ) and the interpolation subroutines convert input data
into the format required by the model.
Surface textural class, I2. À code for surface texture in
order to select an âppropriate set of hydraulic properties.
The codes âre as f oll,ows:'l - clay

2 - loam
3 - sand

Dummy variables for estirnating seeding date, I
testÍng the model as well as for real simulati
crops, the seeding date is usually known.
this variable takes a value of 1. However,
be applied for simulation of crop productiv
at the present time are not cultivated but
potentiaL for agriculture the seeding date must be predicted.
For such applications this variable is declared to be 0 and the
program will estimate seeding date.
SimuLation type, I2. This variable takes values based on the
assumptions used in simulation. More details relative to this
are given in chapter III.
However the variable takes the value of 10 when soil parameters
are known (Sc.¡) and 7 when such parameters must by predict.ed
from available, standard Soil Survey data from fundamental
soiì properties (Sc.II ).
Àgronomical ceiling for aboveground net production, I2.
The presence or absence of a boundary or limiting }ayer, I2.
It takes the val.ue of 1 present, 0 for absent boundary.
Gravimetric percent stones within the profile, I2. lt takes the
values:

- for val.ue between 1 and 99 - the approximated value
- absent or unknown - 0

Drainage cIass, I2. three major classes are recognized:
poor - 1,
irnperf ect - 2,
well - 3.

Infiltration rate ( cn/day) , tZ.
for value < 3 cm/day - the approximate val,ue,
forvalue>3cn/àay-99,

10.

11.

11

3
4

15.

lb-

17

18.

In
1f

itv
whi

2. Both for
on purposes for
this circumstance
the model is to
in regions that

ch may have some

19.
20.

a1

23



unknown - 98.
24. The water table depth (cm), I2.

employed:
< 1 50 cm - the approximated

The following va3.ues are

va1ue,
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area of
This

25.

26. Slope class of microdepressions, I2. This variable approximates
class slope for a large region so that more than one soil type
can be identj.fied within such a region. Àt the present time the
program uses the value 1 for s3.ope class 0.5 < 2.5'the val-ue of
2 for slope cLass 2.5 to < 5.0.

27. À code number to indicate 2 parameters regarding the shape and
frequency of microdepressions ¡rithin a 6ection, characteristic
to a region, 12. This variable takes the following val'ue:

for slope lengths between 60-80 m and frequency = 7 the
value is 1.
for slope lengths between 81-100 and frequency = 4 the
val,ue is 2.

Variables 26 and 27 were established for sinulation in regions
where mícrodepressions !rere a significant feature of the
landscape.

28. Crop district number up to 1976.
29. Crop district number after'1 976.

These two variab).es permit the reading of appropriate seeding
dates for the past years which are given in matrix format in
BLOCKDÀTÀ by year and crop district. Obviously, users must
provide their ovn data for seeding date arranged by crop
district or other criteria.

- The third line "NPPM" contains nitrate concentration data by layer
(ppm), F 5.0. These values may be either measured or approximated by
soil series, soil type' or region.

- The fourth line "FMBD" contains field measured bulk density by )-ayer'
F s.0.

- The fifth Iine "MPLR" contains the middle point layer data for vhich
particle size distribution is provided, F 5.0. The Dumber of midlayers
must match variable 15 from SDPV.

- The sixth Iine "MADT" contains particle size distribution data for the
first five in percent, E 2.0, by soil (very fine sand, fine sand, silt
.loam) and by Iayer.

- The seventh Iine "DMÀD" contains particl.e size distribution data for
the Iast J.ayers, E 2.0, and has a simiLar structure with preceding
1 ines.

- The eighth line "DÀDT" contains organic carbon content data in percent
by layer, F 5.0.

- fhe ninth Iine "NÀCT" contains voLumetric water data at seeding
time, F 5.0.

- The tenth Iine "MFFC" contains volumetric field measured FC by layer
, F 5.0.

- The eleventh line "Mt¡lLT" contains volumetric wil.ting point data by
Iayer, F 5.0.

- Thã twelft,h line "SMNC" contains a computed standard value for nitrate
concentration by iayer (mg N/cc soil- solution) that is weighteC by
using observed soil moisture content at seeding time, F 5.0.

- The [hirteenth line "LTHN" contains a standard matrix (6,2) tor
soJ-i layer (number,depth) used to sirnulate soil. temperature. F3.0.

- The fourteenth line "ÀREÀ" contains two dummy variables (area in ha,
and e" from area of interest), 2 F 4.0. These two variables are not

> 150 cm - 99,
unknown - 98.

Incoming runoff, I2. This variable identifys if the
interest can be regarded as partial discharging area.
variable takes the following values:

yes -1
no -2
unknosn - 3
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edi n the model at the present time but they become useful if a
ing method is required to accommodate simulatlon for small- scale
/125.000 or 1/500.00) applicarions.
fth line "CWHT" contains five management elements as follow:
seeding daÈe (JuIian day)
harvest date
number of fertilization
day of applying the fertilizer
amount of fert i I izer used.

À11 the variables are in F 4.0 format. The amount of nitrogen
fertilizer used is in kg/ha.

Not all the data-1ines are required for a specific run (scenario).
For exarnple if the variable data-lines 4, 9, 10, and 11 are known then
variable 1B within SDPV is 6et to 10 and the variables of data-Lines 5,5
and 7 are not required. The reverse situation hoLds true, in which case
variable 18 Hithin SDPV must be set to 7. HoHever, the structure of
the soil management data-Lines file must be kept complete.

i ght
p (1
e fi

3-
4-
5-
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Appendix E

Example of Daily hleather Input Data File

- I,IEATHER for l^linnineg Site , 1982
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C DÀILY
c
c
WINNI PE
WINNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINN¡ PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
f.,I NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
I.¡I NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNI PE
WI NNI PE
WINNIPE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
I.¡I NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNIPE
WI NNI PE
W] NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNIPE
WI NN] PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE

91
92
93

-1 -10
-2 -13

WEÀTHER VARIÀBLES ;FILE - WEÀTHER.

5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
ç^)111)

5023222
5023222
5023222
5023222
5023222
Èna2aa1
E^aaaaa

5023222
É^a?rta
.U¿J¿¿¿
5023222

-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-9')
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82

114
115
116
117
118
119
120
121
122
123
124
I îÊ

126
127
128
129
130
131
132
133
134
135
136
tJt
138
139
140
141
142
143
144
l.¡)
146
147
148
149
150
I trt

6694
67 66
6837
6909
6980
7051
7 121
7191
7 261
7330
7 399
7 46?
7535
7 602
7 669
7735
7801
7867
7 931
7996
B0s9
8122
8'1 84
8235
8296
8356
841 5
841 4
8532
8589
8646
8701
8756
881 0
8854
8916
8967
9018
9068
91 17
91 65
9212
9258
9303
93 47
9390
9432
947 3
9513
oc<,

9590
9627
9663
9698
97 31
97 64
97 65
982s
98s5
9BB2
9902

128
129
130
131
132
132
133
133
134
135
135
tJb
tJb
137
138
138
139
139
140
141
141
142
142
143
144
144
145
145
146
146
147
147
147
148
148
149
150
150
151
151
152
152
153
153
154
154
155
I <É

155
'1 56
156
151
157
158
158
158
159
159
159
160
150

94
95
96
97
98
99

100

-10 -',l5
-7 -19
-6 -15
-3 -14
2-9
3 -4
4 -5
0 -7
I -5

12 0
7-3

18 2
17 6
8-2
9-5

11 -1
7-4

11 -612 -2
aa ?

267
297
9 -3

13 -4
19 0
203
15 5
19 3
233
28 '1 

1

28 15
229
19 4
13 -1
I -3
9 -5

123
10 ''t

18 5
205
209
208
14 9
15 11
18 11
16 11
17 1

204
245
26 10
23 13
289
27 13
29 12
31 13
22 10
15 6
11 E

101
102
103
104
105
106
107
108
109
'1 10
111
112
113

¿

IJ

4
4

38
20
15

¿b

-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82 18
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WI NNI PE
WI NNI PE
WI NNI PE
T.II NNI PE
T.¡T NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
I.¡I NNI PE
W] NNI PE
WI NNI PE
WT NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
i.¡I NNI PE
WINNI PE
I¡I NNI PE
T.¡I NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNI PE
T.¡I NNI PE
WI NNI PE
WINNI PE
WI NNI PE
WI NNI PE
WI NNI PE
9II NNI PE
WI NNI PE
WI NNI PE
WINNI PE
WI NN] PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WINNIPE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
T.II NNI PE
WINNIPE
WI NNI PE
WINNIPE
WI NNI PE
WI NNI PE
WI NN] PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE

5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
s023222
s023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
s023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222

-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-ó¿
-82
-ó¿
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82

152
1s3
154
155
156
157
158
159
160
161
162
163
't 64
155
166
167
168
169
170
171
172
173
1'7 4
175
1't 6
17't
178
179
180
181
182
183
184
18s
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
21 4
215

14
18
26
ac

23
16
14
11
16
24
1B
24
24
21
20
24
16
1B
{tr
a1
21
23
2'7
20
23
¿b
25
22
20
24
2'7
23
25

27
tt
a1

24
¿6
27
28
30
21
26
29
29
a)
a)
1Ê
ta
24
aa

26
26
îE

2B
27
28
24
26
?t
a)
.E

29

a

-l
4

10
14
11

3
1

7

4
7
¿!

I
B

4
10

4

9
9
9
6
5

IJ
6
4

11
9
I
5
4

10
1'7
17
17
17
14
11
'1 

1

14
14
13
14
13
I

20
16
12
10
15
16
IJ
1)
18
19
14
11
15
14
11

14
16
10
16
16

9935
9959
9982

1 0004
10025
10045
10063
10070
1 0085
10100
10113
10125
10136
10145
10154
10161
10166

10154
10146
10136
10126
10114
10101
10086
10071
10054
10036
1002't
10007

9985
9962
9938
9913
988 7
98s9
98 31
98 01
9770
9738
9705
967 1

9635
9600
9563
9525
9486
9445
94 04
9362
9319
927 5
9231
9185
9138
9091

147
254

160
161
161
161
161
162
162

20

36

71

254

234

231

38

196

101
101
101
101
101
101
101
101
101

71
74
76
77
76
74
71
67
61

162
162
163
163
163
163
163
163
163
tbJ
164
164
164
164
164
164
164
164
164
163
163
163
163
163
163
163
163
162
162
162
162
162
161
161
161
160
160
160
159
159
159
158
158
158
157
157
1s6
156
156
155
155
154
154
153
153
152
152

94

53
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WTNNIPE 5023222 -82 216
s023222 -82 217
5023222 -82 218
5023222 -82 219
023222 -82 220 107

T.¿I NNI PE
WI NNI PE
WI NNI PE
f.TI NNI PE
WI NNI PE
WI NNI PE
I.¡I NNT PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE
WI NNI PE

WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WINNI
WI NNI
WI NNI
I.TI NNI
WI NNI
WI NNI
WINNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WI NNI
WINNI
WI NNI
WI NNI
WI NNI
WI NNI
I.¡I NNI
WI NNI
WI NNI
WI NNI
WI NNI

023222
023222
023222
023222
023222
023222

-82
-82
-82
-82
-82
-82

-82
-82
-82
-82
-82
-82

227
228
229 353
230
231
¿J¿

27
28
27
26
20
19
21
24
21
27
30
24
21
29
29
26
26
24
23
22
18
14
16
14
19
19
17
1a
14
20
26
24
17
13
24
30

16
11
18
15

9
7
4

I
15
14
16
14
11
12
16
13
13
13
11
I

11
4

1

6
4

'l 
1

7

9
tr

9
c

4
't0
17
17
tt
9
7
,,1

-l
-3)

7
1

0
3
7
7

0
)
I
5
q

0

9042
I 993
8943
8892
884 1

8788
8735
I681
8626
8571
851s
8458
8400
8342
8283
8223
8163
8102
B0s2
7990
7 927
7 864
7800
7736
7 612
7 602
7 541
'7475
7 408
7 341
?274
7 206
7138
7070
7001
693'7
6863
6793
6723
6653
5s83
651 2

6442
637 1

6300
6229
6157
5086
6014
5943
5871
581 1

5740
5668
5597
Êtr4È

54 54
5383

151
151
150
150
149
149
148
148
147
147
146
145
145
'l 44
144
143
143
142
142
141
140

137
136

5
5
5
5
5
5
5

40
39
39
38
37

221
)t,
223
224
225
226

233
234
235
236
237
238
t?o

240

36
35
34
34
33
aa

32
31
31
30
30

5023222 -82
5023222 -82
5023222 -82

wrNNrPE 5023222 -82
wTNNIPE 5023222 -82

5023222
5023222
5023222
5023222
5023222
5023222
023222 -82
023222 -82
023222 -82

48

46

PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE

023222 -82 241
023222 -82 242
023222 -82 243

5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
5023222
çñ)2aaa

-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82
-82

244
245
246
24'7
248
249
250
,R l
aEa

253
254
255
256
aÈ1
258
259
260
261
¿b¿
263
264
265
266
267
268
269
270
27 1

51

89

318
llo

14
20
13

13
16
¿J
1tr

16
.1 

5
17
16
I

15
1)

B

129
128
128
127
126
126
125
125
124
123
123
122
122
121
120
120
119
118
118

Ê

1

3
9
7
1

WI NNI
WI NNI
WI NNI
WI NNI
9TI NNI
WI NNI PE
WI NNI PE
WTNNIPE 5023222 -82 272
wrNNrPE 5023222 -82 273
(-

c
c

PE
PE
PE
PE

The file contains the following daily weather information1 - The ÀES station name (or plot Locãtion), 2A4, optional2 - The rreather station number, I7, optional.
Year (fast two digits),
Date (Julian day), F 4.
Precipitation (tenths o
Maximum temperature ( C
Minimum temperature ( C
Solar readiation at the
F 6.4.
Photoperiod (hr), F 4.1

F 2.0.

mil. limeters), t q.2.
F 4.0.
F 4.0.

op of the atmosphere (cal,/cn -day),

0.
t
),
),
t

3-
4-
t-

6-
7-
B-

9-
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Appendix F

Statistíca1 Analysís of Bullc Denisty



VARI ÀBLE N HEÀN STÀNDÀRD
DEVI ÀTi ON

MI NI MU},{

VALUE
MAXIHUH STD ERROR
VÀLUE OF MEAN

SUH VÀRI ÀNCE c,v

LOCÀTION=BÀGOT LÀyER=.1

LOCÀTION=BÀcoT LÀYER=3

BD 6 1.10 0.02 1.07 1.13 0.01 6.61 0.00 2.10
LOCÀTION=BÀGOT LÀyER=2

BD 5 1.25 0.02 1,23 1.27 0.01 7.50 0.00 1.52

LOCATION=BEÀUSEJOUR LÀyER=1

BD 5 1.35 o.o4 1.30

LOCATTON=BÀGOT

¡D 6 1.44 0.03 1.40

LOCÀTION=BÀGOT

BD 6 1.51 0.03 1.46

BD 6 0.84 0.08 0.75

LoCATI ON=BEÀUSEJOUR

BD 6 1.28 0.ll 1.17

LOCÀTI 0N=BEAUSEJOUR

BD 6 1.45 0,12 1.30

LOCÀTI ON=BEAUSEJOUR

BD 6 1.55 0.13 1.35

LOCATT ON=BEAUSEJOUR

BD 6 1.39 0.22 1.10

LOCÀTI oN=DAUPHI N

BD 6 0.50 0.05 0. 55

1.40 0.o2 B.10 o.o0 3..t r

LÀYER=4

1.48 0.01 8.64 0.00 t.8t
LÀYER= 5

1.54 0.01 9.06 0.00 2.01

0,97 0.03 5.07 0.01 9.64

LÀYER=2

1.48 0.04 7.70 0.01 8.20

LAYER= 3

1 .6 r 0.05 8.73 0.01 .t .g4

LAYER=4

1.74 0.05 9.30 0.02 8.58

LÀYER= 5

1 .69 0.09 8. 34 0. os 1 6.02

LÀYER=l ----------
0.66 0,02 3.61 0.00 7.54

I
f.J.<
s.

