
A SIMULATION MODEL FOR THE DRYING AND REWETTING

PROCESSES OF WHEAT1

D.W. Stewart2 and K.W. Lievers3

2Land Resource Research Institute and 3Engineering and Statistical Research Institute, Agriculture Canada,
Ottawa, Ontario KIA 0C6

Received 3 March 1978

Stewart, D.W. and K.W. Lievers. 1978. A simulation model for the drying and rewetting processes of wheat. Can. Agric. Eng.
20: 53-59.

A mathematical model relating daily wheat kernel and straw moisture content (both standing and windrowed) to two readily
available agrometeorological parameters, precipitation and potential evaporation, was developed from experimental data
collected at four different locations in Western Canada — Swift Current, Melfort, Lacombe and Beaverlodge. The differential
equation used to describe the time dependence of the basic internal moisture changes of the plant was based on existing
knowledge of the physical processes concerned. The model can be used to simulate moisture values for 40% (wet basis) or less for
either grain or straw, and should be widely applicable in Western Canada. At present, the model lacks factors for swath size, dew
formation and soil-to-swath moisture migration. Solid-stem and hollow-stem varietal differences were noted.

INTRODUCTION

An ability to mathematically relate the
changes in kernel and straw moisture of
standing and swathed grain to
corresponding weather conditions would
provide a valuable asset in analyzing cereal
harvesting systems. The timeliness and
effectiveness of such systems are dependent
on this interaction between weather and the

grain and straw moisture. In developing a
model for such systems, which could be
applied over a wide geographic region (e.g.
the Canadian Prairie wheat growing areas),
certain restrictions were necessary. The
model had to computationally simple and be
driven by widely available meteorological
variables (e.g. daily precipitation, maximum
and minimum air temperatures, etc.).

Bnick and von Elderen (1969) developed
a simulation model of field drying of wheat,
which used an energy balance approach to
calculate moisture loss from grain and straw
and involved calculating the distribution of
energy and precipitation over the ear, straw
and soil. Van Elderen and van Hoven (1973)
compared this model to a series of
"descriptive" models (e.g. Crampin and
Dalton 1971).

Robertson (1956, 1957, 1962) showed
that changes in total moisture of a drying,
swath were essentially a decrease in internal
moisture on which changes in external
moisture (caused by climatological factors)
were superimposed. External moisture
(referred to by Robertson (1957) as
superficial moisture) was released from the
swath much more readily than internal
moisture. Thus, there is some advantage in
using separate mathematical equations to
describe each type of moisture change.

NOMENCLATURE

C - a maximum allowed change in external
moisture (% moisture, wet basis)

f = empirically derived function of internal
moisture content (mmof water)"1

'Contribution no. 688 from Engineering and
\ Statistical Research Institute.

Kx = first order, internal moisture change rate
coefficient (mm ofwater)"1

K2 = second order, internal moisture change
rate coefficient (% moisture/mm of
water)

K3 = rate coefficient relating potential
evaporation to external moisture change
(% moisture/mm of water)

K4 = rate coefficient relating precipitation to
external moisture change (% moisture/
mm of water)

LE = latent evaporation (ml of water)
M = total moisture (% moisture, wet basis)
Mb = equilibrium moisture content or bound

water (% moisture, wet basis)
M0 = initial total moisture (% moisture, wet

basis)
Me = external moisture (% moisture, wet basis)
Me0 - initial external moisture (% moisture,

wet basis)
Mi = internal moisture (% moisture, wet basis)
Mi0 = initial internalmoisture (%moisture, wet

basis)
PE = potential evaporation (mm of water)
J>£ = rate of potential evaporation (mm of

water/day)
p = precipitation (mm of water)
R = proportion of straw moisture assigned to

external moisture after swathing (no
units)

t = time (days)
S = the maximum allowed moisture level (%,

wet basis)
w.b. = we* basis

METHODS

The model was developed in several
steps. Initially, the atmospheric variables
relating to wetting and / or drying capacity of
the environment were selected. A theory of
moisture change was then developed
together with associated formulae.
Observed data were subsequently used to
derive the necessary coefficients. After one
or more iterative adjustments in the
formulae, the model was tested against
additional data.

