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Moisture Risk Assessment for Spring 
Wheat on the Eastern Prairies: 
A Water-Use Simulation Model 

G.H.B. Ash,l 
C. F. Shaykewich1 

, nd 
R. L. Raddatz3 

[Original manuscript received 3 February 1992; 
in revised form 8 June 1992J 

AlISTRACT 

A water use simulation model for spring wheat was formulated and applied to historical 
wcaUlcr records (1929-1988) from the eastern Canadian Prairies. Water usc was estimated 
from dai ly potential evapotranspiration calculated from daily climatological data. Crop 

wUltr demand W'dS obtained by mUltiplyinS potential evapotranspiration by a consumptive 
use faclOr. This factor varied 81X:ording to the ~Iagc of phenological development which, ill 

lurn, was computed using Robertson's biomctcoro\ogical time-scaie. Water to mcel crop 
demand WlIS supplied hy precipitation and from Ihe available !IOil moisture in It "growing" 
rool-zone whose depth was estimated from the stage of pbenolo~,'ical development The 
cver reducing ability of rOOls 10 extr.tct water as soil dries was accoumed fOf by 
proportionately limiting the water supply when rool-wne moisture dropped below 50% of 
the availabl~ water holding capacity. The shortfall belween water demand and supply was 
tcrmed "moisture stress". 

The simulation indicmed that , on the easlcrn Prairies, most of the year-Io· 
year variabili ty and the east-to-west iocrease in the average moisture stress on spring 
whl;at cmp.~ is due to temporal and spatial changes in the supply of water from spring ~oil 

moisture and growing-season precipitation rather than variation in crop W'.tter dtnt;md. 
TIIC general decrease in aVt:rage yields fmm east .to west may be due, in iargt! part, to 
moisture stress as the wheat erops progress from the heading to the soft dough stage. 

Rt,sUME 

Nous aYOns con~u un modele de simulation de la consommation d'C1lu pour des cultures 
de ble du printcmps ct t'avon~ applique aux donnees climatiques de 1929 A J988 de I'cst 
des Prairies canadienncs. On a cnsuitc dctcnninc la consommruion d'cau It partir de 
L'evaporation polcntielie joumaliere, caicuiee it son tOUf, a i'aide des donnees climatiquC$ 
jounluiieres. Entin, on a obtcnu Ie bcsoin en cau des cultures cn muitipliaOl 

I i)ep;lT1mt'flt of Geography, University of Manitoba, Winnipeg, Manitoba. RJT 2N2 
! Department of Soil Scicnre, UniVCl'Sjty of Maoi LObft, Winnipeg, Manitoba. R3T 2N2 
, Winnipeg Qimale Centre, Environment Canadot. 266 Graham A~cnue. Room 1000, Winnipeg, 

MBuiloba. R3C 3V4 
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J'evapotranspiration potent;elle par un coefficient de consommalion. Cc coefficient varie 
en [onetioo du stade de deveioppement phenologjque qui est calcult a partir de. I'ochclle de 
temps de Robertson. L'cau Ilecesssire pour satisfaire au besoin de celie culture prO"V\!llait 
des precipitations et de l'humidite oontcnllc dans Ie sol au niveau des racints dont la 
profondeur ewit dlilerminee par Ie stade dc developpcmcnt phenologique. On a de plus 
pris en comple III capacite de; racines d'ClIlm;re Ibumidil6 du w i a mesurc que celui-ci 
s'assechait en reduisanl proportionellement la quantile d'cau des que 11mmidite au niveau 
dt.""S racincs etail infericure Ii 50% de Ja tapacitt de retention de J'eau disponible. L'ecart 
entre Ie bcsoin en eau et la quantile d'eau disponiblc sc d6finil comffiC Ie stress cause par 
manque d'humidite. 

Celt<: simulation a demonln: que, Jails I'est des Prairies, 13 plus grande 
partie de Ja variabilit6, dUne annee a I'autre, etl'accroissement du mallque d'humidite 
moyen dbl en ouest des cultures de ble du pnnlemps sont allribuables auX" changements 
spatio-tcmporcls de la quantite d'cau contenue dans Ie sol au pnmemps et awe 
precipitations durantla saison de croissance, plutOt qu'lIla vluiation du besoin ell C<lU des 
eul[Ures. La baissc gtneralc des rcnde.menlJi moyens d'e.t en ouest pcUl, en grdndc partie, 
s'expliquer par Ie. manque. d'humidit6 lorsque les cultures ~volut!nt du stade de l'epiaison 
au stade. de [a prlte mollc. 

I . INTRODUCTION 

There is a constant need to improve the charactcri7..ation of the climatic resource 
of the eastern Prairies as it impacts on agriculture. An important part of any 
such characterilation l~ a moisture risk assessment, particuJar[y as it relates to 
the most important crop on the Prairies - spring wbeat. Moisture from 
growing-season rainfall and soil water is the pivotal climatic factor in wheat. 
production. Thus a water-usc simulation model for spring wheat is a 
fundamental requirement for any assessment of Prairie climate. 

The current model is based on that used by Dunlop (1981) to 
simulate and map agroclimatic parameters for Manitoba (Dunlop and 
Sbaykewich 1982). This model was fu rther developed by Raddat7. (1989) for use 
in operational agroclimatic monitoring for the entire Prairies. The current 
simulation represents the most recent dcvc[opments in the formulation of a 
water-use model for spring wheat (Ash, 1991). 

Components of the model are described in Section 2 and its 
application to historical weather records for the eastern Prairies is outlined in 
Scction 3. The resultant agroclimatic moisture risk assessment is given in 
Section 4. 

2. W .... TER-USE SIMU LATION FOR SPRING WHEAT 

Continuous cropping, that is spring wheat O1onoculture. was assumed. The 
model was run on a daily time-step; inputs were thc basic climatological 
observations - daily Icmperature exlremcs and tota.! precipitation. Spatial 
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representativeness was maximized (average station spacing was approximately 50 
km) by using all available climatological data for the eastern Prairies from the 
1929·1 988 period - 146 stations with 15 to 60 years of record (Figure I) were 
used in the analysis. 

Site specific available water holding capacities (AWC) for the top 
120 em of soil at each climatological site were abstracted from maps generated 
by de J ong and Sh.ield.~ (1988) from soil texture data. TIle AWe. defined as the 
difference between field capacity and permanent wilting point. was assumed to 
be uniformly dis tributed over the soil proftle. 

2.1 Model Components 
Simple parametric representation. .. of a number of physical and biological 
proce.%cs. ineluding phenological development and root growth, soil moistu re 
recharge and crop water use, snowpaek accumulation and snowmelt, were 
combined in a model to simulate watcr use by spring wheat. A bricf description 
o r the model follows. 

2. 1. 1 Phenologicul lJi'VClopmenl 
Phenological dcvelopment was estimated fro m planting dates and Robertson's 
(1 968) biomctcorological time scale. This scale rccogni;o:es six phenolol,<ical 
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FIGURE l. Oimatological stat ions withill sou them Manitoba and southcasH:rn Sasl;atchcWllII 
used in this a.nal~L,. 
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evenlS: planting, emergence, jointing, heading, sort dough and maturity, with bmt 
vdlues of zero to 5, respectively. For the years 1 952~ 1988, actual planting dates 
for each climatological station obiained from Statistics Canada (1989) were used. 
Planting dates for the earlier period (1929-1951) were estimated from a 
regression equation relating known planting dates (1952- 1988) to soil tractability 
based on soil moisture budgeting (Selirio 1969, Dunlop 1981, Ash 1991). 
Subsequent growth stages were estimated from daily maximum and minimum 
temperatures and photoperiod. 

2.1.2 Root Growth 
Thc depth of the root-7.0ne was estimated from the stagc of phcnological 
development of the crop (Rasmussen and Hanks 1978). The initial valuc was 5 
COl - planting depth - and it was assumed to reach a maximum of 120 cm at 
biometeorological-time of 3.5, i.c., halfway between heading and soft. dough. The 
relationship used was: 

r7. = 5.0 + (120.0-5.0)/(1.0 + exp(5.0-{8.0 X (bmt/3.5» ) foc bmt :5 3.5, 

and 

rz = 120 em for bmt > 3.5 

Onofrei (1986) found that a model using this equation for approximating root 
growth estimated field soil moisture with acceptable accumcy. 

2.1.3 Soil Mois/ure Recharge 
An earlier agroctimatic risk analysis for Manitoba (Dunlop and Shaykewich 
1982) assumed that soil moisture was at field capacity when crops were planted. 
This study, expanded to include more arid eastern Saskatchewan. employed 
simple water budgeting techniques during the "off season" to obtain soil moi:1ture 
levels at planting which were more in tune with the antecedent weather 
conditions. Precipitation which occurred between crop maturity and October 31 
was assumed to be raia. During this period, daily evapomtion from thc soil was 
assumed to be one-third of the potential evapotranspiration amount which was 
estimated as described in section 2. 1.4, Crop Water Use. 

For the period November I to the carlier of April I or the date 
when the snow pack completely melted, on days when the mean temperature was 
below _1°C, the water equivalent of precipitation in the form of snow was 
accumulated. The snow-to-water ratio was assumed to be 10: I for ordinary 
climate sites, while actual measurements were provided by principal stations. 
Sublimation losses from the snowpack were assumed to be one-third of the 
potential rate, since a snowpack can be treated as a freely evaporating surface 
(Baier· et af. 1979) 

The percentage of over~winter snowfall that contributes to soil 
moisture recharge decreases from arid to more humid regions (Steppuhn 198 1). 
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Nevcrthele.'Is, as a first approximation, a universal "blow-off" fat.10T of 60% was 
applied to all locations based on the results of Staple et al. (1960) for the Bad 
Lake Research Basin of Saskatchewan. 

Daily snowmelt on days with no rainfall was estimated from a 
relationship using Julian day and maximum temperature (McKay 1964). On 
days with rain, snowmelt was calculated using an equation developed by the U.S. 
Corps of Engineers which estimates melt from rainfall amount and mean 
temperature (Johnstone and Louie 1984). 

Rates of infiltration into frozen soil are dependent upon soil 
porosity and moisture content (Street et 01. 1986). Soil temperature was 
estimated from a ten day running mean of daily maximum temperature. If soil 
temperature was less than or equal to 00 C. inftltration was calculated by 
mUltiplying the amount of rainfall plus snowmclt by the fraction of soil pore 
space available for moisture recharge, i.c. field capacity minus existing moisture 
content. In cases in which daily rainfall plus snowmelt exceeded 25.4 mm, the 
additional restriction of the Baier ef 01. (1979) infiltration equation wa'l imposed. 
Complc. .. frozen soil states like those described by Granger and Gray (1986) were 
not considered. 

After snowmelt was completed, all precipitation was assumed to be 
rainf3.l1. As in tne fall period, daily soil water evaporation was assumed to be 
one-third of potential evapotranspiration. This simulation was continued until 
planting date. 

During the "off' and growing seasons, each day's rainfall plus 
snowmelt water, if any, was fin;t made available to meet the day's evaporative or 
crop water demand. The excess, if any, contributed to soil moisture recharge. 
1llls attempts to repll!SCIlt the rapid wetting and drying of the surface soil layer. 

To account for heavy rainfall and/ or snowmelt events where runoff 
occurs even though there is unfilled field capacity, total daily water inpul was 
partitioned between soil moisture recharge and runoff. On days with total daily 
input :$, 25.4 mm, the amount of water infiltrating the soil was limited only by its 
field capacity. When daily water additions exceeded 25.4 mm, soil moisture 
recharge was controlled by the Baier et 01. (J 979) infiltration equation. 

if tne water added to tbe soil exceeded the amount required to 
bring the rOOl-zone to field capacity, the excess amount was uniformly 
distributed in the sub-zone. The lower boundary of this zone was 120 em so that 
its thickness shmnk as the root-zone grew in depth. The soil moisture content of 
the rool and sub-zones was not allowed to rise above field capacity - excess 
water was assumed lost to deep drdinage. 

2. 1.4 Crop Woter- Use 
The upper limit of crop water use - potential evapotranspLrdtion - was 
estimated from a simple regression equation using daily climatological 
observations (Baier and Robertson, 1965; Baier, 197 1): 
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ETp = 0.Ots6 (- 57.334 + 1.6704 Tmax + 1.6794 Range + 0.20334 Qo) 

ETp is potential evapotranspiration (mm/ day), TmaK is the daily maximum 
temperature ("C). Range is the difference between the da ily maximum and 
minimum temperatures (0 C), and Qo is solar energy received at the top of the 
atm osphere (MJ m-2 day-t). The latler wa.'! calculated as described by Robertson 
and Russclo (1968). 

It should be noted that the above equation is not a very aCClirate 
estimator of daily potemial evapotranspiration. It was developed by regressing 
Tmax, Range and Qo on daily Bellani plate evaporation (Baier and Robertson 
1965). The resulting equation had a correlation coefficient of only 0.68, Its use. 
here assumes that over the growing season, the positive and negative errors in the 
estimation approximately cancel and that the error in the seasonal total is 
relatively small. Despite its shortcomings, the equation has been found to be the 
most reliable method of estimating potential evapotranspiration from the 
climatological weather station data (de Jong and Tugwood 1987). 

TIle daily crop water demand is the maximum amount of water 
that would be u!)Cd. if readily available, at the particular stage of phenolob>1cal 
development. Hobbs and Krogman (196]) mcasun:d water demand by growing 
crops under conditions in which water was not limiting, i.e. under irrigation. 
They defmed a consumptive-use factor, CU, as the ratio of actual waler use to 
potential evapotr'dnspir'dtion. Bared on their work. CU for wheat was defmcd as 
follows: 

O< bm! < 1 
J<bm!<2 
2< bmt < 1 
J< bm, < 4 
4 < bml < S 
s< hml 

CU= O.l 
ell = 0.3 +05 (bm. ~ I) 
CU '= 0.8 I 0.2 {11m! -1) 
ell """ 1.0 - 0.2 (hrnl -1) 
eu '" 0.8 _ 0,.] (bm. _ 4) 
eu '" 0.1 

Daily Crop Water Demand = CU X ETp. 

The daily crop waler demand not met by that day's infil trated 
rainfall was supplied. at least in part, by moisture from the soil. Water was 
assumed to have been extracted uniformly over the depth of soil penetrated by 
roots. The rooting-depth, from .5 to 120 em, was calculated daily as described 
previously. Tht! extent to which the daily crop water demand , not met by daily 
rainfall. was mel by soil moistwe draw-down was governed by the soil water 
content of the root-zone. 

The nature of the relationship between relative ease of water 
withdrawal and soil water content has been the subject of a large number of 
studics. There seems to be general agreement that there is a range of water 
content over which water is "equally and easily available". As an example, Meyer 
and Green (198 1) found that so long as water content was greater than 30% of 
the available water holding capacity, water was easily and equally available. On 
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the other hand, dc Jong and Boolsma (1988) suggest that the threshold water 
content is 5()Ok of the available water holding capacity. Below the threshold water 
content the decrease in relative availability with decreasing water content may be 
linear or curvilinear (Baier el al. 1979), depending upon soil type and other 
factor.;. In addition, it has been shown that lhe nature of these relationships was 
very dependent upon the rate of potential evapotranspiration under which the 
study wa~ conducted (Denmead and Shaw 1962). 

It was beyond the scope of this study to account for all the factors 
which influence soil moisture withdrawal by crops. Therefore, a relatively simple 
allProach was used: If the water content was aboVe soak of the available water 
holdi ng capacity, water uptake was assumed to be sufficient to meet the crop 
water demand. At lower water contents, the mtio of actual water uptake to crop 
water demand decreased linearly from 1.0 to 7.cro as available water decreased 
from 50 to 0%. This simulated the increasing difficulty that crops experience in 
extracting moisture from soil <IS it became drier. The daily crop water use was the 
actual evapotranspirution. 

