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Kawamoto, H., Sinha, R.N. and Muir, W.E. 1991. Regression models
for estimation of temperature and moisture content of freshly
harvested wheat and barley. Can. Agric. Eng. 33:321-328. Regres
sion models were developed to estimate the temperature and moisture
content of freshly harvested wheat and barley from daily maximum
temperatures and precipitation, based on an eight-year study of grain
storage on a farm in Manitoba. The temperatures of freshly harvested
wheat and barley were estimated by linear regressions using the max
imum temperature of the harvest day. Moisture contents were
estimatedby multiple linear regressions using daily maximum temper
atures and precipitations of the harvest day and the three preceding
days. The regression equation was used to estimate area-average mois
ture contents of freshly harvested wheat for each year from 1952 to
1987 for the Canadian prairie provinces. The estimated area-average
moisture contents from 1963 to 1984 showed reasonable agreement
with measured moisture contents of wheat arriving at shipping ports.

On a etabli des modeles de regression pour evaluer la temperature
et le degre d'humidite de ble et d'orge nouvellement moissonnes. Ces
modeles se servaient de precipitations et de temperatures maximales
quotidiennes, provenant d'une etude effectuee pendant huit ans sur le
stockagede grains dans une ferme du Manitoba. Les temperatures du
ble et de Torge nouvellement moissonnes ont ete evaluees par
regressionslineaires, en utiHsantla temperature maximale du jour de
la moisson. Les degres d'humidite ont ete evalues par regressions
lineaires multiples, en utiHsant les temperatures et les precipitations
maximales quotidiennes du jour de la moisson et des trois jours
precedents. L'equation de regression a servi a evaluer la teneur
moyenne en humidite du ble et de Forge nouvellement moissonnes, de
1952 a 1987, dans les Prairies. Les teneurs moyennes en humidite, de
1963 a 1984, ont indique une concordance raisonnable avec ceUesdu
ble arrivant aux ports d'expedition.

INTRODUCTION

The deterioration of grain stored in farm granaries depends
primarily on the temperature and moisture content at which the
grain is stored (Muir 1973). Grain temperature and moisture
content change slowly during storage in the unventilated gran
aries commonly found across the Canadian prairie provinces
(Yaciuk et al. 1975). Grain stored at a high temperature has
high potential for infestation by a major pest, the rusty grain
beetle, Cryptolestes ferrugineus (Stephens) (Coleoptera:
Cucujidae) (Sinha andWallace 1966). Grain stored at a high
moisture content has high potential for microfloral infection
and subsequent mycotoxin production (Mills 1986). Both of
these conditions can cause serious quality losses to stored
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grain (Sinha 1973). The majority of farmers do not, however,
measure the grain temperature and moisture content in their
granaries, although these variables play an important role in
maintaining grain quality. If farmers in an area are warned
immediately after harvest about such potential dangers and are
reminded to monitor their own grain closely, they can take
adequate preventive measures, such as aerating, drying, or
moving the grain.

It is not practical for agricultural extension personnel or
research scientists to visit and monitor granaries widely dis
tributed in the large area of the Canadian prairies. If the
temperature and moisture content of freshly harvested grain
can be estimated from basic meteorological data, the conse
quent grain temperature and moisture content during storage
can be simulated by the model of Metzger and Muir (1983).
These simulated grain temperatures and moisture contents can
then be used in simulation models of C. ferrugineus
(Kawamoto et al. 1989) and Acarus siro L. (Acari: Acaridae)
(Kawamoto et al. 1991), to predict the population dynamics of
these important pests of stored grain. Using these models, an
automated, weather-driven, area-wide advisory of potential
stored-grain spoilage, in the format of other agrometeorologi-
cal bulletins (Raddatz 1989), could be developed and issued
routinely during a harvest and the following storage season.
Such an advisory would encourage farmers and elevator oper
ators to initiate action to safeguard themselves from serious
economic losses. The development of methods to estimate the
initial temperature and moisture content of farm-stored grain
from weather data would also provide a basis for an analysis
of historic data on the deterioration of stored grain.

