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Stellingen

De windsnelheid speelt bij het drogen van graan ecen veel belangrijker rol dan
bij het drogen van gemaaid gras bestemd voor het inkuilen.
(Dit proefschrift)

Het maaitijdstip van gras kan de droogsnelheid beinvloeden. Het maaien van
gras bij een lage luchtvochtigheid in de namiddag vertraagt de droogsnelheid
door ¢en vroegtijdige sluiting van de huidmondjes.

(Atzema, AJ., 1994. Weather driven drying of perennial ryegrass. 21" Confe-
rence on Agriculture and Forest Meteorology, San Diego, California, USA,
7-11 March 1994: J15-J18)

Nict alleen buiten, maar ook voor gewassen in kassen is een weersverwachting
belangrijk. Met een verwachting voor b.v. de globale straling kan een auto-
matische kasklimaatregeling bijgestuurd worden.

Er wordt te weinig onderzoek verricht naar weersverwachtingen gericht op te
velde staande landbouwgewassen. Dit blijkt uit de schaarse literatuur die over
dit onderwerp aanwezig is.

De landbouwmeteorologie bestudeert alle meteorologische activiteiten die
operationeel op het landbouwbedrijf gebruikt kunnen worden.

Dauw kan opgedeeld worden in  dauwstijging en dauwval. De verhouding
tussen deze twee processen wordt veroorzaakt door de hoogte van het gewas.
Bij een gelijke gewasdichtheid geldt dat hoe hoger het gewas is, hoe groter de
fractie dauwval is.

(Atzema, AJ., Jacobs, AF.G., Wartena L., 1990. Moisture distribution within
a maize crop due to dew. Netherlands Journal of Agricultural Science 38:
117-129)

Ten onrechie wordt er teveel waarde gehecht aan de dagelijkse maximum
temperatuur daar deze meestal slechts een zeer korte tijd van de dag optreedt.

Met behulp van een thermohygrograaf verkrijgt men een goede indicatie van
de droogsnelheid van droge en natte landbouwgewassen.
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Bij de bestudering van planteziekten dient meer aandacht besteed te worden
aan het microklimaat van de plant. Met behulp van specialistische weers-
verwachtingen kan het gebruik van gewasbeschermingsmiddelen teruggedron-
gen worden.

In het plantenfysiologisch onderzoek dient men aandacht te schenken aan de
invioed van het weer op de gewasontwikkeling. Daarbij moet men vcoral
rekening houden met het verschil in de dagelijkse gang van de temperatuur van
de bovengrondse delen en de sterk afwijkende worteltemperaturen.

De kamerbrede medewerking van het Nederlandse parlement aan het beperken
van universitaire stadies tot vier jaar is begrijpelijk als men bedenkt, dat het
merendeel der academisch gevormde parlementsleden juristen zijn, en dat de
studie Nederlands recht inderdaad binnen vier jaar op aanvaardbaar niveau kan
worden voltooid.

Lichamelijke inspanning b.v. sport verhoogt de energie voor het werken.
Hierdoor heeft men ¢en betere nachtrust en kan men de dagelijkse problemen
beter aan.

Het invoeren van de Engelse taal op een universiteit in Nederland vergroot de
afstand tussen de umiversitair en andere opgeleiden. Deze invoering is daarom
niet gewenst.

Het is nict wenselijk om in het begin van het promoticonderzock je al bezig te
houden met stellingen die gericht zijn op de maatschappij, omdat deze gedu-
rende de jaren dat het onderzoek loopt, verandert.

Stellingen behorende bij het proefschrift van A.J. Atzema: From the weather
forecast to the prognostic moisture content of dry agricultural crops.
Wageningen, 22 april 1994.
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VYoorwoord

Het pat worden en weer opdrogen van gewassen heeft al jarenlang mijn belang-
stelling. Tijdens de studie Planteziektenkunde aan de LUW leerde ik Bert Wartena
kennen. Hij was niet alleen hoogleraar Meteorologie, maar ook boer. Er was een
gemeenschappelijke belangstelling. Aan het eind van mijn studie vroeg hij mij of ik
belangstelling had voor het promoticonderzock waarvan het resultaat nu voor u ligt.
Het onderwerp trok me wel, maar aan het idee om na mijn studie het onderzoek in
te gaan, moest ik wennen. Al snel bleek dat mijn aanvankelijke aarzeling om
onderzoek te gaan doen onterecht was. Het onderzoek boeit me sterk. Hiermee wil
ik Bert Wartena, pro(-)motor, dan ook hartelijk danken voor het geboden onderzoek,
de kennis die ik opgedaan heb van de andere onderwerpen binnen de landbouwme-
teorologie en het enthousiast maken van studenten om een vak landbouwmeteorolo-
gie te doen, waardoor ik meer hulp en gezelschap kreeg.

