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i’ Abstrac}
Due to the \unpredictable nature of weather, crop

growth, crop water requirements and drainage are variables

.

¢
of nature, over which man has no control. It is therefore

desirable to know how these variables react to different
-weather patterns over a period of time sufficient to include
most different coabinations of veathe;.J Average trends in
irrigation and drainage can then be studied.

Theeprimary objective of this investigation was to
develop an accurate model of seasonal crop growth for the
Lethbridge area by inc luding weather and crop- gréiing
condi tions. A dlgltal'computer was used to generate ieatﬁer
via the Monte Carlo sampling technique and to simulate crop
growth and soil moisture during the growing seagone. The
distribution of drainage and irrigation was then evaluated.
The average rate of drainage occurrence per day gnd the
average yield per drainage period were the phrametefs"upon
which this sfudy was based.

The results indicated that the rate of increase in
daily consumptive use greatly affécted ,the occurrencg. of

i

drainage while the daily rate of consumptive use did not
show any significant effect T;pon drainage occurrencee.

Furthermore, tﬁe AﬁountS of dralnéze occurring on a
particular day is deterﬁined mostly by thg consumptive use
rate. ngh ;ater use Eesults in low drainage while lo;
_ water use produces high &rqinage ratif. A set of

]

probability tables 18 presented as a guide to the probable

@x
iv

¢



dates of irrigation,
N
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‘\ . 1; .
'Irriganion has been practlsed‘prlmarlly in arid and
Semi-arid regions of the world where natﬁral rainfall 4g
insufficient“ for good A crog Lrgvt}h. In semi-‘ari:l reglo\ns,
sSuch as southern Albert?, lrfiéatlon wa ter hag been used
mainly as a supplement‘ to natural rainfall. qunrall in
this region‘is_suftlcient to support»crop‘growfh throughout
ghe growing seasone. However, the summer monéhs in which
- . ’ '\j -

Crop consumnptive use is maximum are relntively dry{ The

main purpose, }herefore, of irrigation is to provide a.means

optlmﬁm conditions for crop ﬁroductlon are maintained. Both
the éuality and the quantity of the crop will increase,
.thereby decre;sing the risk of crop damage or loss.

Drainage problé@s are sometimes a result/of lﬁproper
irrigation pra?ticeS. ' Wdter’_ls often apslied at the
irrigators convenience or ucco;;lng to a fixed schedule
whigh has little concern for the needs of the crbp or the
interrelationshig between the soil and the'crop- .-Solls,
which have an ilmpermeable layerp c}ose to the surfuce, often
experience a/}lseiin the wate'r t;bl; following an excessiye
irrigathn; " Small temporary gloughs, either in the
lrrlgatéd Hiieyd itself or in neighbouring fields, and salt
accumulation on ¥ﬁe surface are the egd results..

i Drhinage' problenms, however, are not exclusively
attrlbutab}e to impvoher ifrigatlon prgctlcéé. Often, as is

v

the case in southern Alberta, an irrlgation‘during the eariy



growth sStages of the crop 1ieg followed by an.uhtimely
rainfall and then by a prolonged period of drought,. Excess

soil water during the early'grovth stages will damage the

C€rop making it more susceptible to drought later on. Proper

irrigation schedulidg is therefore essential.

The two major factors, therefore, ~which limit’ crop

production in southern Alberta, are: 1) the tack/ of
. . ‘

sufficlent cainfall during the months of Peak consumptive

X ~

use and, 2) an excess of irrigation water during the early

Crop growth stages when ralnfaliyls maximum,. '

The purpose of this research is to e;aluate (hlch has
the greater intluence o¢n lrr;gatlon .nnd ‘drainage; crop
consumptive use op wveather, ;Information regarding the
occurrence and the ;qp;nt of irrigation vas available from
the Irrigation Guide E;cords- However, lntormation
reéardlng d;ainage and flooding were non-exlsteht. “ﬁence,
it was decided to construct a model wh;ch‘;ould simulate the

oy - . ‘

' ; . /
weather distribution and daily soil- moisture  content from
) ’,, . - 3 .

tr

Alel 1st to October 318t for a period of 200 years.
Lethbridge was chosen asg the area for this study begause it
o <
E [&)
represents ‘the area of highest concentration of irrigation

in southern Alberta and because daily weather data were

readily. available,"
iy

The objectives of this research are foqrfold.
. B . L
le To obtuin probablilty dlstributlons of rainfall

and potential evapotranspiration and to derive the

conditional pfobabillties~tor4ra1ny and non-rainy days for



03

the Lethbridge area. Wea ther records dating from 1922 to

1966 are available for usee.

2. To simula te the s8oil-¢rop—water sysS tem
' ' /

-~

through%?t the entire growing season with the weather
probabilities a5 the inputs to the model « Four wma jor

Irrigated crops are used: Soft Vheat, Potatoes, Sugar Beets

and Alfalfa. ¥

« Jeo To obtain from the simulation model probability

distribution curves of irrigation lapse times for each

.
N

irrigation and each crop.
v -

4. To qualitatively analyse both irrigation and

o

drainage as intermittent stochastic processes in terms of
the average number of occuﬁrenqes Per day and the average

yiela per occurrence.



4s _RBeview of Ljterature,

¢
Many attempts to simulate the soil-plant-water system

"have been made in rder to eid in the farm decision rocess,
3 ? j o

Some researchers (10,35,48,49,@0) have developed models
N A,- Ai
which aid in the selection *vof machinery for harvesting
operations or for Scheduling farm operations based on
an 4
weather probabilitiese. Other models have been developed to
aid in. the decision of irrigation scheduling
(1,9,14,20,30,39,40,41,44,47,59,60), 'and to simulate the

plant response to environmental conditioné (11,13). Still

other models have been built te simula te the /hovemenf of

‘wa ter throughn the soil (6,34), or the respoqse of a

’

wva tershed to precipitation (45), )

e Moj e Bud t.

The relationship between the gs;entlal components of
the plant—-soil-water system can best be expreséed
mathematically by the following differential equation.

j
K 1. 0= (Rn+ IRR) - (CU + Dr + Ro)

¢ dt
where: Q = amount of stored water in the soil at time t
I = _dnflow into the sojl med ium
(¢} "outflow from the soil medium
Rn = precipitation »
IRR/= irrigation water
CU = crop consumptive use _
Dr = drainage from the root zone
Ro' = surface runoff

t = time
The above soil moisture budget reﬁresents a siaple
accounting procedure which continually updates the soil

moisture content in discrete intervals of time (dt might

7



represent minutes, hours, days, etc. ). The method can be
applied to the entire¢ root zone or to distinct 801l zones
within the root zone. Robertson et al (46) applied this
budgeting technique to predict the timing of irrigation on
tvo plots orf lande. A black Bellani plate was used to
de termine the daily potential evapotranspiration rates. The
A
amount of irrigation water required by the budgeting

technique 4and that specified by the electrical resistance
block was within one inch. The soil moisture budgeting
technique has since been used in the majority of
ma thematical foil moisture models.

quxéﬁmnmmﬂ;

Various methods have been developed throughout the
years to estimate, either theoretically or empirically, each
of the individual terhs of the moisture budget, Early
researchers realized that one of th;'-ost important and most
difficult variebles to estimate was that of potential
evapotranspiratione. They realized that the evaporation ofg‘
water from ‘both tge soil a;d the plant required energy and
that this enérgy was a function of the immedlate cilimatic
parameters such as temperature and radiation. The methods
of estimating evapotranspiration are classified as 1) masgs
trangfer methods, 2) energy balance methodsy, 3) combination
methods, and 4) enmpirical methods based on meteorological
data. The first three methéds involve a - complicated

theoretical' approach to the energy balance between the heat
o

transfer to and from the plant and its environmente. Many of



the variables are extremely difficult to measure; however,

£

the results are fairly accurate. The last method estima tes

evapotranepiratiph from readily available climatic data via

enmnpirically or experimentally derived mathematical

expressions. Meteorological dat such as radiation,

temperature, humidity and wind speed\are usually available
for most areas and are the main parameters upon which the

\
expressions are based, However, satisfactory results under

all conditions necessarily may not be achieved. A few of
the empirical methods are described in the followldg text.
In 19850, Blﬁne; and Criddle, as cited by Gray (19),
developed a.slmpll¥led formula for estimating consumptive
use in the - arid weétern regions of the United Statese. It
relates mean monthly température (T), nonthiy percent of

annual daytime hours (p) and a monthly crop coefficient (k)

to consumptive use (CU). Stated mathemdtlcally:
N .

CU 100 kf

This method gives reliable monthly‘and seasonal estimates.

Penmany, as cited by Har;ee (20)y, combined the energy
balance equation and ;xperlmeqtally derived aerodynamic
equations to obtain an expression ., which 1hcluded ‘Such
weather variables as short wave and long wave radlétlon, wet
and dry .bulb PB8ychrometric cohstants, mean wind speed, and
saturation vapor p;essure at both the mean air temperatqre
-and at the 'dew point femperature. . Jensen et al (30)

+

proposed = a formula . for estimating potential



) !
evapotrunépiration by an approximate energy balance-—
aerodynamic equation which employed mean daily tempera ture
and solarrradiﬁtion. Acfual evapotransélration‘wes obtained
by mul tiplying potential evapotranséqution with a crop
coefficient which reflectes the effects of sensible and

»

laten;@aheat flux and net radiatione Linacre (36), in 1967,
ot
\

rela ted evapo transpiration to radiation and temperaturee.
Such variables as latent heat of vaporization, short and
long wave radlation; water vapor pressure, specific heat of
alry, net flux of heat into the atmosphere, air density,
saturation deficit and two crop resistant parameters were .
employed. The net flow of'héatfﬁgpk into consideration the

percentage of bright sunshine, and the temperatures for both

cloudy and non-cloudy days. An attempt was made by Linacre

to incorporate two crdp resistant parameters which measured
& : ,

théj ability of the plant to release water into the

atmospheree. | These parameters ‘had to be experimeﬁkally

de termined and were unique to a specific crop ahd location.
Chrisflansen and Hargreaves, as sited by Hardee (éO),

broduced’ a forﬁula which involves sgveral dimensionless

coefficients, each of which expreéses the effect of mean

temperature, mean wind velo&&ty, mean relative humidity, and

- elevation, respectlvelys Radiation and a crop coefficient
p

e
- 0y

were also includede. The resﬁlt, when all the coefficients
were ' multiplied togetheé, yielded poténtial
evapotrangpiratione. If a wea ther variable was not

available; the réspectlvé coefficient could be set to uni tye.



. Eagleman, in 18971, (16) ?e;éloped a third degree
regression model which rélated the s0il moisture ratio to
the ratio of ‘actunl to pcte;flal evapotranspiratione. The
80il woisture ratio was deflned-as“fhe ratro of the current
soil moidture content  to the total water capacity of the
soil. Fagleman found the relationship to b; curvalinear.

In 1965, Baier and Robertson (2) proposed g iiinear
'reﬁféssion model which ;yduldb eatlmate;_dglly latent

evaporation from simple me teorological observations and

N : : ~—

astronomical . data readily available from tables. The
versatility of this method was enhanced by the fact that any
co-blnatlon of up to six variables cqnld be used.,. /Bstimates
of potential . évapotrangpiration were obtained directly from*
the model by aultiplying latent evaporation by a coefficient
of 0.0034. This model will be discussed in more detadil in a
later'sectioni |

Holmes and Robertsén (26,27) recognized that as the
plant roots expanded and the soil moisture decreased, the
rate - of blant water use also decrease&? Séll moisture

drying curves, which adJﬁsted the evapotransp@ratlon rate in

>

relation the season and the soil moisture content, were
derived experimentally, from laboratory and field
observations for various- soils and crops." Holmes also

recognized the fact that as the . plant roots reached a
certain sgoil depth, the actual evapotranspiratlon rate
decfé;ged_ sharply from the potential rate. From these tiq

important concepts, the Nodulated Soil Noisture Budget was



“t

™

developed. ' The soll was divided into five zones, each with
equal . water holding capacities. The ac tual

evapotranspiration was deiermined by the above mentioned

3
soil moisture curves and the amount of water extracted from

each zone was determined by a set of arbitrary coefflclents..
Kerr (32933) had used the basic principles of the Nodulated
Budget in \the development of a MOlstfre budget yhlgh

considered the effects of the crop height, soil and éldnt

rooting characteristics on the rate of moisture use by

Cropse

Baier and Robertson (3) later developed a model called

the Versatile Soil Moisture Budge t which made use of the -

b

(S

baslc concepts of the modulated budget. .In addition, the
w v . .
concept of atmospheric demahd rates as a function of the
'AE/PE ratio and a matrix of crop coefficients which’
reflected the amount of water the root syétem could extract
trém each soil zoné were instituted, The coef;}cients were
varied for each soil zone and for each stage 61 grovt? of
the crop fhroughout the "season lin order to attempt to

]
B

simulatg tﬁe probable vateé extraction pattern of the root
system. |

" . Other soil wmoisture models have attempted to siﬁuldte
consumptlvé use in varléus vays.  Weaver (56), in 19&2}
described the ulgorlfhn which Pierce had developed in 1966
to esgimate' soil 'moisture deficit under corn.'meadov and’
wheaf; Consumbtive use was calculated by multiplylné

potential evapotranspiration together with several



10

correction factors which 1hcluded day length, soil moisture

dryness, rainfall ahd crop stage.. Each correction factér in

turn was deterulned.Jy a nor-linear regresslon equation.'
Windsor and Chow (59 60) incorporated the relationship

be tween crop potential evapotranspiration and turgor loss

e

polht in order to de termine mol sture stress days. . Crop

pPotential evapqtranspiratlon\\was estimated from a Weather

Bureau Class A evaporation pa; and a dimensibnless crop
. : .

(COeffiélent which accounted for the‘type of. crop’ and stage
6; érop developmente. Soil dryness curvesi slmi}ar to those
Qsed by Holmes, were uéed /to convert poténtlal crop
evapotranspiration to ac?ual erop,evupotrdnspiration-

David (14)‘and Rasheed et‘ai (44) developed regression
ﬁodqls yhlch relat;d the day of the growing season to the
rate of actual‘ evapotranspiratione Rochester and Busch
(47), an1972, devel;ped a scheduling model to improve the

3

management of Arrigation systema. Pan evaporation
,/
measurements were multipled by a coettlcient, which varied

N '

according to the day of the growing. season, to determine
daily actual'evapotransplratlon estimates. Richardson, and
Ritchie (45) developed empirical relationships to pre?lct

separately soil and plant evaporatlon from a watershed. |
7

The problem with any soil moisture bgg?etlng technique
is, to properly estlpate potential evypqtranspiration aﬁd
Athus crop codsumptlve usee. To date, only the Versatile Soli
Moiéture Budget contalns cropy soil and water Parameters to

estimate crop water use. For this reason, the Versatile
i

O
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Soil Moisture Budget was chosen a3 the model to gsimulate

sqll moisture.conditlons under severéi\lrglgated crobs for
this study.

Literature which deals wifh the relationship between
weather and irrigation is scarce. Many models have been
built to produce. protability distributions of seasonal

)

irrigation wAter_;requirements. Colizado ‘et al (12)

presented a risk analysig of lrrlgatlpn requirements for
€each week of the growing seasdn for numerous';tﬁtions across
Canadae. The risks were conppted for different comblnatiogg
of total:avallable soill moisture capacities and consuﬁptig@
use factors, No analyses have been >found by the authqy
which attempts to depicf‘the behaviour of drainage water in
relation to irrigation and rainfall, Da ta concerning the
amount and the time of occurrence of deep percolation under
natural conditions 8ﬁ§r a period of several yearsg is
yirtualiy non—-existent.

Sélls'vhich have a moisture content in excess of field
capacity have been reported by ;any researchers to take two
lto three days to reach equll;brlum. It 18‘ @enerally
accepted that deep percoiation rates level off when fleld
‘capacity has been reached. However, Wilcox (57) reporfed
that drainage never ceases and that there is Ho leveling off
point. Wilcox conciuded that ev&potranspiration, measured
by common soil moisture deﬁletlon methods}' containé some
.unknown quantity 6f'deep arainage. Villardson and Pope (58)

explained that unsaturated drainage is usually accounted for

¢ Y



and the fact that any unsaturated drainage is probably

accounted for .by the consumpti ve use term, the use‘of the
Versatiie Soil Moisture Bu&get was further 1ustlfled. The
Budget assumes that no unsa tura ted drainage occurs befween
soll.layers and that deep peicolatton i8 that amount of
'water in exceéess of field capacity, R

- »
243_D2§Qrintion of the Area.

Daily weather data for 45 years for  gix Alberta

stations were avallablé on magnetic tape at the Department
of Agricultural Englneering, Unlversity of Alberta. of
these six stations, only twor, Lethbridge and ﬁediclne Hat,
were located in fhe southern regions of the proviﬁce. Since
.Lethbrldge has the largest concentration-of Vrrigatlon, it

was chosen as the study area for this thesis(-' A general

t
.~

description -of the area follows, The cllmatic information
: & & ' é ]
and soil descriptlon were taken from Hobbsg (21 ) nnd*h&ieléon
(40) reSpectively. s .
Lethbridge is located at north latitude 49042 and
west longitude 112047+, 14 is situated 2,961 feet above sea
level.,
The climate of the Lethbridge area is extremely

variable from month to monthe.  Short, warm summers followed

by long, cold vinters are typical, Lethbridge iies within
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the influence of thg Chinook winds which tend to reduce the
Severity of the cold winter months and  to ullevlat; the
extreme summer heate. These winds, being relativ}ly wArm and,
dry, originate on the eastern slopes of the Rocky Mountains.
Duriﬁg the winter months, the windg mayﬁdISplace cbid alr
masses while during the sSummer months, they may effect
cooler temperatures ~but cause high moisture stress and
drought injury to Cropse.

Lethbridge has an average annuai precipitation of
16«18 inches ‘(1902-1969). Approximately 75 percent (12.43
inches) of the total occurs during the months of. April to
OCtober* and 32 percent occurs during the critical growing
months of Nay and fhne ﬁhen the crops are yYoung and shailJ;
rootede. June has the thighest ;ainfall amount, averaging
abqut 3.21 inches as shown in flgure- 1 . Thesé averapge
values were calculatéd from the 45 years of daily weather
data available on computer tape,

During the winter months, it is‘not‘ unusual to have
one foot or less of snow cover or no snow cover at all.
Warm Chinook windsg often raise fhe temperature suffléient}y
to remoie any snow cover within several dayse. A mldwlgter
‘rnlnfall is not un;ommon.

20323 Soils Descrivtion.
Most of the éoils in the immediate Lethbridge area

fall into the  order of Chernozemic solils. They are .

“

chaiacterlzed by a thick dark brown AN horizone

.

% Chernozemic dark brown soils were formed under slightly more
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humid éemiarid condil tions than the brown soils of the more
eastern parts of south;rn Alberta. The upper layer is of a
clay, silt and saqd mi;;ure called Glaclo—Lacu?trine
deposits. The permeabllify of this layer ‘varies
considerably, b t‘ is generally moderately to 3%%1a1y
permeable, af(ording good ' to very good irrigating
condi tions. | A

The lower layer is a glgcfa[ deposit called Till. It
is massive and largely structurele§s. The thickness varies
between 60 to 130 feet, Sand and gravel are present, but
relatively raree. In somé areas, the till forms the present
land surface wﬁile in other areas 1t underlies the
Lacustrine deposits. The depth at ;hich the till is
sl tua ted, where overbubdén ls‘preéent, ranges between 2 fget
and 40 feet ;ith the average depth being S feete. Since the
permeability of this layer is very low (0.2 iph or less),
drainage problems are ofteff a result of thé existance of the

§
till on irrigat:;\\lands. Table 1 . presents a brief

description of some of the more common soil types of the

TLetbridge area.

!

a

Experiments by Rabp and van Schaik (43) iﬁ'shailov
glacial till sof&s, lﬁdlcated that the irrigation amount and
irrlg;tlon frquencles influenced: the position qf the water
taﬁle conéiderably more éo than did néturallralnfall} The
wa ter table was observed to rise élose to the surface after

an lrrlgat;on,;aand the amount o0f rise was found to be
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TABLE 1: A DESCRIPTION OF SONE SOUTHLERN ALBERTA »0ILS.

( Bowse

’

r et al, 8)

Horizon Depth He Co Description
’ (ins)  (iph)
Chin Light Ah 0O - 4 1.5 brown loam
Loam B j 4 -15- 1.0 brown—dark brown loam
* . Cca 15-26 Ue7 light brownish grey loam
¢ Csk 26—48 Uae7 Yelldwish brown loam to
silt loam
Till 48— 0.2 glacial till

Irrigabili

Py
X

ty— pood to very good,. Glacial till averages
4 feet from the surface.

Shallow Chin -

horizon characterlsfics same as above
&lacial till averages 2 feet from surface
causing high water tables well within the

root zonee.

irrigability falbly good to good.

Cavendish A
Loamy Sand B
Cc
Ck
Ti

0 -7
7 -24
24~40
40-60

Ll 60-

2.
1'
2

(O N Yy

3.0

brown fine sandy loam
brown sandy loam
nght,yellowlsh'brown“sand
sand to .sand .
light yellowish brown lLoamy
sand to sand T
glacjial till

glacial till averages 5 feeét below the surface
irrlgabll@ty - good to very good

Maleb Loam Ah
Be

0 - 4
4 -12

Cea 12-13

Cs
C

k 15-24
at 36

1.0
0.3
0.5

0.2

~drrigability good to ver

ex{sts.