The processes of moisture-content change in a mature
wheat crop are governed by several factors, such as ambient
air temperature and relative humidity, solar radiation,precipi
tation, wind velocity, and characteristics of the swath and crop.
The processes have been studied using elaborate models that
include many parameters and meteorological variables (Van
Elderen and Van Hoven 1973; Stewart and Lievers 1978).
These studies aimed at developing recommendations on the
timing of harvest to optimize the temperature and moisture
content of the harvested grain. Agronomic practices and un
predictable weather, however, often force farmers to harvest
theirgrainat suboptimalconditions.The aim of this studywas
todevelop, through computersimulation models,simplemeth-
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ods of estimating the average temperature and moisture con
tent of freshly harvested grain from basic meteorological
variables: daily minimum and maximum temperatures and
total precipitation amounts. This approach allows calculations
to be performedfor climatological sites where only the basic
meteorological variables are measured. There is a need for
such predictive models because: (a) many farmers do not
measure temperature and moisture content of freshly har
vested grain despite repeated recommendation; (b) it is not
practical for agricultural personnel or researchers to take mea
surements from granaries widely distributed in the prairie
region; and (c) it is impossible to record temperature and
moisture content of grain harvested in the past.

MATERIALS AND METHODS

Temperatures and moisturecontentsof freshly harvestedgrain
were measured just before the grain was unloaded from trucks
into granaries on a communal mixed grain and animal farm
near Argyle, Manitoba, from 1980 to 1987. The Canada West
ern Red Spring Wheat cultivars studied were Neepawa,
Glenlea,Columbus, HY320, and Katepwa. The Select Canada
Western Six-Row Barley cultivars were Bedford, Hartland,
and Simpson; wheat and barley were, however, not subdivided
by cultivar in the analysis. The earliest and latest harvesting
dates in any year, respectively, were 12 August 1981 and 24
October 1986 for wheat, and 8 August 1984 and 3 October
1980 forbarley.Exceptin 1984, temperatures ofgrainsamples
were measured with a mercury-in-glass thermometer immedi
ately after the samples were taken from the incoming truck
loads. Moisture contents were determined on a wet-mass basis
by oven drying at 130°C for19 hforwheat and 20hfor barley
(ASAE 1985). The daily numbers of wheat samples ranged
from 1 to 5 with a mean of 2.2, and those of barley samples
ranged from 1 to 7 with a mean of 2.6. The total numbers of
observations for wheat and barley were 108 and 162 for tem
peraturesand 123and 182 for moisturecontents, respectively.

Development of regression models

Daily meteorological data are maintained in Agriculture
Canada's database, Agriculture and Meteorology (AGMET).
The original observations are obtained from Environment
Canada. Daily maximum and minimum temperatures to the
nearest 0.5°C anddaily precipitation to thenearest 0.2mm for
Stonewall (50°07' N, 97°20' W), Manitoba, located within 9
km of the crop fields, were obtained from the AGMET
database. The data were rearranged to create candidate regres-
sor variables, such as maximum and minimum temperatures
and precipitations for the harvest day, the day before harvest,
the second day before harvest, etc. Additional candidate vari
ables were derived by combining daily variables. These were
mean maximum temperatures, mean minimum temperatures,
and total precipitations for one and two days before harvest,
for one to three days before harvest, etc. The use of these
additional variables allowed the model to include fewer vari
ables than the use of only separate daily variables. In a
preliminaryanalysis, separate regression models for zero pre
cipitation and for precipitation gave no better results than
regression without separation. Therefore, all data were
grouped regardless of precipitation amount.

After univariate and correlation analyses for the target and
candidate regressor variables, linear regression models for
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daily grain temperature and moisture content were explored
using daily means weighted by the number of observations in
a day. Several candidate models were selected based on the
estimated mean square error of prediction (JP), Akaike's infor
mation criterion (AIC), and Mallows' Cp statistic (CP), using
PROC RSQUARE (SAS Institute Inc. 1985). If any of the
regression coefficients of a model werenot significantly dif
ferent from zero, or werestrongly influenced bya fewextreme
observations using PROCREG (SAS Institute Inc. 1985), the
model was discarded. As is shown later in this paper, simple
linear regression models were selected for grain temperature
and multiple linear regression models were selected for mois
ture content of wheat and barley. Because of this, the
confidence interval for an estimated value of moisture content
can vary with the combination of variables, i.e. more than one
set of values of variables can give the same estimated value
withdifferent confidence intervals. Forpresentation purposes,
each regressor variable was inversely equated by a linear
regressionof moisture content to create a unique combination
of values of variables, and then confidence intervals were
calculated using this unique combination. The mean number
of daily samples was used to calculate the confidence intervals
for each data group.