Van de Vakgroep Meteorologie wil ik iedereen bedanken (ocok de studenten) die
meegeholpen hebben aan dit onderzoek. Ook de rust en de vrijheid die de Vakgroep
mij heeft gegeven, heb ik erg gewaardeerd. De instrumenten waren in goede staat
en wanneer er icts stuk ging, werd dit snel verholpen. De drooglucht van gras op de
Vakgroep werd door sommigen gewaardeerd, maar door de meesten voor lief
genomen.

Meteo Consult wil ik bedanken voor het gebruik van de VAX-computer en het
maken van de weersverwachtingen. Moeilijke fouten tijdens het programmeerwerk
loste Rik de Gier, werkzaam bij dit bedrijf, eenvoudig op. Voor vragen over de PC
kon ik terecht bij Kees van den Dries van onze Vakgroep Meteorologie. Van beiden
heb ik veel geleerd.

Het veldonderzoek van gras werd uitgevoerd op het IMAG proefbedrijf "De Vijf
Roeden” in Duiven. Alle medewerkers en stagiaires wil ik hartelijk danken voor
hun medewerking en de hulp veor en tijdens het inkuilen van gras. Het was een
leuke groep mensen om mee te werken. Ook de akkerbouwers dic hun percelen ter
heschikking stelden voor het graanonderzoek, wil ik hartelijk danken, Wanneer
niemand hiertoe bereid was had dit onderzoek niet uitgevoerd kunnen worden.

Het moge duidelijk zijn dat ik in een uitstekende werkomgeving heb mogen
werken. Mede hierdoor liep het onderzoek goed. Zonder dat men het wist, heb ik in
de laatste fase van het onderzoek steun gekregen van de "eetgroep” op SSR. Samen
de maaltijd nuttigen, daarna een kopje thee of koffie en een gezellig gesprek doet
mij goed. Ook de daaruit voortvloeiende activiteiten waardeer ik. Het leven bestaat
niet alleen uit werken.

Uiteraard wil ik mijn ouders en mijn zus Jannie bedanken voor hun medeleven
met mij. Ondanks de afstand van ruim 200 km, is het voor mijn vader en moeder
geen enkel probleem om ook bij mij in Wageningen te komen. Jannic kwam in de
eerste jaren van het onderzoek bijna dagelijks bij mij over de vloer. De laatste tijd
is dit door de grote geografische afstand tussen ons wat minder vaak het geval,
maar de belangstelling voor mij is er niet minder om.
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Context and structure of this thesis

Forage conservation and harvesting cereals is a very weather dependent operation.
Up to now the shortcomings of weather forecasts have been a major handicap to
plan the timing of cutting grass destined for ensiling and the timing of harvesting
cereals. The aim of the present research program is to forecast the meisture content
of cut grass and mature grain. In this way the harvest can be planned carefully. This
planning prevents a decrease of the quality of the products and minimizes cost. The
moisture content of cut grass and mature grain can be calculated by models in
which the input are standard weather elements and a few crop characteristics. This
dissertation contains two parts. Part 1 (chapter 1-4) deals with cut grass destined for
silage and part 2 (chapter 5-7) deals with mature grain just before the harvest.

Part 1

Chapter 1 describes the response of the drying of grass to the associated weather
elements. The differences between grass species with respect to field drying is
discussed together with the effects of swath treatments of the grass. The relationship
between different air temperatures and grass temperature is examined.

In chapter 2 a simple grass drying model is presented. This model uses only three
standard weather elements: air temperature, dew point temperature and precipitation.
No crop characteristics are used. In dry weather the moisture content of grass is
calculated hourly during daytime from 9.00 h to 19.00 h (local time) by determining
the saturation deficit. Dew formed during the night is considered to be compensated
by the drying of grass carly in the evening and in the morning before 9.00 h,
Roughly this model gives an indication of the forecast moisture content of cut grass.