When the daily crop water usc fell short of the crop water demand, 
the unsatisfied demand was termed moisture stress. That is, 

Moisture Stress = Crop Water Usc- Crop Water Demand :5 0 

The daily stress values were summL-d to give accumulated moisture shortfalls a\ 

selected phenological stages. 

3. AGROCLl MATIC MOISTU RE Rl!'K ASSESSMENT 

In order to define the risk asoociatcd with a particular agroclimatie parameter, an 
appropriate frequency distribution must be ascribed to the parameter. The 
Kolmogorov D Statistic (Stephens, 1974; SAS, 1985) indicated that all of the 
mou.:turc parameters described above, except moisture stress, were nomlally 
d istributed (fable I), (TIlls result does not imply that all simulated temporal soil 
moisture distribu tions will be normal. The actual distribution would be 
dependent upon the relative dryness of the climate of the region and the soil type. 
Thus, tbe result obtained here should be regarded more as fortuitous than 
e;~pected.) For each climatological station, the :werage, and 10 and 25% risk-level 
values were calcul<lted for the following moisture supply parameters as described 
by Ash (1991), 

I. Available Soil Moisture at Planting, 
2. Growing Season Precipitation. 

As an example of the above, the mean value of soil moisture at 
planting at Regina was 153.9 mm and its slandard deviation was 50.7 mm. To 
calculate the 100/0 risk value, the standard deviation, 50.7 WdS multiplied by the I 
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I~UI..l< L ReslI!!s of the Kol.mogOftrll D SliIUs!!C tCSt fOf normaJilli 

Stolion !' . ... 'owl • • • , , • 5 • , • , 
D:lyid5On >>>> <.01 > .15 <.01 >.065 <'" >.05 :>.15 > .15 
Midulc >. 15 >. 15 < 01 <0' <" >. 11 < " > Ol >. 15 
[nill"" fkAd "' OS >. 15 >.05 >.05 <" >. 15 > .15 >. 15 > ... 
' .... > " > .05 > ."., <.01 <." > ... > .15 > .1.'1 >.037 
Monlcn >. 15 >.15 >.15 >. 10 <'01 >.079 >.05 >. 15 >.05 
lkllndoo > .JS >. 1.'1 >.15 <m "'" :>. 15 > 05 > 10 >m 
W;nnil:!i ~."' >_10 > .J~ <.'" <1" >.15 <." >. 15 > .07g 

Nole: An1 val"" <.O~ .........., .. Il'qoOI:Ijon III IIJt Dull loy"""""" .... u.c d ... ~ not MnN/ly Ilt<<ribol<d 

• D<f'"""", of ""'._ 
1 Sr.oI_,"", .n ...... .. ~.mi'" 
l Soil ""'~'" ........ .., .. l....ti"~ 
J So.! ........ "", """"'", .. 1Oft_~ 
• ria", """,WI< " ..... ~"""" "I .. I><:oiIi"' 
S P",nl ' ..... "1_.' ..... ...,. ,,,., ..... , dou~l, 
~ So>! """',.'" IttIOIo",., '."'""'Y 
1 Snit ",,,I<lult ...... n' .., Or.tIII>OI J I 
A ..." ... ",,10I0Il1fD"'''1I_ PTocipt..!,,,,, 
9 -,""muItte<i ..-"M ........ "",-"oJ r.'IO!><>ltt.Ilol>O"";'" 

statistic at P = 0.10 and 60 degrees of freedom. 1.285, and the product. 
subtracted from the mean, 153.9, to give a value of 88.8. Similarly, values at 25% 
ri5k were also calculated, taking t at P :: 0.25. 

The average seasonal crop water demand and the mean moisture 
stress from planting 10 the heading and to the soft dough siages were also 
calculated. In the case of risk maps, the 10 and 25% risk values were calculated 
lor each weather station using the mean and standard deviation for that station 
and the resulting values were used in producing maps. The SU RFER (SUlfcr, 
1987) analysis package was used to map these parameters (Figures 2 to 7). 

4. K ~SUUS AND DISCUSSION 

The simulated average crop water demand (Figure 2) characteril.es the 
requirement of spring wheat for moisture when grown on the eastern Prairies. 
Most of the region has an average growing season water demand of 
approximately 300 mm, with southeastern Saskatchewan having an average crop 
water demand of 320 mm. There was some year-to--year variation in annual crop 
water demand but it was relatively small; the average standard deviation was 
about 25 mm. Applying the risk c'dlcuJation procedure outlined above showed 
that in areas with a mean of 300 mm. one yeae in four had a crop water demand 
less than or equal to 285 mm, and at the other extreme, one year in four had a 
crop water demand more than or equal to 315 mm. 

On the supply side, the most important source of water for Prai rie 
spring wheat crops is the rain that falls during the growing season (planting to 
maturity). For most of the region the average amount is about lOO mm (Figure 
3), with southeastern Saskatchewan receiving aboul 175 mm. The year-ta.year 
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FIGURE 2. Average seasonal wmo:r delIUlnd for spring wheat (mm). 

•• 

FIGURE J. Avemge accumulated growing-season (planting to ripe) precipitation for spring wheat 
(mm). 
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variation in growing season precipitation was large; standard deviations varied 
between 50 and 100 mm, with an average standard deviation of about 75 mm. 
Results of the risk calculation described above showed that in one year in four, 
growing season precipitation was less than 150 mm over most of the region and 
less than 125 mm in southeastern Saskatchewan (Figure 4). 

The other source of water for wheat was thc available soil moisture 
al planting (Figure 5). This represents waler stored from fall rains after crop 
maturity, conservation of water from snow, and spring rains prior to planting. 
(The reader is referred to section 2. 1.3 ~ Soil Moisture Recharge for a 
description of soil moist ure budgeting models used during these. time periods). 
Average planting soil moisture exhibited very large spatial variability, decreasing 
from over 200 mm in central regioll5 of Manitoba to 125 mm in southeastcJl1 
and central Saskatchewan. T he average standard deviation of available soil 
moislUre at planting was about 35 mm. rusk calculations showed that one year 
in four had available soil moisture levels at planting of 175 mm or less in central 
Manitoba and of 100 mm or less in soluheastem and central Saskatchewan. 

The average accumulated moisture stres~ from planting to heading, 
i.e., the additional amount of waler that the crops would have used had it been 
available, varied from near zero in cen.lral Maniloba to more than 35 rnm in 
southeastern and central Saskatchewan (Figure 6). By the soft dough ~Iage, the 

FIGURE 4. 25% risK for growin,g season precipitation for wheat - OIIcr thc long-term, one year in 
four will have lhil; much or l~r.s precipitation. 
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F IGURE S. Avcrnge available soil mO>Slure at planting for ~pring wlleat (mm). 

"·~'---r---l'·f'---,;o~~,,: --f' >(12' ,-::----"~.<' -,::=_'-T_-'l"' 

W P ' 

FIGURE 6. Average moisture Mress (sllortfall) to the heading Sl!lge of spring wheat (mm). 
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average accumulated moisture stress incre::L'ied to 5· 15 mm in central Manitoba 
to 5()"75 mm in Saskatchewan (Figure 7). 

It can be seen that most of the year-to-year vanation and the cast­
to-west increase in the average magnitude of the moislUre shortfall for spring 
wheat crops was due \0 variability on the supply side of the moist ure stress 
equation, i.e. growing season and non-growing season precipitation. Clearly, only 
a small portion of the variability wa~ due to temporal and spatial variations in 
crop water demand. 

One of the most important factors controlling spring wheat yields 
on the eastern Prairies is the moisture availability at the critical stages of heading 
and soft dough (l .chane and Staple, 1962). " visual subtraction of the contour 
values in Figure 6 fro m those in Figure 7 gives an estimate of the average 
moisture shortfall as the spring wheat crop progressed from the hcading to the 
soft dough stage. TIle larger heading to soft dough moisture stress values in more 
western areas correlate with lower average yields in this region. 
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ARSTRAI..' 

This study cxamilll..'S the effect of a C02 -induced climate change on corn yield using a 
multiV'J.natl! regression model in conjunction with three General Circulation Models: 
GlSS, G FOL and eee scenarios. A historical study over the 'olt5t:l ine period from J960 
\0 [990 inclus.ivc shows a very strong correlation between com yields and the climatic 
variables of precipitation, tcmpentlure and tvapotranspimlion. These re lationships are 
then used to estimate possible changes in com yield as a result of changes in climate. The 
GFDL showed a decrease in com yields of 12.4% and the GISS an increa<;e of 6.3%, The 
cee scenario also estimates a decrease in com yields by 14.4%. The genecatired effect of 
Ihe comhined scenarios i!i a decrease in precipitation for June, August, and September, an 
increase in temperatures throughout the growing season and an increase in 
evapol ran.~p iral ion throughoutlhe growing season. The net effect of these changes 
translates into water stress for com, especially during Ihe critical ~uges of its development. 
The results of the study c!t:ariy indicate that irrigation systems are going 10 become even 
more import3; llI for future cultivation of com in the Essex county region. DeveJopmelll of 
systems wi th the nex.ibili ty 10 Ilccommodate chuJl!,'t!S in climate appears impemtive. 

NtsUM E 

Celie {:tudc examine l'cITet d'un changemcnl climatiquc de. a un doublcmcnt du CO2 sur 
les rendement~ aux champs du mais t\ parti r d'un mod~lc it regression Inultiv!ule en 
eonjonction avec des scl!narios is.sus de trois mod~ les de circulation genl!rale de 
l'al!no.~phcre GISS, GFDL ct CCc. L'tlllde des donries hi!itoriqucs pour la peoode 
allant de 1960:i 1990 indusivemenl indique une forte correlation entre les rcndements ;m 
champs el les variables climatiques comme la precipitation, 18 temperature ct 

I DepMtemcnt d.-s ScienC(S gtod~iqucs CI leledclection, Univcrsil! l .ava]. SlIinte-Rly, Qu~be<: 01 K ,p, 
~ J)cparlmcnt of G«Igrophy, University of Windsor, Windsor, Ontario N9B J P4 
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l'evapotranspiration. Cest fI partir de ewe relation qu'une estimlltion de [~mpact d'un 
changement climatique sur Ie rendement au champs tlu mais a ete effccLUee. us 
app~eation~ des ~-narios GFDL et GISS d!!montrcnt respcctivcment une baissc de 12,4% 
et une augmentation de 6,3%. Pour Ie: CCC cc dcmier indique unc diminution de 14,4% 
des rendemcnls au champs. Dans l'cnscmble l'cffct combin~ des scenarios est une baiS5e 

au niveau de la precipitation pour les motS de juin. aoOt et St:ptcmbre avec une 
augmentation des tcmperHtures et ili: l'evapotmnspimtion tout au long de la sabion de 
erois."8I1CC. L'effci globale sc Iradu;1 en lenne d'al.lgmcntation du stress hydrique 
s¢cialemclIl duram ks stabocs critiques dc devcloppcmenl du m:(is. Les rCsuitats de celli! 
!!tude demontrent clairemcnt que 1\ltilisation de systeme d'irrigation va devenir 
indispensable pour maintenir lcs renlicmcnts au champs actuels dans la It:gion du comt!! 
d'Essex. Le d!!veloppcmcnt de syst~mts nyu"t \Jne gr,mdc flexibilite s'avere impemtif. 

INTRODUCTION 

There is growing scientific evidence that increasing concentrations of carbon 
diox.ide could result in a rise in the global mean temperature in the mnge of 
2.8t>C - 5.PC. an 8 - 15% change in precipitation and a 3.8% change in 
evupof<\tion (Cohen, 199Oa). The magnitlJde (If tbis climate cht-mge coulct he 

sufficient to bring about long-term changes in agricultural potential. Such 
changes could be ret1ected in spatial shifts in cropping patterns and/ or regional 
changes in agricultural output. Due to the nature of the climatic system, 
feedback effeets could result in changes in water resources, soil fertility, soil 
erosion and consequently in crop yields. 

The agricultural industry represents an imporl8m aspect of society, 
and provides for one of humanity's basie nl.'Cds. It therefore hecomes very 
important to investigate any possible effects that a change in the atmospheric 
composition, such as an increase in carbon dioxide concentration, may have on 
its potential. A review of the literature shows extensive work in the area of 
climate change and agricullure in Canada and the United States covering large 
areas and utilizing a variety of methodologies (LEG, 1985, 1986; Omm, 1985; 
Parry and Carter, 1985; Parry. 19R5; Rosenzweig, 1985; Williams. 1985; Arthur 
el al., 1986; Smit, 1987; Parry el ul .• 1988; Williams et al., 1988; Warrick. 1988: 
Smil et al., 1989; Cooter, 1990; Singh and Stewart, 1991). Similar efforts have 
taken place in Au.~tmlia (Pearman, 1988), New Zealand (Moe, 1988), and under 
the auspices of international organi7.ations such as UNEP and IIASA (Parry 
and Carter, \985; Parry el al., 1988). This study is more localized. and uses 
statistical empirical reasoning with existing approaches aod methods to assess tbe 
climatic sensitivity of com yields to C02 induced climate change in. the Essex. 
County region, onc of the most productive com producing areas in Canada 
(Mitic, 1991). Essex County is located in the southernmost part of the 
agriCUltural belt of southwestern Ontario (Figure I), and during the growing 
season experiences very high temperatures. However, it also experiences a hlfge 
moisture deficit, resulting in extensive use of irrigation systems. Com, although 
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FIGURE I: Location of Essex Cmuny study area ~howi llg climate s13lions and location of the: 
CCC GCM grid point used in the study. The coordlnate.! for the GISS an<J G F DL GeM grid pointS 
are giV\.'tl in Table 2. 

able to withstand high temperatures, is particularly sensitivc to watcr stress. 111is 
stress is often reflected in reduced yields. 

There is a possible advantage to increases in CO2 concentration. 
Witlwl!r ( 1978) states that, with plants grown experimentally in greenhouses, 
growth response orten exceeding 1000/0 occurred when atmospheric C02 
concentration was enhanced, under high fertility and water inputs. since C02 is 
one of the components that plants use in the photosynthetic process. This 
advantage, however, may well be offset by other effects of increased C02 such as 
changes in temperature and moisture conditions. 

AJlhough greenhouses are a large part of Essex County's crop 
cultivation mcthod, corn is still predominantly grown in open fields. It will 
therefore be exposed to C02 induced changes in the thermal and moisture 
regimes, given Essex. County's high moisture deficit during the growing season. 

A number of studies on the sensitivity of crop production to such 
changes in thermal and moisture regimes have recently been carried out. In 
sou thern Saskatchewan (Stewart, 1986; Williams et af .• 1988) and Manitoba 
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(Arthur et al., 1986), spring wheat yields would be reduced on average by 18%, 
as a result of water stress induced by higher temperature that is not offset by 
increased precipitation. In Qucbec (Singh el al. , 1987; Singh and Stewart, 1991) 
the largest increases in potcntial yields would occur in corn and sorghum. They 
a lso fou nd that yields would increase for soybeans, potatoes and pbaseolus beans 
and would decrease for cereal and oilseed crops. In Finland ( Mukala, 1988), 
barley and oats yield increased, but not as substantially as they might have with 
lower precipitation. Studies done by Smit et al. ( 1989) on a variety of crops in 
Omario indicate an across-the-board increase in gr'din corn for northcrn, eastern 
and central Ontario, and a mixed response for south-<.:cntml, western and 
southwestern Ontario. Particularly in southwestern Ontario, only one land type 
out of six shows an increase in grain com of 5.8% whilc olhers show a decrease 
of up to 33.3% (Smit et ai" 1989). All other crops in the southwestern region, 
particularly soybeans and barley, bu l with the exception of hay, show an across­
the-board decTCase in yields on all land types. These reductions, for the most 
part, arc related to some stress in the water regime. 