Additional grain temperatures and moisture contents were
measured in 1988 and 1989 on the same farm and used for
model validation. The daily numbersof wheat samplesranged
from 1 to 5 with a mean of 3.2, and those of barley samples
ranged from 2 to 7 with a mean of 4.0. The total numbers of
samples were 45 for wheat and 32 for barley. Grain tempera
tures and moisture contents for 1988 and 1989 were estimated
using the developedregression models. The daily weather data
for Stonewall were obtained from Environment Canada.
Goodness of the estimation was evaluated with an index of
estimation ratio, g, which we defined as:

Q^l-lNiXo^-Xestf/lNiXobs-Xnuii)2 (1)

where the summation is over all the harvest dates in 1988 and
1989,N is the numberof samples during the specific day, Xobs
is the observed daily-mean grain temperature or moisture con
tent for the specific day, X^ is the estimated value by the
regression models, and Xnuli is the estimation by the null
model, i.e. the overall mean grain temperature or moisture
content from 1980 to 1987. The definition of Q would be
identical with the definition ofR2 in regression analysis, if
Xobs are the observations used for the model development.
The maximum value of Q is 1.0 which indicates that every
estimate is equal to the observed value. A positive value of Q
that approaches 1.0 indicates that the estimates are close to the
observed values. A negative value for Q indicates that the
model estimation is worse than the null estimation (Snedecor
and Cochran 1982).

Area-average moisture content of wheat

To examine the performance of the moisture-content model
for wheat, province-wide average moisture contents of wheat
were estimated for each of the Canadian prairie provinces,
Manitoba, Saskatchewan, and Alberta, from 1952 to 1987.
The area-average moisture contents were estimated as follows.
Meteorological data were drawn from the AGMET database
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for about 300 climatological stations of these provinces. Not
all stations have complete data for all years. Foreach year and
climatological station with complete data for the harvesting
period,moisture content was calculated for every day between
the date harvesting started and the date harvesting was com
pleted, as defined by Statistics Canada (1989) for the crop
district where the climatological station was located. Then, a
mean of the calculated moisture contents lower than the 50

percentile moisture content (i.e. the median moisture content)
was calculated for each year and meteorological station, as
suming harvesting was done randomly on the driest 50% of the
days during the harvest period. The province-wide, area-aver
age moisture content was calculated based on the mean
moisture contents for the meteorological stations in the agri
cultural regions of that province.

From 1963 to 1984, the moisture content of every twentieth
carlot of red spring wheat was recorded at time of unloading at
the shipping port by the Grain Inspection Division and the
Grain Research Laboratory, Canadian Grain Commission. For
each province where carlots originated, we calculated mean
carlot moisture contents for cars sampled at the end of the crop
year from April to July, and after harvest from September to
December. The changes in moisture content between the two
means before and after harvest indicated whether the harvested

grain was drier or wetter than the grain from the previous crop
year. These carlot moisture contents were compared with the
estimated area-average moisture contents. The amount of
grain carried over from previous crop year was drawn from
Statistics Canada (1952-1987).