Further research gives rise to a more complicated model which gives more
accurate results. This model, described in chapter 3, uses some crop parameters and
six standard weather elements. This model is based on the formula of Penman-
Monteith and calculates the moisture content of grass 24 hours a day.

Forecasting the moisture content of grass is described in chapter 4. Now forecast
weather elements provide the input of the model. Errors in the forecast weather
elements can give errors in the forecast moisture content. Determination of the
quality of forecasting the moisture content of grass on the forecast weather clements
is discussed.




Part 2

Chapter 5 describes the response of the moisture content of wheat and barley to
the associated weather elements. Both for wheat and barley the relationship between
different air temperatures and surface temperatures to the ears is examined. The
equilibrium moisture content of wheat and barley is discussed. Microclimate values
are compared with standard weather data.

In chapter 6 a complicated model is presented that calculates the course of the
moisture content of cereals, 24 hours a day. This model uses some crop parameters
and six standard weather elements. This modet is based on the formula of Penman-
Monteith.

Forecasting the moisture content of wheat and barley is described in chapter 7.
Now forecast weather elements provide the input of the model. The complexity of
errors in the forecast weather elemenis is examined. The decrease of the quality of
forecasting the moisture content of cereals with an increasing forecasting period is
discussed.
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The effect of the weather on the drying rate of cut diploid and
tetraploid perennial ryegrass (Lofium perenne 1..) and diploid
hybrid ryegrass (Lolium perenne X L. multiflorum)

A J. ATZEMA

Department of Meteorology, Wageningen
Agricultural University, Wageningen, The
Netherlands

Abstract

The drying rate of cut diploid and tetraploid pe-
rennial ryegrasses (Lofium perenne L.) and a di-
ploid hybrid rvegrass {Loliun perenne X L.
multiflorum), and associated meteorological
characteristics, were studied in the field for three
successive years: 1988, 1989 and 1990. Meteoro-
logical elements measured were: air temperature
(at 0-1m and 1-5m height), dew point tempera-
ture (at 1-5m height), temperature within the
grass sward, grass surface temperature, global
radiation and wind speed (at 2m height).

Apart from the weather, the drying depended
on the grass species and the yield. Hybrid ryegrass
had a lower initial moisture content at cutting in
the morning than perennial ryegrass. Also, the
hybrid ryegrass dried faster than the perennial
ryegrass. Within the same varicties a low yield
dried faster than a high yield. Frequent tedding
did not influence the rate of drying. The tempera-
ture within the grass swath approached the air
temperature at 1-5m. The grass surface tempera-
ture was greatly affected by global radiation. In-
creasing wind speed had an adverse effect on the
drying rate of grass.

Introduction

The physical aspects of the drying process of cut
grass are different from those of uncut grass.
Water is lost from the plant as water vapour, from

Correspondence: A. J. Atzema, Department of Meleorology,

Wagpeningen Agricultural University, Duivendaal 2, NL £701
AP Wageningen, The Netherlands.

evaporating sites close to its surface. The case
with which water vapour can move away from the
plant surface influences the rate of drying. Plant
structures such as stomata and cuticle, therefore,
play an important role.

Younger grass dries more quickly than mature
grass at the same yield, and leaves dry faster than
stems (Menzies and Q'Callaghan, 1971; Jones,
1979). This phenomenon is partly due to the
thicker: cuticle on mature grass and stems. In
leaves the bulk of the liquid water is closer to the
sutface in comparison with stems. Leaves also
have numerous stomatal pores.

Soon after cutting, the continued loss of water
results in stomatal closure. First, the stomata are
visually closed, then they are physiologically
closed. The stomata of Italian ryegrass (Loliunt
mieltiflornmy) are visually closed 15 min after cut-
ting, but the physiological closure of stomata
occurs 30-40 min after cutting (Clark er al.. 1977).
Hansen {1974) obtained average counts of 16 and
71 stomata permm? for the abaxial and adaxial
sides of Italian ryegrass leaves respectively. Simi-
larly, in other Lolium species most of the stomata
are situated on the upper (adaxial) surface on the
lower slopes of the ridges. As well as the effect of
walter concentration on stomatal aperture, much
of the swath will be subjected to low light in-
tensity, which will also induce stomatal closure
{Harris and Tullberg, 1980).