Data to be used for coefficient

determination and model validation

included a long-term study at Swift Current
(1954-70) where kernel moisture of Chinook
wheat was measured in the morning of each
day, and studies at four locations
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(Beaverlodge 1973, Lacombe 1973-74,
Melfort 1972-74, Swift Current 1972-74)
where grain moisture and straw moisture of
Neepawa wheat were measured in the
morning of each day. The necessary daily
meteorological observations were available
for all of these studies.

Atmospheric Variables
It is highly advantageous to combine the

meteorologial measurements (with the
exception of precipitation) into one term to
represent the evaporating power of the
atmosphere. This has been done by Baier
and Robertson (1965) and Baier (1971) who
developed equations for latent evaporation
and potential evaporation, respectively.
Data used in these studies included

meteorological measurements at Swift
Current, Lacombe and Beaverlodge,
conveniently overlapping the area of interest
covered by this paper. Baier and Robertson
(1965) related evaporation from a black
Bellani plate atmometer (LE, ml of water)
to up to six meteorological terms using
linear multiple regression equations.
Method IV (Table 3, Baier and Robertson
1965) was used for Beaverlodge and method
VIII for the other three locations.

Vapor pressure measurements were
handled differently, however. Baier and
Robertson (1965) used dew point
temperatures measured twice daily to
calculate vapor pressure deficits. For this
study, hourly values of vapor pressure
deficits derived from hair hygro-
thermograph readings were averaged at
0800 and 0900 h and at 1600 and 1700 h as

times when meteorological observations are
usually made. Only these averages were used
to represent vapor pressure deficit in model
development.

Baier's (1971) equation relating the latent
evaporation (ml) to a more general
potential evaporation term (mm)

PE = 0.0094 LE (1)

was used along with daily precipitation in
subsequent development of the model.
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LINE FITTED TO THE 1954-70 DfiTP

F = 0.0474 - 0.001220 M

LINE ADJUSTED FOR 1972-74 DflTR

F = 0.0474 - 0.001024 M
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Figure 1. Internal moisture coefficient fas a function of percent moisture for standing grain.
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Figure 2. Internal moisture coefficient fas a function of percent moisture for swathed grain
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MODEL DEVELOPMENT

In developing a theory of moisture
change, plant water was derived into bound
and free water. Bound water {Mb), found
only in grain, was not released after an
infinite drying time under field conditions.
Years where rainfall effects were small were

selected from the Swift Current data (1954-
70) for a linear regression of moisture
content versus the inverse of time, t (days).
The y ordinate (bound water) was 9.8%
(w.b.).

The free water was divided into internal

moisture (Mi), that received via the root
system, and external moisture (Me), that
received via aboveground plant surfaces
from precipitation.

LINE FITTED TD THE 1954-70 DHTfl

F = 0-07087 - 0.001968 M

LINE ADJUSTED FOR 1972-74 DHTR

F = 0.07087 - 0.001614 M

25.00 30.00

WET BASIS)
35-00

Changes in internal moisture (Mi) are
described by:

OP* F*Mi*PE (2)
dt

If F is a constant, equation 2 reduces to
the often used exponential equation (see for
example, Hayhoe and Jackson 1974). To
determine F, equation 2 was expressed in
finite difference form.

Mi-Mi0 (Mi+Mi0) ~~
—r = -F * * PE

At 2

and

2(Mi0 - Mi)

PE(Mi-Mi0)

(3)

(4)

where Mi0 and Mi are the moisture contents
before and after the time period, t (usually
one day), respectively. PE hja. rate of
potential evaporation aiwk PE * & t is
equivalent to PE, the total potential
evaporation for the time period.

Periods of 3 consecutive rainfree days
were selected from the Swift Current data

(1954-70) to calculate Fas a function of
internal moisture.

External moisture was assumed zero on

the 3rd day. Thus, internal moisture was
equal to measured moisture minus the
bound water. Calculations for standing and
swathed grain are shown in Figs. 1 and 2,
respectively. A linear equation was fitted to
each set of data points using a weighted
linear regression method. That is,

F = Kl -K2Mi (5)

K, has the values of 0.047 and 0.071 for
standing and swathed grain, respectively.
Corresponding values of K2 are 0.0010 and
0.0016. A similar type of analysis was used to
relate F to PE and yield. However, no
significant relationship emerged.