RESULTS

Grain temperature

Temperatures of samples of freshly harvested wheat from near
Argyle, Manitoba from 1980 to 1987,ranged from 5 to 36°C
with an overall mean of 21.0°C and a within-day standard
deviation (SD) of 3.6°C based on measurestaken on the same
day. Barley temperatures ranged from 10 to 35°C with an
overall mean of 21.7°C and a within-day SDof 3.7°C. Wheat
temperatures had significant positive correlations (P <0.01,
with a null hypothesis of no correlation) with all of the maxi
mum and minimum temperatures and their derived variables,
and no or weak correlations with daily precipitation and their
derived variables. Similarly, barley temperatures had signifi
cant positive correlations (P<0.01) with most of the
temperature variables, and no or weak correlations with pre
cipitation variables. In order of the magnitude of JP, AIC, and
CP (the smallest was the first), candidate regression models
were examined for significance of the regression coefficient
and influence of a few extreme observations. Thirty-seven
candidate models for wheat temperature and seven for barley
temperature were examined. These had regressor variables of
maximum or minimum temperature, or precipitation ofharvest
day or the first to third day before harvest. Most of the candi
date models were discarded because they had nonsignificant
coefficients or were strongly influenced by one particular
harvest day.

The selected regression equation for the temperature of
wheat, Tjv, was:

7^=8.1+0.58// (/T = 0.67) (2)
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where H is the maximum temperature of the harvest day. The
root mean square error was 4.8, which was only 34% larger
than the within-day SD. The regression equation for the tem
perature of barley, T&, was:

7&= 3.3+ 0.77// (/r = 0.77) (3)

The root mean square error was 4.3, which was only 15%
larger than the within-day SD.

The daily mean temperatures of wheat and barley observed
from 1980 to 1987 were plotted against the grain temperatures
estimated by Eq. 2 and 3, respectively (Fig. 1A, B). The
residuals, i.e. observed values minus estimated values, had no
significant linear or quadratic relationships with the meteoro
logical variables of the harvest day. Also the residuals had no
significant linear or quadratic relationships with harvest date
(Fig. 2), indicating that the regression models have equal
predictive power throughout the harvest period.

The daily mean grain temperatures observed in 1988 and
1989, which were independent of model development, were
plotted against the grain temperatures estimated by Eq. 2 and
3 (Fig. 1C, D). The confidence intervals were narrower in Fig.
1C and D than in A and B, respectively, because the mean
numbers of daily samples were larger for the observations in
1988 and 1989 than the observations from 1980 to 1987. The

estimation ratio, Q in Eq. 1, was 0.85 for wheat and 0.60 for
barley, indicating that the regression models gave better esti
mations than the null models.

Moisture content

The moisture contents of samples of freshly harvested wheat
ranged from 10.0 to 20.5% with an overall mean of 13.8% and
a within-day SD of 1.2%. Moisture contents of barley ranged
from 10.4 to 20.5% with an overall mean of 15.0% and a

within-day SD of 1.0%. Moisture content of wheat had signif
icant negative correlations (P<0.01) with all of the temperature
variables and no correlation with precipitation variables.
Moisture content of barley had significant negative correla
tions (P<0.01) with most of the temperature variables and
significant positive correlations (P<0.01) with precipitation
during the second day before harvest and most of the total
precipitation variables. Three candidate models for moisture
content of wheat and two for moisture content of barley were
examined in a similar manner as that for temperature. Dis
carded models had a regressor variable of mean minimum
temperature of harvest day and the first day before harvest, but
its coefficients were not significant.

The selected regression equation for moisture content of
wheat, Cw, was:

Cw =19.0 -0.10// -0.13Afii +0.24PH (R2 =0.59) (4)

where H is maximum temperature of the harvest day, Mn is
the mean of the maximum temperatures of the first to third
days before harvest, and Pjz is total precipitation of the first
and second days before harvest. While C^ showed no signifi
cant relation with P& in the correlation analysis, Pji was
included in Eq. 4 because the residuals from the model with H
and Mu were correlated with Pn and the addition of variable
PjZ improved the model estimation. The root mean square
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Fig. 1. Observed and estimatedtemperaturesof freshly harvested wheatand barley.Solid linesindicateestimations and
broken lines indicate 95% confidence limits of individual estimations. A and B for observations from 1980 to 1987
on which the modelswere developed; C and D for independent observations in 1988and 1989.

The variablePqi was included in Eq. 5 for the same reason as
Pll in Eq. 4. The root mean square error was 2.5, which was
161% larger than the within-day SD.