I



'ÀRIÀBLE N HEÀN srÀNDÀRD HINIHTJH l,rÀxIHUH srD ERR.R su* vÀRIÀNcB c.v.DEVIÀTION VÀLUE VÀIUE OF HEÀN

LOCATTON=DÀUpHIN LÀyER=2

BD 6 0. 88 0. 05 0.82 0.93 o.o2 5.26 0.00 5 .2g
LOCÀTION=DÀUPHIN LÀYER=3

BD 6 0.70 0.03 0.66 0.74 0.01 4.22 0.00 4.47
LOCÀTrON=DÀUpHIN LAyER=4

BD 6 0.84 0. 08 0.74 o.g2 0.03 s.03 0.0 1 9 . 1 9

LOCÀTION=DAUpHIN LÀyER=5

BD 6 t.tl 0.08 1.01 1.20 0.03 6.65 0.0.t 7,16
LOCÀTION=DURBÀN LAyER=1

BD 5 0.96 0.04 0.91 1.02 0.02 5.75 0.00 4.22
LOCÀTION=DURBÀN LÀyER=2

BD 6 1.34 0.07 1,2g 1,47 0.03 8.06 0.00 4.8{
LOCÀTION=DURBÀN LÀyER=3

BD 6 1.47 0.04 1.41 1.52 0.02 8.84 0.00 2.g3
LOCATION=DURBÀN LÀyER=4

BD 6 1 .4s 0.06 1 .35 1 .50 0.02 8 .72 0.00 3.86
-LOCÀTION=DURBÀN LÀyER=S

BD 5 1.39 0.06 1.31 1.48 0.02 8.37 0.00 4.12
LOCATION=MÀRIÀpOLIS LÀyER=l

:: : 
0. e l 0.04 0. BB 0. eB 0.0 r 5.46 0.00 3. e3

LOCÀTION=HÀRIÀPoLIS LATER=2 
I

¡'JBD 6 1..r5 0.05 1.08 1,21 o.o2 6.92 0.00 4.44 j
LOCÀTION=I|ÀRIÀPOLIS LÀYER=3 I

BD 6 1.17 0.11 1.02 1.31 0.04 7.05 0.01 s.27



VARIÀBLE N MEÀN STANDÀRD HINIMIJH MÀXIHUI.I STD ERROR SUH VÀRIÀNC' C.V.DEVIÀTION VÀLUE VÀLUE OF HEÀN

LOCÀTION=HÀRIÀpOLIS LAyER=A

BD 6 1.17 0,13 o.g2 1.30 0.05 7.04 o,o2 11.43

LOCÀTI0N=MÀRIÀpOLIS LÀyER=5

BD 6 1.12 0.0? 1.00 1.21 0.03 6.73 0.01 6.36

- LOCATION=ROBLIN LÀyER=l

BD 6 0.73 0.14 0.58 0.90 0,06 4.39 o.o2 18.47

- LOCÀTION=ROBLIN LAyER=2

BD 6 1 .21 0,06 1 .12 1 .2g 0.02 7 .26 0.00 4 .93

- tOCÀTION=ROBLIN tÀyER=3

BD 6 1.29 0.07 1,20 1.37 0.03 7,76 0.00 s.14

-LOCÀTION=ROBLIN LÀyER=4

BD 6 1 .36 0.05 1 .28 1 .43 0.02 8. 1 I 0.00 3.82

- LOCÀTION=ROBLIN LÀyER=5

BD 6 1 . 54 0.04 1 .49 1 .60 0.02 g .25 0.00 2. 58

LOCÀTION=SHOÀL LÀKE LÀyER=.1

BD 6 0.94 0.13 0.71

LOCÀTION=SHOAL

BD 6 1.43 0.09 1.31

LOCÀTI0N=SHOÀL

BD 6 1.56 0.06 1.50

LOCÀTION=SHOÀL

:: : l_ll 
016 1sl

LOCÀTI0N=SHOÀL

BD 6 1.80 0.19 1.61

1 .05 0.0s s.66 0.02 1 3. 34

LÀYER=2

1.54 0.04 8.56 0.01 6.09

LÀYER= 3

1 .66 0.03 9. 39 0.00 4. 1 2

LÀTER=4

1.91 0.06 9.98 0.02 9.39

LAYER= 5

2.12 0.08 1 0.80 0.04 1 0.69

LÀKE

LÀKE

LÀKE

LAKE

I

!
o\
I

LOCATION=SOURIS LÀyER=1



SUH VÀR I ÀNCE

PÀGE 4

c,v

LOCÀTION=SOURTS LÀYER=l

VARIÀBLE N HEÀN STÀNDÀRD
DEVI ÀTI ON

BD 6 0. 75 0.09

BD 6 1,05 0.03

BÐ 5 1.38 0.03

BD 6 1.40 0.06

BD 5 1.38 0.08

HINIMIJH
VÀLUE

0.67

LOCÀTION=SOURt S

1 .01

LOCÀTI ON=SOURI S

1 .35

LOCÀTI ON=SOURI S

1.31

LOCÀTION=SOURI S

1 .27

HÀXIMTJI{ STD ERROR
VALUE OF },fEÀN

o.9o o.o4 4,4g o.ol 11.93

LÀYER=2

1.08 o.ot 6.30 o.oo 2.63
LÀYER= 3

1.43 0.01 8,27 0.00 2.31

LÀYER=4

1.46 0.02 g,4f 0.00 4.31

LÀYER= 5

1.50 0.03 8.28 0.01 6.15
LOCÀTION=SHÀN RIVER LÀYER=1

BD 6 0.78 0.07 0.69 0.91 0.03 4.66 0.01 9.41
LOCÀTION=SWÀN RIvER LÀyBR=2

BD 6 1.15 0.04 1.11 1.20 0.02 6.93 0.00 3.23

BD

LOCÀTION=S!{ÀN RIvER LAyER=3

1.21 0.06 1.10 1,27 0.03 7.29 0.00 5,22
LOCÀTION=SHÀN RIvER LÀyER=4

BD 6 1.23 0.08 1.10 1.33 0.03 7.41 0.01 5.81
LOCÀTION=SWAN RIvER LÀyER=5

8D 6 1,26 0.06 1.19 1.34 0.02 7.5g 0.00 4.71
LOCATION=TEULON LÀyER=l

BD 6 0.88 0.08 0.78 1.01 0.03 5.27 0.01 8,g2

6

I

N)
!
!
I



VÀRI ÀBLE N MEÀN SÎÀNDÀRD HINII.IIJ}I
DEVIÀTION VÀLUE

- LOCÀTION=TEULON

BD 6 1.32 0.04 1.25

LOCÀTIoN=TEULON

BD 6 1.31 0.04 1,25

- tOCÀTI0N=TEULON

BD 5 1.36 0.02 1.33

- LOCATION=TEULON

BD 6 1.46 0.05 1.40

LOCÀTION=f{INNI pEG

BD 6 0.85 0.07 0.76

LOCÀTION=t{I NNr pEc

BD 6 0.89 0.02 0.86

---------.- LOCÀTION=wINNI pEG

BD 6 0.99 0.05 0.94

LOCÀTION=t.¡I NNI pEG

BD 6 1.10 0.04 1.04

LOCATI 0N=f{I NNr pEG

BD 6 1.16 0.05 1.09

LOCÀTI ON=WOODHORE

qD 6 1.28 0.04 1.21

LOCÀTION=I{OODI,|ORE

BD 6 1.6.f 0.04 1.56

PÀGE 5

HÀXIHTJil STD ERROR SU}I VÀRIANCE C.V.VÀLUE OF MEAN

LÀYER=2

1 . 36 0.02 -t .93 0. o0 3. 36

LÀYER= 3

1.36 0.02 7.84 0.00 2.E5

LÀYER=4

1.38 0.01 8.14 0.00 1.20

LÀYER= 5

1 .55 0.02 8.7-t 0.00 3.36

LAYER= 1

0.95 0.03 5. 1 1 0.00 8.0s

LÀYER=2

0.92 0.01 5.34 o.0o 2.45

LAYER= 3

1 . 1 1 0.03 5.94 0.00 6. 36

LAYER=4

1 . 1 s 0.02 6.60 0.00 3. 3s

tÀTER=5

1.21 0.02 6.96 0.00 3.93

LÀYER= 1

1 .35 0.02 7 .69 0.00 3.47

LAYER=2

1 .67 0.02 9.6s 0.00 2.37

I

Ì.J
!
Co
I



VARIÀBLE N MEÀN STÀNDÀRD UINIHUH
DEVIATION VATUE

LOCATI ON=W@DHORE

BD 5 1.59 0.06 1.52

LOCÀTI ON=WOOD¡IORE

BD 6 1.71 0.09 1.56

LOCATION=Í{OODHORE

8D 6 1.69 0.08 1.62

PÀGE 6

l{ÀxlHu}.t sTD SRROR suM vÀRr ÀNcE c . v.VÀLUE OF HEÀN

LAYER=3

1 .67 0.02 9. 55 0. o0 3. 50

LÀYER=4

1.83 0.04 10.25 0.01 5.05
LÀYER=5

1.85 0.03 10.14 0.01 5.01

I
\.)
!

I
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ApoendÍx G

Statistical Analysis of Gravimetric Field CapaciLy



c

VÀRIÀBLE N HEAN 
'rANDÀRD 

HINIMUM HÀ'IM.JH srD ERR.R sut{ VARIÀNCE c.v.DEVIATION VALUE VÀLUE OF MEAN

LOCÀTrON=BÀGOT LAYER=1

Fc 6 0.18 0.0f 0..t6 0.20 0.01 1.10 0.00 7.35
LOCÀTION=BÀGOT LÀyER=2

FC 6 o.tt 0.ol 0.15 0.19 0.01 0.91 0.00 9.38
LOCATION=BÀGOT LÀyER=3

FC 6 o'17 0.0r 0'r5 0.18 0.01 o.7g 0.00 11.32

LOCATTON=BAGOT LAYER=4

Fc 6 0 .24 0.0 1 0 .21 0.25 0.00 0.82 0.00 8. 1 5

-- LOCATION=BAGOT LÀYER=5

Fc 6 0.26 0.01 0,21 0.27 0.00 0.73 0.00 8,22
LOCÀTION=BEÀUSEJOUR LAYER=1

Fc 6 0.38 0.03 0.34 0.40 0.01 2.2g 0.00 6.88
LOCATION=BEÀUSEJOUR LAyER=2

FC 6 0.29 0.01 0.28 0.31 0.01 1,74 0.00 4.44
LOCÀTION=BEAUSEJOUR LAyER=3

Fc 6 o .23 0.0 1 0.22 0.24 0.00 1 .39 0.00 3.45
LOCATION=BEÀUSEJOUR LÀTER=4

FC 6 0.26 0.01 0.24 0.28 0.01 1.54 0.00 5.67
LOCÀTION=BEÀUSEJoUR LAyER=5

Fc 6 0.33 0.02 0.31 0.37 0.0r l.ss 0.00 7.16 J
@- LOCATION=DÀUPHIN LÀyER=.1

IFc 6 0.53 0.03 0.49 0.56 0.01 3.11 0.00 4.73



VÀRI ÀBLE

LOCATION=DÀUPHIN LÀYER=2

PÀGE 2

SIJH VÀRI ÀNCE c.v.