OBJECTIVES AND TE RMINOLOGY 

In order to examine the sensitivity of com productivity, the study focuses on four 
basic objectives: ( I) To estabtisb the relationship between com yields and the 
rclevam climatic variables which are important to com growth and productivity; 
(2) To examine the cbanges in the growing season for corn, with respect to the 
relevant climatic variables, as a result of a doubling of the carbon dioxide 
concentration; (3) To determine changes in com yields a'i a result of climate 
change; (4) To determine possible changes in the supplemental irrigation of com. 

At this time some basic terms that are used throughout tills study 
will be clarified. Equilibrium cOl1lfol climate is assumed to be present climate 
conditions at cu rrent carbon diox.ide concentration, referred to as lXC02. 
Climate change will be taken as change in the equilibrium climate as a result of a 
doubling of the carbon diox.ide concentration, referred to as 2XC02. Corn 
prodUC'livify is described in terms of crop yields (bushels per acre) for grain com. 

ASSUMPTIONS 

The behaviour of the climate system during the transition bet ween IxC02 and 
2XC02 equilibrium stales is nol considered . During this time climate feedback 3.<; 

weJl as com feedback processes occur. These effects have not been adequately 
researchcd, and consequently arc not buill into accepted methods for impact 
analysis. The study a<tSumes that weeds, pests, disease and nutrient availability 
do not limit crop growth. This isbecausc factors affecting the transport, 
migration and dispersal of pests require more extensive research before they can 
be effcctively modelled. The aVailability of nutrients is a feedback effect which is 
not built into the models used in the study. The backgrotmd economic 
conditions arc assumed to be constant and technology will be represented by the 
time trend over the study period . 
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CORN GROWT H 

Corn is chosen for study because its physiological development is well 
documcnted, and because it is one of the major crops grown in the E.~se.'( County 
region. Another interesting feature of corn is that thcre seems to be no uppcr 
temperature limit specific for com production, al though yields usuaUy decrease 
with very high temperaturcs. There seems also to be no upper limit of rainfall 
beyond whieh corn docs not gTow. Corn is grown in areas where annual 
precipitation ranges from 25cm to 500cm. l1le lower limit for corn growth at 
cxtremely depressed yiclds is 15cm. Com yield increases with irrigation to an 
optimum at 51 cm above which there is no response to added water (I .arson and 
Hanway, 1971). 

A number of workers have attempted to define the limiting climatic 
conditions for cum production during its stages of physiological development. A 
minimum of 10°C is required for planting and a midsummer temperature 
between 21°C and 27°C for optimal growth. For the purpose of this study the 
six stages of development proposed by Larson and Hanway (l97 1) will be 
considered. 

CLi MATE SCENAR IOS 

Gcncral Circulation Models (GCMs) are the most widely used to examine 
climate change as a result of a doubling of C02 concentration. they have been 
used in all the impact studies done for Environment Canada in the Oimate 
Change Digc!>t series, as well as the_ UNEP and UASA studies (Bach, 1998). The 
GCM's vary in at:curacy and resolution. TIle two most commonly used are from 
the Geophysical Fluid Dynamics Laboratory (GFDL) (Manabe and Stouffer, 
1980) and the Goddard lnstitute for Space Studies (GISS) (Hansen el 01., 1983). 
The Canadian Climate Centre model (Ccq (Boer et at., 1984) has the 
highest resolution to date. The outputs for the various scenarios are given for 
grid points defined by longitude and latitude. One limitation of GCMs which 
may be significant in the context of Essex County's proximity to Lake Erie is 
that almost all continental grid points are classified as land, and in most GClvls 
there are no points over the Great Lakes cJassilied as waler. The GiSS model 
attempts w modify the effe<:t of this limitation by using the percent of land and 
water within grid squares containing both surfaces. The sensitivity of a C02 
climate change model is often measured by how much the global avcmge 
temperature of thc surface air increases when C02 is doubled. T he GISS model 
wanm 4.2°C, the GFDL 4°C and the CCC 3.5°C for a doubling in C02 
concentration. 

The conventional appro.'lch for developing scenarios of climate 
warming is to utilize thc 1951 -1 980 normals as the baseline (other baselines have 
been used), and the difference between (or ratio of) the 2xC02 and IXC02 
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outputs as the simulated climatic change. The versions of the G1SS, GFDL and 
CCC models used in this study have a 1951-1980 baseline period. 

Cohen (l99Ob) jdentificd four general approaches for scenario 
application: ( I) Thesludy area baseline climate is combined with the scenario 
anomaly of the nearest centre of a GeM god square; (2) TIle scenario anomaJy 
field is objectively illlerpolated (empirically), and the baseline value is combined 
with the interpolated scenario value for the stUdy area; (3) The baseline field is 
objectively interpolated, so that dala are produced for the same poim as the 
scenario anomaly field; (4) The baseline and the anomaly fields of several 
scenarios (GCM~, historical, etc) are interpolated and combined imo one 
scenario lIsing dynamic/empirical reasoning. This study will utilize a version of 
the second approach, which will be discussed further in the methodology section. 
It is important to note that the outputs of aU GCMs do nol represenl variations 
on small spatial scales. The smaller the study area. the greater the ri.~k that its 
climate will not be truly rcncctcd in the GeM outputs. It is therefore necessary 
to consider the differences between the GCM outputs and the local climate when 
interpreting the resull~ of tllis study_ 

CROP-CLIM ATE MODELS 

A variety of approaches have been used to Coxamine crop response to climate 
variations. The procedure employed by Stewart el al. (1984) was used in the 
southern Ontario case studies. The studie~ done by UNEP and UASA (Parry el 

al., 1988) used agroclimatic indices along with simulation models and statistic,lI 
empirical models. 

The empirical-statistical model (ESM) takes a sample of annual 
crop-yield data together with a sample of weather data for the same area and 
time petiod. aod relates them through statistical techniques sllch as a mUltiple 
regression analysis. This technique is most effective when careful and well 
informed selection of sui table explanatory variables, based on close 
understanding of basic crop physiology, is done (Parry el al. , 1988). The 
simulation models gencmlly treat the dynamics of crop growth over the growing 
season through a set of mathematicaJ expressions of the interrelationship of 
plant, soil and climatic processes. This procedure is restrictive for analysis of 
climatic variations over periods greater lhan a Jew years, and is more sui ted for 
complex large data bases, where some variables may be generated internally. 

ESM's may be used with regional averages derived from a number 
of sites. anyone of which need not necessarily provide a continuous record. 
Based on a comparison of the two models discussed above, the ES M is more 
SUited lor lhis study, aod is the one used, The empirieal-statistical approach was 
used in the UNEP/ lJASA studies (Parry ef aI. , 1988) to examine variations in 
productivity for spring wheat in Finland . rice in Japan, livestock in Kenya, barley 
in Finland, and various crops in Brazil. 
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METHODOLOGY 

1l1e a prior; model developed for this study (Fig. 2), treats Esse.x County as a 
single climate region over which climatic variables can be averaged without 
losing accuracy. Variation in annual crop yields is as a result of variation in 
climatic elements and time. Corn requires a particular climatic environment in 
which to survive. The two major factors of importance for com to develop and 
produce are the availability of water and adequate lempcr'dture. These two in 
turn affect the evapotranspiration mtc of corn as well as the length of the 
growing season defined by Corn Heat Units (C~U). Depending on the climatic 
environment, com will yield a particular level of productivity. 

Following the above line of argument, changes in lhe climatic 
environment as a result of a doubling of C02 concentration may result in 
changes in corn productivity and / or changes in thc structure of the growing 
season. This may occur due to the combinations of the magnitude and direction 
of change in the climatic cnvironment and ultimately different crop responses. 

The relationship bctween com yields and climate is ex:amined in a 
baseline study of historical data over a thirty--one year period, from 1960 to 1990 
inclusive. This lime period was chosen because a minimum of 30 years is 
necessary to establish long term climatic normals and trends in climatic 
vdriations, and becausc of the availability of continuous data for the study area. 
The climatic normals for the time periods 1951-60 and 1980-90 show no extreme 
difference, indicating that the difference between the GCM normals (1951-80) 
and the study baseline nonnah; (1960-90) do not represent a source of error in 
the resuJts of this study. Climatic requirements for the physiological growth and 
development of corn vary over the growing season. It is therefore necessary to 
divide the growing season into subperiods which win reflect the various stages of 
com growth. For convenience, and because the stages of growth can be related to 
months, the growing season is divided into five months, from May to September 
(Table I). 

The climate data used in the study were taken from the climate 
stations in Essex County with the Jonge.~t continuous recon:t reported in the 
Meteorological Observation Records of Canada. The mean monthly temperature 
and total monthly precipitation for May, June, J uly, August and September were 
taken for the following weather stations: Leamington, Windsor Airport, 
Woodslee and Harrow. The values were then averaged to produce regional valueS 
for Essex County. When available, all four station values were used and always 
at least two stations were used to derive the regional avemges. 

The evaporation data used are those reported by the Harrow 
Research Station, the only one in the study area to recom evaporation, and 
which is assumed to be representative of the region. The Class A Pan 
tv'dporation data were converted to potential evapotranspiration using a Kc ratio 
calculated by Tan and Fulton (1979a, 1979b) at Harrow. 
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FIGURE 2: A Priori Mode!. 
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TAOL£ I: Variables in lhe mllltlvanale n:gJession and the ~-orresponding Slaf,e:s in the development 
all" growth of corn. 

VAK I I\lIl,~ 

l , MAY MEANTEMI'ERA'I1JRIi(MMT) 
"2. MAY TOTAL PRECIl'ITATION (MTl') 
1. MAY TOTAl. POT. EVArOTRA""!i}'rkATlON (MTE) 

4. JUNE Mf.AN T£MPERA11JIlli(ml>fl1 
5. J UNE. TOTAL I'RECIPITATION (JNll') 
6. J UN U T01i\L roT. [lVIII'QTRANSrIRl\TlOf\l (IN'rIl) 

7. J IJLY MIlAN TEMl'EIVITURE (JYMT) 
8, JUlY '1U'1'AL PRf.CII'ITA'nON (JYTp) 
9. JUI Y TOTAL POT. EVAI'(TIIVINSPIRATKlN tJYTE) 

10, AUGUST MEAN Tt:MI'ERATURE (AMn 
I I, AUGUS'r TOTAL rR nO prrATlON (""TI') 
11. AUGUSTT01'AL POl JjVA I'OTRANSplkATIQN (ATE) 

13, SEJYf EMlIER MEAN TF.MI'I'.RATURI: (SMn 
14. SnPTE:M DER TOTAL I'RECI PITAl'ION (sn ') 
IS. SEPTJ3MIIER TOTAl. pm: llVAI'OTR.ANSlllRATION (STI;) 

16. CORN HEAT [!NITS (eHU) 

17, CROP YIELDS 

lS. J1ME. 

GKOWl'1I STAG.,;s 

rLAN'nNG 
AND 
EMERGENCE 

V£OETA1W !; 

GROWTU 

POLLINATION 

'"D 
SILIU NG 

MATtJIHn' 

STAGE 

LATE MATURITY 

DRY nowN STAGE 

OEf lNE GROWlNG 
SEASON 

DEPENDt;;/'<Y' VARIABLE 

GROSS INDlCA1UR Of 
MODERNISATION 

The mid~monlh Kc values were used to convert the monthly total 
evaporation values usi ng the equation proposed by Doorcnbos and Pruitt (1977): 

where: 

ET =EX Kc 

ET = potential evapotranspiration (mOl) 
E -= Class 1\ Pun evaporation (mm) 

Kc = crop coefficient 

( I) 

f)aily Corn Heat Units (CHU) are used to define the growing season length for 
com. These values were either obtained from the Harrow Research Station 
( 1 971~ 1 990) or calculated (1960-1970) using the following equation proposed by 
Brown (1978): 

where: 

and: 

Daily CHU = (Vmax + Yrnin)/ 2 

Ymax = 3.246 (TroaK- IO.O) 
Ymin = 1.8(Tmin-4.44) 

Tmax = max.imum daily temperature eq 
Tmin = minimum daily temperature eC) 
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By definition, the stan of the growing season is the beginning of the CH U record 
for each year, which is May 10, and the end of the !,'Towing season is September 
30. The regional corn yields for Essex County over the thirty-one yeur period are 
those reported by the Ontario Ministry of Agriculture and Food (Agricultural 
Statis tics for Ontario). 

For the purpose of interpolation of the GeM outputs, the regional 
values for CHU, potential evapotranspimtion, precipitation and temperature are 
given a geographical point location with the average longitude and latitude of the 
four stations used. The station locations, and those of the grid points used in thL., 
study for each GeM model. arc bolven in Table 2. 

YIELD MODELS 

Before proceeding with the crop climate model (regression analysis), preliminary 
examination of the data set was done to identify years with extreme events. The 
three climatie (independent) variables were each plolted against yields and 
outliers in each plot identified. Outliers are data values which lie ou tside the 
genem! cluster of points. This procedure allows limits to be placed into the data 
sct in order to exclude extreme events. For plots with outliers. the outl ier value(s) 
were removed from the data set and replaced by the previous ten year average of 

'Ii'ULE 2: Climate stutiorurand GeM grid point locatioM 

!oo'li'TIONS 

HARROW 
L.EAMINGTON 
WOOOSLllI! 
WINDSOR AIRI'ORT 

REGIONAl. AVIiRAG£ 

GeM GRtD POtNTS 

GLSS MOI)IJ. 

(iFni MODEL 

CCCMODEL 

88 

WNGITUDE 

82.90" W 
82.,. W 
82.130 W 
82.97" W 

82.81" W 

9O.!l" w 
...,.W 
"'U' W 
SO,O" W 
80.0" W 
su.w w 
7<l.~w 
10.(1) W 
7(1.0" W 

00.0" W 
00.(1" W 
OO.()"W 
82.~· W 
825" W 
1\2.5· w 
75.0" W 
75.0" W 
15.0" W 

1I'2.s"W 

42.03"1'1 
42WN 
42.22"N 
42.l7"N 

42.I4"N 

50,81" N 
43.(14" N 
ll.22:" N 
5I.l$~N 
0..04' N 
""'N 
"'",N 
~MN 
3,j .22" N 

",""N 
4l.2tf 1'1 
}7.W" N 
46.7Cf' N 
42.20" N 
n.81/" N 
"""N 
42,20" N 
31.80" N 

42..68" N 
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that variable. A comparison between the long term means of the original data set 
and the normalized data set (extreme values removed) shows th:u the differences 
in the mean values are less than 15% (Table 3). Although f"Jttremc event~ help to 
define the climate of 11 region, in th is particular casc their removal docs not 
significantly affect the long-term climatic normals, and provides a normally 
distributed data set for analysis. 

r"'RLE 3: long tum normnls over study has/liine ( 196() _ 1990) 

VAHIA8 l.F~" ORIGINA l . Rf:V tS r.O % 
VALUES VAI.UES D1Ff~RENC~ 

YIELDS tMlKe. "'.0 "'.0 0.0 
MMT·C 14.2 14 .2 0.0 
JNMT"C 19.4 19.7 1.2 
JVMT ·C 21:l 12.2 0.1 
l!.MT ~C 21.3 ::ILl 0.' 
SMV·C '" 17.3 10 

M'fPmmlm no li1.1 12.9 
JNTp mm/ m 9).6 ".< ., 
JYTl'mm/ m '" m [2.~ 

ATI> mIn/ttl . ., 74.6 0 .4 
srr'mmlm 8).5 71.4 14.6 

M"I11 mm/ m ",. N.' ,., 
JNTFmm/m ,.., 94.4 0.' 
JYTEmm/m 172.8 166.4 ,., 
ATF.mm/m [62.) 167.1 , .. 
S1"E min im '" 1l.4 H 

The new data sel of climatic variables was then used to develop a 
crop-elimate modeL In order for a more accurate and valid comparison of the 
three models, potential evapotranspiration values are calcu.lated for the GlSS and 
GFDL models, which do not have potential evapotranspiration as a direct 
output variable. The Priestley-Taylor method for calculating lake evaporation is 
u.<;ed to derive the potential evaporation value. .. : 

where: 

ELAKE ~ {a(S/ (S+~)XQ' - QGll/ L 

S = Air temperature-dependcnt slope of the saturation vapour 
pressure curve (Pa/° e). 