The observed moisture contents of wheat and barley were
plottedagainstthe moisture contentsestimatedby Eq.4 and5,
respectively (Fig. 3A, B). The residuals had no significant
linear or quadratic relationships withmostof the meteorolog
ical variables of harvestday and the first to third days before
harvest. The residual moisture content of wheat from Eq. 4
showed quadratic, but no linear relation with maximum tem
peratures of the second and third days before harvest. The
maxima were not included in the model, because the residuals
had no quadraticrelation with maxima of the harvest day and
the first day before harvest, or mean maxima of the first and
second days or the first to third days of harvest. The residuals
had no significant linear or quadratic relations with harvest
date (Fig.4), indicating that the regressionmodels haveequal
predictive power for early and late harvest.

The daily mean moisture contents of wheat and barley in
1988 and 1989 were plotted against the grain moisture con
tents estimated by Eq. 4 and 5 (Fig. 3C, D). The values of Q
(Eq. 1) were 0.66 for wheat and 0.65 for barley, indicating that
the regression models gave better estimations than the null
models.

Estimation of provincial mean moisture content of wheat

The area-average moisture contents of wheat for each province
and year from 1952 to 1987 were estimated using Eq. 4. The
averages were based on all available meteorological sites. The
number of available sites ranged from 21 to 95 with an average
of 67 for each province and year. The estimated average
moisture content for any given province or year ranged from
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Fig.2. Residual (observed minus estimated) temperatures
of freshly harvested wheat and barley plotted
against harvest date.

error was 1.9, which was 62% larger than within-day SD.
The regression equation for moisturecontent of barley, Q>,

was:

Q,= 20.1 - 0.13// - 0.IOMjz + 0.1 IPqz (R2 =0.46) (5)

where Mn is the mean of the maximum temperatures of the
first and second days before harvest, and Pqi is total precipita
tion of harvest day and the first to third days before harvest.

324 KAWAMOTO, SINHA and MUIR



22

ii20:
18-

16-

14'

12'

10

-P

C
Q)

-P
C
o
u

c
D
-P

CO

22"

20-

TJ 16'
<D

> 14-

S 12:

8"

Wheat.

1980-1987

a A

Wheat.

1988-1989

—i 1 1 1 1 1 1 —i 1 1 1 r

11 12 13 14 15 16 17 12 13 14 15 16 17

Estimated moisture content (%)

Barley.

1988-1989

18

—r

19
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1967,1969,1971,1976,1981,1983, and 1984), of which only
two years (1966 and 1984) were designated as wet harvest
years by the same authors. In 1966, the harvest was wet only
in the Peace River area of Alberta (Tipples, personal commu
nication). In 1984, the harvest was wet in the northern areas of
the three provinces. The majority of wheat production in
northern areas is in Alberta. Therefore, it was suggested that
the harvest was wet in a part of Alberta but not in Saskatche
wan in these two years. This agrees with the low moisture
content for Saskatchewan estimatedby the model.The agree
ment of our estimations with the designations by Tipples
(personal communication) and Martens and Hlynka (1969)
suggest that the regression model gave reasonable results.

The estimated moisture contents for Manitoba and Sas
katchewan showed close correlation with the mean moisture
contents of carlot samples after harvest from September to
December for 1964 to 1976 (Fig. 5). For 1977 to 1984, there
were great differences between estimated and carlot moisture
contents, but the trends were similar. The correlation coeffi
cients between estimations and carlot means from 1964 to
1984 were 0.77 (P<0.01) for Manitoba, 0.70 (P<0.01) for
Saskatchewan, and not significant for Alberta. From 1977 to
1984, the carlot moisturecontents were generally lower than
estimated moisture contents. During this period there may
have been an increase in grain drying on farms. For 1977, the
model estimated high moisture contents which appear to con
tradict the carlot means. Because a large amount (7.2 Mt) of
dry wheat was carried over from 1976 (Table I) and quite
probably mixed with 1977 grain for shipping, the moisture
contents of carlot means were low in 1977. The carlot mean
moisture contents for the three provinces after the harvest in
1977 were 0.4 to 0.5% higher than those before the harvest,

Z °
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Fig. 4. Residual (observed minus estimated) moisture
contents of freshly harvested wheat and barley
plotted against harvest date.