A function of the cuticle is conservation of
water. The resistance of the cuticle of living grass
is extremely high. After drying of grass, the cuticle
tears and consequently the resistance of the cuti-
cle decreases. Mechanical damage accelerates this
process. Conditioning by a mower conditioner
increases the drying rate (Glasbey, 1988; Lamond
et al., 1988).

A great deal of the energy necessary for evap-




Effect of weather on the drying rate of cut grass

Table 1. The time ol day (h) of mowing, tedding and ensiling in the tedding experiment

Date Muowing Tedding Ensiling
11990y Day | Day 2 Day 1 Duy 2 Day 2
I May 15 16 12 17
17 May 7 911 6
30 May 19 912 16
13 June 11 12 16 tl 15
12 July 9 116 i 1

oration of moisture is supplied by global radi-
ation. During the day global radiation has a great
influence on the grass temperature. Al night the
grass temperature decreases as a result of a net
outgoing long-wave radiation (short-wave radi-
ation is zero). Respiration plays a minor role. The
energy released by respiration is equivalent to an
increase in temperature of less than 2-5°Ch~t il
the temperature of the grass is at least 25°C. At
lower grass temperatures less energy is released
(Wood and Parker, 1971).

The aim of the present research programme is
to torecast the drying of grass by use of a weather-
driven model. This paper describes only the re-
sponse of the drying of grass to the weather
elements. The drying rate is influenced by the
grass temperature, which has to be estimated
from the air temperature at 1-5m height as
measured at standard weather stations. Only then
can the drying of prass be calculated by a model
using the input of weather data. The model uses
six meteorotogical elements, ut hourly intervals
{Atzema, 1992).

In this paper, the differences between grass
species with respect to field drying are discussed
together with the effects of swath treatments of
the grass. The temperature behaviour of the
grasses is also examined.

Materials and methods

During the growing seasons of 1988, 1989 and
1990, in eighteen periods from April to September
inclusive, the drying of grass in the field was ob-

served at the pilot furm of the Institute of Agricul-
tural Engineering (IMAG) at Duiven in The
Netherlands (51°57" N, 6°02° E). The experiments
were carried out on sixleen different plots at the
same location. The size of u plot varied from -3 to
2-7ha. The grass species examined were diploid
perennial ryegrass (Lofim perenne L) (ten plots),
tetraploid perennial ryegrass (Lofivm perenne 1..)
{four plots) and diploid hybrid ryegrass ( Lofim
perenne X Loliune muftiflorn) var, Barcolte {two
plots). The perennial ryegrasses were a mixture of
difterent varieties. All the grasses examined were
in the vegetative state.

Grass was cut in the morning, the afternoon or
the evening by a mower conditioner, which
abraded the grass. After cutting the grass was
tedded once or twice then windrowed just before
ensiling.

During the field drying period, twelve sumples
of grass were taken every hour. The samples were
dried in an oven at 60°C for 2 days to delermine
the moisture content. Just before ensiling the total
mass ol grass was weighed on a platform scale
with a precision of 10kg and yield per hectare was
calculated.

In 1989, twelve samples were also taken just
belore cutting. This grass was cut with scissors. In
1990 different treatments were carried out within
the same plot. Afier cutting, the whole plot was
tedded. Next, after some hours, part of the plot
wis ledded once or twice more, part was win-
drowed and part was dried without any further
field copditioning. Table 1 shows the time of
mowing, tedding and ensiling in the tedding ex-
periment and Table 2 shows the time of the differ-

Table 2. The time of duy {h} of mowing, wedding, windsowing and cn&iling in the windrowing experiment

Dute Mowing Tedding Windrow Eunsiling
{199y Day | Day 2 Day i Day 2 Day | [Day 2 Day 2
3 May 15 P [ 3 12 17
17 May 7 9 1] 16
30 May 19 9 12 16
15 June 1 12 16 13
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Figure 1. The initiz] moisture conlenl (m.c.} of cut grass versus
Lhe moisture content of uncut grass.

ent field treatments in the experiment on
windrowing. The width and height of the win-
drow were 0-90m and 0-35m respectively. The
width between two windrows was 4-0m. The dil-
ferences between the three parts were compared
hourly.

Standard meteorological data were taken
hourly from the weather station at Deelen at a
distance of 15km from the experimental site. The
temperatures at 0-1 mand -5 m height were taken
from the meteorological station at Wageningen at
a distance of 25km from the experimental site.
Meteorological data were also taken on the exper-
imental plots. The air temperature and the dew
point temperature (both at [-5m height) were
measured with a psychrometer (Assmann). The
temperature within the grass sward was taken
with a mercury thermometer. The grass surface
temperature was measured with a Heymann
infrared radiation meter. The wind speed (at 2m
height) was taken with a cup anemometer (type
Deuta).