0.46 0.00 2.70 0.00 1.78

LÀYER= 3

0.s4 0.01 3.12 0.00 2.59

LÀYER=4

0.5.t 0.01 2.82 0.00 s.23

LÀYER=5

0.40 0.01 2,15 0.00 '1 .22

0. 30 0.00 1 .69 0.00 4 . 1 4

LÀYER=2

0.23 0.00 1.32 0.00 4.70

LÀYBR= 3

0.19 0.00 1.11 0.00 2.58

LÀYER=4

0.22 0.01 1.20 0.00 6.s3

MEÀN STÀNDÀRD
DEVIÀTTON

HI NIMTJH
VÀLUE

HÀXIHU}I STD ERROR
VÀLUE OF MEÀN

LOCÀTION=DURBÀN LAyER=1

FC 6 0.45 0.01 0.44

- LOCÀTION=DÀUPHIN

FC 6 0.52 0.01 0.51

- LOCÀTION=DAUPHIN

FC 6 0.47 0.02 0.44

- LOCÀTION=DAUPHIN

FC 5 0. 36 0.03 0. 33

Fc 6 0.28 0.01 0.27

- LOCATION=DURBAN

FC 6 0.22 0.01 0.20

- LOCATION=DURBÀN

FC 6 0.18 0.00 0.18

- LOCATION=DURBÀN

FC 6 0.20 0.01 0.18

FC 0.23 0.01

FC 0. 37 0.01

LOCATION=DURBÀN LÀYER=5

0.20 0.24 0.01 1 .36 0 .00 6.49

LOCÀTION=MÀRIÀPOLIS LÀYER=1

0.36 0.38 0.00 2.24 0.00 1.85

LOCATION=MÀRIÀPOLIS LÀYER=2

0. 32 0. 3s 0.00 2.02 0.00 2.31

I

l.'J
Co
l.J
IFC 0. 34 0.01



PAGE 3

VARIÀBLE N HEÀN STÀNDÀRD MINIHIJM MÀXIMUM STD ERROR STJ}I VÀRIANCE C.V.
DEVIÀTION VÀLUE VÀLUE OF I.fEÀN

LOCÀTION=MARIÀPOLIS LÀYER=3

Fc 6 0.31 0.01 0.30 0.32 0.00 1.84 0.00 2.25

LOCATION=HÀRIÀPOLIS LAYER=4

- LOCÀTION=ROBLIN LÀYER=1

FC

FC

FC

FC

FC

FC

FC

PC

FC

0. 30

0. 30

0.36

0. 28

0.2+

0.21

0.03

0.04

0.03

0.02

0.01

0. 01

0.01

0.02

0.01

0.01

0.00

0.00

1 .78

1 .82

2 .18

1 .70

1.45

1 .40

0 .00

0.00

0.00

0.00

0.00

0.00

0.25 0.33

LOCÀTION=HÀRIÀPOLIS LÀYER=5

0.26 0.3s

0.33 0. 39

0.2s 0.32

LOCÀTION=ROBLIN LÀYER=3

0.23 0.2s

0.22 0.2s

8.71

13.s2

8.09

8.35

2.44

2.98

-LOCÀTION=ROBLIN LÀYER=2

6

6

LOCÀTION=ROBLIN LÀYER=4

- LOCÀTI0N=ROBLIN LAYER=5

0.22 0.01 0.20 0.22 0.00 1 .29 0.00 3.31

LOCATION=SHOAL LÀKE LÂYER=1

0.32 0.01 0.30 0.33 0.00 1 .89 0.00 3.51

LOCÀTION=SHOAL tÀKE LÀYER=2

0.2+ 0.02 0.21 0.27 0.01 1.43 0.00 10.11

-- LOCÀTION=SHOAL LÀKE LÀYER=3

0.19 0.03 0.15 0.21 0.01 1.14 0.00 13.25

I

NJ
co
L,J

I
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PÀGE 4

VARIÀBLE N HEÀN STÀNDÀRD HINIHIJH I'IÀ.XIM{JI{ STD ERROR SUH VARIANCE C,V.DBVIÀTiON VÀLUE VALUE OF HEÀN

LOCATION=SHOÀL LAKB LÀyER=4

FC 6 0 .21 0.0 r 0. 18 0 .22 0.01 1 .25 0.00 7 ,'t6
LOCÀTION=SHOÀL LÀKE LÀyER=5

Fc 6 0.19 0.01 0.19 0.20 0.00 1.16 0.00 3.76

- LOCÀTION=SOURIS LAYER=1

FC 6 0.36 0.01 0.35 0.37 0.00 2.15 0.00 2.8g

- LOCÀTION=SOURiS LAYE,R=2

FC 6 0.23 0.01 0.21 0.33 0.00 1.g2 0.00 2.31

- LOCÀTION=SOURIS LÀYER=3

FC 6 0 .20 0.02 0. 1 I 0. 30 0.01 1 .61 0.00 6.96

- LOCÀTION=SOURIS LÀYER=4

FC 6 0.20 0.02 0.17 0.22 0,01 1.60 0.00 8.17

- LOCÀTION=SOURIS LÀYER=S

FC 6 0.22 0.01 0.21 0.24 0.01 1.80 0.00 4.1s

LOCÀTION=SWAN RIvER LÀyER=1

LOCÀTION=SWAN RIvER LÀYER=3

Fc 6 0. 3s 0.03 0.3 1 0. 38 0.01 2.08 0.00 I . 38

LOCÀTION=SWÀNRIvER LÀYER=2

FC 6 0.26 0.01 0 .25 0.26 0.00 1 .54 0.00 2.20

FC

LOCÀTION=SWÀN RIvER LÀyER=4

0.23 0.02 0.21 0.2s 0.01 1.37 0.00 7 .21
I

Þ.
I

FC 0,21 0.02 0. 19 0.23 0.01 1 .27 0.00 10.23



VARI ÀBLE MI NIMIJI.I
VÀLUE

Fc 6 0.24 0.01 0.23

- LOCÀTION=TEULON

FC 6 0.33 0.01 0.32

- LOCÀTION=TEULON

FC 6 0.26 0.01 0.25

- LOCÀTI0N=TEULON

FC 6 0.24 0.01 0.23

- LOCATION=TEULON

FC 6 0 .24 0.00 0.23

- LOCÀTION=TEULON

FC 6 0.24 0.01 0.23

LOCÀTt0N=!rINNI PEG

FC 6 0.41 0.01 0.40

LOCATION=l.ÙI NNI PEG

FC 6 0.41 0.02 0.40

LOCÀTION=WINNI PEG

FC 6 0.38 0.01 0.37

LOCATION=WI NNI PEG

Fc 6 0.35 0.01 0.33

LOCÄTION=wINNI PEc

FC 6 0.33 0.01 0.32

PÀGB 5

HÀXIMUH STD ERROR
VATUE OF HEÀN

0.25 0.00 |.4s 0.00 3.73

tÀYER= 1

0.34 0.00 2.00 0.00 3.36

LÀYER=2

0.27 0.00 1,s8 0.00 4.55

LÀYER= 3

0.2s 0"00 1.44 0.00 2.37

LÀYER=4

0.24 0"00 1.43 0.00 1.73

LÀYER=5

0.25 0.01 1.46 0.00 5.24

LÀYER= '|

0.43 0 " 00 2.49 0.00 2.32

LAYER=2

0.4s 0"01 2.48 0.00 4.98

LAYER= 3

0. 39 0 " 00 2.28 0.00 1 .s1

LAYER=4

0. 36 0 " 00 2.08 0.00 3.09

LÀYER=5

0. 34 0.00 1 .97 0.00 2.28

N IfEÀN STÀNDÀRD
DEVIÀTTON

SUil VÀRI ÀNCE C,v.

LOCÀTION=SWÀN RIvER LÀyER=5

I
NJ
co(¡
I



PÀGE 6

VÀRI ÀBLE

Fc 6 0.18 0.02

FC 6 0.13 0.00

FC 6 0.11 0.03

FC 6 0.14 0.04

FC 6 0.17 0.03

HINIHUM MÀI{IMIIM
VALUE VÀLUE

LOCÀTION=WOODMORE LÀYER=1

0. 15 0.21

LOCATION=WOODMORE LÀYER=2

0.13 0.14

LOCATION=WOODHORE LAYER=3

0.08 0.1s

LOCATION=WOODMORE LÀYER=4

0.11 0.19

LOCATIO:l=}IOODMORE LÀYER=5

0.12 0.20

VÀRIÀNCE c.v

0.01 1.07 0.00 13.42

0.00 0.8 r 0.00 3.21

0.0 1 0.67 0.00 28.21

0.02 0.86 0.00 26.76

0.0 1 0.99 0,00 20 .63

N MEAN STÀNDÀRD
DEVI ÀTION

STD ERROR
OF MEÀN

SUI"I

I
NJ
co
o\
I
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Statistical Analysis of Grain



c

VÀRI ÀBLE

GRÀI N

GRAI N

GRÀI N
C

N MEÀN

3404.533

4127 .200

2199.533

STANDÀRD MI NI MTIM MAXIMUM STD ERROR SI,Jil VÀRIÀNCE c.v
DEVIÀTION VALUE VÀIUE OF MEAN

LOCATION=BÀGÀ HÀRv.DATE=O1S8P82 GROWTH STAGE=I4ÀTU

482.519 285 1 . 200 3738.200 278.617 1 021 3.600 232882.333 14.175

395.2 f s 12972.900 468584.8 1 3 1s.830

500.510 14281.000 751s29.333 18.211

LOCÀTION=MARI HARV.DATE=O1SEP82 GROWTH STÀGE=MÀTU

452.17 6 38s6.200 4649.200 261 .064 12381.600 204463.000 1 0.955

LOCÀTION=ROBL HARV.DÀTE=13S8P82 GROWTH STÀGE=M,\TU

143.820

:___ ____ LOCÀTIoN=BEAU HÀRv.DATE=01SET82 cROÞlTH STÀGE=HÀTU

GRÀI N 4324.267 684.533 3833.200 5 1 06.200

:___ ____-__ LOCÀTION=DÀUP HARV.DÀTE=14S8P82 GROI.ITH STAGE=HÀTU

GRÀI N

c
4760.333 866.908 384 1 .000 5563.000

2036.200 2307 .20Q 83.035 6s98.600 20684.333 6.539

LOCATION=SWRI HÀRV.DATE=13S8P82 GRO9,ITH STÀGE=HATU

GRÀI N 3834.667 517 .897 3488.000 4430.000 299.008 1 1 504.000 268217 .333 1 3.506
I

LOCÀTION=TEUL HÀRV.DATE=08S8P82 GROWTH STAGE=MÀTU

GRÀi N 3844.533 215.296 367 3 .200 4086.200 124.301 1 1 s33.500 46352.333 5.600
I

LOCÀTION=WASK HÀRv.DÀTE=244UG82 GROWTH STÀGE=HATU

GRÀI N 4175.66'l 80.002 4127 .000 4258.000 46. 1 89 12527.000 6400.333 1.916
C

LOCÀTION=WINN HARV.DÀTE=24ÀUG82 GROWTH STAGE=MÀTU

GRAIN 3 4628.533 72-0.045 3827.200 5221.200 415.718 13885.600 518465.333 15.557

:---------- ----- LocÀTroN=wooD HÀR'.DATE=.B'E'B2 cRowrH srÀcE=HATU

cRÀrN 3 3473.200 105.228 3372.200 3582.200 60.754 10419.600 11073.000 3.030

:--- ------ ----- Loc=BAGÀ DÀ'=1BAUGB3 GS=MÀru
C

cRArN 6 3269.433 521.185 2585.800 3965.800 212.773 19616.600 271634.023 15.941
c

I
N)
co
Co

I



VÀRI ABLE MEÀN STÀNDARD
DEVI À1I ON

;----------
GRÀIN 6 3234,000 614.505
c

GRArN 6 3922.800 697 .476
c

GRAIN 6 1640.533 413.'t14

:----------
GRArN 6 2960.767 3s9.070
L

;-- - --
GRÀrN 6 2909.133 335.637
C

GRÀrN 6 3528.233 440.361
c

a

GRArN 6 3279.767 501.883
L

a

GRÀIN 6 3680.000 396.7'76
L

;- ------
GRÀIN 6 3414.033 592.640
c

GRÀr N 6 4018 .267 780 .064
c

GRArN 6 2736,233 397.513
c

PÀGE 2

SU}{ VARI ÀNCE c.v

LOC=BEÀU DAY=1 5ÀUG83 GS=I4ATU

2534.200 4126.400 250.871 19404.000 377616.768 19.001

LOC=DÀUP DAY=1 1SEP83 GS=MÀTU

2964 ,2Q0 4946 .600 284 .7 43 23s36 . 800 48647 3 .152 1 7 . 780

LOC=HÀRI DAT= 1 7ÀUG83 GS=MÀTU

1 1 06.000 2121 .200 1 68 .898 9843 . 200 17 1 159 .323 25 .218

LOC=ROBL DÀY=I 1SEP83 GS=MÀTU

2395.800 3295.200 146.590 17764.600 128931.415 12.128

LOC=SHOL DÀY=304UG83 GS=MÀTU

2603.200 3355.400 137 .023 17454.800 1126s2.1ss 'I 1 .537

LOC=SoUR DÀY=02S8P83 GS=MATU

2839.600 4132.600 179,176 2.t159.400 19391?.495 12.48.1

LOC=SWRI DÀY=1.lSEP83 GS=MÀTU

2't32.600 3894.200 204.893 19678.600 251886.295 15.302

LOC=TEUL DAY=1 5SEP83 GS=MÀTU

3175.600 41s3.800 161.983 22080.000 157431.296 10.782

LOC=WÀSK DAY= 1 7ÀUG83 GS=MATU

2575.000 431 4.600 241 .944 20484.200 351222.071 1 7.359

LOC=WINN DÀY=1 1AUG83 GS=HATU

2600.600 4629.000 31 8.460 24 1 09.600 608499.355 19.41 3

LOC=WOOD DÀY=1 5AUc83 GS=MÀTU

N MI NI MUH
VÀLUE

MÀX¡MIJ},I STD ERROR
VÀLUE OF MEÀN

.Ì..J
c5

2199.800 3391 .200 1 62 ,284 16417.400 158016.663 1 4.528
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c

VÀR I ABLE

ÀNP

N

6

MEÀN

7 34 ,333

STANDÀRD
DEVI ÀTION

LOCÀTION=BÀGO

176.138

LOCÀTI ON=BÀGO

I.{I N I MTJH MÀXI MIJH
VÀLUE VALUE

SÂMPLING DÀTE=24JUN82

s24. 000 980.000

SÀMPLING DÀTE=16JUL82

4320.000 6680.000

SAMPTING DÀTE=17ÀUGB2

8240.000 1 4s60.000

SÀMPLING DÀTE=01S8P82

10910.000 13610.000

SÀMPLING DATE=22JUN82

470.000 698.000

SAHPLING DÀTE=1sJUt82

4s60,000 6240.000

SÀMPLING DATE=16ÀUG82

r 0080,000 1 3800.000

SÀHPLING DATE=01S8P82

9860.000 1 4080.000

SÀMPLING DÀTE=21JUL82

s860.000 7760.000

SAMPLING DATE=14SEPB2

8300,000 15100.000

SÀMPLING DÀTE=24JUN82

432.000 7r2.000

STD ERROR
OF MEAN

GROWTH STAGE=JOIN

71.908

GROWTH STAGE=HEÀD

403.540

GROWTH STÀGE=SOFT

93s.983

GROWTH STÀGE=l'{ÀTU

483.333

GROWTH STÀG8=JOIN

31 .682

GROWTH STÀGE=HEÀD

3.t 3. 238

GROHTH STÀGE=SOFT

588.980

GROWTH STAGE=MÀTU

664.282

GROWTH STAGE=HBÀD

311.929

GROI^ITH STÀGE=MÀTU

1011.626

GROWTH STÀGE=JOIN

44.5r4

STJH VÀRI ÀNCE

4406.000 31024.667

33s60.000 977066.667

67100.000 52s6386.667

72760.000 1401666.667

3576.000 6022.400

32020.000 588706.657

65440.000 2081 385.667

68920.000 2647626.667

39560.000 s83800.000

77880.000 6140320.000

c,v

23.986

17.672

20.s01

9.763

.l 3.021

1 4.377

1 3.029

14. 166

1 1 .559

19.091

ÀNP 6 ss93 . 333 988.467

----- LOCÀTION=BAGO

ÀNP 6 11183.333 2292.681

LOCÀTI ON=BÀGO

ÀNP 12126.667 1 1 83.920

LOCÀTI0N=BEÀU

ÀNP s96.000 77.604

LOCÀTION=BEAU

ÀNP 6 5336.667 767.272

LOCÀTION=BEÀU

ÀNP 1 1 073.333 1 442.7 01

LOCÀTION=BEAU

ÀNP 6 11486.667 1627.153

----- LOCÀTION=DÀUP

ÀNP 6 6610.000 764.068

LOCATION=DAUP

ÀNP 1 2980.000 2477 .967

tOCÀTION=MÀRI

I

l.J
\o

I

ÀNP 596.667 1 09.037 3580.000 1 1 889.067 18.27 4



VÀRIÀBLE N MEÀN STÀNDÀRD
DEVI ÀTI ON

----- LOCÀTION=HÀRI

ÀNP 6 591 0.000 1 328.854

LOCÀTI ON=ilÀRI

ÀNP 6 9526.667 2541.110

----- LOCÀTION=MÀRI

ÀNP 6 10103.333 266.358

----- LOCÀTION=ROBL

ÀNP 6 3863.333 176.824

LOCÀTI ON=ROBL

ÀNP B4 1 6.667 510.594

LOCÀTION=SHOL

ÀNP 8480.000 801.099

LOCÀTION=SwRI

ANP

MINIHI.JH MÀXIMTJH STD ERROR
VÀLUE VÀLUE OF MEÀN

SÀHPLING DÀTE=16JUL82 cROwIH STÀGE=HEÀD

4850.000 8360.000 s42. s07

SÀMPLING DÀTE=17ÀUG82 GROIITH STÀGE=SOFT

7040.000 12900.000 1037.428

SÀMPLING DÀTE=O1SEP82 GROWTH STÀGE=HÀTU

9900.000 10620.000 108.740

SÀMPLING DÀTE=21JUL82 GROI.ITH STÀGE=HEAD

3600.000 4100.000 72.188

SÀHPLING DÀTE=13SEPB2 cROwTH STÀGE=HATU

7840.000 9200.000 208.449

SÀMPLING DÀTE=23JU182 GROI,¡TH STÀGE=HEAD

7040.000 9340.000 327.047

SAHPLING DATE=21JUL82 cROwTH STÀGE=HEÀD

5040.000 6340.000 19s.261

SÀHPLING DÀTE=13S8P82 GROVITH STÀGE=HÀTU

9950.000 1 2800.000 486.840

SÀMPLING DÀTE=22JUN82 GROWTH STÀGE=JOIN

s88.000 9?2.000 s4.701

SAI.íPLING DÀTE=15JUL82 GROI{TH STÀGE=HEÀD

4640.000 7160.000 370.636

SAI,ÍPLING DÀTE=13ÀUG82 GROWIH STÀGE=SOFT

8380.000 1 0720.000 388. 353

6 s8s0.000

1 1 1 00.000

I 30.667

58 36 . 667

478.289

LOCATI ON=S!üRI

1 1 92. 510

LOCÀTION=TEUL

1 33.989

LOCÀTION=TEUL

907.869

LOCÀTION=TEUL

STJH VARI ÀNCE

35460.000 1 765880.000

57160.000 6457546.667

60620.000 70946.667

23 1 80.000 31266.667

s0s00.000 260706.657

s0880 ,000 64 1 760 .000

351 00.000 228760.000

66600.000 1 422080.000

4984.000 1 7953.067

3s020.000 824226.667

PÀGE 2

c.v

22.485

20.286

2.636

4.577

6.066

9.447

8.176

10. 74 3

16.130

1 5.555

ÀNP

ÀNP

ANP ¡\)
\c
¡.)