11.8 to 16.0% (TableI). Meansof estimatedprovincial mois
ture contents over the years were 14.1% for Manitoba, 13.8%
for Saskatchewan, and 14.5% for Alberta. Between 1952 and
1987, the estimated moisture content for Saskatchewan was
higher than 14.3% in the 10 years (1954, 1956, 1959, 1964,
1965, 1968, 1974, 1977, 1985, and 1986). These years were
designated as "wet harvestyears" by Tipples (personal com
munication, K.H. Tipples, Grain Research Laboratory,
Canadian GrainCommission, Winnipeg, MB)or Martens and
Hlynka (1969). Estimated moisture contents for Saskatchewan
were 13.5% or lower in 11 years (1960, 1961, 1963, 1966,
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Table I. Estimated moisture content (m.c.) of harvested wheat and other indices of wet harvest for Canadian prairie
provinces during 1952-87

Estimated m.c. Observed Increased m.c. Carry

Year Man. Sask. Alta KT VM Man. Sask. Alta

over

1952 12.9 14.0 _ _ A _
. 0.5

1953 13.6 14.1 - - A - - - 2.2

1954 14.6 15.0 - A W - - - 5.3

1955 12.9 13.7 - A A - - - 2.7

1956 14.7 14.5 14.8 W A - - . 5.6

1957 14.1 14.0 14.5 W9 W - - - 8.7

1958 14.3 13.7 14.4 W9 W - - - 6.3

1959 14.3 14.4 15.7 W WW - - - 3.5

1960 13.6 13.1 14.1 A A - - . 2.2

1961 12.6 11.8 14.1 A A - - - 4.6

1962 14.2 14.0 14.0 A A - - . 1.6

1963 13.4 13.2 13.6 A A - - - 1.8

1964 14.6 14.5 14.8 W W 0.8 0.9 0.7 3.3

1965 15.4 15.1 15.5 W W 0.7 0.1 -0.3 3.0

1966 13.5 13.2 14.2 A W -1.4 -0.8 0.3 2.7

1967 12.9 12.4 13.1 A A -0.8 -0.5 -0.5 5.6

1968 14.6 14.8 15.5 WW WW 2.0 1.7 1.8 6.4

1969 14.6 13.3 14.9 A - -0.2 -1.3 -1.1 10.1

1970 14.4 14.0 14.3 A - -0.3 -0.3 -0.6 14.8

1971 14.3 13.5 14.6 A - -0.1 -0.3 -0.3 11.0

1972 14.3 14.2 15.4 W9 - -0.3 -0.1 0.2 9.0

1973 14.0 14.2 15.1 WN - 0.5 1.3 1.5 3.1

1974 15.2 14.8 14.7 W - -0.1 -0.6 -0.5 2.5

1975 14.7 14.2 14.1 w - -0.2 -0.4 -0.2 1.6

1976 12.9 13.1 13.8 A - -1.7 -0.8 0.1 1.6

1977 14.9 14.8 15.3 W WW3 0.5 0.5 0.4 7.2

1978 13.9 14.0 15.0 W - -0.4 -0.6 -0.4 5.0

1979 14.5 13.6 14.0 W - -0.1 -0.1 -0.8 9.0

1980 14.5 13.9 14.3 W - 0.0 -0.3 -0.5 4.3

1981 13.0 12.5 12.9 A - -0.7 -0.7 -0.8 1.6

1982 13.9 14.2 14.4 A - 0.5 0.7 0.9 3.6

1983 12.6 13.2 14.8 A - -1.1 -0.9 -0.5 2.0

1984 12.6 12.5 14.4 WN - -0.5 -0.8 -0.6 1.7

1985 15.3 15.2 16.0 W - - - - 1.1

1986 15.1 14.7 15.0 w - - - - 0.8

1987 13.8 13.7 13.7 WS
- - - -

5.0

1Moisture content inwet basis percentage; Man., Manitoba; Sask., Saskatchewan; Alta., Alberta; -,not available. 2Observations under KT are
from Tipples (personal communication); observations under VM are from Martens and Hlynka (1969) except 3 for 1977 from Sinha
(unpublished); A, dry or normal harvest; W, wet harvest; WW, very wet harvest; W9, wet in September; WN, wet in north; WS, wet in south.