Q* = Net radiation (MJ I ro21 month). 
QG = Soil heat flux (MJ/ m2/ montb). 

L = Latent heat of evaporation (MJ I kg). 
'Y = Psychrometric constant (Pa/ClC). 
a = Non-dllnensional surface evaporability factor (1.26). 

1lle term S/ (S+y) is derived from a polynomial regres.'Iion to 2 degrees. The 
resulting equation is: 
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S/ (S+y) = 0.388636 + 0.0168712 T + 0.OOOIJ78879 1'2 (6) 
(JOO% of residuals about mean explained) 

where: 

T = Temperature (0C). 

QG accounts ror less than 5% of the net radiation, and is therefore assumed to 
be ncglit,oible. Q'" - QG is taken to mean Q*, which is calculated by using the 
equation developed by Davies el al. (1975): 

Q* = 0.72 KI - 0.36 

where: 

Q* = Net-radiation (MJ / m'2j day). 
KI = Incident solar radiation (MJj ml/dayXdirect output from 

G ISS and G FDL models) 

(7) 

A regression analysis ha<.: a number of assumptions which must be satisfied. 
8cfore the regression analysis was performed. tests for a normal distribution were 
done on thc standardized variables using the Kolmogorov-Smimov Lilliefors one 
sample test. All the variables were fou nd to be normally distributed. The 
Lilliefors probabilities arc listed in Table 4. The Durbin-Watsoo 0 statistics were 
used to test for temporal autocorrelation.~ . The baseline was spli t into two 
sym metrical time periods, with 1975 being the pivot year. This was done 10 

stabili7..c the time period in order to perform the test for autocorrelation. There 
were no temporal autocorrelations in the data sel. The results arc given in Table 
5. From viewing the plots of yield and the climatic variablcs, adequate linearity 
exists. The plots of residuals and estimates suggest relative homoscedacity. 
Collinearity was not seen as significant due to the nalUrc of the data. 

The model uses com yields (Y) as the dependent variable, and the 
climatic variables listed in Table I as the independcnt variables. It takes the fonn 
of: 

YCCC,GFDL,GISS = Constant + a(MMT) + b(JNM1) + c(JYMl) 
+ d(AM1) + e(SM1) + f(MTP) + g(JNTP) 
+ h(JYTP) + ;(ATP) + i(STP) + k(MTE) 
+ I(JNTE) + m(JYTE) + n(ATIO) + o(STE) 
+ p(CH U) + q(TIME) + E (8) 

where: 
E = error term 

At a significance level of 0.15 (default value), a stepwise regression analysis was 
performed and thc resulting significant variables were put into an equation to be 
used to predict crop yields for the I XC02 and 2XC02 scenarios. 
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TAOLE 4: Kolmogomv-Smimov one !l.1mple test u~ing standard normal distributioo (significance 
lcvel=(1.05, hypothesis: distribu tion i~ not significantly different from normnl) 

VAR IA8UiS N·OF_CASES MAX DI!' tlLI.IEf ORS 
I'ROIlABIUTV 

(l-TAII.) 

YU,LDS " M}4 0. 11lS 
"M' " .,'" 0.1ll 
JNMT " 0.lJ9~ 0.745 
JYMT " .". 0.463 
AMT " 0.067 '"'" SMT " o,ln 0. 182 
MTP " O.1l7 O. 1 4~ 
.INTI' " O.()I)$ 0.683 
JVTI' " 0.122 0"" M' " 11.0&2 0.'" 
!o~rl' " 0.117 0332 
MTE ~ 0.135 0,111 
IN"ru '" oms 0,"" 
JYTt: " 0.101 0.6111 
ATE ~ (U21 0.328 
lITE " 0.140 0. 151 
CHU " 0.'" .. 000 
TIME " 0."'" I.IX)() 
Z " 0."" 0.977 

rAfiLE 5: 'jest for 1l1ltoounciatiO!1 (Significant III 0.05, upper critical value"" 1.49 and lower critical 
value=L35 for D) 

YA RI ABLF$ DURBI N- bC OImr.M 
WATSON AUTOCORR.. 

o SIi\T1STIC 

MMT 2.'" -0.111 
JNMT 2.IH8 -<.0" 
JYMT 2.1~ ..{I.IOS 
AMT UIJ 0.21» 
SMT 1.972 0.01.1 
MTP 1,5110 O. ISI 
Jl'ITP 1 ,447 ' 22' JYlP J.64~ o.m 
AT!' 2.0J4 0.047 
ST" "" ~. 131 
MTE l.lm 0.075 
JNTll 2.22' -tt i D 
JYTE: 2.165 -''''' ...:rr , ... " 0.019 

"" 2,493 ..{I.248 
Clll! 2.070 0.017 
YIELDS 2.547 0.'" 

The ultimate test of any model is to assess how closely its 
predictions corre.~pond to actual measured observations. The outputs from the 
two regression models were verified against average ten-year independent crop 
yield data. The average values of the significant independent variables, for five 
ten-year periods, were put into the equation to derive the predicted com yields. 
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These predicted yields were then compared to the actual yields. The mean 
differences between the actual yields and the predicted yields were then used as 
correction factors (cf) in the regression equation, to stabil i7.e the equation and 
put the predicted yields wiUlin a eloser r.mge of the actual (Table 6). 

As mentioned before, the method used in thi:; study to apply the 
IXC02 and 2XC02 scenarios i.~ one in which the scenario anomaly field is 
objectively interpolated and the baseline value is combined wilh the scenario 
anomaly. For the GFDL and GISS models, outputs from nine grid points wcrc 
used to create isopleth maps. and the closest grid point to the region was used for 
the CCC model (82S' W 42.68°N). 11le output values were then interpolated for 
the regional point location of Essc."\( County (82.8 1° W 42. 14° N). The bw;eline 
normals were adjusted to 2xC(h according to the predicted change in the 
models output. Using the slightly modified regression (correction factor added), 
corn yields were calculated for [xeOz and 2xC(h equilibrium climates. 

Using the baseline long term normals and the CCC, GFDL and 
G1 SS models' predicted changes in the climatic variables, a gross waler balance 
was calculated for each scenario. This is used 10 assess any changes in the 
amount of irrigation supplement needed by com to maintain its 
evapotranspiration needs. It is also used to identify the peliods during the 
growing season when the greatest amounts of moisture stress occur. The equation 
used takes thc form: 

where 

IS =ET - P 

IS = irrigation supplement (mm) 
ET = potential evapotranspiration (nun) 

P = precipitation (mm) 

Finally thc s!ructure of the growing season (defined by CHU) is assessed with 
regards to monthly changes in the climatic variables. These changes are related 

TAIILI'.6: Validation of regression equations on 5 ~ yew *nes from within the baseline period. 

St:RIES ACltl.\L ESTIMATED 
VIELDS mLDS 

\tCC,GFDI.,G1SS 

19(,()..1%9 7U9 16.90 
1%S-1914 79.3~ ! r.~J 
[91(1..1979 "" 27.02 
1~1S-1984 96.10 17.111 
19111.1991) 107.00 47.09 

M~an difftlWCC " .. on Yickls fef) 

(9) 
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to the physiologicaJ development of corn in an attempt to explain che predicted 
changes in corn yields. 

ANALYSIS OF R ESULTS 

The stepwise regressiun analysis for the crop-climate model resulted in 
identification of six variables which are significant at a 0.15 confidence level. 
These arc listed in Table 7 with the corresponding correlation coefficients. The 
variables were then used in a new model to estimate the com--climate 
relationship. The regression analysis indicates that AT.P, STP. JNTP, JYTE, 
MMT, MTE and JNTE account for 77% of the variability in com yields. All 
except J YTE and MTE have a positive re[ation with com yields. TIle resulting 
equation to be used to predict corn yields is: 

YCCC,G FDL,G ISS = 0.113 + 0.385(ATP) + 0.276(STP) + O.223(JNTP) 
- 0.407(JYTE) + 0.599 (MM1) - 0.352(MTE) 
+ 0.255(JNT E) + 0.539 (10) 

To test the stability of the correlation coefficients, thc significant variables were 
lL~ed ill the model with three twenty-year series from within the ba<;eline period 
1960-[990 (Table 8). The correlation coefficients remained fairly sUible, with less 
than 0.1 diflcrencc in alnJost all cases, and accounting for more than 80% 

TABLE 7: Crop-Climate Mndt:I, stepwise regression with alpha 10 CJlt!:! and remove of 0.1 S. (Subse. 
model inctudes the following predic,ors: ATP, STI', JNTP, JYTE, MMT, MTE, .INTE.) 

STEP- 1 EN"tER All' R=:O.548 RSQlIARE::O.J4' 
STEP'" 2 r:NrER "" R:(),699 IlSQlIARE=<l.4B9 
~I EP= 1 ENTER JNTl' 1t.;o(\.139 RSQI1ARE=-II.S46 
$1 "[;1>-4 ENTEk JYTI' 11.-=0.7(>8 RSQUARE~.390 
STEr= s HNTEk MMT R~.8,a RSQUAk E::O.669 
!).EP= 6 liNTER MTE R=O.&S6 RSQUARE::1l732 
STEP"" 7 ENTBR JNT' [t=<l.882 RSQIJARE-(I.777 

TAJ)LE 8: Multiple regression coefficients fOJ" thn:c twenty year- periods from ,..;thil] the study 
baseliuc:, to test ,he SUlbility of the coefficients used to pmlict corn yields in the ".'gre:;.~ion model. 

SIGNIFICANT ...... l%(,.8S 1911·90 
VAltlt\BLES COEfF. COEFK COEFF. 

MMT , .... '"'" O.~l 
JNTP ''''' 0.227 (1.145 
ATI> '''''. 0. 378 II.5U 
ST., ''''' 0.'" MSI 
MTE ,.'" -O.lSl -0,133 
Jf'/TE "'" 0.261 O.lW 
lYrE -OJ" -0.414 -O.lSl! 

MUL11PI_E It 0.810 0.'" 0.107 
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of the variability in yields. The exceptions were three cases of precipitation, 
where the differences range from 0.1 to 0.2, higher in two eases and Iov,'<'r in one. 

Tbe correction factor derived from the validation process discussed 
previollsly is placed into the yield model. Based on equation 10 the rmal 
regression equation is defined a.~: 

Yccc, GPDL,GISS = 0.1 13 + 0.385(ATP) + 0.276(STP) 
+ 0.223(JNTP) OA07(JYTE) + O.599(MMT) 
- 0.352(MTE) + 0.255(JNTE) + 62.88 
+ 0.539 (II) 

where the correction factor was 62.88. 
T he output values lor the IXC02 and 2XC02 scenarios 

corresponding to the sit,'ll ificant variables are inscrted into tht: final regression 
equation, The output values for the GISS, GFDL and CCC models and the 
predicted yield resul ts are listed in Table 9, 

To correctly interpret the results of the analysis, the accuracy with 
which each model describes the local climate must be examined. Fit,'llres J, 4, 
and 5 show the climatic variables for the lXC02 and 2XC02 scenarios as well as 

' fAlILE 9: COC, Gt--nL, GlSS CIinUIlIl change Sl.'enario values (signifkanl variables) for I XC<>:! and 
2XC0:2 !iCl;oarios (Study baseline 1960 - 1990;RegiOl1!!.ll'oinl Location 82.11° W 42.WN) 

MTF. MMT IN'tE JOVTJ> JYTF. 51'1- AT' 00'"' 
mm ' C ~, mm mm mm ~ YLF.LD 

b/~ 

cec 
IXCO:l 20.' 12,0 71.4 168.5 126.1 103.7 12LS 143.3 
2XCOl ?A.I 11.1 76.3 1,"0 136.9 67.' 114.0 122.7 
CHANGE 11.2 +S.I +'-9 _28.S +IQH _JIi.J _7.1! . 2G.6 

GFDl 
IXCOl 21,2 16,~ 1S.7 ,., 1)6.9 11.1 5).0 81,3 
2XCOl ,.., lOA 87.2. ".0 1~.3 " .0 7~ .O >OJ 
CIlANG" , ... +3,~ t-! 1,6 '3 -t22.4 -J7, 1 121.1) 10.7 

GlSS 
IXCO~ "" 11.3 ... ... 1S6,1 5),5 M.I 7S.2 
' Xco, 30. 1 ,",,8 ro. , 106.0 152,\1 3S,1 75.0 ~. 
CHANGE -16.4 -t3b +<, +6;6 33 -1 8.~ -t 10.9 t 4.7 

ill!!!!. 
IXCQ/ ".3 1'.2 94,4 ~ .. 16M 71.4 74 .7 "<3 

<''LX: 
LXco, J2.2 19,) ".3 ., .. 1TI.2 JS.I M.' ..., 
CHANGE "., 
OFD!. 
lXCOl ~ . I 11.7 lOs.? i1>. 1 187.8 JoU 9S.7 ,., 
CHANGE 10,) 

OISS 
1X<""01 ,., 11.8 n.' ". 16J.J m "]A '11.2 
CHANG!! +<., 
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the long term normals for the study area. In general, the eee model 
underestimates potential evapotmllspimtion and overestimates precipitation, but 
gives an almost perfect approximation of temperature. The GFDL model 
underestimates potential cvapOlranspiration, underestimates precipitation for 
J une and August wbile overestimating it for May and July, and overestimates 
temperature. The GISS model underestimates potential evapotranspiration and 
temperature, and overestimates precipitation for August a nd September while 
underestimating it for May, June and July. With regards to the significant 
variables used to predict corn yields, the GFDL model comes closest to 
estimating the local climate, followed by the GISS modeL TIle eee model shows 
the poorest performance. It is therefore fair to infer thalthc GFDL predicted 
changes will be more likely to occur. 

The changes in tJle significant variables are USl.'d to derive the 
modified climate fOr the .~tudy area. The study area baseline normals are 
adjusted by the changes in the eee, GFDL and GISS models to produce 
2Xe02 scenarios corresponding to the individual models. These baseline 
mirrored scenarios should give a more accurate suggestion of absolute magnitude 
of change. Both thc cec and the G FDL models indicate a decreuse in yields, of 
20.6 and 10.7 bushels/ acre respectively, while the GISS model shows an increase 
of 4.7 bushels/ acre. 