~

RL 95
brown loam - loose LY
brown to dark brown heavy
loam™ to clay loam

clay loam till - blocky -
granitey ironstene, coal

good I{ good topography

I
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. * i - .
deéependant upon the amount of irrigation. The subsequent
. : o,

recession of the water table took three to four days and was

<,

considered to e prlmarllyidue to crop consumptive usge. A

duration of 3 to 4 days of high water table was found not to
be injurious to shallow roo ted crops; however, a

considerable amount of dead roots were found on deep rooted

crops.
Exceksive irrigation was also observed to be a

< ' o
problem, It vas estimated by Rapp that some fields were
irrigqted by as much as 2 tb*j*inches of water in excess of

~

Tield capacity? Because of the low hydraulijc conductivity
: ; . o , . -

-~ - . . '
of the till, temporary potholes or sloughs coulg form

. e ¢ - .
causing eventual crop root damage and salinity problemsg.

CY

Sloughs reduce the productive ®creage of. the farm and

N

increase the cost of operation.
. . A

v

Drainage problems, - althougq/ not entirely due to

<

irrigation mal-practice, can be alleviated Ly developlné

efficient irrigation methods. ,"f’?
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2+ _The Consumptive Uge Model,

Any soil moisture modadel wvhich simulates soil moisture

on a daily basils must enploy a fairly sophisticated means of

determining daily crop consumpti ve use . As stated

previously, the method developed by Baier and Robertson (3)
e
is the most refined wathematical model of Cconsumptive use

de vised to date. A detailed description of the model

follows.-

3+l The New Vers&tile Soil MNojisture Budget,

The Versatile Soil Noisture Budget ig a method by

which climatic, plant and plant-goil lnterrelationships are
implemented to estimate crop consumptive usé. The

expregsion is as follows:

n S' (1i-1) -w(PEi - PE)
AE = X |K Z. PE, e (1)
X j S, i i
\ j=1 -]
\ .
wher5¥\éEi = actual evapotranspiration on day i
f\xﬁn_ = coefficient matrix accounting for the
] T " amount of water in percent of PE extrac ted
by plant roots fronm di fferent zones J
during the,growing season
S'.(i~1) = available s0il moisture in the Jth zone at
1 ) the end of day i-1 . '
S . = total available water capacity in the jth
] ¢ zone to .
Z . = adJuétmenf fgctdr for different types of
] soil dryness curves
J- " = soll zone number A
' PEi = potential evapotranspiration for day 1
W = adjustment. ‘function accounting for the
effects of varying PE rates on the AE:PE
_ ratio i ' ’

PE # long ternm average daily PE value for the
month or season ' C

The crop coeiflciéntS, Kj' describe the percent of PE

which 1is removed from each.soil ZOnee In essence, Kj is a

.

18
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e , R O )
matrix otléonshhptlﬁe use factors: the columns represent the
. i!! - L "y - “ -

o v

W

V6P10U§¥$ﬂﬁéééﬂbfﬂkroﬁfh n Jy\“fime scale and the rows
R P T S ‘

§
e “

represent ' the,’ ‘individua s0il w@oisture zones. Hence, in

2

this manner, a particular Kj coefficlient may only apply to

one Ssoil moisture zone over a reriod of time defined by the

length of the current stage of growth. The Kj coefficients
{must be determined by iterative comparisons between compu ted
and observed soil moistures,. Al ternatively, they may be

estimated so as to represent the most brobable s0il moisture
AN -

pattern under prevailing environmental conditions. A third

al ternative, provided experimentally  determined average

f .

consumptive use curves are available for different crops, is

to compute on a short term basis (jee. 5 to 10 day

. -

e

intervals), daily consumptive use values ‘averaged over a
reriod of several ye&ré of simulated cﬂop growth, Iterative

conparisons between the experimental and simulated curves

™
may then be pertormede. Although more expensive, the latter

‘Fmethod will provide accuraée results on a long term basiss,
The K coefticients for this study were determined using bbtﬂ
the first and the latter techniqﬁes.

The term S'J.(i-l)/Sj describes the ratio of the
current avaeilable soil moisture to the ;otal available ,soli
moisture capacity in zone j. This ratio is used in
conjunction with the 2Z term thch 15‘ a vector of 100
coefficlients corresponding to the value of ihe moisture

ratio. The product S'j(l-l)/Sj %* Zj represents the amount

of water, vexpressed as a percentage of PEy extracted fron

» -

.
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\

Zone |j according to the current noisturey content of that
zone. Various proposals for the relationship b;t?Pen the
AE/PE ratio and the soll moisture content uré presented in
figure 2. Each curve (A through H) has associated with it a
Z-vector similar to the A ande vectors presented in table
2. Baier (4) concluded from a Comparison of observed soil
moisture with estimates obtained from the Versatile Budge t
using five types of relationships that the type G curve
would yield the best results for grass grown in MNatilda loam
soile. He furthervrecommended that this curve be used as a
"first approximation in most medium textured, non-irrigated
soil" (5 ,pp 10)e Bajier also encouraged the use of the type
A curve for sandy solls as well as "for solls under
irrigation when & moisture content close to field Capacity
is maintained throughout the growing seasonFA(S, rp 9). The
type H curve, which 1s a compromise between the A and G
curvest was chosen for use in the model. The Z-vectors ftor
the A and the H curves are presented in table 2,

The exponential term of the Vefsatlle Budget accounts
for the varying daily atmospheric demand rates. The ¥ term
s a regression equatiog developed by Baier et al (3) and is

v
described below.

1. - » .
W= 7.91 - 0,11 >JU-1) Sj(i 1) 100 . (2)

This wvalue 1is dependent on the soilbmoisture ratio of each

' o

soil zone.
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Figure 2. Various proposals for the relationship between
the AE:PE ratio and the current available soil

moisture . (Baier et al, 5)
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2. Z - TABLES SOIL DKYNESS CURVES A AND

A TABLE

3

He

22

99.99 50.00 33.00 25.00 20.00 16.66 14.2x 12.50 11.11 10.00
9.09  8.33 7.69 7.14 6.67 6.25 5.88 5.56 " 5.26 5.00
4276 4.55 4.35 4.17 4.00 3.85 3.70 3.57 3.45 3.33
323 3.13. 3.30 2.94 2.86 2.78 2.70 263 2.56 2.50
2+44  2.38 2.33 2.27 2422 2.17 2.13 2.08 2.04 2.00
1.96 1.92 1.89 1.82 1.85 1.82 . 1.79 "1.75 1.72 1.69
1.96 1.82 1.89 1.85 1.82 1.79 1.75 1.72 1.6S 1.67
164 1.61 1.59 1.56 1.54 1.52 1.49 1.47 1.45 1.43
le41 1.39 1.37 1.35 1.33 1.32 1.30 1.28 1.27 1.25
le23  1.22 1.20 1.19 1.18 1.16 1.15 1.14 1.12 1511
1.10 1.0y 1.08 1.06 1.05 1.04 1.03 1.02 1.01 1.00

H TABLE

2:00 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
200 2,00 2.00: 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2:00 2,00 2.060 2.00 2.00 2.00 2.00 2.00 2.00 2.08— ™
2.00  2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2:00 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.060 2.00
1.96 1.92 1.88 1.85 1.81 1.78 1.75 1.72 1.69 1.67 °
.64 1.61 1.59 1.56 1.53 1.52 1.49 1.47 1.45 1.43
1.40 1,38 1.35 .34 1.33 1.31 1.29 1.28 1.26 1.25
1.23  1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11
1.10 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00



Je2 Potentiosl Evapotranspiration.

The value of PE in equation 1 ;ay be determined by
either the Bellani Plate Atcometer, Penmgn's equatlon, or by
a regression equation develﬁped by Baier and Robertson (2).
The latter method involves the estimation of daily latent
evaporation from a combination of simple meteorological
observations and astronomical data readily available from
tables: Three to six terms were e?pléyed in a pBeries .?f%
eight equations. As the ﬁ;mber of. terms included in the
equaflon increased <from three . to 'sli the multiple
correlation coefficlients lnereaeed tfon 0.68 to 0.84. The

expression using all six terms is described below.

EL = =-53.39 + 0.337 MAX + ‘.531 (MAX-MIN) + 0.917 Qo

+ 0,0512 Qs + 0.977 WIND + 1.77 (Ew-Es) (3)
where: EL = latent evaporation .
MAX = maximum daily temperature ;
MIN = ainimum daily temperature
Qo = solar radiation received at the top of the
atmosphere ' '
Qs = solar radiation receivad. on a horizontal
: surface 2
WIND = total daily wind mileage
! Ew - = saturation vapor pressure at mean air
/ temperature
Es = saturation vapor pressure at mean dew point

The value of Q8 may be determined from the expression:

3

Qs = Qo{0.251 + 0.616 3) )

-

where: n = daily hours of bright sunshine
’ N = total hours between sunrise and sunset

Qo and Q8 are as above.

Because 33 of fhe 45 years of weather records

. * L] .
&vaila@!e for the Lethbridge area contained measurements of

b
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only daily temperatures and precipitation, it was decided to

use the equation contaldlnk only four terms as described

below.

EL = -108.8 + 1.13 MAX + 0.920 (MAX-MIN) + 0.359 Qo + 0.131 WIND (5

Potential evapotranspiration is obtained by multiplying EL
by 0.0034.

Becaﬁse the regression equations were developed from
daily weather data recorded across Canada over several
Years, reason:%%e estimates of latent evaporation for most

parts of Canada can be expected with +the use ., of this

equatione.
Muwu;f_m . X

Béier et al (5) adopted six standard soil moisture
zones which contained respectively 5.0, 7.5, 12.5, 25.0,
25.0, 25.0ﬁ percent of the total available moisture in the
root zone. Tﬁe adogtlon of the six zoneq made it possible~
to degéribe the E}lant water ext?actlon characteristics in
any Goil type regaédlesg,pf the depth‘at which the molsturé
was ocated. Sevefnl ;ssumptlona‘were made wi th thé use éf
these soil moisture zonese

1. The 5911 zZone receives water in successive order

Irom’fop to bottom in a step-wise fashion. If the amount of
watgr entering the tirét zone is greater ﬁﬁan the capacity
of that zone,Athe remainlnguvatér enters the next zone. It

it 1s 1less than the capacity of the zone vy the water will

remain in that zone and no. drainage will occur into the next

J



Z0ne.

2e Because of the above assumption, water is asgsumed -’

to lnilltrate into the soil zones instantaneously.

3. Drainage is assumed to be that amount of water
above the total soli ‘moisture deficit of all six zones.
This amount jis assumeq to leave the sgoil Zone as deep
percolation on the~$ahe day that the water was applied.

324 Runofg
In order to incorporate runoff into the:Versatlle
Budget, Baier and Robertson imﬁlemented a. - simple

relationship between soil moisture in the top zone and daily
precipitation.

RUNOFF = RRi - I “ (6)

] _1 )

§';(1-1)

51

= 0.9177 + 1,811 In RRi - 0.00973 1n RRi 100 (7)

[t}

where: RRi
morning of day (i+1),

I = amount of ianfiltration “into the so0il
V.
S'l(i-l)- - .
—5 = the available soil moisture in percent of
1 capacity of (S;) in the top Zone at the

end of day (i-1), -
Runoff is assumed to occur if the total daily raintall

Y exceedsg 1 00 inche. The topography is assumed to be level.

In general, irrigation sprinkler nozzles wused 1in

A list of the varlous types of soils and thelr respective

the rainfall for a 24 hour period ending in the
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hydrauljc conductivities are Presented in

therefore



4. _Selection of the Prever K-Coefficientss
: 3

In order for the- Versatile Budget to effectively
simulate the moisture withdrawal from each séll zone, the K-
coefficlients had to be selected so0 as to represent the nost
pProbable so0il moisture extraction pattern for the four crops
under study. The K-coefficients were obtained by 1iterative
comparisons between actual'@nd estimated s0oil moisture. The
 procedure followed is described bﬁtov.

4.1 Experjimental Soil Mojisture 2;15,

Before iterative cbmpa;isons could be made,
experimental field measurements of soil mojature had to be
obtained. Field data was necessary in order that
cComparisons between the daily soil moisture confents of
di fferent crops; as s8imulated by the Versatile Bﬁdget, could
be made against actual values as measured in the field.

.Hoﬁbs and Krogman (24) had cmrr;ed out experiments at
Vauxhall‘on the consumptive uge rates of 12 irrigated crops,
each grown 1n 15 foor square plots ot lgnd. Vauxhall lies
approximately Sd‘liles east of Lethbridge. When the goil
moisture content of each plot ha}.depleted to approxlmately
50 percent of the total ;011 moisgture capacity,l the plots
were irrigated. The so;l molsturevcontent was dptefmlned
prior to an 1rr1gaﬁ;on and the amount o;sfate} applled vag~
Just sutficlenfﬁ to  bring the soil moisture to tield‘

%

capacity. It was assumed that deep percolation wvas
‘ ’ . ’
negligible. From the soil moisture content readings and the

total irrigation and rainfall water applied to eweh plot, a
. {

27
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reasonable estimate of the rate of consumptive use between
irrigations was obtdine&.

The s80il moisture rcadings, the total avgilable soil
moisture, and the irrigation dates and amounts for the years
i960 to 1963 were obtained from Hobbs (22) for Soft Wheat,
Potatoes, Sugar Beets and Alfalfa. This data was then used
to estimate thefx—coefficlents.

The Versatile Budge t requires that potentiatl
evapotranspiration be esilmated from daily maximum and

minimum temperatures, solar radiation and wind velocli tye.

The daily temperatures and precipitation for the Vauxhall

area ptained from the “"Monthly Records of
Me teo Observations in .Canada®™ - (38). Solar
1'~'.'.zdia.tAv3  ved at the top'of)the atmosphere was obtained
from Smi ‘;n Tables (37f4and“the fmonthi& average wind

velocitie re @athered trom table 7 of Rutledge (48). Ten

years of ty wind velocities (1956 - 1066) were taken from

the com ; Vr tape 'contalhlng the daily weather &atﬁ and
averaged v‘ﬁ monthly basise Equation 5 was then» used to
calcnldte >da11y'£oténflal evaﬁotransplratlon from April lgt
to 6ctober‘éls¥"for'the years 1960 to 1963.

The long term average PE value in the exponentlal term
of the Versatlle Budget vas taken 1ron the monthly averages
Lor Lethbrldge as defermined by Rutledge in table 4 (48).
| Eéﬁatl;n 3 was  ;seg 5& Rutledge to detérmlné daily PE

vaLuesg Aq'[bding to the values ,. MNedicine Hat and




values. Hence, since Vauxhall Llijeg approximately between

’

the two stations, it was felt that /}he condi tions at
[}
Lethbridge would be sufficiently closge to conditions at
Vauxhall. This procedure of selecting long term averages of
PE values had to be done since daily weather data for the
Yauxhall station was not readily available on Computer tape.
Furthermore, the purpose of rperforming the iterative
comparison between actual and simulated data was to obtain
oniy approximate K-coefficients for each Crope Later,v the
K-coefficients would be reada jus ted, using accurate average
PE values for Lethbridge, to fit average consumptive use

curves for all of southern Alber ta. Hence, the accuracy of

the PE term in the Versatile Budget i g only minor at thisg

<]

point.
4.3 _Tpe Z-Table,

Th; data obtained from Hobbs indicated that the daily
rate of consumptive use was quite high,. This suggested that
ei ther the type H or type A curves p£ ‘¥agure 2 would be

suitable for simulating the Soil-water relationshipsg, Both

curves stipulate that AE equals PE for soil moisture

'contents above 50 perceant. Having A° other bagis for
selection, the type H curve was chosene ~ This curve ig

ke

repreaented by the H table in table 2,
Y
424 Method,
rhe ‘K—coefficients for each Crop were determined by

i terative compnrlsons between actual soil moisture contents



and the Versatile Budget estimated soill moisture contents
prior to each irrigation. Figure 3 shows an example of uthe
output from . fhe Bimula tion and the corresponding
experimental valueé as obtained from Hobbs (22).

The ending dates of the Stages of growth, as
represented by each row of the K-coefficient matrix, were
de termined in accordance with the consump:ive use curves
derived by Hobbs et al (24). The coefficients used for the
Periods prior to planting were those suggested by Baier et
al (5) for fallow. They are 0.60, 0.15,'6.05, 0.00, 0.00,
VO.OO. The coefflcients used for the period sSubsequent {o

Aharvest for ¥Wheat and Alfalfa were those-recommended~for sod

(OoSO, 0. 20y O. 15' 0.10,‘ 0.03' 0002:)0 The Coefficieﬂts
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The Monte Carlo sawpling technique is a method by
wh%cs a ‘samplé of an lndependant variabld can be
V4 . .
Byntheticalt{‘ generated, in a sequential fashion, with a
8iven frequency distrlbyflgn. This ianvolves tra&sformlng a
random lndepeddant number from a uniform- probability
diséribution and, by use of the graphical method, producing

’
a sample from the desired frequency‘dlstrlbuflonf A number
between, bﬁt not Including, 0.0 and 1.0 is generated by a
random number generator and ”is Appiled to the guﬁulamlve
distribution‘to obtain a sample Sf t he independent random
var}abie. ey

The ma jor ndvaﬁtage of sgquential generation is the
ablility to creafe a synéhetic record lpnger than existing
historical records._g:lh this way, most of the possible
combinations of the variable sequences will be included in
fhe synthetic sample depending on the lengtb of gen;ratlon.

In the present study, the behavior of the plant-soil-water

relationships wunder most weather conditions =~ will be

simulateds The amouht‘and frequency of occurrence of both.

lrrigationAhnd drainage will reflect the soil-crop~wa ter

behavior under varying weathesr conditionse.

» . ¢
Weather includes . such variables as rainfall,

temperature, wind® etc. It is common knowledge that such

variables fluctuate randomly from day to day or from hour to

2 ¥

‘
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hour and also\ that these variables are a function of the
time of day, month or yeare. F?r instance, tempera ture ‘is
maximum during the summer months and minimum during the
winter months, but the maximum and minimum temperatures, on
a daliy basis, are randome Such a phenomena is known as a
Stochastic process and the values it assumes over time are
g%own as a time series. Daily‘monthly gnd annual values of
‘Lainfall, for example, form a discrete time éerles. Each
random variable of a time Series has assoclated with it a
certain probability distribution at any particular point in
time. If the distribution remains constant throughout the
process, the variable is said to bg stationary. Otherwi se,
1f is non—-stationary. Nost hyd§9£9gic pr&cesses are non-
stationary over long the periodse. Théy are treated,
therefore, as stationary p}ocesses over short time periods."

Three variables are necessary to generate weather on a
daily basis. They are wet and dry day sequeyces, daily
rainfall and daily potential evapotran;ptratlono A computer
program ‘was written in FORTRAN to read in daily
p;ecipltation amounts and maximum and mlnimuﬁ temperatures
for the Lethbridge station from the computer tape containing
the daily weather data. The temperatures v;re used to
calculate .potentiall evapotransplration (PE) according to
eéuatlon Se The date,-preclpitatlon and PE values were then
‘printed onto a second tape from which sSubsequent work was to

3

.be performede.
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.54;L~Eg1_41nQ_lhLz_Julx_Exxuumbildutisaig _ _
Weather jig composed of asseriesg of wet days tolloqu
by a series of dry days. Hopkins and Robillard (28)
performed a statistlcql analysis of daily rainf;ll
occurrence for three areas in the Prairie Provinces.- Tﬁey
found events gp successive days to be statistically
dependant ;nd that a first—-order transitionai probability
model would serve to app;oxinate‘the occurrence of dry days.
However, the model did underestimate slightly the total
number of rainy days in the month. Feyerherm and Dean Bark

»

(18) stated that where interest lies in computing
probabilities for relatively short sequences 'of wet and dry
days, the first~order Narkov chain appeared to be qultéA
adequate. In an earlier paper, Feyerherm and Dean Bark (17)
had p}esented the first order Markov chain for wet and dry

Sequences in mathematical form as described below.

-\'3

P(Xt’ Xet1? R VIRRERE xt+n) = P(kt) P(xt+1,xt) P(xt+2’xt+l)

;
ceer P(x, [P (8)

P(xt+3jxt+2) t+n ! Fn-1’

where: xt = the event that day t is wet (V¥) or dry (D)
L)

and —

'

No. of years the (t) day is dry

P(Dt) - No. of years of records
P(D_, |W ) = No. of years (t+n) day is dry and (t+n-1) day 1s wet
t+n' t+n-1 No. of years t+n-1 day is wet

A

Each probability in the expression is dependant. on the

events of the previous day. Because simulation by the first

o
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order Markov chain is on a daily basis, the conditional
probabilities of a wet day preceded by a dry day and a wet
day preceeded by a wet day need only to be determined.

.« .
Jones et al (31) used the Markov chain principle ~ to

¥ “
calculate a series. of conditional probabili ties for egch
week of the year. They assumed that the probabilities
remained constant over a seven day period,. A polynomlal_
©quation was then fitted to the probabilities and a
reasonably good fit was obtainede. sz:tvo Polynomial curves
showed that the condi tional probabilities followed definite
seasonal trendse. Hence, tﬁe method used by Jones wes
applied to th‘e Lethbridge data to deter’mj’.ne if a similar
. Seasonal trend existed in the datae.

Daily rainfall records spanning a period of 45 Years
(1922° to 1966) were used to calculate thé_raintall;model
paraméters.‘ The data for Lethbridge and five other Alberta

Stations were available on magnetic tape . The.conditional

probabilities for rainfall were calculated as tdllows:

_ 2z wet day following a dry day (1) 9
P(wlD)i total days following a dry day (1) ) v
.P(WIW)i = L wet days following a wet day (i) (10)

total days following a wet day (i)

, '
P(WID)i represents the probability that any day during the

ith period was wet 8iven that the preceding day was dry.
P(W[W)1 is the probability that any day during the - ith

period was wet g;?en that the preceding day was wets Both

P(WTD)i and,P(WlW)i were calculated for each S-day period -

\
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from Aﬁrll 1st to October 3ist making a t;fal of 43 time
periods in all. It was assumed for the purposes of this
study that ‘the probabilities did not change considerably
over any S-—day period.