ÀNP 9973.333 951 .266 59840.000 904906.667 9.s38



VÀRI ABLE N MEÀN

ÀNP 6 10293.333

ÀNP 6 3046.667

ÀNP 6 9667.333

ÀNP 6 1 305.000

STÀNDARD
DBVI ÀTI ON

LOCÀTION=TBUL

1 1 08.994

LOCÀTION=wÀSK

324.879

tOCÀTI ON=I.¡ÀSK

1 396.663

LOCÀTI ON=I{I NN

355.374

LOCATION=I,¡INN

9 1 s.096

LOCÀTI ON=i.lI NN

1 1 34.930

LOCÀTION=wINN

1891.525

LOCÀTI ON=WOOD

1 07 .657

LOCÀTION=w@D

880.969

LOCÀTION=WOOD

1 47 1 .620

LOCÀTION=WOOD

HINIMUH MÀXIMUM
VÀLUE VÀLUE

SÀMPLING DÀTE=08S8P82

9120.000 11880.000

SÀMPLING DÀTE=14JULB2

2640.000 3460.000

SÀÞIPLI NG DATE=24ÀUG82

7734.000 10734.000

SÀMPLING DÀTE=15JUN82

1 000 .000 1 872.000

SÂMPLING DÀTE=08JUt82

6220.000 8900.000

SAMPLING DÀTE=10ÀUG82

1 1 500 .000 1 4800 .000

SÀl,lPLI NG DÀTE=24ÀUG82

1 0800.000 1 6400.000

SÀMPLING DÀTE=28JUN82

690.000 980.000

SAMPLING DÀTE=19JUL82

4020.000 6320.000

SAMPLINc DATE=23ÀUG82

I 1 00. 000 1 1 200. 000

SÀI{PLI NG DÀrE=08S8P82

STD ERROR
OF HEÀN

GRO9ÍTH STÀGE=HÀTU

452.7 45

GROWTH STÀGE=HEAD

132.631

GROI.ITH STÀGE=IíÀTU

570. 1 85

GROWTH STÀGE=JOIN

f4s.081

GROWTH STÀGE=HEAD

373.585

GROWTH STÀGE=SOFT

463.333

GROWTH STÀGE=HÀTU

772.212

GROWTH STÀGE=JOIN

43.951

GROWTH STÀGE=HEÀD

359.654

GROWTH STÀGE=SOFT

600. 787

GROWTH STÀGE=MATU

PAGE 3

SUH VÀRI ÀNCE c.v

6 1 760.000 1229866.667 1 0.774

1 8280.000 1 05546.667 1 0.663

s8004.000 1 950666.657 14.447

7830.000 126290.800 27 ,232

43740.000 837400.000 1 2. 553

76660.000 1288066.667 7.194

79240.000 3577866.667 14.323

4590.000 11s90.000 14.073

31640.000 776106.667 r6.706

59s00.000 2165666.667 r 4.840

ÀNP 6 7290.000

ÀNP 6 1 2776.667

ÀNP 5 1 3206.667

ÀNP 6 765.000

ÀNP 6 52'73.333

ÀNP 6 9916.667

I

\o
L,J

I



VÀRIABLE N MEAN STÀNDÀRD
DEVI ATI ON

ANP 6 1026.433 296.734

ANP 6 4874.033 762.955

ANP 6 7657.000 1334.049

ANP 6 8134.333 1162.-178

ANP 6 1158.733 163.523

ANP 6 37 1 4.200 460.359

ANP 6 8209.000 s80.202

ÀNP 6 8500.000 f456.683

ANP 6 1 335. .t 33 213.-t 49

ÀNP 6 623'7 .200 590.907

ÀNP 6 10420.200 705.324

PAGts 4

HINIMTJ}.I MÀXIHUM STD ERROR STJM VÀRIÀNCE C.V.VÀLUE VALUE OF MEAN

LOC=BAGÀ DÀY=24JUN83 GS=JOIN

792.000 1597.600 121.141 6158.600 88051.271 28.909

LOC=BAGÀ DÀY= 1 3JUL83 GS=HEÀD

3808.000 5771.800 311,475 29244.200 582101.047 15.653

LOC=BÀGA DAY=034UG83 GS=SOFT

s700.000 9572.000 544.623 45942.000 1779686.000 17.423

LOC=BÀGA DAY=18AUG83 GS=HATU

6748.000 9964.000 474.702 48806.000 1352053.467 14.295

LOC=BEAU DÀY=28JUN83 GS=JOIN

929.400 1 370.600 66.7s8 69s2.400 26739.643 14.112

LOC=BEÀU DAY=1 2JUL83 GS=HEÀD

2961,200 4246.400 187.941 22285.200 211930.624 12.395

LOC=BEÀU DÀY=04ÀUG83 GS=SOFT

7282.000 8950.000 236.867 49254 .000 336634.800 7 .068

LOC=BEAU DÀY= 1 5AUG83 GS=MÀTU

6849.200 10845.200 594.688 51000.000 2121924.704 17.137

LoC=DÄUP DÀY=06JUL83 GS=JoIN

1 060.000 1702.600 87 .263 B0 1 6.800 45688. s23 1 5.998

LOC=DÀUP DÀT=26JUL83 GS=HEÀD

5108.600 6836.600 241.237 37423.200 349171.056 9.474

LOC=DAUP DAY=10ÀUG83 GS=SoFT

9642 .000 1 1 390. 400 28't .947 62521 .2oO 497 482.032 6 .7 69

I
l\)
\o

¡



VÀRIÀBLE N MEAN STÀNDÀRD
DEVI ATI ON

ÀNP 6 11092.667 1618.489

ANP 6 1 26s.933 331 .443

ÀNP 6 4926.933 759.178

ANP 6 51 98.667 959.763

ANP 6 833s.000 563.753

ANP 6 889.033 275.962

ANP 6 4259.867 792.294

ANP 6 7058.900 .t 568.533

ANP 6 81 66.667 838.752

ANP 6 1121.700 247.644

ÀNP 6 4380. 1 00 468 .251

PÀGE 5

MINIMUM MÀXIMI]M STD ERROR SUI.{ VARIÀNCE C.V.VÀLUE VÀLUE OF MEAN

LOC=DÀUP DÀY=1 1SEP83 GS=MÀTU

8958. 000 1 37 1 4.000 660. ?45 66556.000 261 9505.067 1 4.591

LOC=MÀRI DAY=27JUN83 GS=JOIN

906.600 1754.600 135.311 7595.600 109854.331 26.182

LOC=MARI DÀY=13JUL83 GS=HEÀD

4066.200 6146.600 309.933 29561.600 576350.9s5 15.409

toC=MARI DÀY=03ÀUG83 GS=SOFT

5166.000 7442.000 39'1.822 37192.000 92114s.067 1s.483

LOC=MÀRt DÀY=174UG83 GS=MÀTU

7583.600 9093.500

LOC=ROBL DÀY=07JUL83 GS=JOIN

497.400 1120.000

LOC=ROBL DÀY=26JUL83 GS=HEÀD

3074.000 5091 .400

LOC=ROBL DÀY= I 0AUG83 GS=SOFT

49 1 0.400 8533.000

LoC=ROBL DÀY=.1 1SEP83 GS=MÀTU

7355.000 9362.000

LOC=SHOL DÀY=06JUL83 GS=JOIN

84 9. 000 't 427 .600

LOC=SHOL DÀY=23JUL83 GS=HEAD

3933.800 s067.800

230.151 50010.000 317817.024 6.764

112.661 5334.200 76154.999 31.041

323.453 25559 .200 627729.675 1 8.599

640. 35 1 42353 . 400 2460294 .780 22 .221

342.419 49000.000 703505.067 10.270

1 0 l . 1 00 6730.200 61327 .372 22.078 I
tJ\o
L¡

I191.163 25280.600 219258.892 10.690



PÀGE 6

VÀRI ÀBLE N MEAN STANDÀRD HINIMUH I.{AXIHIJI.I STD ERROR SU},I VÀRIÀNCE C.V.
DEVIATION VALUE VÀLUE OF MEÀN

LOC=SHOL DÀY=09ÀUG83 GS=SOFT

ÀNP 6 6454.000 652,764 5750.000 7410.000 266.490 38724.000 426100.800 10.114

LOC=SHOL DÀY=3OÀUG83 GS=HÀTU

ÀNP 6 7699.867 8s4.018 6658.400 8648.200 348.651 46199.200 729346.923 1 1.091

LOC=SOUR DÀY=27JUN83 GS=JOIN

ÀNP

ÀNP

536.600

5962 .667

79.989 424.000 665.800

889.074 49 1 1 .000 7 349 . 000

32.65s 3219.600 6398.288 1 4.907

362.963 35776.000 790452.875 14.911

311.057 45782.000 s80s75.067 9.986

444.830 52446.000 1187244.400 12.465

48.617 3595.800 14181.s48 19.871

------------
155.017 241 16.800 144181.531 9.441

216.254 394 1 0.000 280594.267 8.065

413.222 s4616.000 1024516.267 11.120

LOC=SOUR DÀY=25JUL83 GS=HEÀD

LOC=SOUR DAY=09ÀUG83 GS=SOFT

ANp 6 7630.333 761.955 6172.000 8246.000

LoC=SOUR DÀY=02S8P83 GS=MATU

ÀNp 6 8741.000 1089.607 7086.000 9838.000

LOC=SWRI DAY=07JUL83 GS=JoIN

ÀNp 6 599.300 119.086 398.200 714.000

LOC=S}lRI DAY=26JUt83 GS=HEAD

ÀNp 6 4019 ,467 379 ,7 12 37 1 6.800 4740 .000

LOC=SWRI DÀY=104UG83 GS=SOFT

ÀNp 6 6568.333 529.711 5732.000 7206.000

LOC=SWRI DÀY=1 1SEP83 GS=MÀTU

ANp 6 9102.667 1012.184 7646.000 10024.000

LOC=TEUL DAY=29JUN83 GS=JOIN

I
¡.J\o
o\

I

ÀNP 1 920.700 19't .961 1 696.400 2279.600 80.817 11524.200 39,l88.380 1 0. 307



VÀRI ÀBLE N MEÀN STÀNDARD
DEVI ÀTI ON

ANP 6 5498 .733 542.945

ÀNP 6 9850.333 467 .647

ANP 6 11057.000 594.940

ANP 6 1573.033 162,258

ANP 6 5516.433 720.768

ÀNP 6 9507.333 1754.858

ANP 6 9152.667 1395.337

ANP 6 1766.367 519.379

ÀNP 6 6337..1 33 457 .210

ÀNP 6 11088.833 463.273

PÀGE 7

UINTHUM MÀXIMUH STD ERROR SUM VÀRIÀNCE C.V.
VÀLUE VÀLUE OF MEAN

LOC=TEUL DÀY=12JUL83 GS=HEAD

4808.400 5231.600 221.656 32992.400 294788.907 9.874

LoC=TEUI DÀY=02ÀUG83 GS=SoFT

9146.000 10512.000 190.916 59102.000 218693.46'7 4.748

LOC=TEUL DAY=1 5SEP83 GS=HATU

10422.000 11814.000 242.883 66342.000 3s3953.200 5.381

LOC=9{ASK DÀY=27JUN83 GS=JOIN

1425.000 1884.000 66.241 9438.200 26327,607 10.31s

LOC=WÀSK DAY=1 3JUL83 GS=HEAD

4700.000 6793.200 294.252 33098.600 519506.471 13.066

LOC=I.IÀSK DÀY=03ÀUG83 GS=SOFT

6482.000 11625.000 7.1 6.418 s7044.000 3079527.467 18.458

LOC=WÀSK DÀY=174UG83 GS=MATU

7106.000 11112.000

LOC=WINN DÀY=23JUN83 GS=JOIN

1 078.200 2636.000

LOC=WINN DÀY=O8JUL83 GS=HEÀD

58.1 6.200 7072.600

LOC=wINN DÀY=27JUt83 GS=SOFT

10252.000 11488.000

LoC=HINN DÀY=1 1AUGB3 GS=MÀTU

9840.000 1 2398.000

569 .644 s49 1 6 .000 1 946965 . 867 15 .245

212.036 10s98.200 269754.679 29.404

186.6s5 38022.800 209040.923 1.215

1 89. 1 30 66533 .000 214621 .767 4. 1 78

383.201 68062.000 881058.267 8.275

I

f.J

{
¡

6ÀNP 1 1 343.667 938.647



VÀRI ABLE

ÀNP

Àr.tP

ÀNP

ÀNP

N MEÀN

8668.667

STÀNDÀRD
DEVI ÀTI ON

281 .87 L

s90.396

s1 1.0s0

1 034.61 5

HINIMUM
VÀLUE

MAXIMUM STD ERROR
VÀLUE OF MEAN

STJH VÀRI ÀNCE

1 1 5.075 7290.000 19453.120

241.028 34728.000 348s67.232

208 . 6 3 5 49 s78 . 000 261 17 2.400

422.380 52012.000 1070428.267

PÀGE 8

c.v

23.200

1 0. 200

6. 185

1 r .935

6 1 2 1 5.000

6 5788.000

6 8263.000

LOC=WOOD DÀY=24JUN83 GS=JOIN

885.400 1629.200

LOC=WOOD DÀY=.1 5JUL83 GS=HEAD

5072.800 6484.000

LOC=I,j00D DAY=04AUG83 GS=SOFr

7862.000 91 32.000

LOC=WOOD DÀY=16ÀUG83 GS=HATU

7184.000 10016.0006

I

t\J
\o
co
I
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APPendix J

Example of Simulation Outputs for Bagot '

Mariapolis and l^linniPeg SÍtes

Simulation Sc. I and Sc. II in 1982



1 st.rÙ/yrÀR oF' SrMULÀTroN BÀGOT / 19A2

SPECIÀL DRIVING PÀRÀMTTER VÀLUES
osDPv 2 2 1a31952 1200.2AO 20 0 1 2012632101800399992

PÀR.AMTTERS MEÀSURED, BOUNDARY

2111

SIMULÀTION SCENARIO _I (SOIL PHYSICÀL

GENTRÀL INFORMÀTION

CROP DI STRICT: 1

SOIL PHYSICÀL PÀRÀMTTERS

FIELD CÀPÀCI:cy (mc/mc) z

wI LTI Nc POI N:r (mc /mc ) :

BULK DENSITY ( W!/mc) z

ÀvAILÀBEL WÀTER (mc/mc) z

LOWER BOUNDÀRY CONDITIONS

WÀTER TABLE : 99

PHYSICAL BOUNDARY : O

DRÀINÀGE CLÀSS : 3

MÀNÀGEMENT DÀTÀ

SEEDING DATE (JULIÀN DÀY):

NITROGE:N FTRTILIZTR APPLITD (Kg/hA) :

ÀND INITIÀL CONDITIONS KNOWN)

0.20 0.21 o-23 0.23 0.34 0-34 0.39 0.39 0

o-06 0.oa o-11 0.11 o-1r o.1t o.14 0.14 0

1.10 1 -25 1 - 35 1 -35 1 -44 1.44 1.51 1.5t O

o.14 0.13 0.12 o-12 0.2g O.23 0-25 0-25 0

o o.o
o o-o
0 0.o
o o.0

39 0.39 0.O O.O

a.a a.a a.4 a.4

LTGEND:
WÀTER TÀBLE
PHYSICAL BOUNDÀRY
DRINÀGT CLÀSS

PRESENT= 1

PRESENT=
T.IE L L

1,
3,

ÀBSENT
ÀBSENT
I MPERFECT=

qq

o
2,

UNKNOWN=98

POORLY = I

INITIÀL CONDITIONS

NO3-N CONCTNTRÀTION (ppm). 20.7 1O.8 1O.3 tO.3 12-O

SOIL TEMPERÀTURE ÀT O.20 M.(DEGREE CELSIUS): 9.32

o-3t o

12 -O

142 -

32.

I

O
O

I



PETB cPEv 
^cET 

w- LÀ-'l LÂ-2 LÀ-3 LA-4 LÀ-s N- LÀ-l LA-2 LÀ-3 LÀ-4 LA-s LMwF LMNF LMTF TLFT cuMÀN¡'

DÀI LY OUTPUTS

JDÀY DPI]O DÀYP CUMP

.54

.33
-o

200.

r 4a.
t49-
r 50 -
151.
152 -
153.
154.
155.
r 56.
157 .
r5a-
r59-
160.