Results and discussion

Grass species

On average there was no significant difference in
the air temperature and dew point lemperature
(both at I-5m height) between the experimental
plot, the weather station at Deelen and that at
Wageningen. Also, the moisture content of uncut
grass did not differ from that of prass cut at the
same time (Figure 1, 1989 data).

Figure 2 shows the initial moisture content of
perennial ryegrass (diploid and tetraploid) and
hybrid ryegrass (diploid)} at cutting, at different
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Figure 2. The initinl moisture content (m.c.} al dilferent times of
the day. &, Lefium perenne, diploid; O, Lolinm pereine, tetra-
ploid; O Lodinm perenne x Lolivet madvifloram, diploid.

times of the day during the months of April to
September. The moisture content of grass at
mowing varied from about 787 to 88%. Initial
moisture content varied with the time of mowing,
the grass species used, the stage of maturity
and the nitrogen and water application. For
young grass, the application of nitrogen, dew and
rain preceding cutting increases the moisture con-
tent at the time of cutting (Wilman & Owen,
1982).

Owen and Wilman (1983) found that diploid
hybrid ryegrass { Loliim perenne X Loliuny muiti-
Morunty had a low moisture content at cutting
compared with diploid perennial ryegrass (Lo-
livm perenne) when cut in the morning. Tetraploid
varieties had a higher moisture content at cutting
than the diploids (Owen and Wilman, 1983).
Figure 2 also shows this phenomenon when herb-
age was cut in the morning, but when cut in the
afternoon it appeared that the initial moisture
content of the tetraploid ryegrass was not higher
than that of the diploid. Table 3 shows the initial
moisture content of different varieties of ryegrass
when cut in the morning as compared with the
afternoon. The average moisture contents at cut-
ting in the morning and in the afternoon were
834+ 1-9% and 80-7 % 1-7% respectively.

Plots with a low herbage mass dried faster than
plots with a high herbage mass and diploid var-

Table 1. Initial moisture contenl (%) of different varieties of
ryegrass when cut in the morning or in the alternoon

Variety Morning cut Alternoon cut
Perennial diptoid 83-2+1.9 gl-1x17
Perennial tetraploid 84-3%+1-9 8110
Hybrid diploid g1-6%1-2 79326




Effect of weather on the drying rate of cut grass

Table 4. The moisture conlent (%) and the amount of waler (kgha™'); at the start and at the ead of the drying period, of perennial
ryegrass varieties ut two dilferent dry matter yields (kgha™")

Grass variety Date (198%)  Yield of dry Moisture content Amcent of water Waler loss
matier Stan End Starl End
Diploid 17 May 3000 820 643 13700 5400 8300
Diploid 2800 80-4 571 L 500 3700 7800
Diploid 5 July 4350 818 649 19500 8000 11500
Diploid 3740 80-6 594 15600 5500 10000
Tetraploid 12 June 3840 843 676 20600 8OO0 12600
Tetraploid 3590 845 663 15600 7100 12500
Diploidt 26 May 2660 832 658 13200 Stoo 8100
Tercaploid 2480 817 687 11100 5400 5600
Diploid 12 June 4310 845 60-4 23500 6O 16900
Tetraploid 3840 84 592 20600 5600 15000
Diploid 12 June 4310 84-5 67-3 23500 8500 14600
Tetraploid 1590 845 663 19600 100 12500
Diploid 12 July 3456 815 526 15200 3800 11400
Tetraploid 2706 83-5 54-2 13700 3200 10500
Tetraploid 22 April 2906 83-3 714 14 500 7200 7300
Diploidt 2200 81-0 649 9400 4100 5300
Tetraploid & May 3900 834 714 19 800 9800 10900
Diploid 2700 816 634 12000 4700 7300

+ Hyhbrid ryegrass was used.

ieties dried faster than the tetraploid varieties
(Table 4). Atso, the hybrid ryegrass dried faster
than the perennial ryegrass. Using different var-
ieties from our experiments Owen and Wilman
(1983) found the same relative ditferences. So,
within the same varieties, a low mass dries fuster
than a high mass. A low mass of a diploid variety
dries very fast when compared with a high mass of
a tetraploid variety, but the relative drying rates
of diploid and tetraploid varieties depended on
the difference in mass of the two varieties. Al
equal masses the diploid varieties lost more water
than the tetraploids, while the hybrid ryegrass lost
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Figure 3. The moisture content (m.c.) of grass tedded more than
once versus that tedded once (1990 data).

more than perennial ryegrass. Crops with a high
mass lost more water than those with a low mass,
but it could happen that the moisture content of
the high mass remained higher than that of the
low mass.