' A further assumption was made régardlnz the defini tion
of a wet day. If the amount of rainfall received was equal
to or éreater than 0.01 inch, the day was considered to be
wete A base level of 0.01 inch was used because of the fact
that the top soil zone of thg Versgfile Budget has 4the
capacity of tholding only é% of the tot&l soil moistugé.
This value can be small. Hence, a ralnf;ll' of 0.01 inch
wlil influence the moisfure -content of tﬂe top soil zone
sufficient té warrent the use of this amount as the basis

for a wet day. Furthermore, it could not be assumed that

"~ daily consumptive use never reachéed values of zero inches

(‘4\ ) . .
uring the gpring and fall months. Therefore, 0.01 inches

could affect the top soil zone on days experiencing zero
inches of coasumptive use. As well, days on which "traces"
were recorded were designated dé dry da}s.

kY

- In order to determine if the probabilitles followed a

seasonal tr nd; thévprﬁbabllities-were plotted aaainstktheir
corresponding period number aﬁd a 6th dégree polin;migl
equation was fitted to both tﬁe P(W[D) an& P(WIW) datas . An
F-test was'pertprned on both plots to test the equgtlpné fof
significance. It was found ¥ﬁat both polynoﬁlala were
significantly different ;.t the 95% level of probability.

 Figure 4 shows the actual values ”pfhtted against the
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predicted values using the 6th order polynomial equations.

The equations are:

P(WID) - 0.32542 - (9.6446 x 10'2)x + (2.1051 x 10'2)x2
- (177 x 107X + (7.0055 x 107°)x* - (1.3067 x 10"%x
+ (9.3216 x 10'9)x6

5
(11)

P(WIW) - 0.46017 - (4.8552 x 10°2)X + (1.3869 x 107 2)x2
- (1.2516 x 10’3)x3 + (4.878 x 10'5)x4 - (8.5935 x 10'7)x5
+ (5.5955 x 107 )x° | (12)

where X represents the 5-day period number.

The coefficients ot determination were 0.67 and 0.45
for equations 11 anq 12 respeétively. Figure 4 jindicates
that both P(W|D) and P(WIW) have definite seasonal trends.
Also lndicatéd is the fact that there 1ls a strong teandency,
eapéclally in the latter half of the growing season, for a
dry day to follow a dry day aé suggested by the relatively
Low values of P(WID). Furthermore,:the valuéa of P(Wlw), as
the_ season progressés, decrease thereby lpcreasing the
probability of dry dgys to occure. This partly shows why the
average monthly precipitation from July to September,. as
illustrated in figure 1, is less than Nay and June. The
sixth order polynomial equations were qsed to determine wet
and dry day sequences ;n the Monte Carlo ﬁodel.

‘ : .

The hext_ sfep involved in the simulation ot _daily
rainfall is to select an approp;late distribution funct{;n
whlchu wllllichar#cterlze' precipitation on a daily basise.
Some investigators (7,14,15.20;52%53,61) have aﬁégpsted that

rainfall can be éhatacterized by the gamma functione. The
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cumulative gamma distribution function is given by the

following expression.

4

X" a-1 .
F(x) = f /B X dx - (13)
8 T(a) o
where: F(x) = cumulative distribution function

x - = precipitation amount in inches .
8 = shape parameter 'dependant on the -Varlnbilityq
' of rainfall amountsg ‘
a = scale parameterp dependant on the magni tude of

the rainfall amountg
complete gamma functlon_

I'Ca)
Thom (53) used the concept of mixed dlstrlbutions to

illustrate the use of the inverse gamma dlstrlbutlon tubles.

-

It was realized by Thom that the nonoccurrence of
‘ - < ° « i . N v

precipitation was' caused by a get of meteorological

= . ~

vaiinbles different from thoge cauélng a measurable amount

of precipitation, Thereforé, . the distribution must bpe

- .‘\
broken up 1nto two parte as descrlbed below.

1

G(x) = (1 - p) + PF(x) T(14)

the precipltation distribution

1

wpére:’G(x)

F(x) = the precipitation distributjon of measurable
‘- ‘amounts (as described above) g roT
o) - = the probability of occurrence of a measurable

amount of precipitatlon
Equ;tidn. 14 considers both the.probabllity of a day
belng vet or dry as well as the probablllty of receivlng x
inches should ”it be a vet dayb' The parameters, a ;nd.ﬂ,

:were determlned by the maximum llkellhood method, equations

15 and 16, which follow.
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2 =}

1+ Y1+ 4/3a
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- Je ‘ (15)

i (16)

where: « and g are the gamma parameters

1 n
A :ln';'('-N z lnxi
i=1
Le = correction: factors

Yev jevich (62).

&iven in table 82 '‘of

X = average rainfall within a given time interval
N = number of days of rainfall
Xj = emount of rainfall for _day i

From the weather records avai
computer program was wrf‘ten 4in FOR

.and S parameters for days followi

lable on magnetic tape, a
TRAN to calculate the «

ng a wet day and for days

' following a dry day. Since the cumulative distribution can

not be easily calculated from
equation, as given by Thom (53)y wa

ag follows.

.equatlon 13, an expansion

8 used. The equation is

- LQ 2
t t t .
F(t;a) = 1+ ot e s ] (17)
~ + +1) (ot .
I'(a + l)et l' (a l)(a'Z)
where: F(t;a) = gamma distributlon functlon
t = X/« . )
X = preclpltatlon (inches) " .
«a = scale parameter :

The parameters were calculated over
»

depending on whether the month had

a total of 14 intervals in the s

1ste. It - was agssumed that

1S and 16 day intervals,
30 or 31 days. This made
eason starting from Agrli

seasonal variation . in
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A second program was written to comstruct thebcumqlative
frequency distrihution of precipi tatjion following both wet
and déy days using the actual data, Tﬁe actuail
distributions were plotted on log pProbabiljity paper against
the theoretical function for each ofhthe 28 time lntgtvals..
Figure 5 represents a sample plot pf’ actual versus

¥

fﬁlstrlbution'rolloving a dry

A

day, The Chl—squared-test was used on a 'random sample of

ten plots in order to determine if -the uctual dietributlon

followed the 8amma function. Table 3a llsts the Chi-shudred

values and thelr respective . degrees of freedom for each
3 e ‘ _

distribution éhosen- Nine of the ten samplea chosen were
l'VfOUnd not to be significantly different from the theoretical
;istrlbution at‘ the 90‘ pPercent level of probnbi;it&-
_Therefore, the incomplete gamma function was uééu\‘ﬁg\
describe the daily rainfull occurrences for the entire
drowing season. The &« and 8 parametersg are listed ln"
table 4, .

—A computer progafm was written to calculate daily
potential evapotranspiratlon via equation S between the
dates of April Ist to October.SIat for eaéh of the 45 years
of records avajilable on mdgnetlc tape., fhévterm Qo (solar
radiation reqleved at the top of the ;tmospﬁére) wvas

obtaineq from .Smithsoginn'tables (37), while WIND (moﬁthly

?vergge wind velociflgs) we re taken from taple 7 of
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TABLE 3. CHI~SQUARED TEST - PRECIPITATION AND POTENTIAL

. EVAPOTRANSPIRATION.

a ) PRECIPITATION

Type of Degrees of Chi~-Squared

Interval Day ~\Freedom Values

Apr 1-15 Dry 3 7.365 %

Apr 16-30 Dry . 4 7531 ne.se.
Jul 16-31 Dry 3 1209 ne.se.
Aug [£-31 Dry 4 "2.384 ne.se.
Oct 1-15 Dry 2 2.9834 n.se.
Apr 1-15 Vet 3 3562 nNese
May 16-31 wet 5 6036 nes.
Jul 1-15 Vet w4 4.868 n.s.
Sep 1-~15 Vet 4 6.583 ne.se.
Ooct 15-31 Wet 3 N 3.215 n.s.

b ) POTENTIAL EVAPOTRANSPIRATION

Type of Degrees of Chi-Squared

3

Interval Day Freedom . Vatues
Apr 1-15 Wet 2 - 9.703 *%#
Jun 1-15 Wet 4 .\ 44267 nese
Jul 1-1S Vet s \ 44797 nese
Aug 16-31 Vet 4 \% 3329 nes.
Oct 1-15 T Wet 2 Vo676 %%

S

L R
Apr 16-30 Dry 3 11,211 *%
May 16-31 Dry 5 7.689 ness ¥
Jun  1-15 Dry 3 7.005 =
Jul 16-31 Dry 4 13.176 %%
Sep 1-~15 Dry 4 12.847 %% =
* significant at the 0.10v¥pvel; .

3 %k significant at the 0.0Sﬁt@Vel.
¥%% gignificant at the 0.01 level.
NesSe not sigificant.

43
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o Rutledge (48).

Because , of the idncrease in relative bhumidity during
ralg}all, potential évapotranspiratlon, ord the average, will
be lower on wet days than on dey dayse Hence,‘ it was
decided tp create two sets of distributions, one to’dgscrlbe
daily PE_!on wet days and one to describe daily PE on dry
dayse. VE:ch set of PE distrl%utlons would  therefore
characterize the daily tempergture, solar radiation and
clou]&éover. A Program was written in FORTRAN to read in
the dajly PE values from maénetic tape and to construct

B

cumulative dlstribufﬁons on a bimonthly basis for PE on dry
days and ‘yet days. A total of 28 sets of data weré then
plotted on normal probability paper. The concept of aixed
~-distributions, ;; dlscussed'earller, was'agaln employed in
the construction of the PE distributjons. Only 'thosev PE
values greater than zero were ueed‘ to create the
d}gtyibutlon wﬁile those values equ&i to zero were used to
;éternine the probablllty,of the occurrence o? a measurable
amount of PE. These pgobabilif;es-ar?_pquented in table S.
Because most of the data ploftnd as s%r&ight Ll?es on

normal érpbﬁblllty paper,‘ the normal distribution was
assumed to apply. The straight lines vere ”flttéd to the
date according to the mean and st#ndu:& deviation ;f their
respective_disfrlbution. A Chi—squared.test was performed
on a random sample of ten plots téldetermlﬁe if the normal
distr{butionv;pplled. A list ;t the Chi-gquared wvalues land

~

their respective deéﬁ@ea of freedom (are given in table 3.

,



BIMONTHLY FROBABILITIES O POUTENTIAL

TABLE S.
EVAPOTRANSPIFATICN ON WET AND DRY DAYS.

Interval PCPE D) P(PLE W)

Apr 1-15 Ua8180 0.4520 .

Apr 16-30 0.9267 V.6022

May 1-15 0.4810 0.8079

May 16-31 1.0000 0.9336

Jun 1-15 1.0000 0.9665 A

Jun 16-30 1.0000 0.9957 \

Jul 1-15 1.0000 1.0000

Jul 16-31 1.0000 0.9932

Aug 1-1§ 1.0000 0.9935

Aug 16-31 1.0000 Ue926¥

Sep 1-15 Ue9382 0.7321 °

Sep 16-30 U0e9059 UeD26Y

Uct 1-15 0.3569 0e5455

Oct 16-31 0.7221 0.2810

TABLE 6. SUMMAKY OF THE SMIKNOV—KOL {OGORO YV STATISTIC FOR

-

DAILY PE VALUES OCCURKING ON DRY DAYS.-

NeSe not sighiticant.

Interval Size Statistic
Apr 1-15 408 0.10 %%
Apr 16-30 ° 454. 0.065 %
May 1-15 464 UeU5 nes.
May 16-31 480 OeU40 nes.
Jun 1-15 407 0«05 nes.
Jun 16-30 444 0.06 nes.
Jul . 1-15 466 UeU4 n.s.
Jul 16-31 573 Ue03 nes.
Aug 1-15 521 0.025 nes.
Aug 16-31 ° 553 0.04 n.s.
Sep  1-15 . 500 0.04 n.s.
Sep 16~30 461 U006 Nes,
Cct 1~15 466 0.08 =%
Oct 16-31 433 010 %%

* significant at the 0.(5 level

3% Significant at the 0,01 level

4t
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For PE occurring on wet days, only two of the five
distribtutions were significantly different. These
distributions occurred during the Spring and fall months
~when weather conditions are unstable apd in a state of
change.j During the summer months, the distributions were
not significantly different from the . therocetical
digtributlons. IA the case of PE occurring on-dry days, the
situation wag qui te different. Only ~ the distribution
representing the latter half\of May was non—-significant.

The distribution representing ghe first hale of June was
significant at the 0.01 percent level and all other
distributions were significantly different at the 0.05
;ercent level. Therefore, it was assumed that the PE values
occurring on dry days did not follow thé normal
disé)ibution. However, because the straight lines, as
depicted by the mean and standard deviation of the datayAin
mosSt cases, fitted the plotted points exXtremely well, 1t'was
decided &g perform a non~parametric test with the use bf the
Smirnov-Kolnogorov statistic. This tesgt assumes that the
distribution is continuous and that the fitted straight iine
to - ' the data ig digtribution free. ‘ Potential
evapétranspiratlon, because it is measured to the nearest
0.01 incﬁ, can pe'consldéred to be a continuousg e;ent. ‘The
Smirnov~Kolmogorov .test indicated that ten of the 14
dlstg;butions were not significantly ' different at the 95

percent level. A list of the Smirnov-Kolmogorov ‘statistic

is presented in table ¢, The normatl distribution wasg

an
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@)
accep ted as characteristic of daily potential

b
evapotranspiration amounts. A sample distribution for the
period July 16-31 is given In figure 6 . The means and

standard deviations are listed in table 7 and were used to

simulate daily PE events.
220 Tbe Overwinter Percipitation Model,

The last parameter of the weather model which  remains
to be discussed is that of precipitation during the winter
monthse There are essentially twoﬁdlreqtives ;hlch can bé
taken in the matter. One is to develop the rainfall and ¢the
PE models for the entire year thereby providing a means &f
simulating ;eather‘for all twelve months of the yeafg The
main objective, however, in developing a weather model is to
simulate actual soil moisture conditions on a daily basise.
This can be done satisfactorily and ’vlth sufficient ease
during the summer months, but lf is extremely difficult to
simulate water movement in frozen soil.

’ VanSchaik ;nd Rapp (55) performed lysime ter
experiments in which soil mélsture contents and water tubles
were monitored during two wlntefs for both bare and grass
éovered soils with a shallow w;ter tablé. Two meajor points
were concluded from their research. The water t;ble shoved
. a general downward movement during the; wlgféff but this
sometimes was nullified by v;rn Chinook periodse. As ;éll,
the soii moisture qontent of a sofl with a shallow water

table increaééa substantially due to - upward. captllﬁrf

movement of water. However, the molsture content "of the
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3

/
upper 10 inches of s80ll could only pe increased by Snowmelt

or fall erigaﬁlon.
Further research by Hobbs and érqgnan (25) indicated
‘“rthaf the fall go0il moisture was ll&farly related to
overwinter pPrecipitation stofage. Experimegts were
performed on four crops with four irrigation treatmentg,
Overwinter changes in the root zone soil moisture were
recorded for eight seasons from the harvesting date to the

planting date of each crope. It was found that the crop

e
species did not significantly affect the soil moisture
. ~
content at the harvest date not did the amount of

precipitation stored in the root zone during the winter
months. The storage of overwinter precipitation was found
to be anersely Rroportional to the fall soil moisture and

vas expressed by a linear regression model ag follows.

AM = 6e6 - 0.46Kf

fall soll moisture
nverwinter increase ln soll moisture

h : N
where Aﬁ

The correlation beﬂ,een stor;ge and precipitation showed
. P . .
that the storngé was _.more - dependent upon spring
precigitatlon ‘than on tall o; winter, precipitatione.
Rutledge (48)' had_'assuméd that the amount of
overwinter DPOCIpitatianwhlch was stored in the soil was 35
é;rcent of the totai overwinter preclpitu;ion for the

Lethbridge area. This estimate ias' based on experimental

fwork pertormnﬁ at Swift Current 'by Staple and Lebane- Since



this method was based upon actuai values of overwinter
preipitation, the method, as used by Rutledge, was adopted
into the modél. A progxah was written to conatruct a
frequency dlsthlbutlon rof the overwinter total
precipitation. < The mean precipitation ;as found to be 4.35
inches with a 'standard deviation of 1.24 inches. A Chi-
squared test yielde& a value of 2.1559 with 5 degrees of
freedom. This value was not significantly different from
the normal function at the 90% level of probability. The
Nonte Caflo sampling technique was used to select at the end

of each.season a value, of overwinter precipitation, 35

percent of which was added to the soil to arrive at a soil

molsture conrtent/{for April 1st of the next seasone The

first year of/ the simulation run was agsumed to be 75

. =

percent of the total available capacity.

- [ n

“



¢+ _Prograaming,

Several points ot.fﬁtereSt in the construction of the
cropping model should 'pe' indicated before proceedlng any
further. Jt wag the initial intent of the author to wrijte
the program in GPSS (General Pufbose Slmqlﬁélon System ).
This language "has the ability  to perform.wuonte Carlo
sampling of" distributions with the least amount of
experience required on the part of the programmer. Only two
stateménts are required to simulate a day of rainfall and

\
likewise only two statements . agre requi red to construct a

Hence, a €ropping model ‘was bujilt using GPSS in which - dail;
rainfall and PE amounts were d;ternined by the Monte Carlo
sampling technique., The dally soil  no1sture .€contents for
the foupr Crops were calculated using the Versatile Budget.

The model wag built and a dry run® wag performed. It was

. N

found that g seconds of CoOmputing time were required to
simulate one day of crop growth. This was far too slow if a

'

total of 200 years of 214 days, each (April 1st +to October

The cost. would have beén astronomicnl. Hence, it was
dec#déd to rewrlte the progran in FORTRAN -~ G Rewrlting
the Monte Carlo model in FORTRAN Proved to be much Amore
difiicult and t;me consuming than in GPSS. One subroutiﬁe
each had to be devoted to ‘the rainfall and PE models Qwhile

,construction of the desired Irequency dlstrlbutions of the

53
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oufputivarlables required three sSubroutines.

The programy, when completed, was run for a period of

I3

one year. The model, this time, requlre& dhly 4 seconds of
computinx time to simulate one season of crop Erowth,
Hence, to complete 200 seasans of siuulatlon,.a nnximumiof
13 minutes cémputlng time would be‘ req#ired. This was 5
considerable ;eduction in time and more in keeping with the
current financiallsituaflon. After considerable_ editing,
the efficiency of the program Qas increaseq’and the model
actually tcok 10 minuiesqto éxecute.

The model was divided Ainfo‘ eleven parts: 'a main

N )

-ﬁrogrnm and ten Subroutines. A listing o? the program and
flow charts of the wma jor subrouflnes' is %resented in
Appendix {A. Soﬁe of the mlﬁor things which had'to be

. N
considered in the construction of the " model will npow pe-

dicussed at this point.
if—uﬂnﬂﬂm_nm.ex__g_gmm |
During the céuree of each day -of slmuLgtibn, two
variables, rainfall and potential e&apofrangpiration, had to
be simulated. Thereforq, two random numbers per day were
'required“.maklng a totai of 428 numbers per seasone bﬂlso, a
random number w;s reduired-to determine—ihether or not March
3fst, at the beginning of each Season, qns'tp be a wet or a
dry ' day. This information was then used to détqrnine the

pPrecipitation functions to//bé used in calcuiatlng daily -

rainfall on April 1st,. Furthermore, a’' random number wasg

"'v ‘
required to de ¢ € the amount of overwinter precipitation



S0 that the soil moisture condition at the start of each

Season #ould be celculated. Hence a total of 430 und formd y

distribgted random numbers were requlredr for one year of

simulation, This made a total of &6,000 numbers for the

entire 200 years. A random number generator had to be
4

selec ted so that,lit could produce up to 100,000 numbers

f
without exhibiting circularity. Also, it had t6 have the

capability of producing the same sequence of random numbers

@ 2

‘during different runs in order that coﬁparlsons of drainage
distributions could be made with and without irrigation. A
PSeudo-random number generator call;d ,GGQI from th; INSL
pPackage (Internatlona}. Mathema¥ cal Statistical Language,
29) was found to be suitable £ the task. . Statistical Chi-
Squared tests had shown that 126,000 numbers could be
€enerated without clécularlty occurringe. The random numbers
were étored in a two dimensional array, RND(2,214), where
the columns represented the day numher of the season and the
rows represented the random numbers useq to calculate
precipitation and potential vl e?apotransplration,
respectively,.

The application of the random numbers described above
< N
to the precipitation and the PE distributions were carried
out in gwo di fferent manners Qorthy of a brief discussion.
Because calculating the precipi tation wlfh the use of

equation 11 involves a great deal of iteration, computer

o
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‘;tlme'would have been‘incfeaseh substantially. Instead, the
fﬁvalues for the gamma distribution for @ = 0.5, 1.0, and 1.5,
as given In table II; P 28,-of Thom QS?) aAd in the tables
of Pearspn (42 ), were stored in the arr;y, GAM(29,4); The
, Lagrange 1hterpolat1ng' polynoéial, as described by Stark
; (51)y was used to perf;rm a two-way interpolatlon of the

tables. The basic equation is of the form

. (x - x) k- x)
’Pl(x) - f(Xo) (x - x) ° f(xI) (x,- x )
o 1 1
. 8uch that Py(x) = f(xg) and Pi(x;) = £(x3) at the two
k‘g tabulated points Xg and xgqe. Tests performed by hand

calculation showed that lnterpolated values were In close

\

. agreement with the theoretical distribution of both the 1low

't

and high Probability rangesg.

i ©22+2 Potential Evapotranspiration.