.23

.23

.23

.23

.23

.23
-23
-23
.23
.23
-23
.23
.23
.23
-23
-22
.22
-22
-22
-22
-22
.22
.22
.22
.22
-21
.21
-21
-20
.20

.43

.33

. t8

.06

.o2

.o2

.o1

.92

-o
.o
.o
.o
.o
.o
.98
.oo
. oo
.oo
.99
-95
.91
.8A
- 90
.94
.96

.31

.43

.33

.18
-o6
.o2
-o2
-o1
.92
.94
.47

200.
200.
200.
200.
200 -
249 .
267 -
294.
322 .
335.
3 39.
342 -

6r.
62-
63.
64-
65.
66.
6'7 .
64.
69-

-37
.43
-49
.56
.62
.67
.70
-7 3
.7A

.88

.93

.94

. o2

. 05

.10

.13

.1A

.22

66
71
75
ao
a4
a9
93
9A
o3
o2
o7

-54
.54
.54
.58
.5A
-5A
.54
.5a
.54
.54
.58
-58

.58

.44

.41
7a

-34
.34
- 36
.47
.58
.49
-23
.30
.41
.44
.61
.38
-'7 1

.54
- 44
.48
-49
.29
-43
-43
-46
-43
- 35
-62
- 38
.67
.54
- 55
-36
.52
.63
.66
.47
.65
.64
.50
.45
-49
.45
.56
.64
.59
.48
.49
.67
-46
- 38
.49
.52

.74

.o3
- t8
-41
.53
.59

-37
.36
-43
.44
.39
.46
.43
-52
.43
.51
- 46
.47
.49
.53
- 35
.39
.39
.39

.o6

.o9
-11
. 09
-09
- oa
- o'l
. o5
. o6
.06
- o6
.06
- o6

.10
- o9
- o9
. oa
. o9
. o9
. oa
.0a
.0a
. o9
.09
.o9
.09
.o9
-o9
.09
.o9
-o9
.o9
- o9
.09
-oa

.28
-27
.26
.25
.25
-24
.23
.23
.22
.21
-21

.3A

.38

.34

.38

.38

.38

.34
-37
.37
-37
.37
.37
.37
.37
.37
.37
.37
.37
.37
.37
.37
.37
-37
.37
.37
.36
.36
.36
.36
.36
.36
-36
-36
-36
- 35
- 35
- 35
- 35
.35
-34
-34
-34
.34
.34
.33

.63

.62
-62
.62
-62
.63
-62
-62
-62
.63
.64
.65
.65
.66
.65
.64
.64
.65
-67
.69
.71
-72
.73
.75
-76
-78
-79
.81
-42

.64

.65

.65

.66

.55
-64
-64
.65
-67
.69
.71
.72
.73
.74
.74
-74
.14
.74
-74

26
35
23
31
2?
la
2A
27
20
20
't I
33

32
32
32
32
32
32
32
32
32
32
32

.42
-76
.67
-56
-?2
.67
.63
.59
.54
-77

o
o
o
0
0
o
17

o
o
o
o
o
o
17
31

o
o
0
0
o
o
54
53

21
21
22
22

o
o
0
o
o
o
o
1

1

1

o
0
o
o
o
o
o
o
o
o
o
o
o
0
o
0
0
o
o
o
o
o
o
o
o
o
1

1

o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
0
o
o
o
o

o
o
o
o
o
n
o
o
o
o
o
1

1

1

I
1

0
o
o
o
o
0
o
o
0
o
o
o
o
o
o
o
o
o
o
o
0
0
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o

a.g o
a.a o
8.8 0
8.8 0
a.a o
4.8 0
4.8 0
8.8 0
8.7 0
4.7 0
9.7 0
4.7 0
4.6 0
a-6 0
4.6 0
8-6 0
a-6 0
a-5 0
4.5 0
4.5 0
a-5 0
8.5 0
4.5 0
4.4 0
8.4 0
4.4 0
4.4 0
8.4 0
4.4 0
a-4 0
4.3 0
4.3 0
4.3 0
a-3 0
4.3 0
8.3 0
8-3 0
4.3 0
8.3 0
8.2 0
4.2 0
a -2 0
4.2 0
4.2 0
8-2 0
4.1 0
4.1 0
a.1 0a.o o
8-O 0
7-9 0
7.9 0
7-8 0
7-8 0
7.7 0
7 -7 0
7 -7 0
7.6 0
7 -6 0

2-O
2 -O
2-O
2.O
2.O
2-O
2 -O
2.O
2.1
2-1
2.1
2.1
2.2
2-2
2-2
2-2
2.2
2-2
2-2
2-3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2 -2
2-2
2.2
2.1
2.1
2.O
2.O
1-9
1.9
1-A
1.8
1-7
1-5
l -2o.9
o-5
9.9
9.6
9 -24.9
4.5
a-2
a.o
7 .'t
7-5
7 -4
7 -2
7 -1
7 -O6-9

o-3
o.3
o.3
0.3
0.3
o.3
o.3
o.3
0.3
o.2
o.2
o-2
o-2
o.2
o.2
o.2
o.1
o.1
0.'r
o.1
o.l
0.1
o.1
0- l
o.1
o.o
qa

9-8
9 -7
9 -'7
9.4
9- 1

a.a
4.6
8.3
7.7
7.1
6.4
5.O
5.4
4.8
4.3
4-3
4.4
4-4
4-4
4.4
4-4
4 -4
4.5
4-5
4-5
4-5
4.5
4.5
4.9
4-9
4.9
4-9

o.8
o.9
o.9
t.o
1-O
't .1'l-1
1.2
1-2
1-2
1.3
1-3
1-3
1.3
1.3
1-4
2-O
1.7
1.3
o-8
o.1
9.6
9.O
8.5
a-2
7.1
6.2
5.6
5.O
4.9
5.O
5.O
5. I
5.2
5.2

5-3
5.4
5-4
5-5
5.5
5-6
5.6
5.7
5.?
5.A
5.9
6-O
6. t
6.3
6.5
5.8
7.1
6.6
6-1
7-O
6.7
6-5
6-3

75
73
71
71
77
75
74
83
a2
81
79
a1
ao
78
ao
79
77
83
a3
a2
at

23
21
20
19
17
1?
17
17
17
l7
17
16
15.l 5
13
12
12
12
13
13
14
14
13
'12
't2
1l
lo
tl
12
l2
12
13
l3
14
13
12
to
11
to
10
10

9
9
9
7
?
6
3
3
3
3

1

6
o
5
9
4
I
3
6
9
5
o
9
7
9
a
4
3
o
6
5
0
a
7
o
a
4
9
4
1

5
9
3
7
9
5
o
5
9
4
9
4
2
I
6
I
a
5
3
?
5
2
3
o
6
7
6
5
4

39
39
39
39
39
39
39
39
39
39
38
38
38
3A

31
31
31
3t
31
31
31
31
31
3l
3l
32
32
32
32
32
32
32
32
32
32
32

o
o
o
0
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
o
0
0
o
0
o
o
0
o
o
o
o
o
0
o
o
0
o
o
o
o
o
n
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o

o
o
o
o
o
o
o
o
o
o
o
0
0
o
o
o
o
0
o
o
o
o
o
0
n
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
0
o
0
o
o
0
0
o
o
o
o
o
o

23
23

o
o
o
o
0
0
0
o
o
o
o
o
o
o
o
0
0
o
0
0
o
o
o
o
o
o
o
0
o
o
0
o
o
o
o
o
0
o
0
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

0
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
0
o
0
0
o
o
0
o
o
o
o
o
o
o
o
o
0
0
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o

16
15
14
13
11
10
10
o9
09
0a
o7
06
o6
o6
o6
18
20
1A
t6
13
f1
o9
o8
o7
06
o6
o6

-o6
- o8
- o'7
. o6
-o6
.18
.17
.16
.15
-20
.19
.18
.20
. t9
. t8
.20
.19
.1A
.'l I

o
o
o
o
0
o
o
o
0
o
o
o
o
0
o
0
o
0
0
0
o
o
o
o
o
o
o
o
o
o
o
o
ñ
o
o
o
0
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o

o
o
o
0
o
o
o
o7
12
tt
to
o8
o3
o2
o3
o5
17
24

32
28
29
31
40
41
41
31
44
3a
3A

o
o
o
o
o
o
o
o
o
o
0
n
o
0
o
o
o
o
0
o
o
o
o
o
n
o
o
o
o
o
o
o
o
n
o
o
o
o
o
o
o
o
o
0
0
o
o
o
o
n

o
o
o
o
o
o
o
o

. oo
- 18
.38
-59
.78
.94
. 04
. o9
-14
.17
-23
-2?
- 30
-3t
-31
.31
.43
-60

-62
-63
.63
- 63
.63
.66
-'t 1

.74

.79

.81

. a3

.83

.43

.43

.84

.84
-44
-44
. a5
. a5
.85
. a6
.86
. a5
.85
.86
.46
. a6
.86
.46
. a6
.46
.86
-46
.46

0
o
n
o
o
o
1

I
1

I
I
I
1

1

I
1

I
1

I
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

47
53
60
63
57

42
43
44
45
46
47

0
o
o
o
o
0
o
o
o
o
0
0
0
o
o
0
0
o
o
o
o
o
o
o
o
o
o
0
o
o
0
o
o
o
o
o
0
o
o
o
o
o
o
o
o
0
0
o
o
o
o
o
o
o
0
0
o
o
o

-o
.o
- 0a
.0a
- oa
- oa
- o8
- 1'7
-17
.17
.17
- 17
-17
.17
.17
. 04
-63
-63
.63
- 63
-63
.71
.71
.71
.71
-71
-'7 'l

-25

9l
91
99
99
86
a6
86
a6
87
87
87
o7
o7
o?
64
64
64
64

0
o
o
n
n
o
o
o
0
n
o
o
o
o
o
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
5
5
5
5
6
6
6
I
I
I

1t
11
11
11

.o

.o

. o8
-o
.o
.o
-o
. o9

ñ
.o
.o
-o
-o
-o
.o
.47
.59
.o
.o
-o
.o
. oa
.0
.o
.o
-o
.o
.o

.o
-o
.o
.o
.o
.o
.o
.o
.0
-o
.33
.o
. 08
.o
.87
-o
.o
.o
-o1
.o
.o
-20
-o
.o
-57
.o
-o
-o

0
o
o
o
o
o
o
o
o
o
o
o
o
0
o
'I

0
o
0
o
o
o
o
o
n
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
0
1

o
o
o
1

o
o
,|

o
o
3
0
o
o

'I 3

39
50
67
a4
o2
o5
08
1l
t4
18
22
27
33
39
43
45
49
53
5A
6l

0
o
o
o
o
o
I
I
1
.l

1

I
'|

1

I
1

1

1

1

1

1

1

'|
,l

t
1

1

1

1

1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3

22
23
23
24

- 63
.45
-97
.oo

345.
346.
516.
639.
724-
8r9.
9-70 -
117.
1 99.
317.
444.
567 -
7 46.
462 -

4-
o.
B.
2.
a.
6.
4.
3.
6.
1.
3.
6.
0.
6.
9.
t.
o-
6.
9.

a6
82
76
67
56
72
67
63
59
54
63
63
63
62
62
62
62
63
62
62
62
53

95
93
91
91
91
92

oo
oo
oo
oo
94
a7
86
87
8l
79
ao
78
74
71
66
64
63
63

94
91
a8

't4
71
67

974
'I 4t

.94

.95

.96

.97

.96

.95

.94
-93
- 93
.94
.96
.97
.99
. oo
. oo
-99
.99
-99
-99
.96
.90
.ao
.74
.74
-7 4
.74

70-
71.'72-
73-
74-
75-
76.

7A -
79-
80 -
81.
a2-
43.
84.
85-
46.
fl7.
88.
49.
90.
9l -
92.
93 -

-77
.74
-71
.68

227 9
245'Ì
2597
2779
29,24
304 r
3237
3396
3556
3638
37 63

32
32
3Z
31
31
3l
31
31
30
29

ll
15
l9
23
27
30
33

.o9

.o9

.08

.09

.12

.12

.1.1

9
9
a
7
5
4
3
2
1

1

1

1

1

1

1

1

I
1

1

1

t
1

1

3
2
2
2

393
420
45t
444
5.t 1

534
548
56'2

6fj2
702
722
743
763
742
ao r

5ar
606
636
661

.7
-7
-7
.7
-7
-7
-7
-7
-7
.?

.l
O

20

194 -
195.
196.
197 -
194 .
r 99.
200.

-21
.20

.20
-20
.20
.19

.19
- la



.7 4

.7 4

.74

.74

.'t 4

.74

8255.
8¡¡lO.
8577.
8799.
9058.
9225.
912A.
9585.

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

o
o
0
0
0
o
o
o
o
0
o
o
0
o
o
o
o
o
o
o
o
o
0
o
o
0
0
o
o
o
o
0
o
o
o
o
o
0
o
o
0
o
o
o
o

74
74
74
74
?4't4
74
74
74
?3
72
7l
70
?o
69
68
66
65
64
65
64

74
74
74
74
74
74
74
'Ì4
74
74
74

.74

.74

.74

.74

.74

.74

.74

.74

.74

.74

.7 4

.?4

.', 4

.?4

.74

.74

.?4

.74

.74

-74
.74
.74

14
74

0.82 0
o.82 0o.a2 0
o.83 0
o.83 0o.83 0
o.84 0
o.84 0
o.84 0
o. a4 0o.85 0o.a5 0
o.84 0
0.85 0o.85 0
0.8s o
0.85 0
o .85 0
o.86 0
o.86 0
o.86 0
0.86 0
o.87 0
0.88 0
o.88 0
0.88 0
o.89 0
0.49 0
o.90 0
0.90 0
o.90 0
o.90 0
o.90 0o.90 0
0-90 0
o.90 0
o.90 0
o.90 0
o.90 0o.90 0
o-90 0
o.90 0o.90 0
o.90 0o.90 0

7.5 0
7.5 0
7.5 0
7.4 0
7.4 0
7.3 0
7.3 0
7.3 0
7.2 0
7-2 0
7.2 0
7.t o
7-l o
7- t 0
7.O O
7.O O
7.O O
6.9 0
6-9 0
6.9 0
6.9 0
6.8 0
6.8 0
6,8 0
6.8 0
6.7 0
6.7 0
6.7 0
6.7 0
6.7 0
6.6 0
6.6 0
6.6 0
6.6 0
6.5 0
6-6 0
6.5 0
6.5 06.s o
6.5 0
6.5 0
6.5 0
6.4 0
6.4 0
6.4 0

.3 6.0 4.8 6.8

.2 5.S 4.A 6.7

.2 5.6 4.7 6-6

.1 5.4 4.7 6.5

.0 5.r 4.7 6.5

.9 4.9 4.6 6.4

.a 4.7 4.6 6.3

.3 4.9 4.5 6.2

.8 4.6 4.7 6.t

.8 4.4 4.7 6.r

.8 4.3 4.7 6.O

.7 4.2 4.7 5.9

.7 4.1 4.6 5.9
-7 4.0 4.6 5.8
.7 3.9 4-6 5.8
.7 3.9 4-6 5.7
.8 3.8 4.5 s.'l
.a 3.7 4.5 5.6
-a 3.7 4.5 5.6
.8 3.5 4.5 5.s
.8 3.5 4.5 5.5
.a 3.5 4.4 5.5
.€ 3.4 4.4 5.4
.8 3.4 4.4 5.4
.8 3.3 4.4 5.4
.8 3.3 4.4 5.3
.8 3.2 4.4 s.3
.8 3-2 4-3 5.3
.a 3.2 4.3 5.3
.8 3.t 4-3 s.3
.8 3-'l 4.3 5.3
.8 3-1 4.3 5.2
.9 3.r 4-2 s.2
.9 3.r 4-? 5.2
.9 3.I 4-2 5.2
.9 3. r 4.2 5.2
.9 3.r 4.1 5.2
.9 3.1 4.r 5.2
.9 3.1 4.1 5.2
.9 3.r 4.r 5.2
.9 3.O 4.0 5.2
.9 3.0 4.0 5.2
.9 3.O 4.O 5-2
.9 3.0 4-0 5.2
.o 3.1 3.9 5.2

so
79
7A
?7
76
75

80
79
7A
77
76
75
74
73
72
71

.5
-6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6

29
29
29
29
29
29
29
29

94
97
ot
o6
'I O
14
23
3t
42
52
60
67

94
14
4t
57
67

81
a5

.57

.57
-57
-57
.57
.72

a
I
I
a
a
I
B

U

49
54
58
63
67
71
76
79
83
a8

33
33
33
33
33
32
32
32
32
32
32
3l
3t
31
3l
3l
3r
3l
31
30
30
30
30

90
90
90
90
80
80
80
80
80
?o
70
70
'1 0
70
70
70
70
70
60
60
60
60
60
60
60
60
60
60
60
50
60
60
60
60
60
60
60
60
60
60
60
60
60
60
50

2''
23
23
23
23
23
23
2l
t9
r9
r9
l6
t6
t5
'| 5
16
to
12
tl
t2
lt
o9
o9
o8

20
20
20
20
20
20
10
10
30
30
3030
30
20
20
20
20
20
20
20
20
20
20
20
20
20
20
tororo1010tototot0to10
10
10
10
10
10
lo
10

o.17 0.17 0.o.t6 0.17 0.o. ta o. t6 0.o.t7 0.15 0-o.16 0.14 0.o.15 0.14 0-o-19 0..t3 0.o.20 0.17 0.o.20 0.21 o.o.19 0.20 0.o-18 0.19 0.o. r7 0. r9 0.
o. r6 0. t8 0.
0.t5 0.17 0.o.r5 0.r7 0.
o.l4 0-16 0.o.t3 0.16 0.o.l2 0.15 0.
o.l2 0.r5 0.o.r3 0_14 0.0.12 0.14 0.o.ll o.14 0-o.10 0.r3 0.0.09 0.13 0.o-0a o.13 0.0.1r o.12 0.o.to o.12 0.o.08 0.12 0.o.o7 0.tt o.o.06 0.t1 0.o.09 0.r1 0.o-o8 0.11 0.o.09 0.10 0.o.t8 0.to o.o.r6 0.to o.o.t5 0.r0 0.o.l5 0.10 0.
0.r3 0.10 0.o.t2 0.10 0.o.10 0.10 0.
o.o9 0.09 0.0-o8 0.09 0.o.07 0.o9 0.
o.o8 0.09 0.o.o7 0.o9 0.