Preliminary examination of changes in tile climatic variables 
indicates that the reduction in yields predicted by the eee and GFDL models 
may be a result of the decrease in precipitation and the increase in potential 
evapotranspirdbon, while increase in yields predicted by the GISS model may be 
the resul t of increased May temperature, increased J une precipitation and 
decreased July potential evapotr'.mspiration. 

T he G ISS, GFDL, and cce models all indicate an increase in 
tcmperature (Figures 3,4,5). The jncrea.~e in May temperature is of particular 
importance, because it shows a sib'llificant relationship with eom yields. This is 
the planting and emergence stage for com. With increased temperatures, there 
will be less likelihood of crop failure due to late fTost , or temperature below the 
lower threshold for germination. The G ISS model in Figure 3, and the GFDL 
model in Figure 4, indicate an increase in May precipitation while the eee 
model in Figure 5 shows a decrease. This does not significantly affect yields, 
however, as May's precipitation does not appear to affect corn productivity. T he 
eee, GFDL and G ISS models also indicate un increase in potential 
evapotranspiration for May (Figures 3,4,5). Although May potential 
evapotranspimtion has a significant relationship with corn yields, there is not 
much vegetative cover at this time so yield reduction as a result would be 
negtigible. 

The eee and the GFDL models indicate a decrease tn 
precipitation for J une (Figure..~ 4 and 5). This is a period when water availability 
is important to the vegetative growth of com, and the decrease in June 
precipitation may be partially responsible for the predicted reduction of yields by 
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TA IlL£ 10: Change [n corn yields for 2XCDl .scenario 

SCENARIO CHANGE IN CORN Ylf.LO 
Bulbds/ Atrt rtml'llt"llt 

ccc W, , ... 
('CC RASI:UNE -20.6 - 14", 

OFOI. 10.7 IlA 
GI'"DL 8AS ELIN£ - (OJ IU 

GISS +4.7 163 
GISS IlASEI.I Nl: .... , +S.4 

the CCC and GFOL models. The CCc, GFDL and G1SS models (Figures 
3,4,5) also indicate an increase in potential evapolranspimtion for J Wle. In 
conjunction with. the increase in temperature and decrease in precipitation, the 
higher potential evapotranspiration rate reinforces the water stress placed on com 
at this time. Research indicates that up to 4% yield decrement per day of water 
stress is possible during this period. 

The only significant variable for the month of July is the ra te of 
potential evapotranspiration for which the CCC and GFDL models indicate an 
increase and the GlSS a small decrease. Thi~ is a critical stage for com at which 
time pollination and silking occur. High potential evapotnmspiration rates may 
contribute to water stress, which could result in up to 8% yield reduction per 
stre~~ day during this time. The Jarb'C decrease in precipitation fo r Scptember 
predicted by all three models (Figures 3,4,5, and Tablc 9), may also be a 
!>ignificant contributing factor in the predicted yield reduction, 

The reduction in yields indicated hy the CCC and G FDL models 
may be counteracted ill two ways. Farmers may plant more drought-resi.~tant 
species, or they may increase supplemental irrigation. With the current dcficit in 
the watcr balancc during the growing season, incrca.~ing irrigation may be a 
problem in itself. This is one aspect where furthe r rescarch is n~cd, as 
indicated by the study. It ha~ already been est.1blished by the CCC and GFDL 
models that there will be a need for increased supplemental irrigation. This is 
further investigated in the ncxt section. 

CHA NGES IN THE IRRIGATION REQU IREMENT FOR 
CO RN 

A gross index for irrigation requirements can be calculated for com, using the 
baseline long-term normals, and the changes indicated by the CCC, GFDL and 
GlSS 2XC02 scenarios. The result of this procedurc will verify the predicted 
com yield results, as well as indicatc areas within the growing season which may 
experience the most water stress, Runoff is not considered, and changes in 
irrigation requirement are a direct result of changes in precipitation and potential 
cV"dpotranspirdtion. It must again be Stressed that, because of the gross nature of 
the water balance used, the direction of ehanb'C holds more significance than thc 
magnitude or the change. 
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The irrigation supplement may be calculated for com using 
Equation 9. When precipitation is greater than potential cv-.lpolranspiration, no 
supplemental water is needed and IS will be negative., indicating a surplus of 
water available. Tables II and 12 give the data in puts used in calculating the 
water balance, as well as the changes in the water balance as a result of changes 
in the climate. 

Under the current climatic conditions of Essex County there is a 
need for irrigation supplement of lSI mm over the growing season. There is a 
~urplus of water in May, but June, July, August and September show a need for 
supplemental water, with July and August having the greatest need. As a result 
of climatc change, the CCC, GFOL and G ISS models indicate that the need for 
irrigation supplement would increase by 94mm, l04mm and 14mm respectively 
for the growing season. The CCC model shows substantial increase in irrigation 
need for June, August and September, wherea~ J uly indicates a small reduction, 
although substantial irrigation supplement is still required for that month. The 
GFDL model shows large increases in irrigation need for June, July and 
September, and a reduction for August. The Grss model indicates an increase in 
irrigation supplement for August and September and a decrease for June and 
July. 

Overall, irrigation supplement is expected to increase and Table 12 
corroborates the predicted yield results of the GFOL and CCC models, where 
the reduction in yields may be atlributcd to possible waler stress. 

TAlH£ J J: Datu input for irrigation need calculation. 

IXC02 (mm) lXC02(mm) 

PERIO!) IS Y eT MODEL IS ,"' , 
M AY -31.80 61.10 ",>J CCC 20,S 12.5 ~" {i"UL ·54.0 311.1 ,",I 

G!SS .... 30,' 71.1 

JON, ". ))9.84 "AU CCC ,,, 
"" ",,' 

OI'DL 25.9 .. "'. .... 
GISS 2.' ,., %.0 

JUI.Y 89.:10 71.10 156.40 CU: 81.7 171.0 9S.~ 
OFO!. rSLS 187.8 3M 
GtSS 73.0 161.1 "'.1 

AU<.iUST "" 74.M 161.1 (1 ceo 110.4 In.] "'., 
GFDL 7].S 173,1 95.6 
GlSS 97.4 IU.9 8S.S 

Sf"'l: 2.00 71,40 7M{I CCC 41.5 76.6 ~.I 
GFDL " .. 85.7 JLl 
(ill'S ,2.1 U.I JM 

GROWING 
SEASON 151.00 379.0IJ 5JO.60 CCC 245.] "'., 311.4 

GI'"DL 255.3 SS8.1 J33.7 
GlSS 165.0 "'" ]95.7 
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lA8Ul 12: Irrigation supplemem (mm) (NI A-\\-Jlcr surplus for- May) 

PERIOD 1XCOl MODEL >XCO CHANGE 

MAY -31,3 =: -, .. NIA 
GFDL ".1 NI' 
GISS 'M Ni h 

JUN" " CCC ~ , +JJA 
OFDL 2S.9 +20.9 
GISS , .. ,., 

JULY S9,3 CCC 81.1 -7.6 
GFOL IS I.S -H>2.2 
GIS5 7JJ) '" 

"UGUST n, CCC 110.4 +17.9 
OFOe 77,5 [5.(1 

GlSS 91.4 14.~ 

SEl'"J. " C(;C 4J.5 +39.5 
GFt>L '" +~2.4 
GISS 32 1 +30.1 

SEASONAl. InO OCC l45.1 --I \14.1 
GI'OL 25S.3 +W·U 
(;l"~ r~5 f"1 +1 4 U 

CONCLU SION 

Climatic variables such as temperature, precipitation and evapotranspiration 
have a strong correlation with corn yields. Summarizing, throughout the growing 
season, from May to September: May temperature has a positive relationship 
with yields; June's precipitation and potential evapotranspiration. and August 
and September's precipitation are positively correlated with yields; while May 
and July's potential evapotranspimtion are negatively correlated with yields. The 
relationship indicuted by the regression analysis is very strong. The significant 
climatic variables accounlfor 78% of the variability in com yields. From thcse 
results one can infer that variability in climate has a strong impact on corn 
yields. This impact is renected in the direction and mab'llitude of change in com 
yields, caused by changes in the various climatic elements at critical times in the 
growing season. Climate change as a result of a doubling of atmospheric C02 
concentration may havc two consequences on com yields in the Essex COUAlY 
region. Com yield may increase by 6.3% as predicted by the G ISS. 111is 
outcome may be a result of the increases in precipitation and a small decrease in 
potential evapotranspir.uion. Com yields may also decrease as a result of climate 
change, as indicated by the CCC and GFDL models. All three models indicate 
that there will by a need for increased inigation, lending some validation to the 
results of the CCC and GFDL models, and possibly reducing the already small 
increase indicated by the GISS model. With the GFDL model having the best 
estimation of the local climate, a reduction in com yields for Essex. County is the 
most valid conclusion. 
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The results of this study should be treated with some caution duc 
to the scale of analysis of GeMs (Groteh and MacCrackcn, 1991), butlhcy may 
have important implications for corn production in the Essex County region. A 
14.4% reduction in com yield is predicted by the CCC and u 12.4% reduction by 
the GFDL model. This is a significant change which may requirc serious 
adaptive stl"""dtegies to ensure adequate productivity. The reduction in yields may 
be attributed to high water stress during the critical stages of corn growth and 
development (JUt1C, July and August). Water stress is a problem already faced by 
farmers in the Essex Coumy region. The possibility of an increase in water stress 
as a result of clim3le ebange holds serious implications for this area. Farmel): 
may adapt to these changes by pl.mting corn varieties which are morc water 
cHicient and/ or increasing irrigation. The importance of supplemental water 
supply for com in the fu ture hots been clearly indicated by Ihis study. Further 
research is needed in this area to specilicaJly determine more aecuratcJy the 
future water need for agriculture, and the capability of the region for handling 
such increases in water requirement. Other possible areas of research are the 
improvement of GCM application techniques for smaller spatial scales, and the 
improvement of the precipitation inputs into GCMs. These two factors arc 
interlinked, as precipitation is a local phenomenon wruch is difficult to resolve at 
large spatial sealcs. 
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Etude comparative d'approches utilisees 
pour !'estimation de !'evapotranspiration 
en regions tropic ales 

Alain Viau, I 
Jean Boiyin2 

et 
BhawlllI Singh) 
[manuscrit re(fu Ie 10 llvril 199J ; 
en forme revisee Ie 27 fevrier 1992] 

RfsUMt 
Dans lcs regions tropicales ks stalions ul,'fomtleoroiogiqu<."S ulilisent Ics bacs a 
cVolpomlion (clas~ "A j pour cstimer ,'evaporation er ['evapotranspiration. l es Sl,tlions 
liutomatiqucs .'iOn( ra res ct on a done recours 1'1 df'S obscrValeUI1l. Lcs normes de la FAO Cl 
de l'OM M, dans leurs scn~ Ie plus stricte, ne scml P.1S loujours respcctCcs, reduis&nt ainsi 
la represcnt(ltivit~ tks resultats. En plus dl." la technique des bal.'S qui est gcnc.mlisee a 
traven; Ie monde. d'atllres approcbes "classiqucs" dont la mar1,'C d'erreUf CSt cannue om 

cle tXperiment&:s pour eslimer l'eau utilisec par les pl:mlcs (E"'). L'c. tudc dccrile dans eel 
article S'CSl derouJcc n Trillite ct Tobago. Ll'S approches relcnues SOnt t'ellcs proposb:S' par 

Dowcn (1926). Ptnman-MontC!ith (Monteith, 1965), Prit$tley.Tu},lor (1972) el Glaney­
Criddle (1950). L'c~tude !lOllS:l pcrmis de d6.monlICr que sans al.lcl.I n contrale dc (IUaUle 

I'milisatinn des bacs engendrc une marge d'erreur non negligeable. Lcs valC!urs obtenues 
pcuvent vebiculer une erreur de plus de 22% sur une base journaliere et d'autour de 5% 
sur une periodc d 'un mois. !"upproche de R1ant:y-Criddle s'avcre ncttemcnl SUperiCUIC 
puisquc J'ern~ur l\ui y est vthicuJ6e est a101'S tiduite ;\ 10% sur unc base journalierc ct :i 
2% sur un cumul dun mois. Avt'\: la technologic moderne ct l'informatisation des banque.~ 

de donn~s agrom6teorologiques, il y a lieu de reconsiderer les rtOrm\!$ relatives Ii 
l'utilisation des hat'S Ii (:vaponation voire meme a implanter d'autres techlliqlle.~ 
d'estimation de I'~vapomtion et de lY:vapotrnnspirntiorl. 

A8STRACT 

In ml)S\ tropical coulllries, agrometcorological station~ normally U.:)C class 1\ evaporation 
pan~ for estimating evapomtion and evapotranspiration. Automatic recording stations arc 
rare, standard prOC\."'dures are not always rigidly adhcn::d to, and this may limit da ta 

I 1)6partemenl de scieOOOi b":00<:5iqUes ct l~Jb:letectJ{)n, Unlver~Ltt Lava! 
2 Cb3rl¢ de projet, CA Rl 'l:l, Universilc de Shcrbrookc 
) DCpartClntl\l de gWgraphic, Univer.;it~ de MOlllr~al 
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qualJly. Apan from pall measurements, which are widcly used throughout the world , we 
experimented with other well -known mieromcteorological techniques for estimating plant 

water use LE"I) in Trinidad and Tobago. The methods chosen were the Bowen ratiexnergy 

b<tlance approach (Howtn, 1926) which served as the control measurement and the 

Penman-Monteith (Monteith, 1%5), Priestley-·lilylor (1912) and BJaney-Criddle (1950) 
fonnulations. The study results show thai ]lan measurc:menl~ may give significant crrors if 

the standards are not strictly followed . TIlese errors can be as high as 22% 011 a dllily basis 
and about 5% for a period of aile mOlllh. The Blaney-Criddle approach seems to provide 

beller results based on thc fact that daily errors are of the ordcr of 1()(,1t. while the error 

over Ollt: month is about 20/0. With the advent of modt:m technology in data acquisition 

and analysis, it i~ recommended that ~Iandard s for pan measurements be rc<xamim:d and 

even that other more sophisticated and reliable techniques for estimating crop ET be 
adopted. 

INTRODUCTION 

Le developpement d 'approches empiriques, semi-cmpiriqucs et directes 
d 'estimation de l'cvapotmnspi ra tion en milieu agricole a fait I'objet de nombreux. 
tT1lvaux ces demieres annees. D'e.xcellentes revues des principalcs approches ainsi 
que de leurs limitcs respectivcs peuven! ~tre eonsultces dans Doorenbos et Pruin 
(1977) ainsi que Brutsaert ( 1982). D'l.IUtn:s etudes plus specifiques aux approcbes 
ont aussi fait I'objet de publication (ASA E, 1985). 

Les approc.hes pour determiner I'evaporation pcuvent eIre divisees 
en deux categories: a) celles qui requierent tres peu Oll pas d ~nformation sur la 
surface Oll la culture (directes) et b) celles qui neccssitent une banque 
d'informalion plus ou moins exhaustive du type de surface et des conditions 
environnementales el mete-orologiques au-dessus de ccllCrci (indirectes). 

Ainsi, selon I'application pour laqucile Ie taux d 'tvaporation ou 
d'cvupotranspiratioll sera estime.ainsi que de r ochelle spatio-temporellc qui y sera 
a~socice, un nombre important d 'approches hydrologiques, climalologiques et 
micrometeorologiques ont etc proposCcs dans la litterature (Brutsacrt, 1982). 
Certaines de ces approches sonl tres precises tc lles celles exploitant les Iysimetres 
(Klocke et al. , 1985), Ie bilan d'energie (fanner et Pelton, 1960; Garratt, 1984) ou 
encore celles se referant au flux turbulent (eddy correlation) (Swinbank et D yer, 
195 1). Ces methodes sont eoliteuses et demandent des visitcs reguJieres sur Ie 
terrain. D 'autI"Cs approchcs moins coliteuses exploitant les bacs a evaporation 
(Doorenbos et Pruitt, 1977) ou les donnCes des stations elimatologiques et 
mctcorologiques locales (Blaney et Criddle, 1950) sont plus acccssibies mais leurs 
precisions peuvent etre un facteur limitatif au niveau de leur applicabilite. 