A Subroutine, MDNRIS, from the . IMSL statistical
| : ) - ’ . ._'7 -
’ﬂ computer package (29), was used to determine daily PE

& values. A random nuaber was selected from~the\arnay RND and

it was then transformed into a standard normal deviate z =
(x-u)/s using the above mentioned gubroutine. For each
bimodﬁhly reriod, a regression equation of the type

‘ : S y = az +ib

.j wés used to calculate daily PE amounts. The z term refers

to the standard noruqi deviate corresponding . to - the

tyy y stands for the asgociated daily PE

- tand for the standard deviation and the

\ .
the PE distribution (table 7).
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$+3d Decisjion to Irrigate.

Irrigation was performed when the total soil moisture

content had beeg,/aggieteu to 50% of its total capac}ty to

hold mgﬂgtgréf//;he decision to irrigate Wheat and Alfalfta
was based upon the totalbmoisture within all six zones. The
decision to irrigate Potatoes and Sugar Beetsl on the other
hand, was based upon the total moisture only within those
soil 2zones ‘from whiCh the roots were actively extracting
water, In other words, it the K - coefficient {or a
particular 2one during a particular crop stage was zeroy, the
moisture within that zéne vas not included in the total sum
of soil moisturee. In this way, excessive irrigation "during
the early croé growth stages could be avoided. Wheat and

Alfalfte, however, do not require careful . irrigation
) 3
practices as do Potatoes and Sugar Beetse. The generally

recommended practice for Wgéat is to give the cCrop one
thorough irrigation prior .tq the time of peak consumptive
use during the middle of July.‘ For Alfalfa, 3 - slx dinch
irrigations are recommended during thé seasone Hence, it
was decided that all six Zones would be used to ;détermlne

total soil moisture for Wheat and Alfalfa.
; Hobbs et al (23) had ' reported on the response of
various crops to several minimum allovable soil moisture
levels. Yield dafu, ,for like crops lrrigated‘bypthree
different treatments, ‘vere com;afeép Irriéatlon was

performed when the sollvmo{sturg content became 1) 25%, 2)

50%, 3) 75% of the total available soil ‘moisture. The
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results are tabulated in table 8 for the four <crops under

4:_;“\

study.

TABLE 8. SUMMARY OF THE MINIMUM IKRRIGATION LEVELS POR FOUR
DIFFERENT CkKROPS ( Hobbs et al, 23).

Irrigation

Crop . Level (%)

ﬁ Softt Wheat SO
Potatoes ) 75
Sugar Beets ’ . 25’
Alfalfa (1st year stand) 75
Alfalfa (2nd year stand) S50 .

Ten years of crop growth was simulated with thenabove
'criterla used to determine the irrigation daye. The results
indicated that Wheat averaged ‘about 4 irrigations per
season, Potatoes and Alf&ita averaged 14 , and Sugar Beets,
-3 ‘irrigations pPer seasone. An examination of the Irrigation
Gauge data for the yearé 1969 to i873 indicated that many
fnrmers were irrigating approximately wheﬁ the soil mois;ure
céntent was 50 percent of the total molsture‘capaqity‘tér
all'éfdbé. Furthermore, fhe Irrigation Gauge recopmeﬁde&

- F

from 3 to 4 irrigations per . season for Wheat, 3 to 4

irrigations for Potatoes, 3 to 5 irrigations for Sugar Beets

'

and from § to 6 irrigations for Alfalfa. Hence, the
irrigation Levels for all crops were adjusted to the 50

percent leyel and the model was run again. '~ This time <the

o

average number of* irrigations corresponded to the

recommended numbere.



ds _Resulty And Conclusjons. .
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Before any meaningful data could be gathered from- the
model, it wasg Necessuary to perform a check on the program to

verify the ac curacy of both the rainfall ;nd the potential
N \\ \/’
Cvapotranspiration models, Such a check jg necessary ii the

. ) .
3501l wmoisture content, and thus irrigation and drainage, is

to be simulated with reésonable .accuracy under weather

o

conditions typical of the Lethbridge area. Both the
simulated and the actual Sets of data were compared‘by

examining averages, lengths of dry day Sequences and their

reépective A1 end Parameters, A refers to the raete

occurrence of an event while Az signifies the yield density
of the event. T ese two parame ters will be explained in a

later sectione

The average total Simulated rainfall of 45 years for

r
the period from April 1st to October 31st was 11.96 inches

qoﬁpared to the actual average of 12.43 jnches computed from

1922 to 19¢6 for Lethbridge.h Table 9 lists the bimonthly
averages ot rainfall apnd potential evapotranspiration.

The author attempted to find a statistical test which-

..

could .be applied to the data to show that the actual avérage

.

monthly values did not di ffer sigﬁificantly " from the
N " l‘ .

simulated monthly values, Howevqr, because the ac tua

values were not derived from a theoretical formula, g

Statistical test could pe found. Instead, the correl;SPon
& N 2

Coefticient (r) and the standard error of estimate (Sxy) of

. -

)
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TABLE ¢, SUMMARY OF SIMULATED AND A%fUAL WEATHEK DATA -
. 45 YEARS. ‘

Preclpitation ,

. Actual : Simulated

Interval Mean St. Dev. () Mean St. Dev.

(inches) (inches) ( ches ) (inches)
‘Apr -15 0.54 0e4235 , Oedn 0 .3086
Apr\\é¥ao 0.85 0.7665 e64 0.£523
May 1-15 0.8% O«.8&837 1.04 Ue737%
May 16-31 1.14 1.2348 1.19 0.,8&495
Jun 1-15 1.57 1.2158 1.45 , OF7771
Jun 16-~30 1.65 1.3676 143 1.0448
Jul (1-15 1.03 1.0205 076 0.6166
Jul 16-31 Oebo Je 7900 0.82 0.6231
Aug 1-~15 0.606 0.6534 Oe66 0.4913
Aug 16-31 0«86 0.81¢5 0.93 0.8943
Sep 1-15 083 0.8008 0«70 0.6006
Sep 16~-30 0.77 U« 7535 069 0.5434
Oc't 1-15 0.48 0.4791 Je56 0.5364
Oct 16-31 0.52" 0.6976 0.63 0.5630

Potential Evapotranspiration

Actual Simulated

Interval Mean St. Dev. Mean Ste Deve.

( inches) (inches) (inchesg) (inches)
Apr 1-15 Ve93 0.4057 0.94 0.2552
Apr 16-30 1.35 0.5287 1.43 0.3024
May 1-15 1.75 0.4801 1.73 0.2461
May 16-31 2.25 © 0.4589 ) 2.13 0.2795
Jun . 1-15 2.18 024105 ’ 2.20 U.2128
Jun 16-~30 2.40 0.4009 2.40 0.2293
Jul 1-~15 2 .80 0.3692 2.84 0.1824
Jul 16-31 3.11 0.3869 3.07 0.2633
Aug 1-15 273 0.3163 . 2.74 0.2396
Aug 16-31 2.46 0.4430 " 2.49 0.2451
Sep 1-15 1.78 0.4267 . 1.82 0.258S.
Sep 16-30 1.31 0.5173 1.31 0.2809
Oct 1-15 1.14 U.4468 * * 1,22 0.2552

O¢t 16-31 077 04224 _ 0a79 . 0.1805
‘ ' '

(TR
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the data were used to describe the disparity betwegn the two
sets of data. The correlation coefficient Is a measure of
the degree to which the var’ables vary together or a measure
of the intenéity of assoclation.n The sfandard error of

estimate is measure of the variability of the estimated data

about the actual datae. In" essence, it is the standard

deviation ot Y holding X constant.

*

Agreement betﬁeen actual and simulated rainfall was
found to be gquite good. The correlation coefficient was
0.9177 and the standard error of estimate was (0.1192, The
standard deviations of the simulated data, in gerieral, were
slightly lower than those of the ﬁctpal data. This probably
can be attributed to the fact that the continuous' functions
estimating the conditional probabiljities of raiﬁy and non-
rainy days (figure 4) were  used in lieu of the actual
probabilities. The actual probabili ties have more variation
than do the functions and therefore woutd effect higher
standard deviations in the average biqhonthly rainfall of

-~

the simulated data. ; o

In conjunction with the total amount of bimonthly
rainfall is the distribution of consecutive periods of dry

. . -

days throughout the entire season. Figuréw7 represents the
actual versus the simulated relative freguencies of the
number’ of consecutive ‘days, separating wet days for the
entire seasone. The total number of simulated dry days for

4S>years was 1,448 compared to .the actual number of dry days

of 1,442, The longest simulated dry run was 34 days while

D

/
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the longest actual dry run was 45 days. When the model was
run 7 for 200 years, the longest simulated dry run was found
to be 40 days. The actual data showed that dry day runs of
44 and 45 days occurred once. It was thought that had the -
actual daily rainfall conditional pProbabiltities (figure 4)
been employéd "instead of the probabilities depicted by the
polynomial equations 11 and 12, more actual values of dry
day ruﬁs and therefore average rainfall amounts would have
been obtained from the simulation ‘model. However, this
.pOﬁfibility was not tested. |

An alternqtl;e method of describing the rainfall
pattern was employgd to compare actual and simulated data,.
The season from April 1st to October 31st was divided into

-
43 - five day intervals. Within each time interval the

I3

.nimber of wet days and the total amount of precipitation

were summed over the 45 years of both the simulated and the

actual data. Figure 8a and 8b show plots of the average
number of wet days per day and the average amount of

precipitation yield per wet day for the actual and simulated

data. Good agreement exists between the actual and the

£enerated pnumber of wet days per day except for the month of

May in which the simulated numnber of wet days sllghtly

overestimates tge actual data. The correlation coefficient
and the‘standard error of éstimate tdr figure 8§vzgre found
to be 0.7191 and 0.0460 respectlyely. This indicates thaf
‘the distribution of wet days roilowsZthe actual dlstéibutlon“

resonably closge. The amount of simulated precipitation
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which each storm yvyields, according to flgure 8b, also-

estimates fairly well the actual data for the entire Season.,

The r and the Sxy values foa this case were calculated .to be

s

0.6533 and 0.0367 respectively. Although the simulated and
‘the actual data do not correlate very well, the dispersion

is very small. . ,

Based on these comparisons it can be concluded that
' [ .

the Narkov Chain model combined with the incomplete &amma

function can be effectively used to simulate daily .rainfall

» ° o

data by way of the Monte Carlo sampling technique for the’

[y “

Lethbridge areas

The bimonthly average values of potential
. - N ¢ N '
evapotranspiraiion from the slmﬁlation compares very
. favorably with the actual values in Table g, The average

t&tal simulated PE - for the entire season was 27.11 inches

coméared t§ the ,actual value of 26.97. a difference of 0.14
inche The r value and the Sxy value weré found to be 0.9359
/and 0.2703 \respectively. -The maxlmum’,discrepdncy which
occurs duying the periods of April 16~30 and Sept 1-18§, is
0«08 1inche. Since the actual PE bimonthly averages were
computed from the daily values estimated by equatioa 5, thé
actual PE values are only. esfimates. Becaggec the
theotretical distributions of PE are ‘clqser ‘to  the aétﬁal
data than the theorétical distributionsrot rainfali, the
discrepancies of the mean PE .values are much less. Howéver,
¢

the variation of PE ln' the actual data ig subatantially

&reater than the variation of PE in the simulated data as
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noted by their respectlve standard deviations, Since the

3

conditlonal probabllity fuhctions, as employed in the

lncomplete gamma distrlbutions ot raintall, were continuous,
the discrepancy between‘ the standard deviations of the

simulated data and the actual data Qere . small. The

x\
conditional probabilitles for the PE distributions (table 5)

vere calculated on a 15 day interval basis' and .therefore
were discreet. Thlé might have caused mpchélo;er di spersion
in ‘the simclated va lues and‘thererobe nuch lower values of
Standard deviaiions'wéce real;;ec. However, thlsa,did not
S€eem to affect the mean values ot PE.

The bﬁtpﬁts from the'iwéather model bave shown to

compare very favorably with the actual veather data for the

Lethbridge5area.'

A further refinement of the K-coefficientsg wag .carried
out at thisg point. Ten Years of - slmulated crop growth vas

performed for each crop., The s;mulation season wus divided

"into 43 time lntervals of S days each. Daily. consumptive

2

use values were summed for each‘time interval tgbr the 10
Years of simulation- Averaé@'dqily consumptive uée values
for each time iut;rVgl were then plotted against the
experimental curvese. The K-coerricients were adjusted until
the curves chOWed a good fit, Figures 9 to 12 repre: nt ‘the
Simulated vcrsus actual consumptive use curvcs'and Table 10
lists the coefficient mntrix for each cropy

°

The: years P960 to 1963 were in €eneral warmer and

.

'dryer_ than usual, . Hencc,.the Crop consumptive use valuesg

~
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TABLE 10. K - COEFFICIENTS

A) Wheat

FOR FOUR CRrROPS,

Dates Soil Zones
Ending 1 2 3 4 5 6
May 4 «60 «15 « 05
 May 24 « S5 «30 .10
June 12 « 50 «490 <20 o140
July § «40 «+35 .20 «20 <10
- July 12 «40 130 «25 «20 410 <05
e July 20 «40- 230 .25 «20 .10 «10
‘ Aug 1 «40 «30 .25 «15 .10 « 10
’g%, Aug 10 «45 .30 .20 .10 .05 « 05
’ Aug 20 «45 «J30 «20 «10 « 0S5 «+ 05
OCt 31 -50 020 o15 olU 003 o02
B) Potatoes
Dates Soil Zones
Ending 1 2 3 o 4 5 6
May 10 «60 .15 « 05
June 4 15 «10 «03 «02
June 25 « 30 20 «10 « 03" 02 .
July 10 «45 «30 «20 - «10 « 03 00),2“
Aug 1 -40' «35 .25 <15 .10 .ys
Aug 12 +45 .35 .25 .15 .05 .0s
Sept 18 «40 «e30 .20 .10 .05 «03
Y 4 Oct 31 +60 .15 .05
C) Sugar Beets
Dates Soil Zones
Ending 1 2 3 4 5 6
‘Apr 25 «60 .10 «05 ,
June 5 « 15 «10 .05 «03 «02
June 26 *20 .15 L,1Q .10 .05 .02
July 10 *25  «20 .15 .10 .10 .05
Aug 1 «35 .25 «20 «15 .10 .05
Sept 1 «35 «25 « 25 «20 «10 «10
Sept 15 «d5 .28 «20 «20 .15 «10
Oc t 10 030 025 025 020 o20 .10
Oct 31 +60 .15 «05

67



TABLE 10.

D)

Alfal fa

cont'd.

Dates . Soil Aunes

Ending 1 2 3 - S_ 6

Apr 17 60 <15 .05

May 24 S50 «20- .15 .12 .08 .05
“June 18 <50 +25 L,23 .22 .15 .10
Y Jduly 3 «50 425 W15 .15 .10 .10

July 26 «50 +25 .15 .15 .10 .10

Aug 25 .40 .20 .18 .15 .12 .05

Sept 17 35 <25 .20 .15 .15',.10

Oct 31 .50 .20 .15 .10 .03 .02

68
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were greater than the'average values as presented by Hobbs
(24). An attempt ' to bring the average consumptive use

values down to a aore general Llevel was mades However,

becauge the values were greatly unaffected by any large
change in the K-coerficients, it was extremely difficult to
force the simulated apd actual consumptive use curves to
coincide perfectly without d;asficully changing the entire
coefticient matricese Thus, discrepancies exist in figures
9 t; 12. However, it is felt that the simulated curves
assume values between the>average vafues and those of the
dryer years of 1960 to 1863. Inevitably, the power off the
Versatile Budget to gimulate daily consumptive use could
greatly be enhanced if better coetficients had been selected
both during the growing season and ;ﬁrlng t he spring and
fall seasons and had there been more accurate ponsumptlve
)

use curves available for each c;op.
tt t ~‘

A tey researchers (54,63) have regarded¥da11y rainfall

as an igternittent stochastic process, A ;tochastic process
is a random variable, defined JAQ& probability space, and
dgpendent _on timeo .If the random variable assumes zero

L 4

values for some positions along the time scale and greater
than zero values for all other positions, the process_is
said fo be intermittente. ‘Ralnfall, evaporation,.runoff, and
floods a;e intermittent processés. Similarly, lrrlgation’

dates and drainage can be considered aé intermittent

stochastic processes., Théy are both dependent on the soil

-



LT ’
moi s ture level which in turn is a derived varjiable
influenced by the two stochastic svariables of “precipitation
and consunptive use. The sx;ount and occurrence of drainage

are stochastic whereas only the ipgrigation frequencies are

sStochastic. . The amount of lrréﬂatlon water applied to the
field is that amount required to replenish the soil moisture
deficit to field capacity at the 50 percent }evel. It is
therefore a fixed‘quantity and has no nged to be conslde;ed
in this study; Because irrigation wa ter replenishes the
soil to . exactly field capacity in the model, any drainage
which does occur will be due to the combined effect: of the;
amount and the occurrence of rainfall. The definition of
drainage, therefore, as employed in this study, is that
amount of water which is in excess of field capacity on —
—_—

day (i).

Yevjevich (63) describes two basic p;rameters of an
e
lnte;mittent&process. They are:

31 .:44 & YO
Ay = average nuaber of bursts per unit ¥ me@§nterval
Ap Average number of bursts per unit yield

i

The Ai and A, parameters are perlodic»functions of time‘with
the year as the periode. The term Az is best described by
its 1nversé§€ihe average wéter-yleld per bursﬁ. Bbcduse ot
daily and seasonal varlatidns,lkt and ”)2 will vary with
timea However, if the time interval lssvery4sma11, they can
be.considered as constants within that time lnéervalf

The twp‘par;meters were calculated according to the "

+

following formulae.

r~ | ,



3

N o
Z e (1)
y=1 y .
/\ —
@ L 5N
N
Z e (1)
y-1 7
\2 =N
s Z x (1)
y=1 7

>

«

il

the number of bursts within the ith time

where: e (i)
Y interval and the yth year

"x (i) = the total water yield during the ith time
y interval and the yth year
N = total number of years
y = the yth year .
i = the ith time interval in the yYyth year
The Lhterval of time  over which the parameters were

calculated was chosen as 5 days as it was felt +that the
parameters would vary llittge over this - time span. The
parameters were calculated for both irrigation and drainage

as well as the actual and simulated rainfall.

- : M Parometers.
Figures 13 through to 16 present the A1 and the 172

curves for three variables, tvb of which are drainage and

one irrigatione. Dralnage ay represented by the solid line,

A

y(flﬁgepicts the seasoﬁ&l trend of drainage when irrigation water

R e

7;jipde been applied to the so0oil for the entire simulation rune.

Drainage by represented by the dotted Iine, depicts the

¢

behaviour of druinage when no irrigation water at all hasg
- been aﬁblied to the soil for the 200 years of simulatione.
o ] .

3

The dashed line represents the behavior of the Al parameter

-
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for irrigat%on. The 1/), irrigation parameters maintained a
constant vglue of 3.5 inches for the enélre season for each
of the four cropse. There fore, they were not %resented ‘1n
the figures and will not be discussed to any greatvlength.

Figures 13 to 16 also show the seasonal behavior of the

average densities of the standard deviations for the A{ and

[ 'f';;) .

1/ % curves for each crop. The average densities are simply—
tbe standard deviations for each interval divided by the
number of dAys within the interval. ”%his value, then,
represents theiaYerage standard devlation'od a daily basié.
Figures 1J3a to,iSd-iepresent the A} curves of drainage
for Soft Wheat, Potatoes, 5q§ar Beets and Alfalfa
e
respectfvgly.‘ An'examlnafion of the }1 curves for all four
crops indicgte that there Are two general 7 trends, one for
Wheat and Alfalfa dnd one for Pégatoes and Sugar Beets. ‘The

*\
e S
trends are as follows. k

¥heat and Alfalfa: .

&

\

1. The ﬁaxlmum value of g bc;urs'durlqg'the do:}E»
{gf June.
2. A seconAafy maximum occurs during Septembér.
3. 'Miniﬁum values extend through July ‘and August.
4. Th;re ;s a sharp.decllne at thevbeginning of
ngy. |
Potatoes and Sugar Beets: o
1. The peak X v&lues occur at the beginﬁlng of

June and the end of May.

2. High values prevail during Ma% and June.
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3. Minimum values occur during July and August.
. \

4. There is a gradual decrease in Ay during June.

Two trends mentioned above are common to all four

Cropsie The maximum value of the Vg curves occur during
. . .
June, and the value of A; during April 1-15 and ffom'July
] ..
n* \
Y )

onwardss aré\upproxlmately equal.
N |
The average densities of the standard deviag# ions of

'

w0

the ' curves (figures 14a, and 14b) follow the same seasonal

trénds as do. their respective Y3 curves., In other words, on

- 3

a long ' term basis, as the average rate of occurrence of

% . s : .
drainage Increases, the range of -the rate of ‘doicurrence
\

-
»

increases.. It {s also ndted that the "} curves and their

yespéctiva standard deviationé are  almost identical

- i

thréughout the entlre\éeason for Wheat and Al falfa as we}l
- Y . .
-‘\ (t L] P -

a8 for Pofatves and Sugar Beets. Yet, during May‘Pﬁd June,

£
v
figures S and 12 show that the average consunp tive use rate
of Alfalfa is much higheb than for Wheat. "A  similar
o ix i i ,.‘\
situation exists for Potatoes and Sugar Beets during August
and Septéﬁbe% (figure 10 and 11). Thé A\ curve and thelr
A\ ‘ . - o l’ b ' :
sthndard‘ deviations are '.aimost identical, yet the

|
L

i

consumptive use curve for SU$$T Beets shows that its average

consumptive use is higher than Potatoes. .However, in both

casesy, it is noted that the slopes of the curves or the rdte

e

14
of dincrease of CU from one, day to the r.ext is, approximately

egual. ‘This . Suggests that' the drainage frequency is

. P * ’

lniluéggﬁd by the daily rate of increase 8f GU rgther?than

the absolute daily 9m6hnt of CU, This fact is further

v Q
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v ¢

exemplified by the differences which exist between the
@,

shallow rooted crops and the other cropse. Thezslope of the

r

CU curves are much shallower for Potatoes and Sugar Beets -

(figures 10 and 11) than for Wheat and Alfalfa (figures 9

and 12) during the months of Nay and June. Drainage,

therefore, has a much greater rate of occurrence for the

,Crops showing the lower rate of daily increase of CU.