Swath treatments

In agreement with Spencer ef af. (1990}, the pre-
sent results suggest that tedding grass more than
once a day does not influence the drying raie.
Figure 3 compares the moisture content of the
plot that was tedded more than once a day with
the plot that was tedded only once. After the
initial tedding, the density of the spread swuth
became less, but it did not do so when tedding was
repeated within a few hours. The weather and
herbage mass {Table 5) were quite variable, so the
decision to ted once or more than once did not
depend on the weather or mass.

On the other hand, windrowing influenced the
final moisture content considerably. Figure 4
shows that grass in windrows had a higher mois-
ture content than that in spread swaths. Similar
results were obtained by Glasbey (1988) and La-
mond et of. {1988). The pathway 1o water loss
from within the windrow is considerably longer
than that within a spread swath.
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Table 5. The mean air temperalure T, dew point tempernture 7, wind speed and global radiation in the aflernoon (from 12.0010 17.00
hours inclusive) and the amount of fresh grass

Date T,1-5m Ty15m Wind speed 10m Gilobal radiation Mass of fresh grass
{1990) (°C} *C) (ms™') (Jem 2h7') {tha"")
3 May 23 6 6 290 1737
17 May 18 9 6 210 19-3
30 May 0 3 2 260 62
15 June 15 6 2 120 221
12 July 23 15 3 260 237

Grass temtperatures

During the day, especiaily when the sun is shining,
the temperature at the surface of the grass is
higher than the temperature within the swath.
The surface temperature rises or falls immediately
in response to global radiation and determines the
temperature within the swath. Figure 5 shows an
example of the change in temperature within the
swath in relation to variations in the global radi-
ation and the surface ternperature. The swath is
mainly heated (and cools down) in response to the
surface temperature. Grass with a high tempera-
ture dries Faster than that at a low temperature if
the other drying conditions remain the same.

Figure 6 shows the relationship between the
grass surface temperature and the temperature
within the swath during the day. The surface tem-
perature was nearly always higher than that
within the swath, except early in the morning,
when the surface temperature was low as a result
of negative net radation.

At a standard weather station, neither the sur-
face temperature of the grass nor the temperature
within the swath is measured. However, the air
temperature is measured at 1-5m height, and at
some weather stations the air temperature is also
measured at 0-1 m height. Figure 7 shows that the
temperature within the swath approached the

m.c. windrow {%)
-
~

-
o
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58 62 66 TO 74 78 82
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Figuse 4. The moisture content {m.c.) of grass in windrows
versus that in spread swaths,

tentperature at I-5m height (r =0-90) so the air
temperature at 1-5m height can be used in models
instead of the temperature within the grass.

Figure & shows the relation between the grass
surface temperature and the temperature at 01 m
height (r = 0-92). The influence of global radiation
on the grass surface temperature was greater than
that of the air temperature at 0-1 m height. At a
low temperature, early in the morning, the grass
surface temperature was lower than that of the
0-1m air tlemperature. The reverse occurred when
a high temperature was caused by high global
radiation in the afterncon.

The relationship between the grass surface tem-
perature and global radiation is shown in Figure
9. The correlation coefficient was only 0-62, be-
cause the grass surface temperature depends not
only on global radiation, but also on the wind
speed and moisture content of the grass. The best
linear fit was:

y=0-064 x + 10-4 (n

where x is the global radiation and y is the grass
surface temperature.

The difference between the actual grass surface
temperature and that calculated from equation
(1), was small when the wind speed was low and

Li1iibad

| |
8 9 ) TR 13 14
Time (h)

Figure 5. The course of the grass surface temperatire, the tem-
perature within the swath and the global radiation (9 May,
1990). O, grass surface \emperature; O, temperature within the
swath: A, global radiation.