Thus, for grain moisture, equation 2 can
be written as:

9 Mi —
-jr— = (-ATi +K2Mi) *Mi*PE (6)

The significance of the equation is that at
low moisture contents (i.e., when K2 *
Mi « K1), equation 1 approaches the
exponential equation. However, as Mi
increases for a given PE, dM/dt at first
increases, then levels off and decreases. One
can hypothesize that at these higher
moisture contents, moisture must migrate
from the stem to the head. Certainly this is
the case for standing grain. However, it is
surprising that swathed grain follows the
same pattern.

Integrating equation 6 results in:

dMi

/; = J PEdt
Mi (-Kx + K2Mi)

and

KlX0*exp(-KiPE)
Mi

\-K2X0*exp (-K^PE)

where

Kn
Mi,

-*! +K2Mi0

(7)

(8)

(9)

One could argue that a quadratic
equation could replace equation 5 and this in
fact was tried. However, it produced a very
complicated equation involving an iterative
solution without significantly improving the
goodness of fit of the model.

Finding an equation for external
moisture proved to be more difficult. Again
the Swift Current data (1954-70) was used to
establish the form of the equation. However,
despite the fact that many years of data were
involved, rain occurred infrequently and
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TABLE I. VALUES OF CONSTANTS USED IN THE MODEL (FOR NEEPAWA WHEAT)

Constants Standing Swathed Standing Swathed

grain grain straw straw

*i 0.047 0.071 0.026 0.026

K2 0.0010 0.0016 0.0006 0.0

*3 0.98 0.79 2.95 3.15

K4 2.17 2.68 8.66 7.87

C 4.0 5.0 8.0 10.0

R 4.0 5.0 8.0 10.0

R 0.0 0.0 0.0 0.4

mb 9.8 9.8 0.0 0.0
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Figure 3. Comparison of model calculations and measurements for grain moisture at Swift Current,
Saskatchewan 1974.
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Figure 4. Comparison of model calculations and measurements for grain moisture at Lacombe,
\ Alberta 1974.
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had a highly non-linear effect. Also, because
daily precipitation was used, the effect of
rainfall intensity could not be treated
adequately. An intense rainfall followed by a
day of bright sunshine would obviously have
a different effect than a low intensity rain of
equal amount but which occurred
throughout the day. After considerable
testing, it was decided that the following
simple equation worked as well as any
tested:

Me=Me0-K3PE + K4P (10)

Equation 10 has two restrictions. The value
of Me cannot be negative. Also, the change
of external moisture for one day (Me0 -Me)
has an upper limit designed as C. That is:

K*P-K3PE<C (11)

To determine C, it was first necessary to
calculate external moisture changes.
External moisture is related to total

moisture (M) by:

Me =M-Mi-Mb (12)

The daily change in Me(A Me) is:

AMe =AM- AM/ (13)

Mi can be calculated from equation 8 and M
is measured. C was determined by averaging
Me for days with rainfall of 12.7 mm or
greater. Then K3 and K4 were calculated
using a least squares method of solving
equation 10.

To use the model, daily values of Pis and
P, the four rate coefficients (K{ to K4) and C
are necessary. Also, an initial value of total
moisture is needed. This value minus Mb is

set equal to Miq. The first value of Me0 is set
equal to zero. Then equations 8 and 9 are
used to calculate Mi and Me. Then total

moisture is calculated by:

M=Mi+Me+Mb (14)

For the next day, the above values of Mi and
Me are set to initial values (Mio, Me0) and
the procedure repeated. Thus, values of M
are calculated on a day-to-day basis.

One other coefficient was found

necessary. At high moisture values (40%,
w.b. for grain) effects of rainfall diminished
markedly. Rather than make K4 a
complicated function of moisture, an upper
limit (5) was set on total moisture calculated
by the model. This limit on rainfall effects
was not used very often as it was set for grain
at 40%. Initial values of the model were
never greater than this limit. Moisture
changes of standing grain at values higher
than this limit were extremely hard to
predict, as the plants seem to be functioning
organisms at these levels and thus subject to
a wide range of physiological as well as
environmental influences. This will be

discussed more fully below.