The coq$luslons drawn from the above analyses are
A : .

listed below.

~
1. The daily amounts of consumptive use affect the
average =rates of drainage slightly. Crop's

® . .
which have higher daily consunptive use yalues

but equal rates of increase, will ‘not

/ experience any appreciable d!fferencs in their

~

average draidage ratese.
2. It follows from the above that drainage rates
3} = R
are not influenced by the cu%ulqtive amount of
consumptive use over a period of time.‘
a4
Je The slope or the pra te of ihcrease of ahlly

consumptive use af fects the drainage rates

greaélyr Léﬁyﬁrafés of 1increase cause. high
rates of drainege while high rates of increase

@

: .
1

)
4

cause low draiﬁage<r&¢es. Therefoié, a -crop
will not éxperience verx many drainage problems
it its fate_of Jaily lhcrease in water use is
'hiéh)duning'fhe early crop growth stages.

o .
- ) .

Fel

L
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7-2.2 Drajnage: A:z Parape ters,

An examination of the 1/42 curves (figures 15a to ISd)
indicate that the amoeunt of dralnage vas much more varjiable

than the occurrence of ‘drainage, No distinct sgﬂsonal

trends prevailed, however.

The 1/%, curves maintained constant average values .of

May and June and then gradually dec reased to 0.20 inches

from July to Oc tober. During thé manth of June, however,
$ [P

the yield per> burst appears to reach averuge values of

between 0.30 and 0.35 inches for most of the rops except‘

Wheat. This npparently is the result of the fact that the

!
1/7%; curve for rainfall peaks during the same month and

3 - K

*therefore effects a gmall increase ip the amount of

°

drainage.
€]

‘The variability of the drainage_ yYields befween the

values of 0.20 andg 0.30 inches for all of the four cropé
: . ) . L3

Corresponds to the average values of reinfall yileld ' ag
illustrated in tlgqrebe. In‘othé? words, sincé the amoynt
o:'dbainpge apparently is uhafiécted. by c;nsumptlve -u;e
rates, it mayfbe assumed,’therefore. that 1t'{s.nffectea‘by
the ‘amount of rainfall‘the soil receives- - An eanlnatf@%

all the 1/ 3, curves yields the speculation that the drainage

curves. follow the Same general trend ag do the precipitatijon



drainage yields., - The daily consumptlve use ra'm
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Except. for the months of May and June, the standarg
deviations approximate each other falrly clbsely. A
comparision of the average daily consumptive use curves for

Potatoes and Sugar Beets (figures 10 and 11) shows that the

values are apé}oximotely identical from April to June.

v

Consequently, it can be exPected thit the mean and tHe
standard de?iatlons of the amount of drainage to be

approximately identical. A similar comparison for Wheat and

Alfalfu (figures 9 and 12) shows that although there is a

large discrepancy in the counsumptive use curves during ’Hay
afdd June, there is'relatlvely little discrepancy in their

respective 1/ 1, curves. The discrepangy, however, does show

. g
up in the standard deviations curvesg, The d4 fference

'

e op IS

between the consuiztive use curves for Wheat and Alfalfa and

Potatoes and Sug\f “Beets 1s quite marked during Nay. and
. e

June. However, thisg difference is not reflected to any
4 . .

great degree in the 1/%, curves but is very pronounced in

the standard deviation curves. P

*

From the above_compurisions, it can be concluded that

the daily consumptive use rates havi<duch more influence in

°

determining the daily varlability father than the mean

Pe tetuine

)

the varlability of the drainage amoun ts .hereaéﬁﬁ

hrainfall amounts vlll, determine the upper limit of the

'

amount of daily drainage. Theﬂefore, a shallow rooted crop}
because it exhibits lower consump@}ve use raies during May

and June; twill not exhibit higher Averagandrqlnage vields

\ %

e daily
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but will eﬁhiblt a higher range ove£ which the drainage

.
-

Yields cap varye  In general, the long term drainﬁge_yleld

. [

wlll‘COrrespond to the average rainfall amount whereas the

The.: Ay curves for irrigation are plot ted as, dashed
lines in figures 13a to 13d. 80 that comparisons between

drainage and irrigation can be made, Epr{:?tlon of the

-drrigation ‘1 curves indicate that the maximun'concentrntlon

of irrigation occurs during July and August for mosf of the

.

€cropss Alfalfa, however, shows that lrrigaflon is more or
& ‘l

lessﬁyonstant f%om June to September. "This 13 prébnbly due

t& the fact that Alfalta has the hlghest total coneumptlve

, 0
usé,o&er the entire growigg season. Wheat, Potatoes, and

.

Suggf Beets are lrrigated mainly during July and August when

e

Y Yy
‘the amount and the\occurrence ot precipltatlon is- low, the
R

consumptive use rates are maximum and the chance of drainage

is minimal. ‘

' '..‘-

Figures 13 and 15 algo show the behaviour of the A,

and @he I/Az parameters of drainage for crops 'hich have not
been irrigated- No drainage problems for both Wheat .and
Altalta existed ‘hereas Potatoes and Sugar Beefs did sShow

slig%t probleas during June and part of July, The &%ount of

drainage water tended to average about'the_same with or

]

without irrigation. This is shown by tﬁet;ariation” in the

%
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17, curvcs. Hence, it Can be concluded that irrigation
wvater, even though it jg applied at the exact instance the

soil deficit reaches the 59 Percent leVel, cdntflbutes

The Probability curveg Presented ip figures 17 to 20
represent the cumulatlvc pProbability distributlon of the

irrigation lapse timesg for each indivldyal irrigatjon ‘qnd

constructing trequency distributions. The dates fop each
individual irrigation and for each Crop were S8tored in a
frequency table from which cumulative probabllities were

calculated according to the following plotting pPosition.

k .
Z n
-1 1
Pk = —
’ N +1
where:; . .
Pk = cumulative probability of the kth iten s
ni = absolute fé;huency of the ith item
N = total Sum of all absolute frequencies

The cunuintlve probabllltleé for 1rr1gation dates -were

4

W‘calculated and tabulated during the Simulation rup and then
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}ABLE\JI. DESCRIPT ION OF THE IRRIGATION PROBABILITY CURVES.

Igrigation ‘ Mean St. Dev.

Crop Numbe r N Prob. Date of Da te
Whea t 1 200 100.0 June 2§ 8.9 N
2 200 100.0" July 13 6.8
3 . 200 100.0 July 26 8.2
4 194 97.0 Aug 13 14.3
) 5 138 69.0 _ Sept 12 22.1
" 6 z1 10.5 Sept 26 21.
7 1 0.5 Oct 8 Oﬁg
/:“
Potatogs =~ 5 2.5 May 10 1.2»
. ~2 1 0.5 May 13 0.0 °
-3 1 0.5 June 23 0.0
1 193 96.5 July 15 4.1
2 " 200 100.0 July 29 3.8
3' ©195 97.5 Aug 17 10.0
4 92 46 .0 Sept 6 11.2 "
. ,
Sugar Beetsg -' 1 ‘05 Apr 25 " 0.0
-2 Tt 0.5 May 28 0.0
1 198 99.0 July 16 6.3 "
2 200 100.0 Aug = 2 5.9
. 3 200 100.0 " Aug - 18 7.4
[ 196 98.0 Sept 6 11.6
<;s 129 64.5 . Sept 23 11.0
BN 24 12.0 Oct 4 7.6
Alfalfa 1 200 100.0° < May 30 8.6
‘ 2 200 100.0 June 20 ' 10.6
3 200 100.0- July 9 ' 10.0
4 200 "100.0 July 25 - 10.4
'5 199 °  gg9.s Aug 12 * 13.9
6 178 890 Sept 1 17.4
7 . 98 49.0 Sept 19 - 194.9
g .

23 11.5 Sept 26 14.0

v
preseason irrigation
irrigation during emergence,
irrigation between emergence and flowering
N too small for a distributioh'(curve not shown)

{ w0 -
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SUMMARY OF THEASMIRNOVfKOL“ORCOROV STATISTIC FUR

TABLE 12,
\ “THE IRRIGATION DISXRIBUTICNS.
’ Irrigation
Crop Number N Siatistic
Wheat - 1 200 - - 0065 q,g.
2 200 0.080 Nes,
. 3- 200 0.130 =
4 194 0.140 =«
5 138 0.070 n.s,
6 21 0.155 p.o/
: x e
Potatoes =1 S -
-2 1 -
-3 1 -
N 1 193 0.120 %%
2 200 ' 0.080 n.s.
3 185 . 0.075 n.s.
.4 92 0.090 n.s..
- 3 - '
- %
Sugar Beets -1 1 - “
<2 1 . -
- 10 198 © 0.100 %=
L2 200 0.045 n.s., - o s
3. 200 : ' 0.070 n.s, ’
4 196 © . 04100 xx
» S 129 0.050 n.s. d
6. 24 ~ 04115 g,
Alfalfa 1 200 0.115 %%
‘ 2 200 © 04100 #x%
'f; 3 200 >. . 00075 Ne S
4 . : 200 0.070 - NeSs,
* . 5 ‘189 01085 n.s.'
6 ¢ 0178 oo 06125 %
7 ‘ 98 0.115 Nes.
8 23 0¢150 n.s,
.d % o
1 preseason irrigatjon
)2 lrrigation during emergence -
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With each distribution curve there {g assoclated a

‘#robabllity. For instance, for 200 of the 200 simulated
years. Wh§at. recélv?d at least one irrigation each year,
whereas, a total of five lrrigatiéns‘ver; perfor@ed for only
28 years. Therefoéé, the prbbablllty associated with the

first and the fifth irrigation . are’ 1.0 and O.14
respectively, Table 11 lists the curve numbers with their
respective .probabillties. The tab}elindlcates that Wheat
had at least three irrigations per season, Potatoes had two
Irrigatiagf, Sugar Beetsg ﬁgd :thr?e, aéd Alfalfa had four
irrigations. 1In the case of Potatoes) and Suﬂar Beets, the
pProbabilities assoclated with the firgt irrigations are not
1.0 because of the fact that the con&itlons (iee, the
nuubep of soil_zones) upon which thebirrlgatlon da tesg vere
"based were different during the earlytstages of gfowth than
in the léfer stages of gréwth. In the drier yea;s the first
ibriéation might have occurred when the roots occupléd only
the first foupr soil Zones, vhereas, in the vettef seasbns$
"sufficient -raiﬂfull had rermitted the roots to extend into
the sixth Zone prior to ‘the tlfst 1rrigation. " Table 11
llsts the total numbef of irrigatlons, Ny, the irrigation
prob&bility‘and the mean and standard deyiation ‘of the

 1rr;gdf1§n dates.b ' . : .
’ Acéording “to tﬁe:>probabillt1es, most of the firgt

irrlgatlons ‘had” occurred after the roots had entered the

.

Sixth zone.. Thisg corresponds to the aﬁproximate dates of
o e 1 . - ‘
June 25 and June 5 for Potatoes and. Sugar Beets

/- : Coa
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respectively. » Thege dates are taken from table 10., Because

4 v ,’ . B
there were so few irrigationsiprdor to these dates (Pota toes

- 7 and Sugar Beets — 2) thes irrigaﬁions wvere not plotted,

“ B

As can bpe seen"ffom Figures 17 to 20, the plotted
points followed fairly straight lines on normal probability
Paper. Thus, a Chi-squared test was performed to test the

assumption that the irrigation dated followed a normal

)

function. All ’were found to be highly significant.
. . -

Therefore, it was decided to perform a Smirnov—Kolmogorov
distribution free test on the data. Only seven of the 24

dlstributions were found to be significantly different.

~

Table 12 lists the Smirnov—Koimbgorov statistice.
Because of the fact that an irrigator considers the

type of thebretical distribution to be dirrelevant, it was

\

felt that the, lines, as depicted by the means and st;ndard

-deviatiozl.would serve the purpose of characterlzing the

v

irrigation distributions. Tables 13 to 16 list the
cumulative probabilities and thelr respective irrigation

da'tes in tabular forme. A broad spectrum of probability

7

levels was used in an attempt to considér as many different

’

. kY
types of weather patterns to which these computations might
be relevant. For instance, the 1low Llevels of lrfigation
probabilities may be relevant during years in whichvthe

_Season is eXceptlonally dry, whereas, the high levels may be

<

‘of greater interest‘dbring excessively iet»seasons.'

-
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A summary of the results are ligted below.
l. JIrrigation ‘coatributesg significantly to’
drainage problems. Wheat ' and Alfalfta

experienced peak drainage‘ rates of 0.0S5S and
0.03 bursts Per day with irrigation @pd:zero ‘
drainage rates without

‘

{ .
Simillarlly, Potatoes and Sugar Beets'exhlbitgd

irrigation.

pPeak drainage rates of 0.125 and 0.12 bursts

per day with irrigatijion compared to only 0.01

-bursts per day without irrigation.

Irrigation weater is mainly applied during July
and August. Dr;] seasgons will require pogt-

season irrigations. Irrigation should not pe

performed during May and June for .fhe shaLﬁov

A

rooted créps. o : -

Drainage problems dare more critical for shallow

18 ¢

rodied crbbs during the early €rowth stages

than during latpr stngeé. May and June have

o é

. O
the highesgt drainage rpates of approximately’

¢

0.125,butsts rer day with a standard deviation

©of 0.20 bursts per. day, In other words,’

-

drainage problems €an occur every J to 13 days

with agﬂaverdge of an 8 day return period, The

-

varibility of rainfall plus low consump tive use

rates during these monthsg are the ma jor causes

~

of dralnageAproblems.
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The amount of daily rainfall de termineg the

i

UrPper limit of the daily drainage amountsg,

The

ac tual

daily

consumptive

4

[N
daily amountg of drainafe. High

use rates wjll decrease drainage

increase drainage Yleldse.

s .
The daily rpate of increase of Consump tive uyge
has a profound influence °on  the rate of
oecﬁrrence of drainage, * Vheat and Alfalrfa

. v
averaged a daily rate of increase - of 0, 004

inches and

"had g peak drainage rate of 0.0s

bursts Per day while Potatoes and Sugar Beetg

Averaged (,

<

003 inches put had a peak drainage

rate of Q, 125 bursts Per day during Nay and

Jdune,

The

slighttly by

average
<

"

rate of drainage ig aifecféd only

the Andividual daily r%:es of

-~

consumptive use. , o

The

_Probleas

€xperienced the least drainage

during the Latter half or Julye The

yields whereas low consumptive yge rates will .
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N

inches per burst plus or minus 0.01 inches
Vi

per

burste.

e |



8. Conclusiopg,

The main objective of this study was to develop an

<

irrigation and a crop growth simulation model which could be

used as a tool to obtain information regarding the behaviour

of soil drainage to' weather and to different Cropse

-

Incorporated into the model were theoretical distributions
of rainfall and potential evapotranspiration and condi tional

probabilities of rainy and non-rainy dayse A model of

-,

3

consumptive use wa s employed to determine Crop water use
according to the water extraction patterns of the roots and
the dryness cruves of the soil. Soil moisture condi tions

§

unded%four crops were thus simulated over a period of 200

K3

years,

Actual weather records for Lehtbridge, Albepta, were
used to develope the weather model for the simulation. It
vas found that both the rainfa'll amounts andbfhe rainftall
probabilities were dependent upon the time of the yeare.
Furthermore, rainfall’ amounts of .less than 0.10 inch
cons tituted a ‘signifticant pPortion of each rainfall
distribution durigg the season,. The rainfall probabiljties
showéq‘definate Seasonal trends and were considered to be
important in simulating weather.

The weather model was run on fle compuéer and 45 years
of- simulated data wéreu'shown nto compare favorably with
.actual data for Lethbridge. It was concluded that the best

method of cénpaiing actual and simulated rainfall was to

. < ’
compare their Ay and 1/), Parame ters. Although the

»

102
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correlation between the actual and simula ted was not
substantially high, the standard error of estimate vas very
syall indiCinng that the average fluctuation between the
.actual and the simulated values wag lnsignlfic;nt.

The‘ Véfsatile Soil Noisture Budget wag used to
calculate daily ' consumptive use, The accurracy of thisg
model was‘found.to be mainly depenﬂgnt upon the éelection of
the K-coefflcients. Manipulation of the K-coeffic{ents in
order that the proper ave?nge consumptlve use cur;es might
be assumed proyed to he extremenly di;ficult and time
consuming. On the o;her hand;'to‘adJust the‘coefficients s0
that» the simulated soil m&isture Content conincided with
actual fjeld data proved to be rathepr easy.' Howezer, it wag
felt that thig latter method ;ould not bpe sufficiently
accurate in g Mopte Carlo model which requirgs'long term
average valﬁes. Therefore, it vaé concluded thaf the
Versatile Soil Noi sture Budget can be used in‘a Monte Carlo
model fo provide tﬁe bas1c crop variableg pProvided that ‘the
K—coefficlents are éelectqé so tﬂntvlo;al lo;g tera average
Consumptive yse curves areée simula ted.

£

Probability aist;ibut;ons of irrigation lapse da tes
. (AN

. were obtained from the model for each irrigation and eacﬁ

Crop. ' From +the slopes of .the dlstributions, it wasg -

coﬁcluded that at least the firgt t;o lrriga}lon dates for

eéch c?ob'were relatively uninfluenced by wet nhd dry years.

This |ig Lllluétrated by .the -shallow slopes of the

4

distribution iines. The dates .0f the latter most
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variability age Prevelent. pye t¢ tﬁe hlgh'consumptlve use
v s
rates, thefé;riabllity of irrigations and thus tphe slopes of
the diétributlon'lihes are minimum duriﬁg June and July. 1,
September and October, wvhen conspmptlve use g low, rainfall
variabili%y'of irrigation d&tes and 1ncrenslng the s!opes of
the distrlbutions. An ﬂ{rlgator,_through the use of such
probebility éurvea, could decide the approximate da*e of

4

irrigation Provided pe knows the Ccumulative amount of

use and rainfall, Moreover, it ¥as .shown that drainage wag

the Crop maturesg the riék of damaging a crop7decreasesg
Furthermore; the Standarg ‘deciation of the 'I/Az Curveg

' ) . \
Buguest that the amount of water which draing from the soil
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déuinage and rainfall,



2. Recommendations.

1« The accuracy of the daily consumptive uge model

-

could undoubtedly be'improvcd with the use of K~coefficients

which could better approximate the average conéumptlve use

curves for each crop.. Selection of the K~coefficients
should be based upon more up to date experimentally
determined - consumptive  use curvese Hence, research

regarding water use for various Crops is needed,

2. A better method of determining Planting dates
based on reinfall, temperature, and soil moisture conditions

should be developed in order to make the length of the
. ~.

growing season a& variable in accordance vith the weather,

N 3. The length of each crop growth stage is, in

©

reality, affected by the soil moisture condi tions ' and the
weathef. A méthod of varying each stage of growth accord;ng
to the amount of ralnfall ‘rgceived and e potentlui
evapotranspiratig; “should be develqéed. This ability would
enhaize tﬁe effectiveness of the K-coefticients to simuyate
dallygcon;ﬁmptlve use. ! ’ ' 4

4. The p6h91bility of obtainlgg probabllities of
the number of rainy days and the number of dralnage periods
within a given time interval should be investlgated- "As

""5
rnlnfall and’

well, the probability of the total amount of,

+

“drainage within a given'time period should also be obtalned,ﬁ
S¢ The simulation model should‘ be . ektended to

include other maJor' crops, dltterent soil , moisture

¢

capacltles, dlfterent soil types and ditterent localltles.
g
106 .
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Appendix A
The cropping model wags written 1in FORTRAN - G
languagee. It consists of a main prbgram and ten

subroutinese. One subroutine each is devoted to the raianfall

and the P.E. models, one to the 6verv1nter precipitation -

s

model, and oOne to the cropping model. qu subroutines are
devoted to frequency tabulations while two“agher subroutines
initialize the constants for the entire gmodel and set
severai variables to their initial values at the start of
each year.

A llstiné of the progfam is - given on the following

~pages. Flow charts- of_the more important subroutines are

alqO presentede.

s dl
N
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- &
. ' MAIN  PROCRAM i . .
. S RUGRAM
~
d
| 2 L
N L - ,‘ .
INI;\I);:I\: 2 : Tnftialize the endfn, dates of each month and
PEMEAN cach total monthly Pt value,
Read TR
s TABLYL, COFF Input total number of vears to be simulated and
CONTNT, » Crop specitications,
Initlalize summers to zero.
- ‘D.o‘_for ecach year to be simulated. ’
‘ b, . - ' .
B BEGTN - . “ Inftialize summers and counters to zero. .
- © . -
_Ii)_ e ’ -
MONTH . 1 . - <
- ) M- ] Initlul%g month, bimouth and week numbers to 1. ’
WK = 1
—
: Generate 430 pseudo-randbm numbers for the entire '4
season.
-4
L
1f fiﬁm number is less than the nrobability .
of rainfa‘j-‘l for March 31st, R - 2 otherwise R 1,
e ® ' M
]
¥
- “kg
Pl Update the number of the month.
UPDATE MONTH “
7 NUMBER : )
S . .
. o .
Update the nuiber of the current weck.
UPDATE WEFK |2 'y ‘(' '
NUMBER ] - o N .
. . — . i
’ 1.9 B v
1.1J;
A 3 A 5 . 4
J . i .