.09

.11

39

.39

.39

.39

.39

.39

.35

.35

.35

.35

.35

0

0
o
o
0
o
0
o
o
o
0
0
o
o
o
o
o
0
0
o
0
0
o
0
o
0
o
o
o
o
0
o
o
o
o
0
o
o
n
o
o
0
o

.26

.30

.34

.39

.44

86
86
86
87
a7
89
91
92

.50

.44

.47

.54

.49

.56

.62

.3A

.49

.47

.45

.59
-32
.27
- 63
.52.92

.96

.ol

.31

.37
- 47

.67

.86

.96

. o8

.75

.90

. 04

.lt

.22

.33

.43
-61
.76
. a5
.aa
.97
.o7
. t8
.46
.64
.75

2
2
2
2
2
2
2
2
2
2
3
3
3
3

3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5

5
5
5
5
6
6
6
6
6
6
6

.56

.53

.42

.31
-29
.46
.52
.24
.54
-62
.43
.51
.5A
.53
.51
.54
-37
.41
.41
.26
- 17
-27

o
o
o
o
o
o
o
o
o
0
o
o
o
0
o
o
n
o
o
o
n
o
o
o
o
0
o
o
0
o
o
o
o
o
o
o
o
0
o

o
o
o
0
o

1 .64
I .64
2 -O1
2-O1
2.0r
2.Ot
2-63
3 -75
5. 04
5.04
5. O4
5. O4
5 - O4
5.04
5. O4
5 - O4
5. O4
5.r3
5. 25
5-59
5.59
5. 59
5.59
5.59
5.59
6. r5
5. r5
6. r5
5. 15
6. r5
6-62
6 .62
6.93
4.41
8.4r
a.4r
4.57

o.o
o.0
o.37
o.o
o.0
o-o
o .62
1.12
1-29
o.o
o.o
o.o
0.o
0.0
o.o
o.o
o.o
o. o9
o-12
o. 34
o.0
o.o
o.0
o.o
o-0
o.55
o.o
0.o
o.o
o.0
o-47
o.o
o.31
t .48
o-o
o.o
o. t6
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o.o
o.o
o.0
o.o
o-o
0. r5
o-o

3
3
3
3
3
3

3
3

3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4

201 .
202 .
203.
204.
205.
206.
207 .
20a.
209 -2r0.
211-
212 .
213.
214.
2r5.
216 .
217.
2ra.
219.
220 -
221 .
222.
223.
224 -
225 _

226 -
227.
22a -
229 -
230 -23t-
232.
233.
234 -

236.
237.
2 38 .
239.
240.
241 -
242.
243.
244 .
245.

.75

.78
9771.
9921.
oo9?.
o266.
o36¡¡.
0t59.
06t t.

2l¿t.
a 15.
523.
572.
663.

0725.
o860.
0961.

ao8.
907 .

120 r 3.
r 2098.

I ¡¡9.

.30

.30

.30

.30

.30

.30
-29
.29

.70

.70

.69

.64

.66

.65

.64

.65

.64
-62

-74
.74
.74
.74
.74
.74
.74
.74
.?a
- 78

97.
7
7
7
7
7
?
7
7
?
7

1A - 57

97.
97.
97.
97.

.30

.41

.34

.32

.46
-29
.36

o5
0a
o9
o9
to
to
to

.29

.29

.29

.29
-28
-2A

9?.
97.

SUMMÀRYO TPUTS

SEEDI NG EMERGENCE
142. 148.

JOI NTI NG T{EADI NG
172. 195-

SOFT-DOUGH
2ta-

MÀTURI TY
230.

PRIDICTED GROWTH S.cÀGES (JULIÀN DÀY)

PRECIPTTÀTION DURING THT GROWING STASON:

PRF]CIPITÀTION FROM SEEDING TO HÀRVEST :

POTENTI AL TVÀPOTRÀNSPI RÀTION :

ACTUÀL E\'¡APORÀTION .

Y r E L o (kg/ha)

I(,
o
l..J

I

mm

mm

mm

mm

16 r .50
187.20
44a.33
250 .7 3

GRÀIN
3415.

ÀAOVEGROUND NET PRODUCTION
12197 .



1 SÍTE/YEÀR OF SIMULÀTION BÀcor / t9a2

SPECIÀL DRIVING PÀRAMETER VÀLUES
osDPv 2 2 tA3t952 1200-2ao 20 0 1 2 0

SIMULÀTION SCENARIO - II (SOIL PHYSICÀL

GENERÀL INFORMÀTION

CROP DI S.TRI CT: 1

SOIt PHYSICÀL PÀRÀ}{E1'ERS

FIELD CÀPÀCIT]¿ (mc/mc) : O.2A O.29 O-

wrLTINc pOINT (mc/mc) z O.O7 O.06 O.

BULK DENSr'ry ( Mg/mc) : t.tO t.1A 1.

ÀvÀILÀBEL }tÀTtR (mc/nc): O.21 O.23 O-

LOI{IR BOUNDÀRY CONDITIONS

WÀTE,R TÀBLE : 99

12632

PÀRÀMETIRS

7la o o 39999 2 2 1

CÀLCULÀTED, BOUNDÀRY

1t

ÀND INITIÀL CONDITIONS ÀPPROXIMÀA'ID)

22

o4

64

18

o - 23

o-o5
1 .66
o-'l 9

o.o
o.o
o-o
o.o

o.20
o. o3

1 .67
o-'t7

o-20
o.o2
1 .69
o-17

o.18
o-o1
1.70

o-1'7

o - 34

0. t2
1 .55
o .22

o

0

o

o

o

o

o

o

PHYSICÀL BOUNDÀRY:

DRÀINÀGE CLÀSS :

LEGEND:
WÀTER ÎÀBLE
PHYSICAL BOUNDARY
DRINÀGE CLÀSS

INITIÀL CONDITIONS

o

3

:
:
:

PRESENT= l 5, ÀBSENT =99, UNKNOT,TN=98
PRESENT= 1, ABSTNT = O
WELL = 3, IMPERFECT= 2¡ pOORLy = t

I O.28 O.29 O.22 O.20 O.ZO O.tA O.Z3 O.34 O o o-o
4.8 4.4 a.4NO3-N CONCENTRÀ'I'ION (ppm) 2 20- ? 1O.A 1O-3 .tO-3 '1 2.O 12-O A.a

SOIL TEMPERATURT AT O.20 M. (DEGREE CELSIUS): 9.32

MÀNÀGEMENT DÀTÀ

SEIDING DÀTE (JULIÀN DAY):

NITROGTN FERTILIzTR ÀppLrEO (kg/ha) :

142 -

32.
I(,

@



DÀILY OUTPUTS

JDÀY DPHD DÀYP CUIrP PETB cPEv ÀCtr w- LÀ-l LÀ-2 LÀ-3 LÀ-4 LÀ-5 N- LÀ-l LÀ-2 LÀ-3 LÀ-4 LÀ-5 LMWF LMNF LMTF TLFT cuMÀNf'

229 - 4 -96
230 - s. oa

0.0
o-o

15 0-58
15 0. s3

o6
6

6.
6.

13 0
28 0

0.11 o-11 0.03
o.09 0-11 0.03

218

4-5
4.5

3-2
3.2

2.9
2-9

0.08 0.21
o - oB o - 2 t

6.?
6 -7

o-60 0-9? o-74 0-60 12357.
o - 60 0 -97 0.74 0 - 60 12357 -

PREDIC1TED GROI"¿'TH STÀGES (.]ULIAN DÀY)

SUMMÀRY OUTPUTS

YrELD(kg/ha)

PRECIPITATION DURING THE GROV¡ING SEASON:

PRECIPITÀTION FROM SEEDING TO HÀRVEST :

POTENTIÀL IVÀPOTRÀNSPIRATION :

ÀCTUÀL TRÀNSPIRÀTION :

l6l.50 mm

'l 87.2O mm

488.33 mm

260.04 mm

SEEDING EMERGENCE JOINTING
I 42 - 1 4a. 172.

HEÀDI NG
1 95.

SOFT-DOUGH MÀTURI TY
230.

ÀBOVEGROUND NET PRODUCTION
12357 -

GRÀIN
3460 -

I

tto
I



1 SITE/yEÀR oF sIMULÀTIoN MÀRTAPOLTS / 19A2

SPECIÀL DRIVING PARÀMETER VÀLUES
osDPv 2 2 1A31952 t200-4lO 20 0 1 2012822101AOO399992

PÀRÀMETERS MEÀSURED, BOUNDÀRY

2111

SIMULATION SCENÀRIO _I (SOIL PHYSICAL ÀND INITIÀL CONDITIONS KNOWN)

GENERÀL INFORMÀTION

CROP DISTRICT: 1

SOIL PHYSICÀL PÀRÀMETERS

FIELD CÀPACITy (mc/mc) :

wILl¡ING POINT (mc/mc) z

BULK DENSITU ( ug/mcl :

ÀvÀILABEL WÀTER \mc/mc) :

LO\.IER BOUNDÀRY CONDITIONS

WÀTER TÀBLE 2 99

PHYSICÀL BOUNDÀRY : O

DRÀINÀGT CLASS : 3

MÀNAGEMENT DÀTÀ

SE,EDI NG DÀTE ( JULI ÀN DÀY ) :

NITROGEN FTRTILIZER ÀPPLIED (Kq/hA) :

o.34 0.39 0.36 0-36 0.35 0.35 0-34 0-34 0.
o-14 0-16 0.1'7 0.1'7 0.17 0-t? o.14 0.14 0.
o.9l '1.15 1.1'7 1.17 1.1'1 1.17 1.12 1-12 O.

o-20 0-23 0- t9 0.19 0-18 0-1a o.20 0.20 0-

o o.o
o o-o
0 0.o
o o.o

: PRESENT-_'I 5.
: PRESTNT= |,
: WELL = 3-

INITIÀL CONÐITTONS

9¡ATER coNTtNT lmc/mc) : o-2a o-34 o.34 o-34 o.3s o.35 o.34 o-34 o-o o.o
No3-N coNcENTRÀTtoN (ppm): 30.s 21-2 13.6 13.6 23.o 23-o 29-o 29.o za.4 za.4
SOIL TEMPERATURE ÀT O.20 M.(DEGREE CTLSIUS): 9.15

LEGEND:
WÀTER TÀBLT
PHYSICÀL BOUNDÀRY
DRINAGE: CLASS

ABSENT
ÀBSENT
I MPERFECT=

99,
0
2,

UNKNOWN=98

POORLY = I

141

32

I
UJ
O(¡
I



CUTqÀNPCUMP PETB CPEV ÀCET W- LÀ-I LÀ-2 LÀ-3 LÀ_4 LÀ-5 N- LÀ-2 LÀ-3 LÀ_4 LÀ_5 LMWF LMNF LMTF

DÀILY OUTPUTS

JDÀY DPHD DÀYP TLFT

o-o
o.o
o.o
o.o
o.o
o-o
o.o
o.17
o .32
o.41
o.46
0.56
o - 65
0. s8
o .47
o-40
o -72
o - 64
o-62
0.63
o. 65
o.64
o - 64
o. 6s
o.63
o -62
o.61
0.58
0.58
o - 57
o.58
o.59
0.s9
0.61
o.60
o - 62
o.64
o.63
o.64
o.63
o.65
o-67
o -67o.66
o - 66
o.65
o.65
0. 65
0 .65
o -67o.69
o.70
o -72
o -72
o.?1
0.69
o - 69
o .67
o-66

29.0 0.o 0.o
29-O O.O O.O
29.O O.O O.0
29-O O-O O.O
29.O O-O O.O
29.0 0.o 0.0
29.O O.O O-O
29.O O-69 0.17
29.O O-aO O.32
28.9 0.78 0.4.1
28.9 0.80 0.46
28.9 0.75 0.56
2A-9 0.64 O-65
28.9 0.54 0.69
2a.9 0-47 0-74
2a-a o-40 0.74
28 .8 O .'76 0 .72
28.8 0-79 0.64
2A.A O.A3 0-62
2A-7 0.85 0.63
2A.7 0.81 0-65
2A .7 0. 7B O.64
2A.7 0.74 0-64
28.6 0.64 O.65
24.6 0.7? O.63
2A-6 0-74 0.62
28.6 0-73 0.6t
28.5 0-72 0-54
2a.5 0.69 0.5A
24.5 0.80 0.s7
28.5 0-78 0-58
24.4 0.76 0.59
2A-4 0.75 0.59
2A.4 0-73 0.61
24.3 0-78 0.60
2A.3 0-76 0-62
24.3 0-74 0-64
24.2 0 -72 0.63
2A -2 0 -73 0 -64
2A -2 0 -77 0 -63
2A-1 0-75 0.65
2A-1 0-73 0.67
2A-1 0.75 0-67
2A.O O.79 0-66
28.O 0.77 0.66
27 -8 0 -?7 0 -65
27 -7 0 -75 0.65
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o.o
o-o
o.o
o.o
o.o
o.o
o-o
o.o
o-o
0.o
o.o
o-o

't6
20
24
2A
33
37
4t
45
49

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
5

200.
201 .
202.

8034.
a2 r 3 -
a3a2 -

30
30
30
30
29
29
29
29
28

24
23
23
23
22
22

-21
-21
-21
.21
.21
.20
.20

74
74
74
74
74
74
74

.49
-49
. a6
-41
.'t 4
-74
.'Ì 4
.74
.7 4
.74
-74
.7 4
-'1 4
.'1 4

23
22
22

9
I
a
7
7
7
't
7
'7

7
7
7
7
7
7
7
'7

7
7
7
7
7
't
'7

7
7
7
7
'7

7
7
7
7
7
7
7
7
'7

206 -
207 .
20fJ -
209 -
210-
211 .
212 -
213 -
214.
215 -
216 -
217 -
214.
219.
220 .
221 -
222.
223 -

231-
232.
233.
234.
235 -
236.
237 -
23A -
239.
240 -
241-
242 -
243 -
244.
245.

4l
40
39
37

.53
-51
.50

4B
46

.55
-56
.56

2.
6.
9.
a.
3.
o.
1.
3.
3.
3.
3.
3-
3-
3.
3.
3.
3.
3-
3.
3.
3.