Nous aVOHS voulu verifier la rcponsc de ccs deux demieres 
approches, soit celie du bac it cV'dporalion et celie de Blaney-Criddle. Elies seront 
confrontees a trois approches se referanl au bilan d'energie, soit cclles proposees 
par Bowen (1926), Priestley-Taylor (1 972) et Penman-Monleith (Monteith, 1965). 

Ces derniercs approches basecs su r Ie transfert d 'encrgie prennent en 
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consideration lcs mecanismcs de lran~fe rt de la vapeur d 'cau au dessU!l d'un 
couvert de vcgetation par I'cnlremise des grddients thermiqucs. energ6tiques et 
d"humidite en relation ave<: Ie regime radiatif. 1\ faut par conlre prendre en 
consideratioo que toutes les approches demcurent appmximative.s et qu'clles ne 
vernculent pas In rncme marge cl'crrcur. 

C.e lexte ne se veut pas une revue critique des diJTerentes approchcs 
(bac a cVdporation et Blancy-C!idd le) mais plutOt unc evaluation de leur rcponse 
par rapport al'approche propos&! par Sowen (1926) et connue dans la littemtllre 
commc etant la plus adequate ($pittlehouse ct RInck, 1980; Fuchs ct Tanner. 
1970). 

Approche du rapport de Bowen/ hilan denergie 
La methode du bilan d'energie te1le que proposee par Bowen (1926) fait appel au 
principe dc la conservation de i'energie. Ainsi, Ie calcul de la quantile d'eau 
transferee vcrs I'atmosphere s 'obtient cn supposant que Ie nux de chaleur latente 
est fonction de !'energie utilisee pour Ie changcmr..'Tlt d 'etat de leau liquidc a 
vapeur. 

TABLEAU I: Parum~trcs micm<lirnatologiqucs nCcessaircs pour l'appliCillion des dilTerentcN 
m~thodes d'cstirnation de l'evapotmnspirntiOll. 

VARIABLES SYMBOl.£." R ...... I'rir5tleJ- """mII"- •• Rtant)"-
~ TII)Jor Monlrilh • Criddle 

.... M "'_ponlion (Fi\O) 

Ro.diation .,. , , , 
wlalf1: MIle: 

1'1"" de chilltur "" 
, , , 

""'. '" 
Tc:mpCs~IUJe T , , , 
del':. 't 

1I.t1;l$llUlot de t\Us .. @ 
01 abooynlinuq"" " @ 

F.>-4poo1Uun , , 
V,IUSI: dll veil! U @ , 
lIurrUdltt relau"" '" @ , 
ltadi.uon " 

, 
so)~;r<: gIobale 

COr:f!\l;'ienl K, , , 
de cult~n: 

Type tI'ET , , , p p 

I'rtci:;,on "" 
,,. :5 10% ,,,. <'''' 

''''_ Sinclair V!~u !iteW~rt ~" ... JJw",,,,,,,," 
01 at (19117) (1987) et.Pn.ritl tI proi\( 
~J9m (11m) (1977) 

or _ [)OO" ... meswk. II. - Ewrpotran.p1ration rtdk. 
@ = Ilonni:c appr..»lirnO:c ,i nOJl-<!uponiblc. P - Evap<>U1lnspilBUM poIonticllo. 
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Bowen (1926) suggcre I'approche suivante pour obtCllir 
['evapotranspiration, qui scm representee par ET,B. II propose alors: 

ETp = Q' QG 
I +P 

ou /3 est cstirnc it partir de I'equation suivante: 

ou 

Kh 6T 13=,,-
Kw 6e 

" = eonstante psychromeuique (0,066 Pa/° C) 
K",Kh = diffusivite turbulente de la vapeur d'eau et de la chaleur 

(cm2/ s) 
6c,6T = gradients verticaux de la prcs~ion devapcur (Pa l m), ct de 

la temperature (Oct m). 

2 

Selon de nornbrtuses eludes (Spiulchouse et Black, 1980; Fritschen et Simpson, 
1989; Viau~ 1987; Viau et Singh, 199 1) I'approche de Bowen/bilan d'energie 
(BREB) ~'avere eire I'approche de reference avec 13 plus faible marge d'errcur 
soil environ ±15%. Celie demiere, quoiqu'approximative, demeure une bonne 
reference pour l'cstimation de I'evapotmnspimtion ear les instruments de mesure 
uti lises sonl Ires precis (psychromctrc precis a ± O,OO5°C). De plus, elle constilue 
l'uniquc methode qui tient compte des nux turbulenls grace a 6T et 6e. 

Approche de Penman-Mollleilh 
Monteith (1965) batil un modele a partir de l'approche proposee par Penman 
(1948) puur cstiult:1 It: Laux tl't!vapur.l.liun lJ'UIl cuuvel' l vtigtitaJ. Aillsi: 

ou 

ETpm = SeQ' - QG) + oCr (e~(1) - e(T))/ r. 
S + (I + r~/ r.J 

Cp = capacile voluruetrique de chaleur de rair (J/ m3 0c) 
a = densite de I'air (Kg/ m3) 
e = pre.~liion de vapeur de I'air actuelle pour un niveau 1. donoe 

(Pa). 
Ct; = pression de vapeur saturanle de I'air pom un mvem.J Z 

donne (Pa). 
ra = resistance aerodynamique de I'air (s/ m) 
r~ = resistance du couvert vegetal (sf m) 
S = pcnte de la courbe de pression satur,mte (Par C) 
T == temperature de fair eC) 
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I.a resistance du couvert (re) peut Hre deriv(-e a partir des resistances stomatiqucs 
mesurees directcment sur Ie terrain a partir desqueUes on calcule rc (Singh et 
Szeic, [981) en tenant compte des facteurs physiques qui influencent leur 
comportement (Viau, 1987). Dans Ie ca'l de la resistance aewdynamique de I'air 
(ra) I'equation suivante proposee par Monteith (1965) cst alan; utilisee: 

0" 

ra = l / k2u In [(z - d) / zoP 

d == la hauteur de deplaeement du plan zero (m) 
l(J == la longueur de rugosite (m) 
u = la vitesse du vent a la hauteur z (m/s) 
k = la constante de von Karman (0,41) 

Approche de Priestley et Taylor 
Priestley et Taylor (1972) prescotcnt une autre approcbe d'cstimation du taux 
maximum d'evllpotranspiration ou: 

ET 
_ ,S(Q' - QG) 

• pt - a S +')' 

POUf une surface humide 0" = I alors que pour une surface ser.:hc, a'< I. Dans 
Is pr6sente etude a' fut estime par l'approche suivante (Singh etal. 1984): 

o/=~ 
S(I+m 

Approche de Blan('jl-Criddle (FAO) 
L 'approche de Blaney-Criddle (FAD) est largement utilisee a travers Ic monde 
paree qu'eUe est basee sur la temperature, parametre mCliurC dans toutes les 
stations meteorologiques. AJlen et Pruitt (1986) ont demontre que I'approche de 
Blaney-Criddle (FAD) offre de meilleures predictions que I'approche de Penman 
tclle que modifice par Doorenbos et Pruitt (1977) et ceLIe utilisant I'evolution du 
dcgre d'humidile du sol (Wright, 1985). D 'autrcs pronent l'utilisation de cette 
methode sur une base joumaliere (Cuenca el Amegee, 1987). La version la plus 
repanduc se detinit par lequation suivante (Doorenbos el Pruitt, 1977); 

4 

5 

6 

ETbc = [ , + b [pc(O,46T + 8,I3)]}[1,0 + O,I(E/ 1(00)J 7 

alors, en simplifiant; 

ETbc = a + b f 8 
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oil 

f = "" (0,46 T + 8,13) 9 

Oll ETbc csll'tvapotranspiralion en mm/jour, pe represente Ie pourcentage 
d'heures d'enso\ciilcmcnt, T cst la temperature moyennc de I'air (Dq, a et b sont 
des coefficients de calibration qui ttennent compte des conditions climatiques leis 
que defmis par Doorenbos et Pruitt (1977) et E represente J'altiwdc cn melres 
au-dessus de III mer de la station. Lc coefficient ~a" peut etre calcule a partir de 
la relation suivantc: 

a = O,0043(R l:lmin) ~ n/ N - 1,4 1 

Oll R H min (%) reprCscnte l'humidile relative moyenne joumaliere el n l Nest 
I'insolation effective. Lc coefficient "b" est calcule II partir de valeurs derivces 
d'une table e!aboree par Frevert er til. (1983). Ainsi: 

b = 0,819 17 - O,OO40922(RHmin) + 1,0705(n/ N) + O,065649(U) 

10 

- 0,OO59684(RHmin)(n/ N) - 0,OOO5967(RHmin)(U) I I 

oil U cst la moyenne joumaliere de vitesse du vent (m/sec) a une elc.vation de 2 
metres. II faut ccpendaot prend re note que la journ6e est dermie arbi traircmeot 
par 1a FAD entre 07HOO et 19HOO. A llen ct Wright (198]) ant demontre que 
celte approche cst satisfaisante sur une base jouroaliere mais neccssile des 
corrections, ce que nous allons tenter d'apporter dans la presente etude. 

Approche (hI Sac a evaporation (OMM I FAO) 
L'evaporation ou I'evapotranspiration mesuree a partir du bae it evaporation est 
obtenue it I'aide de I'equation suivante (Doorenbos et Pruin, 1977): 

ETbac = Kp Ebac 12 

ou ETbac cst 1'c.V"apotnl.nspimtlon reclle, Ebac est l'cV".1poration du bac en mml 
jour et represenle la valeur moyenne journaliere pour la periode consideree el Kp 
est un coefficient de correction du bac determine a partir dune table de reference 
basee sur l'humidite relative et la nature de la couverture vegetale (Ooorenbos et 
Pruitt, 19TI). 

Si on reconsidere les equations 8 el 12 et que J'on desire estimer 
l'eV"dpotranspi ration au-dessus d'un couvert de vegetation nous pouvons alors 
exploitcr les relations suivantes: 

ETbac = Kc Kp Ebac 

ETbc = Ko(a + b 0 
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au Ke est un coefficient de euilure relatif au type de couvert de veg~lation. Le 
coefficient de culture est avant tout un facteur de correction qui ajustera 
J'evapotranspiration potentielle (ETP) aun de nous donner I'~vapotmnspiration 
recite de la culture (ETR), commc l'i ndique ['cljuation [15]: 

ETR = Ke ETP 15 

Kc comprend done les cffets des caract~ristiques de la culture face it ses bcsoins 
en cau. Ces caractcristiqucs sonl entre aulres la rCsisl;'mce slomatiquc. la hauteur, 
la rugosile, I'albedo et la couverlure du sol de la culture. Kc dcpcndra de In date 
de plantation de la culture, de son taux de deve1oppement, de 13 longueur de sa 
periode de croissance et des condilions climatiljucs (Doorcnbos el Pru itt, 1977). 

Le choix de I~me ou de I'aulre de res methodes pour estimcr 
I'evapotranspiration d'une surfa ... "e donnee depend principalement de raccessibiute 
de...;; donnees ct du degrc de precision desire (Boivin, 1989). Le tableau I monlre 
les vari:tbles necessaires cl un indke de la precision obtenue avec les differcnles 
approches. 

METHODOLOGIE 

Cetle elude it etc conduite sur les terrains de Caroni (1975) LId silUes dans Ie 
comt~ de SI-Joseph, Trinite-et-Tobago (I0005'N et 61 °36W). 

Deux sites furent choisis, soit un champ de gombo (Orange Grove) 
HibiseLLs escu/elllus (egalement conn u SOllS Ie nom d'okra), de la famille des 
Malvacecs, et un champ de riz (Caroni) de type OryLica. Comme les sols 
soutcnanlles cultures eludiees appartiennent Ii Ja formation de Tacarigua. i1s 
peuvent ell'e decrits comme un loam limono·sableux (sol no. 423 dans la 
classification de Trinite..et-Tobago, Brown et Baily, 1970). 

La prise des donnees a eu lieu du 17 janvier 1989 au 3 mars 1989. 
Pour c haclln rle.~ sites a l'etuete, lIne f0111' agmmetcorolngique (figure I) 
supportait les differents appareiJs dc mesure. Lc myonnement net (Q") a ete 
mcsurea I'aide d'un bHanmetre (Micramet Systems) install~ a 1,5 m au-dessus 
de la swface du sol. Lc flux de chaleur dans Ie sol a ctt mcsure a I'aide de trois 
plaques thermopiles (HIT- I, Micromet Systems) enfouies:\ 5 cm de la surface 
du sol. La temperature du sol, n&:essaire pour carriger QG au niveau dc la 
divergence de chaleur entre la surface et 5 cm, est obtenue a I'aide de trois sondes 
RTD enfouie.~ dans Ie sol a 5 em de profondeur ~t a un anglc de 45°, afin 
d'oblenir la moyenne de la temperature des cinq premiers centimetres de sol. La 
tempemture verticaJe dc I'air ainsi que Ie gradient de pression de V'olpeur d'eau 
ont ete mesures :l. l'aide d'une poore de psychromwes ventiJe..~ se depl3.9ant Ie 
long d\m rail suivant un intervalle de temps pridetermine a. l'aide d'un 
m~can.isme d'echange aUlomatique (M.E.A.) dans Ie but d'61imincr les erreurs 
systemauques et de calculer Ie rapport de Bowen. Le psychromctrc du bas se 
trOLlVC a 20 em au-de..~sus de la v~g~tatiOJl et Ie psychrometre du haUl se trouve a. 
1 m au-dessus de cclui de bas. Chaque psychromctre est ventiU: par un 
ventiJateur de 12 Vdc (Micrornet Systems V581 L) qui demande 50 rna de 
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courant et donne un courant d'air de 4 m/s. La temperature des psychrometres 
(St.:c et moui1tc) est donnCe par des senseurs de platine cllcaisses dans un tube 
d'acier illoxydable et offrant une resistance de 500 ohms, Les quatrc clements 
(deux mesunmtla temperature du thermometre sec et deux mesurant la 
temperature du thermomCtI:C mouiitc) sont branches en serie a une source de 
courant constant tel que dccrit par Fritschen et Simpson (1989). I\vec celle 
technique, Ie meme courant d'air passe fa travers Ics elements, cc qui pennel une 
precision de O,OOsoC et un ccart de tempCmture de 4OaC. Des meches de 
ccramique mesurant I cm avec un apport constant en cau distiUee sont ulilisCL'S 
pour les thermomctres mouilJes. 

La vilesse du vent cst obtenue;\ I'aide d'un ancmomttre (WS·I , 
Remote Measurement Systems) donI la vitesse minimalc d'cnlr:llnement est de 
2.7 m/ s. L'ancmomclre eSllixe a 2 m au-dessus de la surface. La direction du 
vent cst mesuree a I'aide d'une girouette (WD·I, Remote Measurement Systems) 
d'unc precision de ± 5 dChlfCS et lixee a 2 m au-dessus de la surface. 