CALL
EVAPO

StM ITATIY

RAINFATL & LJ

CAICULATE
PEDLF

SUM CROP
_ PATA
----- comeL

€
SUM CROP
DATA

' —T
¢ sy -

RAINFALL

ot e e e et m . e .- - ——-—

UM & 90‘
RATNFALL & VE

—
S

[

DATE
NUNnLR

UPDATE STACF
NUMBER

]

19 &1 ‘\Hxll\—]

Update the bimonthly number

Calceulate today's ratnfall awount .

,

Calculate todav's potential evapotranspiration,

Sum total rainfall and PE for each month.

£

Calculate the difference between today's PE
and the monthly avé@rage dai ly PE value.

Do for each crop. .

If today {is Lqua/\ to ‘the last day of a crop stage,

update crop stage number for tlie crop.

Calculate crop cousumptive use for today and update .

the sofl moisture content.

Sum total crop data for each crop each month,

A .
Sum crop data values for this season.

Sum the total rainfall and PE for this season.

’
Sum and sum the squares of the total monthly

and seasonal rainfall and PE values for each scason,
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WRITE R [T,
[N l"l

T /I
SUM MONTHLY

CROE DATA J

CALL
WINIFR

(,AH U[.AA [
MEAN & ST, DEV,
RAINFALl & PE

Ein

CALCULATE
MEAN & ST, DEV.
CROP DATA

1

WRITE: MEAN

& ST. DEV, OF
RAINFALL & PE,
CROP DATA

CAILULATE
CROP DATA
MEAN

) WRITE
MINTHLY
AVERAGES

" i

i
Symiand sem the sqoares ol the total “canoanl crop

A(/L{h":u values for each vear,

Quipat monthly and seasonal totals of rafniall, 'K
and ciop data {or the cortent vear, 2

Sum the total menthly values of the crop data foy

ecach veat.

Caleulate oversinter precipitation and drainape for
each crop and updiate the soil mofsture content,

N
Calculate mean and standard deviation of the monthly
and scasonal raintall and PL amounts.

-

Calculate the mean and the standard deviation of the
total annual crop data values.

Output the mean and the standard deviation of the
monthly and annual values of rainfall and PE znd the
annual values of the crup data.

Calculate the total monthly means of the crop data.

3

Output total monthly values of the crop data for each
crop.

Calculate and output \the 1 and 2 parameters for
rainfall and for each\crop.

Calculite and output a frequency table of the dates of
each individual irrfpation ( 1 to 14 ) for cach crop.

Calculate and output a frequency table of {rrigation
dates for cach crop.
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H A
Calculate aud ontput a frequency table of dratnape
dates for cach crop.

Calculate and output a frequency table of runoff
dates for cach crop.
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SUURU!N'IN!’.' N
RAIN
e

,‘Sul:rou[lnc to (h‘\immlm‘ dafly rafnfaly values,

L

SUMR()UNNIJ
RAIN

IDY DAY -90

Reser day Mumber of Year {n relatfon o April Ise,

Qww Calculate prnhnMH(y of a Ren-ratny day occurring today,
> .
RN . RND(I,IUY) Select tie nexte Sequent gy) randomn number,
N .

Y Is today dry?
(W :
v .
: &PN.SA Adjust gy for g nixed d(stribution.
Select 4 and ¢ values of the Lheoret!cal gamma d!slrlbution
for rainfall, .
R =2 Set R . 2 lndicating rain today, -
If alfa 14 less thap L0,
N
JJ -4 . Select maximum €0 lumy Humber 4 and max {mum alfa valye
AL - 1.0 "“of 1,0 N
JJ .3
AL . 0.5 Select column number 3 ang alfa valye 0.5
- m Do for each row of the fammaq table,
]
i ’ ”
!
t ’ :
! / Select row Number of the ganm, table by Comparing F g
! y the probabiluy in the Bamma gapy,,,
H £ F s less than GAM, exit (e do 1oop,
1
(]
/ y ,
1
L. CONTINUE I —
— ——-///
o




CALCMATLE
RAINFALL

FREQUENCY
__ N
Gy —

- RSUMiPPT

NSUMWK - NSUMWK 1
ASUMHK ~ ASUMWK + vPT

e

ALUI-’H
DRY RUV

b
==k

2.2

TABULATE

. ’ 119

Select the row and colum viiich e on the opposf{t
side of the ¥ Provabi 1ty amd the alfq value reapectively,

¢ .
Calculate rainfall by a 2-way interpolation of the rows

and colums selected above . (Legrange method, Stark, 51)

N
Is rainfall less than or equal to zero?

"

N
If length of Conscqutive dry days s greater than zeyo,
tabulate the frequency of N, *

Set length of dry, runs to zero.

Sun rainfall amounts on a bimonthly basis.

Sum the total number of rainy days and the total amount
of rain on a weehly basis,

Set rdinfall to zero,

ge‘t R tol indicacing no rafin today.

A

Sum the number £Li onsequtive non-rafny days,

If today {5 not October 31st,

Tabulate frequency of 1ast dry. run ) ,') ' "y
1 .

f

Reset dry run to zero, s
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If today 1s not the last day of the current bimonthly
period.

Sun and sunm the squares of the total monthly rafnfall
amounts, .

Reset summation to zero,

.

-

If today {s not the last day of the current S5-day ;criod.

N
SUM & S0OS Sum and sum the 5quares of the number of rainy days {n the
RAINY DAYS last 5-day period,

4 -
SUM & S0S - Sum and sum the squares of the total amount of rainfall
RAINFALL in the last 5-day period,

Reset summers to zecro,
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SUBROUT TNE

EVAPO -
N

Subroutine to determine daily potential evapotranspiration,

7~

SUBROUTINE
L'VA)’(\

I DAY :J Reset day numbev of vear with respect to April lat,
X

Probability of zcro i{uches of PE occurring today.

- Select next sequential random mumber.

Does today experience zero inches of PE?

Adjust RK for a mixed distribution.

CALL ) Calculate standard deviate (X) of probability F
MDNRIS ’ IMSL statistical package (29).

Calculate today's PE value given the mean and the standard
deviation of the frequency distribution of the currcnt
bimonthly period. N o

PPE - pX +.0

15
PPE?< 0.0

If today's PE is zero or less,

IPSUM = PSUM + PPEJ Sum dafly PE amounts on a bimonthly basis,
- r :
PPE = 0.0 ( . . Set today's PE to zero.
r l
1S O
DAY .
NE Y If today is not the last day of the currcn/btmonthly
.R . period,
N KETURN -
s & SOS o Sum and sum the squares of the total PE amount in the
PE . ’ : ;. last btmonLi\ly period, '

-

Reset sunmer to zero, .
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,
SUHBRO e
WINTUR
Subrontine to calenlate overwint: precipitation, overvinter drafnace
and to vpdate the sofl woiragse cootent ter AprEl 35t ¢ the et veay Toe
subroct ine also oulpats statistics for overwinger drafnave.
M\UI IR S
\") R
" F. ! L Select last randor Aunber gererat ed §or this voar,
| S J .
CALL Calculate standard deviate X of F,
MINKIS IMSL statistical package (29).
IWPP’I‘ 0. 3‘»(;\ “ n)l Calculate oveiwinter precipitation,
l ‘ .
- DO 1 ) l,Al . Do for crops 1 to 4,
o ’
‘] Set summer to zero,
DR - WPPT ’ Set drainage equal to precipitation.
]_ i
------ ‘{ Do 1 1,6 ’ Do for each soll zone.
. . ,
Add drainage from zone I-1 to zone 1.
-
No drainage into zone I + 1,
CAIC TE . X . ”
DRATNAGE ) Calculate drainage into zone 1 4+ 1.
l 3
ZONE 1 . R '
IS FULL - Set zone I 1o capacity, A
.

[¢_~..q.____, ) )
[ suM ’ T < . :
PDISTI'PF . Sum water content {in all 6 zones,

T

K4

AP
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NOME Torp 1

MOTSTURE | Note total water conten \‘all 6 zones
;;;;\JI::A:}:X . Select mivfmum ang maximam values of drafua;e,

‘l ’
‘ §RU:{XI$A(§§S ) Sum and sum the squares of averwinter drainage.

]

boos CONTIN

If the CUrrent year ig net the last yeqr to be
simulated - return,

Output table headings.

e m Do for each crop,
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SUBROUY INE

\ SOl

Subtout fne which utilizes the Versat{le Soll Maista e ”\1((){("( Cor,
D) calculate daily consuot fve une values
2) update the sofl meisture status for cach soil zone
3) make itripation decisfous

SUBROQUTINE
SOIL_

SET VALUES
TO ZERO

Reset crop data to zeto,

Y
NOTE
INFILTRATION
‘_lit_, (
NOT ,

STA?FEII Note current crop growth stage number IT.

Today's precipitation infiltration into the soil.

Do for each soll zone.

ULATE
CAIL T Calculate sofl mofsture content (iu %) for zome I.
SMC ] /
CALCULATE
W Calculate the W term in the VB model.
NOTE Note the K - coefficient fur zone I, crop prowth stage IT,
K - COEFFICIENT and crop IC.

If today occurs during ist or 2nd crop growth stage
or 1f current soil zone I is 1 (top zone).

’ ADJUST
K - COEFFICIENT

Adjust X - coefficient for soil dryness in the above layers.
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Set values to zero.

Select coefficient from 7 - table according to the
8011 moisture content (in %) in zone T.

Calculate consumptive use from zone I,

Store consumptive use values,

- CONTINUE .]

NOTE .
E TOTAL Note total moisture {n all 6 sofl zones.
MO ISTURE

If crop is Wheat or Alfalfa.

If Potatoes and Sugar Beet roots have penetrated into
the 6th sofl zone. '

Note deepest zone into which roots have penctraged.

Do for zones no. 1 to LSTG.

)
1 -
H .
4 ..
1 4 f
: stny
| S M)I:'T‘URE . Suin noisture in zones 1 to I7..
.17
, 5.2

L;/
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o
A

CALCUTALE
PERCINT

.
X > If s0il moisture content {s less than 507,

Celeulate noil molsture Peteent of only (hoase soues
where roots ex{st. '

®/R .. 0 T No frrigation water today. .

] . Calculate amount of irrigation water to be applied,

UPDATE
IRRTGATION

Update current irrigatfon count.
NUMBER .

If rainfall is less than 1.0 inch.

CALCULATE

INFILTRATION Calculate water infiltration into the soil,

s s

[
CALCULATE
' RUNOFF

T

-

Runoff - rainfay 1 - infiltration

<

TE T 2 -
Il:glLTRigé%\l Total infiltration - irrigation + infiltration
- | ’
J' . . s
‘r"';““i DO I-1,6 Do for each 'sof1 zone.
- .

ADD ) - : o
EFFECTIVE Add drainage from zope I-1 and subtract consumptive
RAINFALI use from zone J.




A

CALCULATE
DRAINAGE

ZONE ;
IS FULL

4
sum ‘

-

ZONE I

STORE
CROP DATA

each crop data,

No dratnage (tom zone I.

Calculate dratnaye foto zone I+l

Set zone I to capacity.

Sum water content in all zones.

.
Note total water content in all 6 zones.

”

Store all crop data in array AMOUNT,

g,

Update frequencics of occurrences of the dates

of
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BLOCK DATA
SUBROUTINE lNItlALlZlNG AKRAYS AND VECTORS
INTEGER CRPSTG,'BEK,FREO.STAGE,DAY,WK.R.YEAR
counou»Jnunc/chP(6}10.4),TABLE(100)
1¢5,4),CONTNT(7,4),CAPAC(7 ),CRPSTG( 10
2(4),AHCUNT(5),1RRNO(4).PPT,PPE,DAY,W

1PP(14,2)° .
DATA CRPSTG/124,144,l63g1861193p201y213,222,232.304'
;30'155.f76.191'213'224.261,304,000.000.
115'156,177,181,213y2441258,283,304.000.
107,144,169,184,207,237,260'304.000,000/

1

1

1
DATA
DATA

o WN -

DATA

LNANNE

DATA

N e

DATA

DONCN D W -

DATA GAM/0.0000,0.0100,0.0500
o.asoo.0.4000.0.4500.0.5000.
0.7500.0;8000.0.8500.0.3000.
0.9980.u.ssso.o.ssss.o.ssss.
0.0079,0.0179.0.0321.0.0508.
0-2275.0.2853.0.3542.0.4367,
1.3528.1.9207.3.3174,3.5753,
7.5680.14.9907,0.000,0.0101.
0,2877.0.3567.0.4308,0.5108.
1.0498.1.2040,1.3863.1.6094.
4.8932.5.2984.6.2152.6-9081.
0.0574.0.1759.0.2922,0.3989,
0.9346.1.os47.x.1830,1.3215.
2Q3208.2.6sss.3.1257.3.9074.

-.—.—IMMF‘-‘DOD-'-IIIQNFO

N

DATA PW¥W/0.2477
0.2539,0.2676,0.2776,0.2834'

-~ X N7 SPQURRY, N

END

FREQ/IOS,IZO,IJS.151.166.l
ALFA/1.042437,0.835857,0-8

,CRMSUM(5,4.7),WEEK(43),CRASUM
.q).PRECIP(B,Z),FRFo(14).STAGE

KyNO,PEDIFyRyYEAK,IC
COMMON /PROB/wa(43,2).PE(14.2,2).GAM(29,4$,ALPA(14.2).BETA(14.2),

81,196,212.227.243,258,273.288,304/
11344'0.860329,0.803625,0.765032,

0-686373'0.939405.0-856398.0.790676,0.863120.0.791574.
0.893684.0-764728;1.034741.0-753484.0;749754.0.693046.
0-804689.0.659652,0.720244y0.893318.0.654811,0.778251.

0.828852.0.899845,0.730132

BETA/O.134301,0-225257,0.207861

PE/0-083853,0.117159,0.
0.200021,0.206195,0.192687, 0.
0.099764,0.075751,0.049389,0.
0.051283,0.049125,0.043207,0.
0-.058546,0.055075,0.054423,0.
0.086932,0.112098,0.117413, 0.
0.147451,0.119613,0.085985,0.
0.045377,0.041745,0.058175,0.
0.057409,0.056705,0. 053931, 0.

0.295029,0.180009,0.199735

0-168571,0.208680,0.13QQ§5.

+10,890063/
»0.199111,0.261213,0. 285950,
1 0.290288,0.260740,0.243743,

0.291298,0-309259,0-372689,

0:381127,0.636569,0.346013, 0. 284005, 0.344156,0.301041 |
€+258705,0.250745,0.259239,0.276 635/
FP/0-8180,0.9265,0.9810,7#1.00,0.9852, 0.9059, 0.8569, 0.7221,
0 520+0.6022,0.8079,0.9336,0.9665,0.9957, 1.0000. 0.9932,
0-£935,0.9286,0.7824,0.5269, 05455, 0. 2810/

0.050918,0.039392/

138815,0.

»0.1000,

159042,0.166708,0-176374,
168047,0.137580,0.112798,
056946,0.055059,0.053Q60,
045414,0.048151.0.053644.
044581,0.063544.0.067477,
129652,0.157081.0.149383,
079310,0'069577,0.057273,
057719,0.059707,0.061352.
061664,0.053772.0.055548.

$
0.1500,0.2000,0.2500, 0. 3000,
0.5509,0.6000,0.6500,0.7000,
0.9506.0.9900,0.9925.0.9950.
1.0000,0.0000,0,0001,0.0020,
0.0742,0.1029,0.1375,0. 1787,
0.5371,0.6617,0.8212,1.0361,
3.9403,4.7754,5.4144,6. 0585,
0.0513,0.1054,0.1625,0.2231,
0.5978,0.6931,0.7985, 0.9163,
1.8971.2.3026{1.9957,4.6052,
7.6010.9.1164;15\900,0.0000,
0.5026,0.6063,073118.Qh8208.
1.4731,1.6416,1.8324,2. 0542,
5¢6724,5.£839,6.4207,7.3994,

8.1348.8.8667,10-5545,18.3712/

,0.2029.0.1822,0.1786,0.1865.0.2011,0.1190.0.2372.

0.2851,0.2830,0.2775.0-2692.

0-2590.0.2475.0.2355.0.2236.0-2126,0.2029,0.1947.0.1885.

0.1842,0.1817,0.1808.0.1812.
0.1842.0.1812,0-1762,041691,
0.1267,0.129550.1436.0-4244,
0.1540,0.4734,0.4911,0.5059,
,0.4673,0.4517,0.4365,0.4224.
0.3845.0.3851.0.3884.0.3939,

0,5178.035085;0.4965,0.4825

0.4069,0.3995,0.3917,0.3867,
0.4013,0.4098,0.4188,0.4274,
0.4345,0.4227,0.4051,0.3811,
DATA WEEK/95,100,105,110,115,120
165,170,175,180,185,190, 195,
2359240, 245,250, 265, 260, 265 ,

304/

v 125,

0-1824,0.1838,0.1850.0.1853.
O-1601.0-1459,0.1397.0.1312.
0-4091.0-4089.0.4189.0.43§0,
0-5169.0.5236,0.5258,0.5238'

0.4348,.0.4401,0.4424,0.4408,
0.3508%0.3146/ .
130,135,140,145,150,155,160,
200,205,210,215,220, 225,230,
270,275,280,285,290,295,300,

L
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MAIN PROGRAM: 200 YBARS SIMULATION OF VEATHER AND CROP GROWTR

VARIABLE DESCRIPTION

CRPSTG ARHAY CONTAINING ENDING DATES FOR EACH CROPSTAGE
WEEK VECTOk OF ENDING DATES OF CONSEQUTIVE 5-DAY PERIODS
» " FREQ VECTOR OF ENDING DATES OF EACH BINONTHLY PFRIOD
STAGE CROP STAGE NUMBER
. WK WEEK NUMBER
NO BIMONTHLY NUMBER. -
MONTE MONTH NUNBER
R ) PREVIOUS DAY INDICATOK (1 - DRY, 2 — WET) o
NODAY VECTOR OF ENDING DATES CF T=ACH NONTH
CQEFR ARRAY CONTAINING K—-COEFFICIENT NATKIX FOR EACH CROP -
CONTNT CURRENT SOIL NOISTURE CONTENT FOk BACH SOIL ZONE =
CAPAC SOIL SOISTURE CAPACITY OF EACH ZONE
YEAR YEAR NUMBER .
DAY DAY NUMBER IN THE YEAR (891 TOo 304)
PENE AN VECTOR CONTAINING AVERAGE DAILY PE FOR FACH NONTH
IYR TOTAL NUMBER OF YEARS TO BE SINULATED .
; PRECIP NONTHLY AND ANNUAL TOTALS OF RAINFALL AND PE
: CRMSUNM SUMMATION OF WONTHLY CROP DATA
CRASUN SUMMATION OF ANNUAL CROP DATA
ANOUNT WECTOk CONTAINING CROP DATA VALUES
PPT DAILY RAINFALL VALUE (IN.)
PPE DAILY PE VALUE (IN)
Ic CROP NUMBER
1. WHEAT
2. POTATOES
3. SUGAR BEETS .
4. ALFALFA ,
IT CKOP DATA ITEN NUMBER : '
. 1. IRRIGATIUN QUANTJTY
2. DRAINAGE
3. DEFICIT
N ’ 4. cu
. S. RUNOFF e -
TSUMPT MEAN AND ST. DEV. OF MONTHLY AND ANNUAL RAINFALL AND PE TOTALS
ATOTAL + MEAN AND ST. DEV. OF ANNUAL CROP DATA VALUES
NSUM TOTAL SUM OF CROP DATA VALUES FOR EAChH MONTH

REAL MSUN(S,4,7 .TSUMPT(%f2,2),ATOTAL(5,4.2),PEMEAN(7),AVG(S),CRQP
1#8( 4) ‘ & .
INTEGER CRPSTG,VEEK,FREO.STAGE,DAY,WK,R,YEAR.MODAY(7)
COMNON /aunc/cosp(6,1ﬂ§49.rAaLE(100).CRMSUM(5,4,7),w£sx(43),cpAsuu
1(5.4),CONTNT(7.4),CAPAC(7).CRPSTG(10.4),PRECIP(8,2).FREO(14),STAGE
2(4).AMOUNT(S),IRRNU(4),PPT,PPE,DAY,WK,MO,PEDIF,R,YEAR,IC
DATA CROP/'YHEAT'1'POTATOES','SUG BE{T','ALFALFA'/
DATA MoDAY]lZO,lSl,]Bl,212,243.273,304/.ASTRIK/'****'/
DATA PENEAN/0.0?G,O.IZS,0.153,0-191,0.167,0.103.0-062/ 7
INPUT NUMBER OF YEARS TO BE SIMULATED
READ(4,1) IYR o
FORMAT( 13) o hamadd
INPUT CROP SPECIFICATIONS
READ( 5,2) TABLE,COEF,CONTNT,CAPAC
FORMAT( 100 10F5.2/),40(6F442/),(7FS.2))
INITIALIZE SYSTEM COUNTERS
CALL INTIAL
SET ANNUAL'SUMNATIONS TO ZERO
DO 100 x#1,7
DO 100 J=1,4 .
DO 100 I=1,5" :
MSUM(I,J,K)=0.00 . . S
DO 101 1=1,2 i P) '
DO 101 J=1,4 : .
DO 101 K=1,5 ’ .
ATOTAL(K ,J,1I)=0.00
DO 102 I=1,2
DO 102 J=1,2
DO 102 K=1,8
TSUNPT(K,J,1)=0.0&
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BEGIN SIIULAﬁ{ON CF SEASON

o]