Increase in carlot mean m.c. between before and after the harvest of current crop year. Canadian total of on-farm stocks in Mt on July 31
from Statistics Canada (1952-1987).

which indicates that the harvested grain had higher moisture
contents than the carry-over grain. Tipples (personal commu
nication) and Sinha (personal communication, R.N. Sinha,
Agriculture Canada Research Station, Winnipeg, MB) also
reported that harvest was wet in 1977. These personal obser
vations agree with the estimated high moisture contents for
1977.
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The mean carlot moisture contents after harvest were 0.8 to

1.7% lower than that before harvest in Manitoba in 1966,
1967,1976, and 1983; in Saskatchewan in 1966,1969,1976,
1983, and 1984; and in Alberta in 1969,1979, and 1981 (Table
I). These differences suggest that harvested grain was drier
than that carried over from the previous years. In these prov
inces and years, our model also predicted drier harvests than
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Fig. 5. Estimated area-average moisture contents of wheat and mean moisture contents of carlot wheat samples from
September to December in the three Canadian prairie provinces. The estimated values are shown by solid
lines with triangles, and the carlot measurements by broken lines with circles.

in their respective previous years. Similarly, mean carlot mois
ture contents after harvest were 0.8 to 2.0% higher than those
before harvest in Manitoba in 1964 and 1968; in Saskatchewan
in 1964, 1968, and 1973; and in Alberta in 1968, 1973, and
1982. These differences suggested the harvested grain had
higher moisture contents than that carried over. In these prov
inces and years, our model also predicted higher moisture
content of harvested wheat than in their respective previous
years, except for Saskatchewan and Alberta in 1973.

DISCUSSION

The maximum temperature of the harvest day explained most
of the variance in the observed daily mean temperatures of
freshly harvested wheat and barley. The mean daily maximum
temperature of all harvest days in the farm study was 23.0°C
andthemean diurnal rangeof all harvest days was 15.3°C. At
these conditions, our model predicts grain temperatures sev
eral degrees higher than mean daytime air temperatures.
Similar differentials also occurred in earlier studies in which

the temperatures of wheat in swath and bin were 8°C higher
than ambient temperatures on sunny days and 4°C higher on
cloudy days (Prasad et al. 1978). Initial temperatures of stored
wheat and barley freshly harvested on sunny days in England
were 7°C higher than ambient air temperatures (Williamson
1964).

The moisture contents of wheat and barley were estimated
by multiple regression equations of maximum temperatures
with negative regression coefficients and precipitation with
positive regression coefficients from the harvest day to three
days before the harvest. That is, grain was harvested with high
moisture contents following up to three days of low tempera
ture and high precipitation. The poorer estimation of moisture
content of grain than that of grain temperature is likely to have
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resulted from the complexity of the drying and rewetting
processes and spatial heterogeneity of solar radiation and rain
fall, which has far higher spatial variability than temperature
and absolute humidity of the air (Raddatz and Kern 1984;
Raddatz 1987). The use of on-site meteorological data and the
addition of a measure of evaporation would probably increase
the accuracy of the estimation of moisture content.

Carlot moisture contents are affected by several factors,
such as carryover, farm and commercial drying, mixing of
farm deliveries, amount of handling, and time lag between
farm storage and carlot unload (personal communication, J.C.
Babb, Grain Research Laboratory, Canadian Grain Commis
sion), as well as initial moisture content. Despite the complex
nature of the carlot data and the simplicity ofour approach, the
regression model gave fairly good estimates of the annual
provincial-average moisture contents of wheat.

Therefore, it may by concluded that the four regression
equations developed in this study provide a method to estimate
the potential risk of grain spoilage from basic meteorological
data. Based on the estimated risk of spoilage, a warning can be
issued recommending that farmers monitor their grain and take
adequate precautions. The model also provides a useful tool
for the historical analysis of the deterioration of grain stored in
farm granaries. In addition, they could potentially be the basis
for widely applicable weather-driven advisories of stored-
grain spoilage.
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