L 'humiditc du sol pour sa part cst mesuree a I'aide d'un hloc de 
gypse (SMR·j B, Beckman Instruments Inc) enfolli a 20 em de la surface, soit a 
la profondeur des raeincs. Parallelcment a la mesure du bloc de gypse, des 
mesure. .. gravimctriqucs d l'humidite sonl eflecwecs dans Ie sol autour du site 
pour les premier 25 em de sol. Finalcment un pluviometre electroruque (RG·lOO, 
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Rainwisc Inc.) dont Ie scull est de 0,1 mm est place pres dc la surface, dans un 
eodroit ouvert :i 15 m de distance de In tour. 

TOlls ces appareils sont relies a un convertisseur analogue! digital 
qui cst lui-mcme relic a un ordinateur portatif (PC NEC-8300). L'ordinateur est 
programme pour que la sequence d'opcralion suivante soit cxCcutCc indcfiniment; 
I) envoi du signal au M.E.A. pour fairc (.~hanger les psychrometrcs de lIivcau, 2) 
attenle de 3 minutes pour permettre l'tquilibre des psychrometces, 3) six fois la 
lecture dc tous les instruments avec 300 secondes d'inlervalJc entre chaque 
lecture, 4) moycnne de ces trois derniercs minutes et 5) sauvegardc sur Jisque de 
ccitc moyenne. A Itt fin de lajournee, on obtienl240 series d'observations. 

Un bac a evaporation de classe "A" est aussi place sur chacun des 
sites scion les nonnes de la FAO (Doorcnbo5 ct Pruitt, 1977) pour I'evaluation de 
l'evapotranspiration potcntielle a partir dune surface d'cau. 

En plus des donnees recoltCe.~ par ces diverS appareils, un ensemble 
de donnees meteorologiqucs cn tcmps reel couvrant la periodc d'CchamiIJonnagc 
fut cgalemenl r~ueilli. Les donnees meleoroloboiques provenaienl du reseau 
national supervise par Ie Water Resources Agency de TrinitC-et-Tobago. 

Un test de validite des valeurs pr&lites par rapport au valeurs 
observees (mesure d'erreur) est apptique SeiOH I'approche suivanle: 

- R MSE, mcinc de l'erreur moyenne :m carre. 

0" 

RMSE = [N- I !,(Pi - Oi)21o.j 

N = nombre de cas 
Pi = valeur predite au point i 
Oi = valeur observce au point i. 

- L ~ndice de coincidence (J): 

d = I _ N RMSEl 
PE 

avec PE, la variance de I'cn-eur poteotielle: 

PE ~ ~ (IPi ~ (Wi)/NI + 10i ~ (Wi)/NI)O·~ 

ou (2:0i)/ N = valeur observee mOyel1Oe. 

- Verreur cumulative ERRc (%) (Nakagawa, 1984): 

ERRe = 100 X (IPI- r.Oi) / !Oi 

16 

17 

18 

19 
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- L'crreur moyenne journalie.re ERRj (%) : 

[II 100 X (1'; - oO/oal /N 20 

A noter quc les symboles "0" et "P" signifient respectivemenl valeur observ6e et 
valeur preditc. 

RESULTATS 

La la~n de determiner Kc est fort simple: il s'agit de prendre I'equation [15], 
commc c'est notre cas. Naus prenons la valcur d'evapotranspiration telle quc 
fOllrnic par Ie rapport de Bowen/ bilan d'cnergie com me valeur de ETR ella 
valeur de ETbc ou EToae cornme valeur de ETP. Les figures 2 et 3 nous 
montrent quatrc graphiques ilJustrant les variations de Kc durant la campagne 
d'echanti1lonage. Les points indiquent Ics valcurs observces, la lignc plcine 
indique une courbe lissCe reliant les po inL~ ella. ligne en lircte repn.~ente In droite 
de regression tincairc entre Kc ct les JOUl'S de croissan~:e. 

On remarque un Kc beauooup plus stable pour Ie champ d'okra 
que pour Ie champ de riz, les courbes cIani presque a Iborlzonlaie. Ceci nous 
indique que In culture d'okra a attcint un stade de plus grande maturitc en 
comparaison du r1z. Onl'emarque egalement que pour une mcrne culture, Kc 
(ETbac) scm plus faibJe quc Kc (ETbc), m€mc s~ls suivcnt de.'\ tendances 
similaires. Le.~ faiblcs valeurs "r" des figurcs 2 et J (sauf pOllr la figure 2 du bas) 
soni normalcs puisqu'on ne s'attend pas, Ii ce stadc de croissance, it ce que Kc 
augmcnte avcc Ie nombrc de jours. Par contre, la grande dispersion des points de 
la figure 3 tmduil un ETbac < < ETR entre lcs jours de croissance 70 e! 75, du 
a des valeurs d'evapomtion du bac (ET hac) partlculicremem faibles 
probablclllcnt influendes par des errcurs de mcsure. Ainsi Kc (ETbc) semble 
eIre beaucoup plus adequat. 

Les tableaux II el OJ resument ks relations statistiques existant 
entre les diffcrcntes methudcs d'estimatitm de J'cvapOll"dnspiration par rapport 
aux valeufS observees provenant du rapport de Bowen/ bilan d 'energic. 

La methode ETpt (Priestley-Taylor) se comporte diffcremment 
dependant du milicu observe (riz ou okra), elant donne la diffcrence de rel>"UltaL<; 
d\me tableau a j'autre. Pour Ie champ d 'okru (tableau II), on retrouvc de faibles 
erreurs cumulativcs (- 2%) et joumalieres (5%) landis que pour Je champ de rlZ 
(tableau lin, on relrouve des erreurs plus impOTlalltes (± 12%). II faut revenir au 
phenomene d'advcction plus marque dans la rizierl' pour trouver I'explication de 
ceUe difference: en presence d 'advection, la valeur de a' = 1,26 mene a unc sous­
estimation significative de ET pl (Singh et Taillefer, 1986). En effcl dans Ie cas de 
la rizierc, 1a presence dun chemin d'acces et de sol a nu tou l aulour favorise une 
advection d'air plus sec. Pour Ie champ d'okra la presence de vastes terres 
cu\tivies en peripherie du champs reduitles eITets d'advection. Cette situation se 
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traduit done par de<; "d" el "r" e.'(cellenls pour Ie champs d'okra (respcctivement 
0,98 el 0,97) et plus faible mais acceptable pour Ie champ de nz (0,79 et 0,78), II 
faut mentionner une errcur RMSE particulicrement fruble (0,05) dans Ie champ 
d'okra. L'approche de Priestley-Taylor constitue en general une excellcnte 
methode ce qui cst en accord avec Viau (1987) qui a observe un r de 0,90 entre 
ETpt et ETP dans un milieu forcstier, 
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90 

90 

Tout comme ETpt, I'approche de Penman-Monteith, ETpm, V'Jf;C 

scion Ie milieu etudic, cWont donne les differences crItrc les deux tableaux. On 
note une lres faihle errcur (ERRc de -4% pour "okra et +1% pour Ie riz) sur 
une base cumulative par rapport it la valeur ohservee; de plus, la moycnne 
(MOY p) et l'ecart type (Sp) sont pratiquement identiques a ceux de la valeur 
observee (ETb). Les coefficicms "r" et J'indice "d" demonlreJlt un bon accord 
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lAKI.EAIJ U: Me.\Ure.~ statisliques de la performance des difT!rents mod~les d'cs\imaliun de 
I'i:vllpotrarulpiralion en comparaison a\.l rapport de Bowell/ biJan dher&ie pour Ie champ d'okro, 
{SUM== !iOmmation, MOY=moycrml:, S=ecart-Iypc, r= coefficielll de corn!btion de Pea=n. 
d=indict de cOincidenl'C, RMSE-racine de l'erreur moyenne au cani. ERR=ClI'tUr cumUlative (el et 
journali~re 0), 11ndice 0 poUi leli valeun ohserY<:es el p pour Ptcoite.~, II et b soni Jell coeffu::ients de la 
ur(lite de rogre!isit»1.) 

AI' I'ROC1[ES 
Pritolto,· Pen" .. "- 8Iint)- Uk i 
T. ytor Mool. ilh CriddJio ..... poral,,,n 
ETpl [Tpc. ,,,. rfbx 

N " " lJ " SUMQ (11Im.l " OS " .. 
SUM p(mm) 96 " 96 .. 
ERRe(%) 2 , 2 11 
ERRj('J\>} , , 

" " MOYo(mm) <.' <.J <.J '. MOYp(mm) " <.I <.2 " So (mm) 0." 0." 0.» 0,73 
Sp (mm) 0,8 1 0,8 1 O,~7 1,67 

• 0." 0,9S 0,95 . ., 
" 0." 0," 0." 2.m 

RMSE.(mm) 0.05 0.01 0;23 O,~S , 0,98 (1,117 0,89 11,75 

0.'" 0.96 0,81 0.67 
Rel.timl 
" -0.01 001 wI 00; "' 
entre 13 methode de Penman-Monteith et I'approche de Bowen (d = 0,97 et r = 
0,96 pour I'okra et d = 0,81 ct r = 0,65 pour \c riz) quoique la correlation soit 
faiblc pour Ie riz et pcut-etrc due a line mauvaise estimation empirique des 
resistances ra et fS' En effet les faits que 11:1 plante soit au tiers dans l'cau et qu~l 
n'cn resulte aucun stress hydrique favonscnt UJle transpir.1tion plus regulicre 
entminant une valeur de rs qlli differe de celle cstimee cmpiriquement. D'autrc. 
part, 1;1 faible longueur de rugosite de la surface (2()) el le faible plan de 
dcplaccment (d) affecte I'estimation de ra. A nOll:r que Viau (1987) a observe unc 
forte correlation (r = 0,88) entre ETpm et ETb en milieu forcstier. 

Les methodes de Penman-Monteith et de Priestley-Taylor 
reproduiscnt a5SC7. bien cc qu 'on retrouve dans la litterawre (Viau, 1987; Viau ct 
Singh, 1991) quoiquc I'on peut y observer une erreur dc J% a 5% induitc par rc 
pour ETpm et par a' pour ETpc (Viau, 1987). 

L'approche £Tbc possooe une faib le trreur cumulative (-2%) et 
um: t:rrcur juurnmii:n: muyt!Itnt: de 9-10%. La muyt:lluc est St:mlllablt! it ccUt: de 
la valeur observee. La relation existc pour les deux cultures (r = O,H I okra et 
0,73 nz) el l'indite "d" cst relativcment fort dans les deux cas (0,89 okra et 0,84 
ra). Le milicu au du mains les conditions de surface ct atmosphcriques ne 
semblent pas avoir une influence sur la methode Blaney-Criddle. On flcut 
condure que la 
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TAJlLIO .... U lit MtsU[l;S SlaltSllques de la peTformal\Ct des diff~n:ms mQdfcld d'eswru.uon de 
l'CvapotranspimliOl1 en comparaison !lU rapport de IklWell/ bilan u'tnergie pour Ie. dllUI1P de ro. 
(SUM= sommatiOll, MQY= moycnne, S=&llft.type, r=coefrtcicnt de cOfft!:latiOl1 de Pearson, 
d=indicc ue-coincid..'nce. RMSE=racine de I'!:muf n)()ycnnt 1111 carre, ERR~rrt:ur I:umulalivc (t) c! 
journrulCre (j), Jindi«. 0 pour Its vnIeuTs ob.o;ervCcs et p pcml pTtdil~, a et b scmt les codficicl1ls de III 
drone de rel;rtssiOU.) 

APPROCH£S -,.,. !'tII"' ...... Bllney- B.d 
T.,klr Monleitb ('riddl~ fnpontlon 

lIT" tTl"" En. ETINM: 

N ., 
" " '" S1)M() (mm) ., OJ " " SUMp V""') " '00 " " Eltltc{%} " +, , -1 

Ekllj (?b) " 11 , 27 

MOY,,(mm) ',' ',' ',9 ',' "JOYp{mrn) <,' ", ',I <.1 
So (mrn) '" ')6 ''" ',00 
Sf' (rnml O,~O 0,95 ',n ',", 
, 0,8J a.SSt '>6 0,10 

b ')' ". 0,79 4,61 

R.MSE ("'!II,) 'M 0,57 ')6 3,27 

d ',19 0,81 0.84 0,47 

0,18 o.6S 0,73 0,17 

Relation 
" '" 0.01 ~, .,1 ow ~I 

methode est en correlation avec la valeur observee et ne subit pas l"inOuence des 
conditions atmosphcriqucs propres it chacun des sites. 

La methode E1bac vchicule une errcur cumulative comparablc a 
ceUes des autres approches (+3% okra et ":7% riz) mais demontre une 
sure.~timationjourna.liere forlement marquec ( [6% pour l'okra ct 27% pour Ie 
riz). On notera que celie approche comporte moins d'observations que les autres. 
La moyenne est relativement pres de la valeur observee mais l'ecart type est 
beaueoup plus for t (methode hautement V'driable), ce qui entraine un "r" faible 
dans lcs deux champs (0,67 pour ('okra et 0,17 pour Ie riz), landis que les indices 
"d" SODt acceptable mais demeurent les plus fai blcs des methodes (0,75 okra et 
0,47 riz). II faut ccpcndant prendre en consideration que sculement 10 cas ani cre 
retcnus pour Ie champ de riz ce qui cxplique un h r" plus faible. 

Pour mieux caracteriser I'errcur imputable a chacunc des methodes 
d'cstimation de I'evapotranspiration, it cst necessaire de passer dc la resolution 
globalc a unc resolution joumaliere, car c'est sur celte base que les modeJcs de 
prevision dcs besoins en inigation fonctionnent Le tablcau III met en lumiere les 
difftrcntes erreurs (ERR) observees. 

L'approchc de Penman-Montei th possede de faibles CfTCUrs 
maximales variant entre - 12% et + 7% pour I'okra et des erreurs plus 

A.A. Viou et al. I Evapotranspirafion en regions tropicales 119 



appreciables pour Ie champ de ri1 .. entre -39% et +22% Ces cas extremes soot 
cares; en cffet "erreur joumalicre moyenne de ETpm cst dc I'ordre de 5% pour 
l'okra et de I I % pour Ie riz. L'approchc de Priestley-Taylor dcmontre des erreurs 
max..imales variant entre - 12% ct + 16% dans Ie champ d'okra, et entre -40% et 
-5% pour Ie champ dc riz. leg erreurs de celle-d sont imputables it a' reagissant 
Ii l'advcction et aux conditions de surface (fetch). Malgrt cela, l'approche ETpt 
vchicule une erreur joumaliere comparable Ii l'erreur de ETpm, soit (''OlfC 5% et 
12% respectivcmcnt pour l'okra et Ie m. Les approches de Penman-Montcith et 
de Priestley-Taylor posscdent une erreur constantc, avec des ecart-type "s'" frubles 
dans tous les cas. 

En cc qui conceme ETbc et ETbac, les erreurs joumalieres 
connaissent de plus grandes fluctuations tant positives que negatives. Ccpendant, 
I'erreur minimale et l'erreur moyenne de ETbc sont infcneurcs (ou comparables 
dans un cas) a cellcs de ETbac dans les deux champs. De plus, I'ecart type plus 
prononce de ETbac (Ie double et meme Ie triple de cel ui de EThe), porte Ii 
condure une plus forte variation dans la rcponse de ETbac par rapport a la 
valeur observec. En general, ETbc cngendre une erreur joumaliere max.imale de 
±25% et Elbac de I'ordrc de 37%:i - 70%. 