RESULTS AND DISCUSSION

Ideally, the Swift Current data (1954-70)
would be used to develop the general form of
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TABLE II. CORRELATION COEFFICIENTS AND STANDARD ERRORS OF ESTIMATES

OF REGRESSIONS OF MODEL CALCULATIONS VERSUS OBSERVATIONS

FOR EACH YEAR AT EACH LOCATION FOR GRAIN MOISTURE

Location Year Correlation coef. Standard error of

estimate (%
Standing

moisture)
Standing Swathed Swathed

Swift Current 1972 0.953 0.887 4.03 4.76

1973 0.999 0.955 3.54 3.32

1974 0.968 0.978 2.56 2.92

Melfort 1972 0.951 0.941 3.15 2.39

1973 0.932 0.915 4.45 3.42

1974 0.871 0.901 3.13 3.57

Lacombe 1972 - t 0.832 — 3.67

1973 0.930 0.857 4.96 5.04

1974 0.978 0.894 2.02 3.65

Beaverlodge 1973 0.725 0.850 0.947 4.87

fNot enough data to establish a meaningful correlation.
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x - SWATHED MEASUREMENTS

n
^Too

n p n n n^n n^
2.00 4.00

n-p-
6.00 8.00 10.00

TIME (DAYS)
12.00 14.00 16.00

Figure 5. Comparison of model calculations and measurements for grain moisture at Melfort,
Saskatchewan 1974.

the equations and to calculate the
appropriate coefficients. The other data
(1972-74) would then be used for
verification. Unfortunately, this was only
partly possible as straw data did not exist for
the 1954-70 period, and a different variety of
wheat was used in each of the two time

periods.

Grain Moisture

For grain moisture, using the coefficients
calculated above, model calculations were
compared with measurements starting at the
point each year (1972-74) where grain
moisture fell below 40% (w.b.). It was
evident, however, that the model did not
decrease fast enough at the higher moisture
levels to simulate actual moisture changes.

Therefore, K2 was decreased for both
standing and swathed calculations until the
sum of the squares of deviations between
calculations and measurements reached a

minimum. This adjustment is illustrated in
Figs. 1 and 2. Values of all the coefficients in
the final model are shown in Table I. Note

that K2 was the only coefficient changed.
The decrease of K2 was probably due to a

variety effect. The 1954-70 study used the
solid-stem, sawfly-resistant Chinook variety
while the 1972-74 study used the more
common hollow-stem Neepawa. Thus, if
moisture migration from straw to grain does
take place at the higher moisture levels, it
would not be surprising that the effect would
be greater with Chinook (more moisture
migration would decrease K2).

Comparisons between predicted and
observed moisture values were made for

each year and location. Correlation
coefficients and standard errors of estimates

are shown in Table II. Measurements and

calculations are plotted in Figs. 3,4 and 5 for
three locations along with corresponding PE
and rainfall values. From the figures and
correlation coefficients, it is evident that
most of the changes in grain moisture are
predicted by the model.

Beaverlodge is the one location with
exceptionally high errors especially in
standing grain. With only 1 yr ofdata (which
for standing grain represents only four
observations), it is difficult to determine if
these errors are real or would decrease with a

larger sample size. In the standing grain
measurements, one out of the four seems to
be out of phase with the rainfall
measurements. This happened occasionally
at other locations and played havoc with the
straw moisture comparisons. In these cases
it was assumed that rain fell after morning
weather observations but before the grain
and straw moisture measurements were

taken. When verifying the model, it was
assumed that both sets of observations were

made simultaneously. This assumption is
the weakest part of the verification process.