77
a8
9A
o5
lo
16
19
2
2
2
2
2
2
2
2
2
2
2
2
2
2

9
9
9
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
0
o
o

.44

.44
-42
.40
-44
.41

24
23
26
25

224
225
?26
22'l
224
229
230

-56
.69
.80
-92
.o7
-2A
-45
-62
.79
.90

. o9
-o7
. 04
.o7
.o7
.09
. o9
. 04
. 04
.08
. 09

.39-23
-22 .37

.35
- 33

3
3
3
3
3
3
3
3
3

3
3
3

oo
oo

111.60 mm

'l 11.60 mm

471.19 mm

24O - 20 mm

PREDICTED GROWTH STÀGES (JULIAN DÀY)

SEEDI NG IMTRGTNCE JOI NTI NG HTÀDING
14r- 148- 172. 196_

PRECIPTTÀTION DURING THE GROWING SEÀSONt

PRICIPÌTATION FROM STIDING TO HÀRVEST T

POTENTIÀL E,VÀPOTRÀNSPIRÀTION ¡

ÀCTUÀL TRÀNSPIRATION

Y r r L D (kq/ha)

ÀBOVTGROUND NET PRODUC"TION GRÀIN
10213. 418?-



1 STTE/YEAR OF SIMULÄTION MARrÀPOLTS / 19A2

SPECIÀL DRIVING PARÀMTTTR \¡ALUESosDpv 2 2 1831952 1200.410 20 0 1 2 0 1 2 A 2 2

SIMULÀTION SCENÀRIO _ II (SOIL PHYSICÀL PÀRÀMETERS

71a O O 39999 2 2 1 1 1

CÀLCULÀTED,BOUNDÀRY ÀND INITIAL CONDITIONS ÀPPROXIMÀTED)

SOIL PHYSICÀL PARÀMITERS

FI ELD CÀPÀCITY (mc,/mc ) :

wILTING POINT (mc/mc) :

BULK DENS I TY ( ¡{g,/mc ) :

Ar/À I LÀBEL WATER \mc,/mc ) :

LOWER BOUNDARY CONDITIONS

WATER TÀBLE : 99

PHYSICÀL BOUNDÀRY : O

DRÀINÀGE CLÀSS : 3

GENTRÀL INFORMÀTION

CROP DISTRICT: I

LEGEND:
WÀTTR TÀBLT
PHYSICÀL BOUNDÀRY
DRINÀGT CLÀSS

o.37
o-15
1 . 03

o -22

0.36
o-15
1 .45
o -21

o - 34

o.14
1-51

o.21

: PRESENT='f 5, ÀBSENT =99 ,
: PRESENT= l, ÀBSENT = O
: WELL = 3, IMPERFECT= 2,

rNITIÀL CONDITIONS

WÀTER CONTTNT (mc,/nc) : O.3A O-37 O.36 O-36

NO3-N CONCENTRÀTION (ppm): 30.5 21.2 'l 3-6 13.6
SOIL TEMPERÀTURE ÀT O.2O M.(DEGREE CELSIUS): 9

o.3a
o.16
1.Or
o .22

0 - 36

o.15
1-49
o.21

o.36
o.15
1-49
o -21

o - 36

o.15
1 .50
o -21

o - 35

o-13

1 .54
o -22

UNKNOWN=98

POORLY = 'l

o-36 0.36 0-34 0-35 0.O 0-O

23.O 23.O 29.O 29.O 24.4 24.4

.15

o.
o.
o.
o-

o o.o
o o-o
o o.o
o o.0

MÀNAGEMENT DATÀ

SEEDING DÀTE (JULIÀN DÀY):

Nr TRoGEN FERTr Lr zER ÀppLr ED ( kg/ha ) :

141 -

32.

I
L¡)o
co



DÀILY OUTPUTS

JDAY DPTiD DÀYP cuMP PtrB cPEv ÀcET w- LÀ-l LÀ-2 LÀ-3 LÀ-4 LÀ-5 N- LÀ-1 LÀ-2 LÀ-3 LA-4 LA-s LMwF LMNF. LMI'F'r'LFT cuuÀN¡'

232
233

4.94 O.O
5-O4 0.70

53 5-4'7 0
35 5.56 0

o7
10

o -22 0o.25 0
10.46
| 1.16

o.
o. 10.5 13.9 5.A 9-O

10.6 13.9 5.8 9-1
15 0.15 0.15 0-26
15 0-15 0.15 0-25 20.9

20 -7
o-74
o.74

1 I O59.
r I o59.

o.41
o.41

r . oo
r . oo

o.41
o-4r

PREDICTED GRoI{:PH STÀGES (JULIÀN DÀY)

SEEDI NG EMTRGENCE
141- 14a-

PRECIPITÀ.rION DURING THE GROWING SEÀSON:

PRECIPITÀTION FROM SEE,DING TO HARVTST :

POTENTI ÀL EV¡\POTRÀNSPI RÀTI ON

ACTUÀL EVÀPORÀTION .

SUMMARYOUTPUTS

Y I E r, o (kglha)

JOI NTI NG
172-

HTÀDI NG
'I 96.

SOF'I_DOUGH
221.

MATURI TY
233 -

1 1 I .60
11.1 .60
4? 1 .19
260 .2A

mm

mm

mm

mm

ÀBOVEGROUND NET PRODUCTION
11059. GRAIN

4534 -

I
(,
O

I



1 S|TE/YEAR OF SIMULÀTIÔN WINNIPEG(U. OF IJI.' / 19A2

SPECIÀL DRIVING PÀRÀMETTR VÀLUTSosDPv 2 2 1A3t9s2 1200.3s1 tó ol

SIMULÀTION SCENÀRIO -I (SOIL PHYSICÀL

2 0 1 2 I I 2101a o o 39999 2

PÀRÀMTTERS MEÀSURED, BOUNDÀRY

2111

ÀND TNITTÀL CONDITIONS KNOWN)

GENERÀL INFORMÀTION

CROP DI STRICT: 1

SOIL PHYSICÀL PARÀMETERS

FIELD CÀpÀCITy (nc/mc) :

ellL?INc porNT (nc/mc) z

BULK DTNSI-rY ( Mg/nc ) :

ÀVArLÀBEL WÀTER (mc/mc) :

LOWIR BOUNDÀRY CONDITIONS

PHYSICÀL BOUNDÀRY : o

DRÀINÀGE CLÀss : 3

LIGIND:
WÀTER TÀBLE
PHYSICAL BOUNDÀRY
DRINÀGE CLÀSS

o .37
o - 20

o-89
o.17

o.41

o -21
o.99
o - 20

o - 38

o. 20

1.16
o.1a

o.3a o.
o-20 0.
1.16 0-
o- 1a o.

o.35
o .22
o.a5
o.13

o-4t o.3a 0-38
o-2.f o-23 0.23
0-99 1.10 1.10
o.20 0-15 0.15

oo0

o o.o

o o-o
o o.o

MÀNÀGEMENT DÀTÀ

SEEDING DÀTE (JULIÀN DÀY):

NITROGEIN FERTILIZER APPLIED (Kg/hA) :

ÀBSENT
ÀBSENT
I MPERFECT=

99,
o
2,

UNKNOWN= 98

POORLY = 1

PRESENT= 1 5,
PRESENT= I,
WELL = 3,

INITIÀL CONDITIONS

*ÀTER ..NTENT (mc/nc) : o.32 o.35 o.38 o.3a o.40 o.40 o.37 o.32 o.o o.o
No3-N coNcENTRATToN (ppm): 48-6 49-6 46.o 36.0 30.6 30-5 28.2 2a-2 z-7.s 27.s
SOI L TEMPERÀTURE ÀT O. 20 M. (DEGREE CELSI US ) : 7 .56

I
UJ

O132 .

32.



DÀTLY OUTPUTS

JDÀY DPHD DÀYP cuMP PETB cPEv ÀcET 9t- LÀ-l LA-2 LÀ-3 LÀ-4 LÀ-5 N- LÀ-'l LÀ-2 LÀ-3 LÀ-4 LÀ-5 LMwF LMNF LMTF TLFT cuMÀNp

.51

.55

.59

.62

.64

.68

.'t 3

.79

.44

.87
- 90
-94
-94

.45
-29
-21
.32
.50
.67
.55
.42
.25
-31
-25
-32
-62
- 3A
.62
-55
.46
.49
.52
.37
.35
-26
-48
-49

-57
.46
.59
-57
.57
.49

-12
.oa
.29
.24
.17
.13
-20
.25
.18
.33
.25

.47

.30
-44
.44
-37
.40

.31

.30

.22

.41

.43

.41

40
37
34
39
43
41
36

.32

.31

.30
-32
.33
.34
- 33
-31
.30
.2A
.2'7
.26
.25
.25
-24
.24
.23
.23
.22
.23
.23
.22
.22
.23
.23
.32
.35
.35
.35
.33
.32
.30
-2A
.27
.26
.27
.27

.26
-25
.25
-37
- 35
.35
.34
.33
-32
. 3.1
.30
.29
-28
.24
-27
.27
.26
.25
.24
.23
.23
-22
-21
.20
.20
.20
.20
-20
.24
.24
.?4
-34
- 33
.32
.30
.30

- 38
-38
- 38
.3A
.3a
-38
- 38
.3'7
.37
.37
-37
.37
.37
-37
.37
.37
.36
.36
-36
- 36
.36
.36
.36
.35
.35
-35
.35
- 35
.35
- 35

.40
-40
.40
.40
-40
.40
.40
- 34
- 38
.38
.38
.38
-37
.37
.3?
-37
.3'7
.37
-37
-37
-37
.37
.37
-37
-37
-37
.37
.37
.37
.37
-37
.36
.36
.36
.36
.36
.36
.36
- 36
-36
- 35
.35
.35
.35
.35
.35
.34
.34

- 3'7
.37
.37
-37
-37
.37
.37
-37
-37
.3?
.37
.37
.37
.37
-37
.37
-37
-37
-37.3'l
.36
.36
-36
.35
- 36
.36
.35
.36
.36
.36
.36
.36
.35
.35
.35
.35
.35
- 35
.34
-34
.34
-34

4't .
4?.
47-
47.
4A.
49-
50.
41.
42.
42.
42.
42-
42.
41.

39.
38.
3A -
34.
34.
38.
37-
37.
36.
35.
35.
34.

48-
47.
46-
46.
44-
44.
42.
41.
40.
39.
39-
38.
37.
3?-
36.
35-
34-
34.
33.
32.
31.

2A.
28-
24.
28.
2A-
28-
28-
2A-
24.
28-
24.
28.
28-
28-
2A-
28.

.60
-7 4
.71
.6A
.81
-92
-91
.91
.89
.aa
-46

-o
.o
-o
-o
-o
.o
- 17
.30
.48
-69
-76
.80
.80
-77
.79
-75
-78
.76
.74
-'t 1

-71
.73
.73
.74
-72
.67
.65
.63
-65
.67
-67
-69
.70
-72
-73
.75
.75

70
66
60
73
71
6A
67
65
63
65
67
67
69

at3.
965.

r o93.
1196-
1 306.
13A't .
1486-
r61r.
1't 69 -
1 959.
2125.
2257 -
2324 .
249A.
2645.
2? 9't .
2954 -
307'Ì.
3205-
3338.
3522.

200.
200 -
200.
200.
200.
200.
261.
2A4.
3r4.
374.
4l9-

3707.
3447.
3988.
4134.
4284.

.o

.0

.0

.o

.0
-0
- 1?

75
75
71
68

70
72
'1 3
75
75
74
74
75
76

7A
76
'74

o
o
o
o
o
0
?1
76
ao
a2
84
aa
93
97
oo

o
0
o
o
0
o
o
o
0
0
0
o
o
o
o
o
o
o
o
o
o
o
0
0
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
0
0
o
o
o
0

o
o
o
o
0
o
o
o
0
o
o
o
o
0
I
1

o
o
0
o
0
1

o
o
o
0
0
o
o
o
o
o
0
o
o
o
o
o
o
o
0
o
o
o
o
0
I
1

1

1

1

t
o
o
o
o
o
0
o

o
o
o
o
o
o
92
88

75
7t
68
'70
56

83
84
a3
a2
81
79
a2
a3
81

2A
2A
28
2A

2A
28
27
27
27
27
2'l
27
27
27

74
74
'75
76

79
78
ao
B1
a1
81
a2
83
84
a5
85
87

27
27
27
27
26
26
26
26
26
26

34
34
34
34
33
33
33
33
33
32
32

.34

.34

.33

.33

.33

.32

.32
-32
-32
.31
-31
.30
.30
.30
.30

o
0
n
o
0
o
o
o
0
0
o
o
o
o
o
o
o
o
o
o
0
o
n
o
0
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
0
o
o
o

oo
13
26
32
3A
48
55
74
84
94
oa

51.
52-
52.
52-
52-
52.
52-

30
30
30
30
30
29
2A
28
2A

28
2A
2A
2A
2A
2A
2A

83
76
65
58
52
47
39
79

20
20
20
20
20
20
20
50
40
40
30
20
20
10
oo
oo
90
90
90
ao
80
70
70
70
60
60
50
50
50
40
40
40
30
30
30
20
20
20
10
10
o0
oo
o0
90
80
80
70
60
50
40
30
20
20
o0
90
70
50
40
30

49.
50-
50-

2A-
2A-
28.

6
6
6
6
6
6
6
o
9
9
I
a
7
7
7
6
6
6
5
5
4
4
4
3
3
3
2
2
2
'I

1

o
o
o
9
I
7
6
5
4
3
2
1

o
9
a
7
6
5
4
3
2
o
9
I
6
5
4

30
30

2A
28

0
o
o
o
o
o
o
6
5
5
4
4
3
3
2
2
1
,l

o
9
9
I
I
7
4
1

1

o
9
7
1

a
2
7
3
I
3
o
6
4
9
5
2
a
4
1

a
5
9
5
2
2
6
4
1

9
6
4
1

40.

29.

4.1
41
41
4t
41
41
41
40

49
50
51
51
52

37
3?
37
37
37
37
37
38
3A

3A
3A
37
37
37
37

-o
.o
.o
.o
-o
.0
.o
.13
- 15
.1A
.'t 6
-12
-12
^11

39
39
39
39
3A
3a
38
37
37
35
36
35
35
35
34
34
33
33
33
32

9
2
5
I
o
3
6
9
2
4
5
6
I
9
0
2
3
o
0
4
o
2
I
1

5
6
2
o
5
o
I
1

a
6
7
9
o
4
a
5
7
7
a
o
1

3
6
2
5
a
1

2
1

4
4
6
a
1

3

4
2
o
a
6
4
2
2
6
a
6
6
1

5
2
5
5

I
5
5
o
9
7
6
5
9
4
6
'Ì
1

o
2
6
1

5
9
6
4

1

o
4
9
3
7
4
1

I
5
3
1

3
4
7
2
7
2

o
o
o
o
o
o
o
o
o
0
o
o
o
o
0
o
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
0
0
o
0
o
o
o
o
o
o
o
o
o
o

o
o
o
o
o
o
o
o
o
o
0
o
0
o
o
o
o
o
o
o
o
0
o
o
o
0
o
o
o
0
0
o
0
o
0
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
o
0
o
o
o
o

o
0
o
o
o
o
0
o
0
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
0
o
o
o
o
o
o
o
o
0
o
o
o
o
0
o
0
o
o
o
o
o
o
o
0
0
o
0
o
o
o
o
o

35
35
35
35
35
35
35
35
35
3s
35
34
34
34
34
33
32
32
31
31
30
29
2B

o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
0
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
o
0
0
o
o
o
o
o
o
o
o
o
o
o
o
o

26
30
29
2A
27
26
25
24
23
23
23
23
23
22
35
32
3r
35
34
33
32
3l

o
n
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
0
o
o
0
o
o
o
o
o
o
o
0
o
o
o
o
o
o
o
0
o
o
0
0
0
o
o
o
o
o
o
o

o
0
o
o
o
o
o
o
o
o
o

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
0
o
0
o
o
0
o
n
o
o
o
o
o
o
n
o
o
o
o
o
o
0
o
0
0
0
o
0
o

o
o
o
o
o
o
o
o
0
o
1

1

1

1
,|

I
1

1

1

1

1

1

1

f
1

1

1

1

1

1

1

1

1

I
1
.l

1

1

1
,|

1

1

I
I
t
1

I
1

1

1

1

1

1

I
,l

,|

1

1

1

.43
-37
-39
- 19
- t9

.55

.63

.6A

. t3

.30

.45

.59

.76

.94

.12

.o4

o
o
n
o
o
o
n
o
o
0
o
o
o
0
n
o
n
o
o
o
o
n
o
o
0
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
n
0
o
o
o
o
n
o
o
o
o
0
o
o
o
o
o
o

.o
-o
.0
.34
.58
.73
.73
.73
-73
-73
.73
.?3
-73
.73
.73
.73
.73
-73
.73
-91
.91
.9'l
,9l

.92

.12
-12
.12
.12
- 12
.12
-12
-48
-44
-48
.19
-19
-19
.19
.19
-19
.19
. t9
.19
.19
.19
- 19
.19
-73
-73
-73
-o7
.o7
-o7
-o7
-o7

o
0
o
o
0
o
o
o
o
o
0
o
0
o
0
o
o
o
o
0
o
0
0
o
o
2
4
4
5
5
5

5
5
5
5
5
5
6
6
6
6
6
6
6
6
6
6
6
6
6
I
I
a
1

1
'I

1

I

o.o
0.o
o.o
o.38
o-20
0.15
0-o
o.o
o.o
o.o
o.o
o.o
o.o
o-o
o.o
o-o
o-o
o-o
0.o
q- t8
o.o
o.o
o-o
o.o
o-o
1-47
2 -54o.o
o.20
o.o
o.o
o.o
o.o
o.o
o.o
o.36
0.o
o.o
o -71o.o
o-o
o.o
o-o
o.o
o-o
o.o
o.o
o-o
o.o
o.o
o.0
2.54
o.0
o.o
2-34
o.o
o.o
0-0
o-0

132
133
134
135

64.
55.
66-
67-
54.
69-

.91

.91

.34

.92

o
o
o
o
o
0
'I

1

I
'I

1

1
,|

,l

1
'I

I
1

1
,f

1

1

1

1

1

1

1

1
'|

1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3

03
o3
o7
lo
t2
16
1a
21
23
27
29
32
3?
40
43
4A
52
55

60
65
70
76
a3
a9
94
9A
o2
o5

48.
49.
50.
51-
52.
53 -
54.
55.
56.
57-
58.
59.
60.
6r-
62-
63 -

70 -
'7 1-
72 -
73-
74-'75.
76-
77 -
78.
79-
80.
81.
42.
43.
84.
45.
46.
87-
aa.
89.
90.