Pour completer I'analyse, la figure 4 illustre 13 correlation entre Ics 
methodes ETbc et ETbac versus ET/l leg droites representent ±20% d'erreur 
par rapport a la valeur obscrvee. A remarqucr Je f'C!.Jfoupcment plus serre dans Ie 
champ d'okra pour les deux methodes. 11 en rcssort pour Ie champ d'okra que 
seulemcot deux journtcs possoo.ent un taux demur > 20% pour EThe, tandis 
que Ie bac en possede quatre. Pour Ie riz nous observons Ie meme scenario, mais 
ETbe compte une seule joumee eompamtivement au hac qui en possoo.e cinq. 
L 'erreur joumalierc moyenne (tableau IV) de I'approche de Blaney-Criddle est de 
10%. Rappelons que Doorenbos et Pruitt (1977) et Saxton et McGuinness 
(1982) determinaient I'erreur cumulative de EIbc a 25%. Pour ETbae, I'emur 
joumatiere moyenne sc rapproche plus de 22%. Cette relation entre ETbc, ETbac 
et ET J3 contrcdit ce qui a ete observe par AI-Sha'lan et Salih (1987) qui 

TABLEAU IV: r,m:1I~ joumali~res ues ,~thodcs d'e:itimatiol1 du taux d'Cvapouanspilation w 
comparnison au nl.pporl de Rowen/ bitan d'energie (ET{I). 

M"lbodo Err IIt.o~ > II ltnMn < O &rMIn ERRj • N 
(%) 1%) (%) (%) (%' 

OKRA 

ETJlm 7 " - ) 5 5 D 
I::Tpt " -" - I 5 5 " Ok 27 -25 ) 10 " " ""'~ " -" " " " 

RIZ 

ETpm " -J9 ) " " " ET pt -" 5 " 9 '" ~Tb(. " -)) 0 9 " '" £Tbac " -'" • ,., )) 10 
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(E1bac= + j tm fonction de ceux du rdpport dcBowcnfbi!an d'Cncrgic (E'Jb ). w droitcs 
reprtscntel1t ±20% cm:ur. 

c1assaient Ie roc au deuxiemc rang et ETbc au l 7ieme rang sur 23 methodes 
etudiees! Mentionnons toutefois que leur elude portait dans des conditiOlL~ arides 
extremes, dans Ie centre de I'Arabie Saoudite. De plus il faul considerer 1a 
presence d 'eau pleinement disponible pour Ie champ de riz et I ~rrigation du 
champ d'okra. 
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CONCLUS ION 

Les methodes de Penman-Monteith (ETpm) et de Priestley- Taylor (ETpl) 
fluctllent cn harmonic avec i'approche de Bowen (ET.B). Cependant. dies 
demontrenl une crrellr plus marquee lorsque I'advection cst prescnte. La rtponse 
de ccs methodes cst cn accord avec ce qu'a observe Viall (19If7). L'approche de 
Blaney-Cridd le est piuS" performantc (jue I'approche du bac a evaporation, 
lionnanl une crreUT cumulative de ~2% el une errcur joumaliere moyenne de 
IO%. ETbc n'enrcgislrc pas de difference de comportL'mcnt significative 
dependant du milieu. Finaicmcnt, I'approche du bac a eV'.Jpomlion se classc en 
dcrniere position avec une covariance particlllicremeni faiblc, une erreur cum uiee 
de 5% ct une crreUT journaliere de 22%. 

Scion nos resultats. il scmbk rait que l'emploi de Btancy-Criddle au 
detriment des baes a evaporation soit favorahle. Pur contee, ces methodes re.~tent 

largcment inadcquates pour une resolution journaliere, telle que requise dans un 
modele de prevision de.'i Deroins en irrigation, a moin~ de se conlenter de 2()1?fI 
d'erreur. 

La gestion et I'optimisation de I'eau en milieu agricole cst un 
probleme mondial. Le developpemenl de nouvelles techniques d'estimation de 
I'evapolranspiration demeure primordial surtout JJQur les regions seches au 
andes. Nous croyons qu'a 1a luniiere de ces resultats i1 cst imponunt de 
reconsidtrer certaines approchcs d'cstimation de I'evapotranspiration, plus 
particulieremcnt les methode..~ simples commc to'Cllc faisant reference :l un 
minimum de mcsures dlrectes de parametres agrometcorologiques ou encore a 
un trop grand nombre de paf'.J.metre~ issus de tableaux et d'ubaqucs 
meteoro1ogiques. Les travaux efTectues jusqu'a muintenan! sur cettc qucstion 
(Brutsaert, 1982; Sbarma, 1985) clemontrent clairement la fiabilite des approches 
bastes sur Jes transferts d'energic mais ne s'accordcnt pa.<; 10US sur I'applicabilite 
des lIpproches plus empiriques (A1·Sba'lan et Salih., 1987; Camill, 1984; 
Sharma, 1985). La poursuitc des travaux sur ceue question esl primordialc. 
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DATABASE FOR TEMPERATURE AND OTHER CLIMATE ELEMENTS 
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ABSTRACT 

An historical temperature database is outlined from its initiation as part of a World 

Meteorological Organization (WMO) project to establish a global reference climate station 

network to its creation and current status as a database for use in climate change studies. 

The database contains data from 131 Canadian locations from 1895 where possible, to 
present. It was assembled after missing data gaps were filled, homogeneity testing was 

completed and data adjustments were perlonned to remove local effects that might ~ult 
from such inconsistencies as instrument and site changes or station relocations. Examples 
of the types of temporal and spatiaJ analyses that are possible using this database are 

given as well as some planned future additions. 

RESUME 

Une base de donnees historique de temperature a ete creee initialement dans Ie but 
d'etablir un reseau de stations climatologiques de reference pour l'Organisation 

meteoroiogique mondiale (OMM). Cette base de donnees s'est dcveioppee et est devenue 

une source principale d'information pour les etudes du changement du clirnat. On y 

retrouve les series temporelles de 131 emplacements canadiens dont la plupart ont des 

observations a partir de 1895 jusqu'a nos jours. Les donnees manquantes ont ete estimees, 

un test d'homogeneite a etc applique, et les series ont etc ajustees pour eliminer certains 

effets locaux tels que les changements d'instruments ou les changements d'emplacement. 

Des exemples d'analyses ternporelles et spatiales sont presentees ainsi que quelques projets 
futurs. 

l. INTRODUCTION 

A number of researchers at the Canadian Climate Centre (Ccq of the 
Atmospheric Environment Service and elsewhere have been involved over the 
past several years in identifying long-term Canadian climate stations that are 
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suitable for designation as Reference Climate Stations (RCS). This work was 
carried out as the Canadian contribution to a global endeavour sponsored by the 
World Climate Data Program (WCD P) of the World Meteorological 
Organization. Over 700 temperature reporting stations were examined for length 
of record, missing data, spatial distribution, areal representation and 
homogeneity with nearby stations following established guidelines (WMO, 1986). 
Of these a subset of 254 were selected and recommended for designation as 
official Atmospheric Environment Service (AES) reference or baseline climate 
stations. 

With the extensive re-organization of the CCC in the spring of 
199 I came a renewed and refocussed emphasis on climate change studies and 
related issues. The newly formed Climate Change Detection Division has been 
tasked with augmenting the earlier work and creating an Historical Canadian 
Climate Database (HCCD) specifically for use in climate change studies. Climate 
change investigations and analyses, state-of-the-<:limate reporting and 
contribution to national and international climate change activities were other 
new key initiatives. It was clear that an HCCD would provide a rudimentary but 
essential foundation upon which to base a host of climate change investigative 
procedures and studies. 

2 . METHOD 

The first step in the database project was to subdivide the country into broad 
"homogeneous" climate regions (Figure I) on the basis of earlier work by Hare 
and Thomas (1979) and by integration with the well defined ecological regions or 
ecozones as defmed by the Canada Committee on Ecological Land Classification 
(Environment Canada, 1989). Stations were selected for examination such that 
each climate region would be spatially and temporally well represented (Figure 
I). Monthly maximum and minimum temperature series by station were closely 
scrutinized for length of record (beginning 1895 where possible), data 
completeness (no gaps exceeding 4 years), regional homogeneity (no outliers, 
steps, or non-<:limate trends) and spatial distribution. Records were at times 
extended by "joining" portions of records from nearby stations and homogeneity 
assessments were carried out using a technique developed by Vmcent (Vincent, 
1990; Gullett ef ai., 1991). Monthly mean maximum and minimum temperatures 
were assessed separately, missing data gaps ftIled and data adjustments made 
where necessary to ensure compatibility with nearby stations. These were then 
combined into monthly mean temperature series and seasonal and annual means 
computed. Additional numerical analyses (ie., cross correlations, principal 
components, factor analysis and discriminant analysis) of the annual mean 
temperature series were also used to "fme-tune" the climate regional groupings 
and ensure that stations were suitably assigned for subsequent regional analysis. 
Ultimately, a selection of stations or combinations of stations, representing 131 
geographic locations as shown in Table I, was made from the 254 RCS 
designates and an historical temperature database constructed from these. 
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FIGURE I: Major climate regions and spatial distribution of locations in HCCD. 

3. DATABASE 

The format of HCCD includes monthly, seasOnal and annual means of 
maximum, minimum and mean temperature beginning where possible in 1895. 
The database contains the unadjusted original archive data, with and without 
missing data replacement; the adjusted values; the 1951-1980 climate normals 
calculated from the adjusted values, and standard deviations; and the departures 
from the 1951-1980 reference period averages. The data are organized by 
location; and by climate element, and are retained in a FORTRAN-<:ompatible 
ftle on the Downsview Computing Centre (DCC) mainframe computer. They 
have also been downloaded to a micro-<:omputer based ASCII ftle for off-tine 
manipulation and analysis. Location information (e.g., location name and 
identification number, latitude, longitude and elevation) are contained in a 
second ftle and historical information (e.g. dates and details of observing 
program and site changes) are being input to a third ftIe for easy access and 
reference. 

4. ANALYSIS 

Two examples are presented to illustrate the kinds of temporal and spatial 
analyses that are possible using the temperature departure data in the HCCD. 
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TABLE 1: List of temperature stations in HCCD by climate region. 

Pacific South Be Mowrfllins Fredericton 
Amphitrite Point Agassiz Gander 
Bella Coola Banff Halifax 
Cape St James Barkerville Port Aux Basques 
Comox Casclegar Sable Island 
POJ't Hardy Cranbrook Saint John 
Prince Rupert Fort St James SI Anthony 
Sandspit Kamloops SI John's 
Stewart Prince George Sydney 
Vancouver Princeton Yarmouth 
Victoria Revelstoke 

Smithers Madremie District 
Yukon/North Be Mountilins Fort Reliance 
Burwash Prairies Fort Simpson 
Dawson Brandon Fort Smith 
Dease Lake Calgary Hay River 
Haines Junction Carway Inuvik 
Mayo Coronation Norman Wells 
Watson Lake Dauphin Yellowknife 
Whitehorse Edmonton 

Estevan Arctic Mountains and Fiords 
Noriheasrem Forest Lethbridge Alert 
Bagotville Medicine Hat Clyde 
Big Trout Lake Regina Eureka 
Canwright Saskatoon IqaJuit 
Chibougamau-Chapais Swift Current 
Churchill Winnipeg Great LaJres/ Sf LaWfen« 
Earlton Gore Bay 
Fort Frances NorthWf:S1t>m Forest Harrow 
G"", C"" Lake Lo""~ 
G""" Cold Lake Maniwaki 
Island Lake Ed.,n Ottawa 
Kapuskasing Fort Chipewyan Peterborough 
Ktnom Fori McMurray Q..eb<c 
LansdoYlne House Fort Nelson SI Catharines 
La Tuque Fort St John Sherbrooke 
Mont loli Great Falls Wiarton 
Moosoncc High l...cvel 
Natashquan Island Falls Arctic Tundra 
North Bay Lynn Lake Baker Lake 
Pickle Lake Peace River Cambridge Bay 
Sault 5t Marie Prince Albert Cap< Parry 
Schcfferville Slave Lake Coppennine 
Sept-lies The Pas Coral Harbour 
Thunder Bay Thompson Hall Beach 
Val D'Or Inukjuak 
Wabush Lake Atlontic Komakuk Beach 
Wawa Aroostook Kuuijuag 

ChMlo Kuuiiuarapik 
Charlottetown Mould Bay 
Chatham Resolute 
Doe. Lake 

Figure 2 shows a time series (1895-1991) of mean annual temperature departures 
from the 1951-80 reference period averages for the west-<:entral portion of 
Canada. This regional analysis is produced from an integration of locations in the 
combined regions of the Prairies, the Northwestern Forest and the Mackenzie 
Basin (see Figure I). This region shows the strongest warming in Canada over 
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FIGURE 2: Tune series of mean annual temperature departures from 1951-80 reference period 
averages for west-central Canada 1895-1991. 

the past century and in particular, over the decade of the 1980s. A linear trend is 
fitted to the series with a net warming of L4°C over the century. The trend is 
significant at the a=.05 significance level. The linear model was not further 
examined at the time of writing; however, it is possible that a non-linear model 
may better describe the series. In light of this, additional analyses and 
investigations are currently under way. Figure 3 shows an example of the spatial 
analysis of mean annual temperature departures from the reference values 
averaged over the decade of the 1980s (1980-1989). An area of distinct warming 
with values near LO° C above the reference period averages (normal) for the 
decade is evident from Yukon Territory in the northwest to southern Manitoba 
in the southeast. On the opposite side of the ledger, near normal to slightly below 
normal temperatures are evident in most of extreme eastern Canada, including in 
the northeast over southern Baffin Island, and throughout Newfoundland and 
Labrador and the Maritime Provinces. 

5. CONCLUSION 

The Historical Canadian Climate Database and subsequent analyses described in 
this paper represent the first phase in a much larger project to establish, maintain 
and expand a national climate database of "cleaned" data suitable for use in 
various climate change investigations, studies and analyses. The intent is to make 
available to the research community a high quality Canadian climate database 
that is spatially representative and that spans the instrumental period. It is hoped 
to have completed by late 1992 a preliminary version of the database and 
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FIGURE 3: Mean annual temperature departures from 1951-80 reference period averages for the 
decade 1980 to 1989. 

upon completion the HCCD will be made available to climate change 
researchers on magnetic tape and I or on PC diskettes. Other climate elements are 
currently under investigation and eventually will be added to the database. These 
include extremes of temperature, totals of precipitation, cloud cover, sunshine, 
snow cover, lake ice data and others as yet to be determined. In the longer term, 
it is also hoped to include temperature and precipitation, data derived from 
various historical proxy data sources. 
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THIRTEENTH INTERNATIONAL CONGRESS 
OF BIOMETEOROLOGY 

THEME: Adaptations to Global Atmospheric Change and Variability 

The Convention Centre, Calgary, Alberta, September 12- 18, 1993. 

The International Society of Biometeorology announces its 13th Congress, which 
will address issues of humans, animals, plants, invertebrates, and 
microorganisms in relation to climatic change and variability. Interactions related 
to health and disease, production and performance, dwelling, architecture, 
clothing, energy and transport will all be within the scope of the congress. 

We invite you to attend and participate in this timely and important 
international congress. Plans are underway to make the congress a scientifically 
and socially rewarding experience. It is not too early to make your plans now for 
the thirteenth international congress of biometeorology in 1993. 

For further information, please write to: 
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Dr. N.N. Barthakur, 
Secretary, Organizing Committee 
Department of Renewable Resources 
McGill University - Macdonald Campus 
21, III Lakeshore Rd. 
Ste-Anne-de-Bellevue, Quebec 
H9X ICO Canada 

Phone: (514) 398-7938 
Fax: (514) 398-7983 
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