An outside assessment of the model was

made by Scott and Barlott {A Study of
Grain Harvesting and Drying Systems,
unpublished report for Agriculture Canada
DREAM Contract 01843-6-0621), using
field data collected near Spruce Grove,
Alberta in the fall of 1976. Predicted and
observed values for standing and swathed
Neepawa wheat are plotted in Figs. 6 and 7.
The part of the model dealing with internal
moisture compared favorably with the field
data, but the field data indicated a much
greater increase in moisture content due to
rainfall than is allowed in the model. Some

of the difference may be attributed to a daily
sampling time of between 1300 and 1600 h,
which increases the disparity between time
of weather observations and of field data
collection. Daily precipitation values
provide no clue as to time, frequency, and
intensity of occurrence. Because of the lack
of proper wind data (total kilometers per
day of wind was required whereas peak wind
gusts were available), calculation of PE
might be somewhat overestimated, and thus
better drying conditions were assumed than
did likely exist. One might also suspect that
the model is weak in terms of its swath-size

factor — a swath width of up to 5.3 m and a
yield of up to 4,430 kg/ha were involved.
Further data collection would be needed to

improve the performance of the model given
high yield and/or heavy swath conditions.

Straw Moisture

For straw moisture, only the 1972-74
data were available. Thus, the equations
developed from grain moisture data (with
one modification) were used to simulate
straw moisture, the 1972-74 data were used
to calculate the rate coefficients, and K2 for
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swathed straw was set equal to zero,
assuming no migration of moisture from the
soil surface to the swath. Then, Kx for
swathed straw was calculated from the data

using equation 4 where F was replaced by
Kx. Equation 4 then reduces to the
exponential equation:

M=MiQ* exp {-KXPE) (15)

Standing straw moisture data were
extremely limited, especially for low
moisture levels. Thus, Kx for standing straw
was set equal to Kx for swathed straw. K2 for
standing straw was then calculated from the
data using equation 4. K3,K4and Cfor straw

PRECIPITATION

P.E.

SWATHED CALCULATIONS

SWATHED CALCULATIONS

X SWATHED CALCULATIONS

x - SWATHED MEASUREMENTS

X - SWATHED MEASUREMENTS
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Figure 7. Comparison of model calculations and measurements for swathedgrainmoisture i
Grove, Alberta 1976.

CUT 1

CUT 2

CUT 3

CUT 1

CUT 2

CUT 3

(standing and swathed) were calculated
using the same methods as described for
grain.

One other factor was necessary for straw
moisture simulation. The value of Kx for the
day following swathing was found to be
significantly higher than for other days
where rainfall was not a factor. This

relatively large moisture loss was simulated
by transferring a proportion (R) of internal
straw moisture to external straw moisture at

swathing. That is, there seems to be two
types of inherent stem moisture, one type
being held at a tension similar to absorbed
water from rainfall. R was determined by
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first recalculating Kx avoiding the day
following swathing. Let M equal the initial
total straw moisture content. Then the initial

internal (Mi0) and external (Me0) moistures
are expressed by:

MiQ = (1-R)MQ (16)
and

MeQ= RMQ (17)

Internal (Mi) and external (Me) moisture
after one day are expressed as:

Mi = (l-R)M0*exv(-KiPE) (18);
and

Me = RMQ-K3PE+ K4P (19)

Total moisture after 1 day is (since Mb
equals zero for straw):

M= Mi+Me (20)

Combining equations 16 to 20 results in:

R=M+ K3PE -K4P-M0*exp(-KXPE) (2i)
MQ (\-exp(-KxP) )

R was calculated for all days following
swathing, and averaged. The value arrived at
was 0.4.

All values of coefficients used are given in
Table I.

Model calculations for standing straw
began when measurements fell below 40%.
However, model calculations were made for
all the available swathed straw

measurements. Correlation coefficients and

modified standard errors of estimate are

shown in Table III. As well, measurements
and calculations are plotted in Figs. 8,9, and
10.

It is quite evident that the relatively good
agreement of grain moisture is not present
here.

There are several reasons why these
errors are large. The standing straw tends to
be at a higher moisture level than the grain at
a particular point in time. This reflects a
larger amount of living tissue as the plant
dies from leaves and head to stalk. Living
tissue tends to maintain moisture, drawing
water up through the xylem tubes from the
soil. A point is reached when the tissue
begins to die and internal moisture starts to
decrease steadily. It is after this point that
the model can simulate change. It is the
prediction of this turning point that is
extremely difficult, since it involves the
whole history of the growing plant. In grain
and straw moisture, it appears that once the
tissue has decreased to 40% (w.b.), this
turning point has been passed. The difficulty
here is that straw moisture does not seem to

come down to 40% until well after grain
moisture, and in fact sometimes doesn't
reach this point at all. Thus, it is rather
difficult, if not impossible, to simulate.