DO 3000 YEAR=]1,IYR
C RESET ANNUAL COUNTERS AND SUMMATIONS
CALL BEGIN
MONTH=}
NO=1
ket . _
C OBTAIN PSEUDO-RANDOM NUMBERS FOR ENTIRE YEAR
"CALL RANDOM( RN) . R
R=1 .
C IF 1ST RANDON NUMBER LESS TEBAN TRE PROBABILITY OF
C RAINFALL ON NARCH J1ST
IF(RN.LE.0-2444)R-2

BEGIN DAILY SIMULATION

anaon

DO 2000 pAY=91,304

C UPDATE MONTHLY, WEEKLY AND BINONTHLY COUNTERS
IP(DAY.GT.MODAY(MONTH))MONTH=MONTB*I
IF(DAY,GT+WEEK( WK ) )WK=WK+1
IF(DAY.GT.FREQ(NO ) )dO=NO+1

C CALCULATE RAINFALL AND PE FOR TODAY
CALL RAIN '
CALL EVAPO

C SUN DAILY RAINFALL AND PE FOR EACH NQNTB .
IF(PPT.GT.0.00)PREC[P(MONTH,I)=PRECIP(HONTH,1)*PPT
PRECIP(MONTH,Z)=PRECIP(MONTH,2)*PPB
PEDIF=PPE~PEMEAN( MONTH )

CALCULATE CU AND SOIL NOISTURE +FOR EACH CROP

DO 2000 IC=1,4
C UPDATE CROP STAGE NUMBER
IF{DAY<GE«CRPSTG( STAGE(IC ), IC) )STAGE( IC }=STAGE( IC)+1
C CALCULATE CU AND UPDATE SOIL M.CGN FOR TODAY
CALL SoOIL '
C SUM DAILY CROP DATA FOR EACH MONTH
DO 1200 IT=1,5
1200 CRMSUM(IT, IC, MONTH }=CRNSUM( I T,IC,MONTH )+ AMOUNT( IT) '
2000 CONTINUE Lo
C SUM NONTHLY CROP DATA FOR EACH SEASON ]
DO 200 I=t,7 "ij\\
DO 200 IC=1,4 '
DO 200 1T=1,5 o
200 CRASUM(IT,IC)=CRASUN( IT, IC+CRNSUN( IT, IC, 1) -
€ SUM DAILY RAINPALL AND PE OVER ENTIRE SEASON
DO 201 r1=1,2 : S
DO 201 I=1,7
201 PRECIP(8,II1)=PRECIP( 8,11 )+PRECIP(I,I1)
C SUM TOTAL MONTHLY RAINFALL AND PE FOR EACH SEASON
DO 205 J=1,2
DO 205 1=1,8
TSUMPT(I4J,1)=TSUNPT(1,J, 1)+PRECIP(1,J)
208 TSUMPTA 14042 )=TSUMPT(I,J,2)+PRECIP(I ,J)*PRECIP(I,J)
C SUN ANNUAL CROP DATA FOR EACH SEASON
DO 206 1C=1,4
DO 206 I1T<1,S
ATOTALCIT, IC,1)*ATOTAL(IT,IC,1 )+CKASUN( IT, IC)
206 ATOTAL(IT.IC,2)=ATOTAL(IT.IC,2)+CRASUM(IT,IC)*CRASUH(IT.IC)
C OUTPUT TOTAL NONTHLY RAINFALL AND PE
WRITE( 1,3) ((PRECIP(K,J),1=1,8),J=1,2)
3 FORMAT(TF642,F8¢24" =1',7F642,FB.2)
C OUTPUT TOTAL ANNUAL CROP DATA
WRITE(2,4) CRASUN

.

4 FORNAT(20F7,2)
C SUM MONTHBLY CROP DATA FOR EACH SEASON
DO 260 NO=1,7 .
DO 260 IC=1,4 - .

. DO 260 IT=1,5
260 ﬁSUN(ITnIC'NO)=MSUﬁ(IT.IC,MO)*CRMSUM(IT.IC.IO)

AN
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3000

C

310
C

320
C

6-

C

10

350
360
11

(9]

CALCULATE Y1 AND Y2 PARANETERS

"CALL ITABLE(16,16,'Dg DATES' , YEAR)

131

’
CALCULATE OVEKWINTER PRECIPITATION

CALL WINTER( IYR)
CONTINUE
Y=FLOAT( YEAR) .

CALCULATE MEAN AND ST. DEV. FOR RAINFALL AND PE

DO 310 171=1,2

DO 310 M=1,8

SS=TSUMPT(N.IT,1)#TSUMPT(N'IT'I)
TSUNPT(M,IT.2)=SQRT((TSUNPT(Nleyz)—SS/Y)/(Y-l.oo))
TSUNPT(N'IT'I)=TSUMPT(M§IT'1)/Y

CALCULATE MEAN AND ST. DEV. FOR CROP DATA

PO 320 IC=1,4

po 320 17=1,5

SS=ATUTAL(IT,IC, 1 )*ATOTAL(IT,IC,1) A
ATOTAL(IT,1C,2)=SQRT((ATOTAL(IT,IC,2 )~-SS/Y)/(Y-1.60))
AfuTAL(IT,lC,l):ATOTAL(IT,IC'I)/Y

OUTPUT MEANS AND ST. DEV.

WRITE(1,6) (ASIRIK,E=1,103), TSUNPT
FOKMAT(103A1/(7F6.2,F842,% =',7F6.2,F8.2)) .
VKITE(2,7) (ASTRIK,K=1,140), ATOTAL
FORNAT(140A1/(20F7.2)) ' :

OUTPUT NONTHLY AVERAGES FOR CROP DATA

WRITE(6,9)

FORMAT( '1*,30X,'NONTHLY AVERAGES FOR:~* )

DO J60 IC=1,4

WRITE(6,10) CROP(IC) :
FORMAI('—',12x.'cnop.......'.A8.sx.'uo'.10x.'IRR',ex,'DR'.sx.'DEP'

1,4X,%'C.U. RUNOQFF¢ )

DO 360 NO=1,7

DO 350 IT1=1,5
AVG(IT)=MSUN( IT, IC,NO)/Y
WRITE(6,11) MO,AVG

FORNAT(' *,36X,12,5X,5F8.2)

CALL PAKNTR( YEAR) N 2

CALCULATE FREQUENCY DISTRIBUTIONS

1. DATES OF EACH IRRIGATION (1sT, 2ND, 3RD, ETC.) g*
2. IRRIGATION DATES COLLECTIVELY
3. DRAINAGE DATES
4. RUNUFF DATES
CALL ITABLE(1,14,*DATES 'y YEAR)
CALL ITABLE(1S,15,%1k DATES® ,YEAR)

CALL ITABLE(17,17,'RUNOFF * YyYEAR)
STOP
END ' 5
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SUBROUTINE INTIAL
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SUBROUTINE TO INITIALIZE SUNH@{S AND COUNTERS TO ZERO

VARIABLE DESCRIPTION

S

-

B
;

2(4),A!CUNT(5).XPRNC(4).PPT

F(I,J,K)
DATES
I

g
I

L U T I 1]

ANT(X ,J,K)

K =

=

J =

I =

NUNBER TOTAL
IRRNO
STAGE
CRASUM
CRNSUNM
PRECIP

INTEGEK CRPSTG,¥EEK)FREQ, STAGE,DAY,WK Ry YEAR ,F#2
COMNON /BUDG/ COEF( 6,10,4 ), FABLE(
*CRFSTG(10,4)y PRECIP( 8,2 ),FREQ(14 ),STAGE
1PPE, DAY WK MO ,PEDIF R ,YEAR,IC .
.13);Nuuasn(43.2.9),?1(14.2,2),550(100)

1(5,4), CONTNTC779T,CA

COMNON /PARN/ ANT( 43,
COMMON F(214,4,17)

FREQUENCY TABULATION OF LRRIGATION DATES,

DRAINAGE

AND RUNOFF DATES FOR EACH CROP

1-14
15
16
17
1-4

1 - 43

YEEKLY SUNMATION OF IRRIGATION AND DRA
"RAINFALL

1

2-5
6~10
10-13
1

2
1-43

IKKIGATION NUNBER DUKING A SEASON -
IRRIGATION DATES TAKEN COLLECTIVELY
DRAINAGE DATES
RUNOFF DATES
CROP NUNBER
WEEK NUMBER ~

INGE

DRAINAGE FOR EACH WEEK AND CROP

IRKRIGATION FOR EACH WEEK AND CROP

CU FOR EACH WEEK AND CROP

SUX A\

SUM OF SQUARES . .
WEEK NUMBER

NUNBER OF OCCURKENCES OF IRRIGATION AND DRAINAGE
FOR EACH WEEKLY PERIOD (SUBSCRIPTS SAME AS ABOVE)

PAC(7)

2

C RESET SIMULATION COUNTERS

10

C

.

DO 1 I=1,17

DO 1 J=1,4

DO 1 K:l.214
F(K,J,1)=00

Do 7 181113

DO 7 J=1,2

bo 7 K‘l“|43
AMT(K yJ+1)=20.00
DO 8 I=l.9
Do'8_J=l'2

DO B k=1,43
NUMBER( K ,J,1)=000
Do 9 I=l'2

DO 9 J=l'2

DO 9 X=1,14
PT(K,J,1)=0.00
DO 10 I=1,100
SEQ(1)=00
RETURN

RESET SEASONAL COUNTERS

ENTRY BEGIN
IRRNO( I )=00
STAGE(I )=t

DO § Jtl.S
CRASUN(J,I)20.00
DO 5 k=1,7

CRNSUNM( JyIK)=0,00
DO 6 J=1'2

DO 6 l*l.s
PRECIP(I,J)=0.00
RETURN

END.

IKRIGATION NUNBER

NUNBER OF CUKRENT CkoOP GROVWTH STAGE
SUMMATION OF ANNUAL CROP DATA

SUMMATION OF NCNTHLY CROP DATA

MONTELY AND ANNUAL TOTALS OF RAINFALL AND PE

100),CRMSUM(5,4.7).WEEK(43).CPASUI

-e
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SUBROUTINE RAIN )

SUBROUTINE TO DETERNINE DAILY RAINFALL

VARIABLE .DESCRIPTION

Pww CONDITIONAL PROBABILITY OF RAINFALL FOR EACH WEEK

GIVEN THAT THE PREVIOUS DAY WAS DRY(R=1) UR WET( R=2)
Qww PROBABILITY OF A NON-RAINY DAY
GAMN INVERSE GAKNA VALUES AS PER TABLE I1, THOX (53) .
ALFaA ALFA VALUES OF THE ESTINMATED GANNA FUNCTION FOR RAINFALL
BETA BETA VALUES OF THE ESTINATED CAKNA FUNCTICN FOR RAINFALL
PT BIMONTHLY SUK AND SUN OF SQUARES FOR PRECIPITATION AND PE

RSUMN BINONTHLY SUMMATION OF RAINFALL

NSUNWR WEEKLY SUNNATION OF THE NUMBER OF RAINY DAYS
ASUNWK VEEKLY SUNNATION OF RAINFALL ANOUNTS

SEQ TABULATIUN OF CONSEQUTIVE NON-RAINY DAY RUNS
RN PSEUDO-RANDOM NUMBER .

INTEGER CRPSTG,WEEK,FREU, STAGE,DAY,WK,R, YEAR ,SEQ
COMNON /BUDGICOEF(6,10.4).TABLE(lOO).CRlSUM(5.4v7)oWEEK(43)tCRASUN
1(5,4).CONTNT(7,4),CAPAC(7).CRPSTG(10.4).PRECIP(8.2).FREQ(14).STAGB
'2(4),Auovnr(5),xknno(4).ppr.pps.Dquvx.uo.psnxr.x.YEAn.xc .
COMNON /PROB/PVV(43,2).PE(14.2.2).GAN(29.4).ALFA(14v2)vBETA(14'2)7
1PP(14,2)
COMMON /PARM/AMT(43.2.13»,NUNB£R(43,2.9).Pr(14,2.2).SEO(100{
COMMON /RNDM/ KDUM,RND(2,214),RNW ' i
DATA RSUN,ASUNWK,NSUMWK/2%0.00,00/,N/00/
IDY=DAYL90 . 2
PROB. OF NON-RAINY DAY OCCURRING TODAY .
QWW=1,00000~-PWW( WK,R)
SELECT RANDOM NUMBER
RN=RND( 1,IDY)
IF TODAY IS DRY Y
IF(RN.LE.QWW)GO TO 1 ‘
ADJUST RN FOR MIXED DISTRIBUTION
F=(RN=~QWW)/PWW{WE,R) -
SELECT ALFA AND BETA VALUES
A=ALFA(MO,R) )
B=BETA( MO, R)
R=2
SELECT COLUNNS TO BE INTERPOLATED ////
IF(A«LT.1.0)GO TO 2
Ji=4
AL"..O
GO TO 3
JJy=3 ,
AL=0.5 . o .
CALCULATE TODAYS RAINFALL ~ LEGRANGE INTERPOLATION, STARK (51)
DO 4 II=1,29 . ‘ - '
IF(FeLTeGAN(II41))GO TO S ‘ .
CONTINUE
I=11-1
J=3J~1
Y2=( A~AL )*2.00 :
Yi=1.0-~Y2 : :
X2=(F—GAN( L41))/(GANM(IZL,1)~GAN(I,1))
X1=1-00x2 ' A s
PPr=((cAu(x,J)tx1+cAu(xI.J)txz)t¥1+(ch(x.JJ)*xl*Ghu(II.JJ)txz)tvz
1)&B : : .
IF(PPT.LE.0.00)60 10 1
TABULATE LENGTH OF CONSEQUTIVE DRY DAY RUNS
IF(NeGT.Q0 )SEQ(N )=SEQ( N )+1
N=QO
RSUM=RSUNYPPT
NSUMWE=NSUNWK+1 . o
ASUNWK=ASUMWE+PPT ‘ ‘
GO TO 6 : .
IF NO RAINFALL
PPT=0.0
R=1
N=N+1 . . . ~
IF(DAY.LT.304)G0 TO 6 L



SEQ( N)=SEQ( N)+g
N=00

SUN BINONTHLY RAINFALL
IF(DAY.NE.FREQ(NO) )60 TO 10
PT(MO,1,1)=PT(M0,1,1 )+RSUN )
PT(NO.2.1)=PT(MO.2,1)*RSUN*RSUN
RSUN=0.00

SUM WEEKLY RAINFALL AMOUNTS AND OCCURRENCES
IF(DAY+NE. WEEK( ¥K ) JRETURN
NuuBEu(wx,x,l):Nuussk(wx,l{1)+nsuuwx
NuuBER(vx.z.l)=NuuBEn(wx.2.x)+Nsuuthnsunwx
Aur(wx.1.1)=Aur(wx.1.1)+Asuxwx
Aur(wx.z.l)=Aur(vx.2,1)+AsuxthAsuxvx»
NSUMWE=Q
ASUNY¥K=0,00
RETURN
END
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SUBiOUTINBXBVAPO

SUBKOUTINE TO DETERMINE DAILY POTENTIAL EVAPOTRANSP IRATION
g

PSUM SUMNATION OF DAILY PE

PP CONDITIONAL PROBABILITIES OF PE OCCURRING

Quw PROBABILITY OF NO PE.OCCURRING

RN - RANDOM NUMBER o _
PE MEAN AND STANDARD DEVIATION FOR EACH PE DISTRIBUTION

INTEGER cnpsrc}wsex,FRau.srAcE.pAY,wx, + YEAR, SEQ .
CONNON /BUDG/ COEP( 6,10,4),TABLE( 160}, husuu(5;4,7),wssx(43).ansuu
!(S,4),CCNTNT(754);CAPAC(7),CRPSTG(10'4),PRECIP(8.2).FREO(14),STAGB
2(4),AIOUNT(S),!RRNO(4),PPI,PPE,DAY,HK,MO,PEDIF.R.YEAR,IC
COMNON /Pnoa/va(43,2).95(14.2,2),0AM(29.4).ALFA(14.2).BETA(14.2).
1PP(14,2) ' ¢
COXNON /PARM/Aur(43.2.13),Nuuasx(43;2.9).PT(14.2.2).sso(100)
CCMNON /RNDN/RDUM, kND( 2,214 ), RNW , .
DATA PSUN/0.00/ . .
IDY=DAY-90 '
PROBABILITY OF NO PE OCCURRING TODAY
QW ¥=1.G000-PP(NO,R )
RN=RND( 2, IDY)
IF NO PE OCCURS TODAY
IF(RN.LE.QWV)GO TO 7 .
ADJUST kN FOR NIXED DISTRIBUTION
F=(RN-QWW)/FPP(NO, R) . -
CALCULATE STANDARD VARIATE AND PE FOR TODAY
CALL MDNRIS(F,X,IER) .
PPE=PE(MO,2, R )*X+PE(MO,1,R)
SUN DAILY PE
IF(PPE.LE.0.00)G0 TO 7
PSUN=PSUN+PPE ‘
GO TO 8 .
PPE=0.00 '

SUM DAILY PE FOR EACH WREK &’\\ .

IF(DAY.NE.FREQCNO) JRETURN
PT( M0, 1,2)=PT(MO,1,2 )+PSUN
Pr(uo.2.2)=PT(uo.2'2)+Psuutpsuu

PSUN=0.00

RETURN. - : R
END
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SUBROUTINE YINTER(IYR)
SUBROUTINE TO CALCULATE TOTAL OVERWINTER PRECIPITATION

VAKIABLE DESCRIPTION

' RNW RANDON NUNBER FOR OVERWINTER PRECIPITATION

WPPT OVERWINTEK PRECIPITATION

NIN MININUN DKAINAGE OVER 200 YEARS

NAX NAXINUN DRAINAGE OVER 200 YEaRs

DR OVERWINTER DRAINAGE DUE TO wppt R

MEAN SUN AND sSUKX OF SQUARES oOF OVERWINTER PRECIPITATION

oO00n0onna N0

N

INTEGER cnpsrc,wssx.rnso,srAcs.nAv,wx,n,ysAR

REAL MEAN(4,2).qu(4).uIN(4)

COMMON /Bunc/COEP(6,10.4).TABLE(100),cnusuu(s.4.7).WEEK(43),CRASUH
1(5,4),co~rur(7,4),CAPAC(7).CRPSTG(10.4),pREcxP(8.2).FREQ(14).srAGB
2(4).AMOUNT(5).IRRNO(4),PPT.PPE,DAY,WK.H0,PEDIF,R.YEAR,IC

CCNMON /RNDM/RDUM,&ND(2.214).RN' ,

DATA MEAN.MAX,MIN£12*0.00.4*1000.0/

CALCULATE OVERWINTER PRECIPITATION (MONTE CARLO SANPLING)

(o]

CALL MDNRIS(F,X, LER)
WFPT=(1.242474*X+4-350465)*0-350000
lF(WPPT.LE-0.00)WPPT:0.00

(9]
0
'S
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n
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[«]
e
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m
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z
~
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m
>
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x
(=]
v
z
m
"
[
7}
©
Xt
-
z
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DO 32 1cP=1,4
SUH*0.00 '
DR=WPPT . o
DO 30 1=1,6
conrur(x.xcp)=conrnr(x.ch)+nn
IF(CONTNT(I,ICP).GT-CAPAC(I))GQ TO 31
DR=0.00 .
GO TO 30

31 DR=CONTNT(I,!CP)-CAPAC(I)
CONTNT(I,ICP)=CAPAC(I)

30 suu=suu+conrur(x.xcp)
CONTNT(7§ICP)=SUH
IF(DR.LT.NIN(ICP))HIN(ICP):DR
IF(DR.GT.NAX(ICP))NAX(ICP)=DR
IEAN(ICP.I):HEAN(ICP,L)*DR
IEAN(ICP,2)=MEAN(1CP.2)+DR*DR

32 CONTINUE

C OUTpPUT NEAN AND ST. DEV. OF OVERWINTER DRAINAGE
IF(YEAR.NE.IYR)RETURN
WRITE(G'I)
WRITE(6,2) :

1 ’ FORMAT('I OVERWINTER DRAINAGE POR EACH CROP!Y)

2 ) FORMAT('-',GOX,' CROP MAXIMUN MINIMNUM MEAN ST DEVe )
Y=FLOAT(YEAR) o : -
DO 40 1=1,4
XM=NEAN(I,1)7Y . ‘
VAR=(usAN(x,z;-usAN(x.x)tMEAN(1.1)/1)/(Y-1.0)

SD’—'0.00 ) '
) !F(VAR.GT.0.00)SD=SQRT(VAR) ‘
40 WKITE(6,3) LyMAXCL)yMINCI),XN,SD
3 FORMAT(‘0'.30x,15,3F10.2.F10-6)
RETURN

‘END
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SUBROUTINE RANDONM( RN)

B

SUBROUTINE TO OBTAIN PSEUDO~RANDON NUMBERS

v
VARIABLE DESCRIPTION

RR VECTOR .CONTAINING 430 PSEUDO-RANDOM NUMBERS FOR ONE SEASON
RDUN RANDOM NUMBER ‘FOR MAKCH 31ST. OF EACH SEASON °
RND AXRAY OF RANDCN NUMBERS FQR PRECIPITATION (1) AND PE (2)

RNW KANDOM, NUMBER FOR OVERWINTER PRECIPITATIGN
REAL SEED*8,RR( 430)
CONMON /RNDM/KDUN,RND(2,214),RNY
EQUIVALENCE ( kND( 1),RR(2)) : 't
THE SEED NUMBER IS THAT VALUE RECOMMENDED BY INMSL PACKAGE (28) /! '
DATA SEED/0.1234S7D0/ v N
CALL GGU1(SEED,430,RR) ) )
RN=RR( 1) , N
RETURN
END
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RESET CROP DATA TO ZERO

‘ADJUST K—COEPFICIENT FO& DRYNESS IN ABOVE LAYERS

" SELECT SOIL DRYNESS CQEFFICIENT FROM Z-TABLE

’
\v‘_,'

SUBROUTINE SOIL

SUBKOUTINE TO CALCULATE DAILY CU AND SOIL MOISTURE CONTENT

FOR EACH CROP ( BASED ON THE VERSATILE SOIL MOISTURE BUDGET)

VARIABLE DESCRIPTION
CONTNT CURRENT SOIL NOISTURE IN EACH SOIL 2ONE (IN)
CAPAC POTENTIAL SOIL NOISTURE IN EACH SOIL ZONE (IN)
sNC SOIL MOISTURE RATIO
v AS PER VERSATILE BUDGET
COEF K-COEFFICIENT, ¢ZoNES 1-6, CROP STAGES 1-10, cgopP t-4 .
TABLE Z=TABLE OF 100 COEFFICIENTS DEPICTING SOIL DRYNESS CURVES
COF K-COEFFICIENT ADJUSTED Fox DRYNESS IN LOWER ZONES
AE ACTUAL EVAPOTRANSPIRATION FOR EACH SOIL 2ONE
PEDIF DIFFERENCE BETWEEN DAILY PE AND MONTHLY AVERAGE PR
cu DAILY CONSUNMPTIVE ysg

. LSTG SOIL ZONE NUMBER INTO WHiCH ROOTS HAVE PENETRATED
RR ‘. IRRIGATION ANGUNT v
DR - DRA INAGE ®
RUN RUNOFP ) x
SUNCON TOTAL NOISTURE IN ZONES 'INTO WHICH ROOTS HAVE PENETRATED
SMR SOIL MOISTURE RATIO OF SOIL ZONES INTO WHICH ROOTS HAVE PENETRATED
SUMCAP TOTAL WATER CAPACITY FROM TOP ZONE TO ZONE I
OGER NATURAL LOGRITHN OF DAILY RAINFALL
. AIN WATER INFILTRATION INTO SOIL

AMOUNT VECTOR STORING CROP DATA VALUES
DEL VECTOR STORING AE FOR EACH SOIL ZONE -

REAL COF(6),DEL(6),SUNCAP(6) .