693 -

40
40
40

50
51
5l
51

53
53

49
46
45
42
40

'74
74

25
25
25
25
25

35
36
42

-47
.62
-62

63
50
49
41
50
51

53
54
55
54

.38

.38
40-
40.
40 -

53
52
51
50
50

40.
40.
40.
40.

- oo
-96
.90
-48
.91
-96

39.
39.
39.
39.
39.

27-
27-
27-
27-
27-
27-
27-
27-
27.
27-
27.
27-
27.
27-
27-
27-
27-
27-
26.
26.
26.
26.
26-
26.
26-
26-
26.
26-
26-

-7A
.76
-74
-77
-76
.'t 4
.72
-70
.6A
-81
.80
.7A
.a3
.42
.8 |

.80
-78

.99
-97
.96
.97
-97
-94
.90
.87
- 84
-43
.84
-87
.49
.91
.93
.93
.93
.93
- 93
.93
.95
.97
.94
.99
-oo
.oo
. o0
.00
. oo
.oo
-98
.94
-46
-74
-74

53
52
51
51
50
50
49
49
4A
4'7

35
36
36
37
36
35
34
29
2A

36
37
3a
39
40
4l
42
43
44
45
46
47

. o8

.11

.15

.20

.25
- 30

-29
.22
-32
.46
.51
.58
.56
.42
.65

.35

.4 |

.46

.85

.45

.86
-46

2A-
2A-
28-
24.
27-
27-
2?.
27.
27.
27-
27.

449.
570.
622 -

443a.
469a.
44o1.
4953 -
5220.
5432.
55AA.
5't47 -
5891 -
6046.
6434.
6777.
7169-
7525.
7?86 -
7.994 -
8f 99.
a 3û.!_-

.oo

13
15
1'l
19
20
21
21
21
21
2'l
22
22
22
22
22
24
30
37
5l
58
70
80
a3
a4

.17

.23

.19
-24

24.

40.
40.

aa
90
92
93
93
93
93
93
93
93
93

¡

L,J'ts

I

.80

.94

.94

.94

.94

.94

.94

.94
-94
-94

.44

.44
-48
.4t
.50
-42

.29

.29
-28
.27
.26
-25
.24
.24
.24
-24
-24
.24
.23
-23

29-
29.
30 -
32-
33.
32-
35.
34.
33.
33 -32.

32.
32.
31.
31.
29-
28-
27-
26.
25-
25-
25.
24-
24.
24-
24.

26
26
26
25
25
25
25
25

?a
83
74
74
74
74

.77
-76
.'t 4
.72
.70
.64
.413A

44

.88

.89

.9',|

.93

.94

2A-
27.
27.



191.

200 -
20't .
202 -
203 -
204 -
205 -
206 -
207 -
208.
209 -

.10

.15

.20

.24

.29
-34
- 39
.43
-47
.51
.56
.60
.64
.69
-'7 3
.77
.42
.87
.95
.00
. o5
.o7
- t8
.29
-41
.49
.62
-73
-79
.44

22 -27
22.27
22-27
22 .27
22 .27
22 .27
22.73

a .26
a -26
a -26
a -26
a -26
a -26a-74
a-74
a.? 4

.55

.59

.64

.37

.60

.51
-57
-41
-44
- 45
.53
.45
.43
.43
-41
.46
.60
.50
.55
-44
.48
-61

.97
-o1
-o3
- 04
.11
- 39
.60
.64
.69
.73
.78
.90
-99
-33
-64
-94
- o4
- 0a
.11
-14
.20

.43

.44
-45
- 36
.35
- 36
- 36
- 36
.36
.36
.36
.36
.36
- 36
.36
.35
.36
- 36
- 36
.36
.36
.36
.36
.36
.36
.36
-36
- 36
-12
.15
-14
.tl
.10
.09
.oa
.09

- 34
- 33
.32
.31
.30
.29
.29
.24
.27
.29
-2A
.35
.33
.31
.30
.32
.30
-24
.27
.26
-25
.32
- 3.1
-29
.27
.27
-26
.29
.24
-27
- 35
.32
.30
.24
.2'l
.27
.29
.29
-29

.29

.24

.21
-26
-26
.25
-25
- 34
.33
-32
.31
.30
.30
.29
.24
-27
-27
-26
-25
-29
.30
.29
.2A
-27
- 2'7
.26
-25
.25
-24
-24
.24
.24

.23
-32
.32
-32
.31
.31
- 30
.30
.30
.30

. 3.1

.30
- 30
.30
.30
.30
-29
.29
.29
-24
.24
.24
.27
.27
-2'7
.26
.26
.26
-26
.26
-26
.25
.25
-25.25
.25

.30

.30

.30

.30

.30
- 30
- 30
.30
.30
- 30
- 30
.30
.30
.30
.29
-29
.29
.29
-29
.29
-29
.29
-29
.29

26-
25.
25-
24.
24.
24-
21-
21 -
21 .
21 .
21-
20-
20-

22.
22.
23.
23.
23.
22.
22-
22.
22-
22-
22-

20.
20-
20-
20.
20-
20.
20-
20-
20.
20.
20.
20-
20-
20-
20-
20-
20.
20.
20-
20-
20.
20-
20-

25-
25.
25.
24-
24-
24.
24.
24.
24-
24.
24.
24.
24.
23.
23.
23-
23-
23-
22-

24.
24.
24-
24-
24.
24-
24-
23-
23.
23.
23.
23-
23.
23.
aa
23.
23-
22.
22-
22- .64

.62

.59

.56

.53
-52
.54
-57
.54
-52
.52
.52
.52
.52
-52
.52
.52
.52
-52
.52
-52
.52
.52
.52

o.96 0
o.9a o
o.99 0
o.99 0
o.99 0
1.OO O
l.o0 0
1.OO O
1-OO O
1-OO O
1.OO O
1.OO 0
1.OO O
1.OO O
1.00 0
1 . O0 0
1.OO O
1.O0 0
1-OO O
1 . OO O
1.OO O
| .00 0r.oo o1.00 0
1-OO O
1.OO O
1.O0 0r.oo o
1.O0 0
1.OO O
1.OO 0
t -oo 0
1.OO 0
1-OO O
'| .oo o
f -oo o
t -oo o
l -00 0
1 - OO O
1.OO O
1 - OO Or.o0 0
r . oo o
1.OO Or.oo o
1.OO O
1.OO O

.74

.'Ì 4

.'7 4

.74

.74

.74

.74
-74
.74
.74
-74
.74
.74
-'7 4
.74
-74
.74
.74

o.'1 4
o.74
o.74
o-74
o.74
o.73
o -72
o -74
o-74
o.74
o.74
o-'1 3
o -72
o - 70
o. 6a
o -67o.55
o.65
o-63
o.71
0.69
o.66
o .64
o.64
o .62
o.59
o.56
o.53
o.52
o.58
0.57
o.54
o.52
o.52
o -52
o .52
0.52
0.52
o.52
o -52
o - 52
o .52
o .52
o -52
o.52
o-52
o.52

26.
02-
42-
66.
8r.
o9.
o9.
o9.
o9-
o9.
o9.
o9.
o9.
o9.
o9.
o9.

16-66
t 6 - 65
16.66

93
o3

235. ****
236- ****
237 - **** 22.73

22.73

.30

.29

.28
32
32
32
32

25
25

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
5

0.o
o.o
o.o
o.9
o.o
0.o
o.0
2-3
0-0
o.o
o.o
o.o
o.o
o-o
0.o
o.o
o.o
0.3
o.o
1.9
o.0
o-0
o.o
0.5
o.o
o.o
o.o
o.o
o-o
1.O
o.o
o.o
o.0
o.0
o.o
o.4
o.o
o.o
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0.o
o.o
o.o
o.o
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o.0
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o
o
n
o
o
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0
o
o
o
0
o
o
o
o
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o
o
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o
o
o
o
o
o
o
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o
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o
o
o
o
o
o
o
o
o
o
0
o
0
o
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1 . O7
l -o7
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2.O I
2.Ot
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4 .32
4 .32
4-32
4-32
4 .32
4-32
4 .32
4-32
4 -32
4 .32
4.70
4.70
6-66

-94
.94
.94
.94
.94
.94
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-96
.97
.99
.o1

-34
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.33
.33
.33
- 33
.33
.33
.32
.32
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9242 -
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r025t.
1 0456.
1 0655.
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1

1
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2
2
2
2
2
2
2
2
2
2
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24-
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24.
2't -
27.
27-
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25.
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25.
25.
25.
24.

o3
o6
08
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14
l6
26
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72
aa

0807.
o916.

oa7.
24A.
368.
508 .
615-a
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211-
212 -
213-
214 .
215 -
2't6.
217 .
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219 .
220 -
221 -
222 .
2?3 -
224 -
225 -
226 -
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229.
230.
23t -
232 .
233 .
234 -
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a4 5.
944.
079.2.42

3 7 -19
7.19
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? - 19
7 .19
7 - 19

-41
.54
.47
.5A
.44
.45
.35
- 35
.46

2164.
23eO -

1 257 3.
127 17 -20.
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20. 2814-

7

29
30
30
30
30
31
31
31
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3'l
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3l
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31
31
31

-47

a

3

.34

.52

.57

.50
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5
74
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SUMMÀRY OUTPUTS
PREDICTED GROWTH STAGES (JULIÀN DÀY)

SEEDING EMERGENCE JOINTING HEÀDING
132- 138. 162- 189-

PRECIPITÀTION DURING .¡HE GROWING SEÀSON:

PRECIPITÀTTON FROM SEEDING TO ¡{ÀRvEsT 2

POTTNTIÀL TVÀPOTRÀNSPIRÀTION :

ÀCTUÀL TRÀNSPIRATION :

IELD(ks/ha)

SOF'I-DOUGH
212 .

182.6O mm

227.3O mm

486.84 mm

28O.41 mm

MÀTURI TY
224.

I
(,
l.J
I

Y

ÀBO\/EGROUND NET PRODUCTION
13109-

GRÀI N
4601.



I SI'].¿/YEÀR OF SIMULÀTION

SPECIÀL DRIVING PÀRÀMETER VALUES
osDPV 2 2 1a31952 't 200.351 20 0 1 2

SIMULÀTION SCENARIO _ II (SOIL PI{YSICÀL

o l2a 12

PARÀMETTRS

718 0 0 39999 2 2 I

CALCULATED, BOUNDÀRY

1t

ÀND INITIÀL CONDITIONS ÀPPROXIMÀTED)

GENERÀL INFORMÀTION

CROP DI STRICT: I

SOIL PHYSICAL PÀRÀMETERS

FITLD CÀPACIT]¿ (nrc/mc) :

wILTING POINT (mc/ncl :

BULK DENSTTV I Mg/mc) z

ÀvAILÀBEL WÀTER (nc/mc) z

LOWER BOUNDARY CONDITIONS

WÀTER TABLT : 99

o .47

o -27
o.93
o.20

o.48 0.46 0-46
o.26 0.25 0.25
1.O1 r-38 1.3A

o.22 0-21 o.21

o-45 0.45 0-44
o -24 0 -24 0.23
1.40 t.40 1-4t
o.2'1 0.21 o.21

o.44 0

0.23 0

1.4t O

o.2t o

o o-o
o o-0
o o-o
o o.o

PHYSICÀL BOUNDÀRY:

DRÀINÀGE CLÀSS i

T-EGTND:
I.IÀTER ÎABLE
PHYSICÀL BOUNDARY
DRINÀGE CLÀSS

INITIÀL CONDITIONS

WÀTER CONTENT (ttc/nc)

PRESEN.r= I 5, ABSENT =99, UNKNoWN=98
PRESENT= 1, ÀBSENT = o
WELL = 3, IMPERFECî= 2, pOORLy = |

t O.47 O-48 O.46 O-46 O.45 O.45 O.44

o

3

o.44 0.o o.o
24.2 27 -5 27 -5

SOIL TEMPERÀTURE ÀT O.20 M. (DEGREE CELSIUS): 7.56

MÀNÀGEMENT DÀTÀ

SEEDING DATE (JULIAN DÀY):

NITROGEN FERTILIZER ÀPPLIID (Kq/hA) :

132 .

32.
I
(,
(,
I



DÀ I LY OU'NPUTS

,JI)AY I)I,IID I)ÀYI' CUMP PETB CPEV ÀCET W_ LÀ_ I LA-2 LÀ_ 3 LÀ_4 f'À_5 N_ LÀ_ I T'A-2 LA- 3 T'À_4 LÀ_5 L}IWF LMNF LM'TF TLFÎ Ct'MANP

6 22.5 0
6 22.5 0

2t .a 23.6 20.8
21-9 23.6 20.4o.27 0.25 0

o,27 0.25 0
r8.26 0.49 4.33 0
r8.26 0-28 4.38 0

0.0
o.o

223
224

93

ÀBÔVEGROUND NET PRODUCTION
13554 ,

l4
o9

o.36
o.35

34 0.36
34 0.36

23 63
63

!.00 0.74
r.oo 0.74

o.6
0.6

3 1355{
3 13554

PREDI CTED GROWTII S'NÀGES (JUt, I AN DAY )

SEEDT NG El.1ERGENCE
| 32 - 1 38 .

JOI NTI NG
162 .

HEÀDI NG
r 49.

SOFT-DOUGH
212 .

MÀTUR I TY
224.

SUHMÀRYOU']'F,UTS

Y r E L D (kg/h.a)

I'IìECIPITÀTION DUNf NG'TIIF. CROWING SEASON:

PRECIPITA'|'ION FROM SEEDING TO IIÀRVEST :

POTENTI ÀL EVÀPOTRÀNSPI RÀTI ON :

ÀC'|UÀL EVÀPORATI ON :

r8 2 . 60

22't - 30

486.84
297 -95

mnì

milì

mrn

nÌtn

GIIÀIN
475't.

I

UJ