On the other hand, cutting the straw
initiates this dying process at any moisture
level, and thus, swathed straw moisture
changes can be simulated. However, straw
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TABLE III. CORRELATION COEFFICIENTS AND STANDARD ERRORS OF ESTIMATES

OF REGRESSIONS OF MODEL CALCULATIONS VERSUS OBSERVATIONS

FOR EACH YEAR AT EACH LOCATION FOR STRAW MOISTURE

Location Year Correlation coef. Standard error of

estimate

Standing
(% moisture)

Standing Swathed Swathed

straw straw straw straw

Swift Current 1972 - t 0.779 9.55

1973 0.074 0.637 9.84 8.85

1974
—

0.756
—

7.26

Melfort 1972 — 0.814 — 3.91

1973 0.465 0.558 7.84 14.77

1974 0.954 0.816 11.75 9.15

Lacombe 1972 — 0.818 — 10.30

1973 — 0.532 — 8.15

1974
—

0.804
—

8.72

Beaverlodge 1973
—

0.288
—

8.20

tNot enough data to establish a meaningful correlation.
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Comparison of model calculations and measurements for straw moisture at Swift Current,
Saskatchewan 1974.

has a much higher surface area to weight
ratio than grain and thus is affected more
dramatically by rainfall. Therefore, because
fluctuations are larger, standard errors will
be larger as well. Another difficulty is dew
formation. The model could be improved by
using the method of Dyer and Brown (1977)
to predict dew formation. Dew appears to be
influencing some morning measurements at
the lower moisture levels where straw is

more hygroscopic. Another difficulty is the
straw data itself. Changes in moisture which
are out of phase with rainfall are more
common here.

On the other hand, the basic moisture
changes are simulated successfully,

particularly the sudden drop in straw
moisture after swathing. This is evident from
the Figures. With some editing of the data,
use of afternoon values, and some
knowledge of time of sampling, the standard
errors for both straw and grain, but
particularly straw, could be reduced
appreciably.

SUMMARY AND CONCLUSIONS

The model that has been described for

simulating daily changes in grain and straw
moisture of wheat has some limitations. The

model cannot be used to stimulate moisture

values higher than 40% (w.b.) for either

grain or standing straw. For standing straw
this appears to be a serious restriction, since
most values encountered were above this

limit. However, if the standing moisture can
be arrived at, the model will simulate
swathed straw changes. Here, rather large
standard errors were produced when
compared to actual measurements.
However, these can be reduced following
editing procedures and using afternoon
data. Also, for straw moisture, dew
formation is not predicted. This also
contributed to the large standard errors, but
would not be a factor if mid-day values of
straw moisture were to be simulated.

On the positive side, the grain moisture
simulations below 40% (w.b.) were quite
reasonable. Considering that only daily
values were used in the calculations, the
agreement was considered quite good and
can be made even better by following the
procedure for improving straw calculations.
It was especially gratifying to use one set of
coefficients to simulate moisture changes
under the wide range of conditions
encountered at the four locations. The

model requires further work in a number of
areas. The effects of external moisture have

not been clearly defined, since the bulk of the
data used in model development was from
Swift Current, normally a low-rainfall area.
In addition, some swath-size factor should
be incorporated into the model. A factor for
dew formation would also likely improve the
external moisture component.

Additional data involving hourly
monitoring of crop and weather variables
would provide a means of improving model
accuracy. Since the model parameters do
not vary from year to year, changing from a
daily to an hourly time step, together with
hourly data, would resolve the problem
experienced in matching daily weather data
to the sample data, and would also reduce
the required number of years of data
collection to a minimum.

Adaptation of the model for use in
Eastern or Maritime Canada might require
consideration of varietal differences and

possible moisture migration from soil to
swath. Swath size would likely play a larger
role in that high-humidity ambient
conditions occur more frequently in such
areas. The general approach of thoroughly
analyzing the problem on the basis of known
or suspected physical processes prior to
using data reduction techniques enchances
the probability that the resulting equation
coefficients are independent of location,
time and environmental variables.
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