INTEGEK CR vrvesx.ynso.srAcs,nAr,wx.R,vsnn.sun.Lsrc(10.4)

COMMON /B ,cosp(o.10.4),rAaL£(100).cuusuu(s,4.7),wssx(43),chsqu
1(s,4»,conrnr(7.4).CAPAC(7),tapsrc(10.4),Pn£c1p(8,2),rnso(14).sraos
2(4).Auouur(S),IRRNO(4).Ppr.pp£.nAy.vx.uo.Psan,n.rsAn,xc

DATA LSTG/643,4/5,746,4,5,8%6,5, 1846/

DATAQSUNCKPIO.SS.0-87.1.75.3.50,5.25.7.Qp/

RR=0.0 '

DR'OQO e
CuU=0.0 é}
RUN'0.00 ) "
AIN=PPT

CALCULATION OF A.E. FOR BACH soIL ZONE

SELECT CROP STAGE
I1=STAGE(IC)
DO FOR EACH SOIL zONR
DO 100 1=1,6 . -
CALCULATE SOIL MOISTURE RATIO T
- SNC=CONTNT( I,IC)/CAPAC(I).
CALCULATE w TERNK .
¥=7.91-0.11%SMC*100.0
IF( W.LI.0,0)W*O. )
SELECT K~COEPFICIENTS" ,
COF(I):COEP(I;II,IC),;\ . .
IF II LESS THAN 3RD CROP GROWTH STAGE OR I EQUALS 1ST SOIL ZoNE
IF(1I.LT+3.0R.1.EQ.1)G0 ToQ 2 '

DO 1 J=2,I
| S ALY .
COF(I)~COP(I)+00P(I)*CpP(K)*(l.—CONTNT(I.IC)/CAPAC(K))
IT=SNCx100. N
IF(IT.GT.0)G0 TO 3

IF soIL MOISTURE RATIO IS ZERO
WORK=(0, '
V=0,
GO TO 4

. WORK=TABLE(IT)
CALCULATE AE FOR ZONE 1 5
AE=CQF(I)*WORK*PPE‘SNC*EXP(-V‘PEDIF)

<
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I1C) JAE=CON TNT( I,IC)

c CH ZONE
c
100
C
¢ Dprc
c

R7,1C)

b.1C.E0.4)60 10 10

E).EQ.6)60 TO 10

)
11 ; ON+CONTNT( ISTG, 1C)
10 i PSUMCAP( IL )#100.0 _

. R ,) /

20 '
C . #
€ APPLYING pp ITATION TO EACH Zonp ,
c
28

¥ CF RUNOpPp

OGER=ALOG( PPT )

'xxn=0.91770+z.81goo*ocER~o.97300tocsntconrnr(1,1c)/CAPAC(1)

1F(A1N.GT.PPT)AIN=PPT ’

RUN=PPT~AIN .

29 DR=RR+AIN
"SUN=0, 4

C  UPDATE TODAY's.
Do 30 1=1,¢ e
CONTNT( 1,1 _ NTNT(I,IC)*DR—DEL(I)
TF(CONTNT( F C).LT.O.)CONTNT(I,IC)=O.
IF(CONTNT(I;IC).GT.CAPAC(I))GO To 31

DR=0.00
Go T0 32 T . . N
31 DR=CONTNT(I,IC)-CAPAC(I) . ol
CONTNT(I,1C)=CApAC(T) R .
32 SUNM=SUN+CONTNT(1,1C) T
30 CONTINUE . =

CONTNT( 7, 1¢ )=sux

C STORE cgop DATA - :
AMOUNT( 1 )xgp ! .t -
AMOUNT( 2 )=pR , : : :
AMOUNT( 4 )=cy s
AMOUNT(G)=CAPAC(7)-CONTNT(7.IC)
AMOUNT( S )=RuUN .

€ TABULATE FREQUENCIES OF IRRIGATION
CALL TAB ) -
RETURN - -
END : ) Ea . <
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SUBROUTINE TAB :
. @ N

SUBROUTINE TO TABULATE IRRIGATION FREQUENCIES AND TO SUM IRRIGATION

AND DRAINAGE WEEKLY '

VARIABLE DEscfx TION

SUMMATION OF "IRRIGATION

1RSUN
DRSUN SUMMATION OF DRAINAGE

NIRSUN SUMMATION OF IRRIGATION OCCURRENCES

NDRSUN SUMMATION OF DkAINAGE OCCURRENCES

ANT SUNNATION AND SUN OF SQUARES OF IRRIGATION AND DRAINAGE AMOUNTS
NUMBER SUNMATION AND SUN OF SQUARES OF IRRIGATION AND DARINAGE OCCURRENCES
ANOUNT VECTUR CONTAINING CROp DATA ’

F(I,J,K) AKRAY 'CONTAINING FREQUENCIES FOR IRRIGATION, DRAINAGE "anD RUNOI:'P DATES
I = DAY OF YEaR (1-214) . .

— J = CROP (1-4) .
K = 1-14 (NUNBER OF IRRIGATIONS IN THE SEASON)
= 15 (COMBINED IKRIGATION DATES IN SEASON)
= 16 (DRAINAGE DATES)

17 (RUNOFF DATES)
REAL IRSUN(4),DRSUN(4)
iNTEGER NIRSUNM( 4),NDRSUN( 4)
INTEGER-CRPSTG,IEEK. FREQ, STAGE. AY,WK,R,YEAR,F'Q.SEQ
COMNON /BUDG/COEF(6,10@4),TABLE(lOO),CRHSUM(514'7)'VEEK(43)vCRASUl
1(5,43.ccnr~r(7.4;,CApAC(7»,cnpsrc(10,4;,pnscxp(8,2)yFREo(14).srAce
2(4).Auovnr(5),xxeN0(4),pPT,pps,nAw,wx,uo,psnxp,a,YEAk.lc
CONMON /pARu/Aur(43,2,13)iuuuask(43,2,9).?1(14,2,2).sso(100)
COMNON F(214,4,17) AN -
DATA IRSUN,DRSUM,NIRSUM,NDRéUMIB*0.00,S*OO/
ID=DAY~-90 Y Ly
IF(AMOUNT(!).LE.O.OO)OO TO 6 ’
UPDATE FREGUENCY OF IRRIGATION DATES
r(xn.xc.xRRNO(xca)zp(lo,xc.xknnd(1c1)+1
FOID,1C,15)=P(1D,1c,15)+1 . =
SUM IRKIGATION ANGCUNT AnD OCCURBENCES' T ;
xnsuu(xc;:xRSUN(IC)+AuouNT(l) )
NIRSUMCIC)=NIKRSUN( IC )+1 \ 5 .
IF(JHCUNT(z).LE.0.00)GO TO 7 5 - C
UPDATE FREQUENCY OF DRAINAGE DATES N . i .
FCIDy ICy 16 )=F( ID, IC, 16 )+1 : '
SUN DRAlNAGE ANOUNT AND OCCURRENCES \

DRSUN(IC):DRSUM(IC)*AXOUNT(Z) N
,uﬁnsuu(LC)=Nnxsuu(IC)+l )
IF(AMOUNT(4).LE.0.00)60 To 8 \ %
ITC=ICc+9 ’ \%z
SUM AND SUM OF SQUARES oF cy : TNy

-

Aur(wx,l,xrc)=Aur(wx.1,ITC)+Auounr(4) \
AkT(WK.2,!TC)=AMT(IK,2,ITC)*AMOUNT(4)#AIOUNT(41\ . g
IFCANOUNT(5).LE.0.00 )g0 T0 8 * " . : .

UPDATE FREGQUENCY OF RUNOFF DATES : ' N

FOID, 1C,17)=F( ID, IC,17)+1

IF(IC.LT.4)RETURN . L o
IF IC REPRESENTS LAST op THE 4 CROPS S L s
IF(DAY.NE.WEEK(VK))RETUHN . '
IF DAY IS LAST DAY Iy WEEK (vk) ' -
DO 5 1=1,4 .
Jzr+g ‘ ol
SUM AND SUM OF SQUARES OF DRAINAGE AMOUNT AND OCCURRENCES . :
Aur(vx,l.J)sAur(vx,l.J)+nnsuu(1) . : N ,
Aur(vx.z.J)aAuT(vx.z.J)+DRsun(x)tDRsuu(l) , " S
Nuuasn(wx.x,J)=NU~B£R(wx.1,J)+NDRSUM(I) . g :
NUMBER(WK,Z,J)=NUMBER(VK,2,J)*NDRSUM(I)#NDRSUN(I) \
J=14+§ > a '
SUK AND SUN OX SQUARES oF IKRIGATION AMOUNT AND OCCUR RENCES. )

MTUWK,1,J)+IRSUMC ) 8 .
MT( WE,2,J )=4 (VWK,2,J )+IRSUMCI )*IRSUM( I ) , ,
'NUMBER(WK,1,J )= UMBER(WK,1,J J*NIRSUM(I) .
Nuuasn(wx,z.J)éuuuBsu(vx.z.J)+N1Rsun(1)*uxnsuu(1)

\

AN WKye1,J)
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C RESET SUMMATIONS TO ZERO Y
DRSUM( I )=0.00
NDRSUNC I )=Q0 :
IRSUN( I )=0.00

s NIRSUMCI }=00
RETURN
END
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C .
C SUBROUTINE TQ CALCULATE AND oOuUTPpPUT LANDALl AND LANDA2 PARANETERS
c . .
C VARIABLE DESCRIPTION ¢
c © LANM1 OCCUKRENCE PER DAY
c LAN2 YIELD PEK OCCURRENCE
Cc VARL DENSITY CF VARI ANCE OF LaAN1
c v2 VARIANCE OF LAM2
[of o RATIO VARL /LAN1 »
C PROD PRODUCT OF LAN1 AND Lan2
c SD1 DENSITY OF STANDAxD DEVIATION OF Layi
c SD2 DENSITY OF STANDARD DEVIATION OF Lan2
c - MEAN MEAN OF WEEKLY VALUES OF cu, PRECIPITATION AND PE ,
c VAR . WEEKLY STANDAKD DEVIATION oF cu, PRECIPITATION AND pE
c SEQ = FREQUENCY OF CONSEQUTIVE DRY pay RUNS
o / e

INTEGER WK, YEAR, SEQ —

REAL LAux,LAM2,MEAN(4),SD(4).CROP‘8(4’

CONMON /PARM/AMT(43,2.13),NUMBER(43.2'9).PT(14,2,2).550(100)

DATA CRop/'WHEAT'.'POTATOES','SUG BEET*, * ALFALFA'/
c

=MNLOAT( YEAR)

0 50 Ic=1,9 ‘
C OUTPUT Yi AnND Y2 sTATISTICS FOR RAINFALL, IRRIGATION AND DRAINAGE

IF(IC.EQ.I)WRITE(brl)

{
IF(IC.GE.2.AND-IC.LE.5)WRITE(6,2) CROP(IC~1)
IF(IC-GE.6.AND.IC.LE.9)WRITE(6,3) CROP(IC-SA

WRITE(6,4)
YY=YEAR*S, 0
DAYS=S5,0
DO 50 WwKkaf,43
IP(WK.LT.43)60 10 19
YY=4,0%YpEAp
DAYS= 4.0

€ CALCULATE Y1 STATISTICS °

10 X=NUMBER( ¥K, 1, IC )-
LAN1=X/YY
V1=(NUNBER(W
SD1s0.00 .
IF(VI.GT.U.OO)SDl=SQRT(V1)/DAYS
VAR1=V1/Days
IF(X.EQ+0.00)X=1,0
RATIO=(V1ay)/y
X1 SANT(WK,1,1C)

C  CALCULATE Y2 STATIST ICS

.y LAN2=x1/X :

o v2=(An1(wx.2.IC)—xxtxxlyyx(Y-l.O)
SD2=0.00 P
IF(V2.GT.0.00)SD2=SQRT(V21/DAYS
PROD=LAN1%LAN2

,2.IC)‘X*X/Y)ﬁ(Y—1.0)

s

t

50 . WRITE(6,55) vx.LAul;VAnx.spl.nArxo.LAuz.snz,pébo

55 FORNAT(' *,13,7F10.4) 2

1 FORMAT('1 RAINFALL PARANMETERS') . : J

2 FORMAT( *1 DRAINAGE PARAMETERS.-.-.-.',AS)

3 FORMAT( ‘l A _IRRIGATION PARA“ETERS--.-..-' 'AS)

4 FonuAr(--!.sx.'LAul'.ex.'VAnl-,ax.'sr DEVl'in.'RATIO'.GX,'LAM2'.3 J

. 1X,v8T DEV2¢* ,3X,'PRODUCT" ) .

s FORMAT( *1 COMSUMPTI VE USE STATISTICS: MEAN ANB®sTaANDARD
IDEVIATION' ) . "

6 - FOR!AT(/l/l[rlSpAS1T36.A8,T56,A8,T77,A8)

7 FORMAT( '0 WEEK®,4( 6X, " MEAN ST DEV*Y))

8 FORMAT( 1 ;PRECIPITATION AND POTENTIAL EVAPO NSPIRATIONt/ /0
1 MEANS AND ' STANDARD DEVIATIONS///// NTH RAINFALL
2 ST. DEV, POT.EVAPO. STe DEV.?!)

C  CALCULATE AND QUTPUT CU STATISTICS

WYRITE(6,5)
YRITE(€,6) (CROP(1),rI%1,4)
WRITE(6,7) . -
YY=YEAR®S.0



100
105
8

DO 105 wgk=1,43
IF(WK.EQ.43)YYSYEAR® 4,0

DO.100 1C=104,13

ITC=IC-8

X=ANT( WK, 1,IC)

NEAN( ITC )=X/YY

VAR=( AMT(WK,2,IC)-X*X/YY )/(YY-1.0)
SD(ITC)=0.00

IF(VAR.GT.0.0L0)SD( ITC)=SQRT( VAR)
CONTINUE

WRITE(6,9) WX, (MEANCI),SD(1),1=144)
FORMAT(®* *,15,4(F10.2,F10.6))

C CALCULATE AND OUTPUT RAINFALL AND PE STATISTICS )

140
150
151

WRITE(6,8)

DO 150 1=1,14

DO 140 J=1,2

MEAN(J)=PT(L,1,J)/Y .

VAR=( PT(1,2,J }=PT(1,1,J)&PT(I1,1,J)/Y)/(Y-1.0)

SD(J )=0.00

IF(VAR<GT.0.00)SD(J)=SQRT( VAR)

CONTINUE

WKITE(6,151) I,(MEANCJ),SD(J),J=1,2)

FORNAT( *0% y6X 144 9X,FS5e2,10X,F7e4,16X,FSe2, 10X,F7.4)

C CALCULATE AND OUTPUT CONSEQUTIVE DRY DAY RUN STATISTICS

160

70

r

161

102
80

WRITE(6,160) )
FORNAT(*1 RELATIVE FREQUENCIES OF DRY DAY RUNS.'////)
ISUN=00 L N

Do 70 1=1,100

ISUM=ISUN+SEQ(I)

SUM=ISUN '

WKITE( 6,161) 1SUM

FORMAT(*-*,30X,*RUN LENGTH FREQUENCY PERCENT. TOTAL FREQUE~

INCY'*,18)

DO 80 1=1,100

IF(SEQ(I1).EQ.00)GO TO B0

PER=SEQ(I1)*100.0/SUNM

WRITE(6,102) 1,SEQ(I),PER M
FORMAT(* ¢ ,30X,16,8X,16,7X,F6.2)
CONTINUE

RETURN

END

‘

s

o

P

143



YANOONOO

cCObbNnnnBbOaANnAAL A

SUBROUTINE ITABLB(XI,KZ.X.IY)

K
NZ
SUN
SUN2
IN
N
MAX
AVG
SD |
X1
F
DF

VARIABLE DESCRIPTION

144

SUBROUTINF TO CALCULATE AND OUTPUT CUMULATIVE FREQUENCY DISTRIBUTIONS

COUNTER SPECIFY ING IKRIGATION NUNBERS K1 Td K2
NUNBE& OF CROPS HAVING No KTH IRRIGATION
TOTAL SUN OF‘DAY NUMBER OF THE YEAR FOR KTH IRRIGA TION

SUN OF SQUARES OF Suyx

DAY NUNBER OF THE YEAR
TOTAL NUMBER OF KTH IRRIGATIONS

LATEST DAY ON WHICH kTH IKRIGATION WAS Ppf
AVERAGE DAY OF THE KTH IKRIGATION

PERCENT OF 200 YEAR$ OF EACH FREQUENCY
THE ABOVE CODES ALSsO APPLY FOR

DIMENSION X(2)
REAL%®S SUM, SUN2,CROP(4 )

INTEGER®2 F

2

COMNON F(214,4,17)

DATA CROP/ 'WHEAT*

NZ=Q
DO S0
Nz=4,
IF(NZ
NZ=Q

-

K=K1,K2

DRAINAGE AND RUNOFF

,'POTATOES'.'SUG BEET','ALFALFA'I

NG NORE IKRIGATIONS To CONSIDER

<EQ<4 )RETURN

FOR EACH CROP

Do 590
'SUN=0

J=1,4
«00

SUM2=0.00

N=0

C SUM AND SUN OF SQUARES OF VARIATE

o
e

bo 2

IF( F(
IN=T+
SUN=§

I=1,214
I,J,K)-E0.00)GO To 2

80

UN+F(I,J,K)¢IN

SUMZ=SUN24F(1,J,k)*IN*EN
N=N+F(I'J1x)

CCNTINUE

NAX3IN-9Q

IF(N.GT1.00)Go 10 3 .
FKEQUENCY OF KTH IRRIGATION FOR CROP J Is ZERO
NZ=Nz+}

ToTAL

GO To

50

Y=FLOAT(N)

C MEAN AND ST. DEV. OF VARIATE
AVG=SuN/Y
NEol)SD2ﬁ(SUH2—Y*AVG*AVG)/FLOAT(N'I)
SD=0.00

IF(N.

IF(SD

2-GT.0.00)SD=SQRT(SD2)'

¢ ouTtPUT HEADINGS

100

101

150

WRITE(6,100) CROP(J),K,X

FORHAT('IENTRIES IN TABLE',IOX,

ITION®
VRITE
FORMA
WRITE
FORNA

16x,'n
HRITE
FORMA

1,'RENM

,lOX.'CROP NO..-',AS.IOX,'
(6,101) N,AvG,sD

T( " 'v12X,14,13X,F10.4, 18%
(6,150) .
r(xxx,-uppsh',7x,'oasspvsn
ULTIPLE',6X,* PER CENT')
(§,151) )

T 11X, *LINITY,6X, ' FREQUENC
NDER', 7X, ' OF MEAN' ,6X,*
FREQUENCY STATISTICS
AT(IY)

t
'IEANzARGUIENT',IOX.

RFORNED

'STANDARD DEVIA

ITEM NO...',I3,51'2A4)

1F10,4)

'+6X, "PER CENT'.2(6X.'CUMULATIVE'),

Y*,6X,0F TOTAL"6X'
OF  200v) \

'PERCENTAGE',7X



152
S1

153
S0

t

D=FLOAT(N+1)
1IF(N.LT.30 )D=FLOAT(N )

AF=0,

DO S1 I=1,MAX

IF(F(1,J,K).EQ.0)G0 TO 51
DE=F(1,J,K)*100./p -
AF=AF+DF :

R=100.-AF

XI=FLOAT(I+80)

XN=0,00

IF(AVG.GT.0.00 XU=XI/AVG

DEV=F(1,J,K)* 100.0/Y

WRITE(6,152) ‘XTI, F( I'J,K).DF'AP,R.X)(' DEV

FORMAT(* 19X F6.2,9X, 16,8X,F6.2,2(10X, F6.2), 8x
CONTIRUE

WRITE(6,153)

FORMAT('REMAINING FREQUENCIES ARE ALL ZERO')
CONTINVE I

RETURN

END
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+F6.3,8X,F7.3)