Effect of weather on the drying rate of cul grass

[ T TR
o O

T 1

o

Grass surface temperature (°C)

-5 F IR I G NS TR I T I T N T T )
2 [ 10 14 18 22 26 30
Temperature within the swath (°C)

Figure 6. The prass surface temperature veesus the temperuture
within the swalh. The line represents equality.

the moisture content high. Figure 10 shows the
influence of wind speed and the moisture content
of the grass on the grass surface temperature. The
difference between the actual grass surface tem-
peratures and the grass surface temperature as
calculated by equation (1) using only the global
radiation at a given wind speed and moisture
content of the grass is plotted vertically (z-axis) in
Figure 10. The moisture content of the grass (%)
and the wind speed {(ms™') are given on the x-axis
and y-axis respectively. A high wind speed
reduces the grass surface temperature, while a low
moisture content increases the grass surface tem-
perature. Thus a high wind speed decreases the
drying rate. Thompson (1981) also noted the ad-
verse effect on the drying rate from an increasing
wind speed.

Conclusions

In general, the moisture content of grass at the
time of cutting was 3% higher when cut in the
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Figure 7. The iemperature within the swath versus the air tem-
perature at 1-5m. The line represents equality.
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Figure B. The grass surface temperature versus the air tempera-
ture at 0-1 m. The line represents equalily.

morning than when cut in the late afternoon.
Hybrid ryegrass had a lower initial moisture con-
tent at cutting compared with perennial ryegrass,
and diploid varieties dried faster than tetraploids
at the sume mass. Within the same varieties, a low
mass dried faster than a high mass. Tedding the
grass more than once a day did not influence the
drying rate.

The temperature within the swath approached
the air temperature at 1-5m and the air tempera-
ture at (-1 m was a good indicator of grass surface
temperature. The grass surface temperature was
greatly determined by and responded rapidly to
the global radiation, but it was influenced by the
wind speed and the moisture content of the grass.
A low moisture content of the grass increased the
grass surface temperature. A high wind speed had
an adverse effect on the drying rate of the grass.
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A simple prognostic model for the drying of grass
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1. Introduction

Several agricultural products can be harvested after a natural drying process has
reduced the moisture content. A low moisture content often determines the quality
of the product and contributes to the profit of the production, because through
natural drying the costs of artificial drying are reduced.

Farming claims a planning of work, where prognostic drying models are very
helpful. They forecast the moisture content of agricultural products some days
ahead. In literature several diagnostic models have been described (Agena et al,,
1968; Briick et al., 1969; Dyer et al., 1977; Hill, 1976; Hill et al., 1977; Rotz et al,,
1985; Thompson, 1981). With a weather forecast these drying models can be
combined to prognostic drying models. In the present paper one model will be
discussed (Agena et al., 1968). It is a simple model with only three standard
weather elements: air temperature, dew point temperature and precipitation. Despite
the limitation of only three weather elements, this model mostly yields realistic
results.

2. Methods
2.1. The mode!

The receptivity of the air for water vapour depends on the saturation deficit which
determines the field drying of cut grass. The base of the model is the sum of the
hourly values of the saturation deficit. Only during daytime from 7.00 UTC to
16.00 UTC the model calculates the dry matter content of grass. Dew formed
during the night is considered to be compensated by the drying of the grass early in
the evening from 16.00 UTC and in the morning before 7.00 UTC. When the daily
precipitation is more than 0.9 mm the dry matter content decreases by reducing the
saturation deficit. If the daily precipitation is more than 10 mm the excess of water
is considered to fall on the ground and so it does not decrease the dry matter
content further. In the latter case the model calculates as if the amount of water is
10 mm. The dry matter content of grass {D,} can be calculated hourly by:

D,=14.89+0.2338K (g,-6,-F) -2.526%107¢ (L(e,-e,-£))2 (1)
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Notation

D, Dry matter content of grass G
€, actual vapour pressure Pa
e, saturated vapour pressure Pa
f precipitation factor

2.2, Realived dry matier content

To compare the model results with the field drying of grass, samples ot cut grass
were taken. In the growing season of 1988, field conditions were observed at the
pilot farm of the Institute of Agricultural Engineering (IMAG) ar Duiven in The
Netherlands (51°57°N, 6°02°E). Here, plots of grass were as large as those on a
common farm, because the aim of this pilot farm was to test agricultural tools.
From May tw September, inclusive, during the drying process samples of drying
grass were taken in triple, every two hours: the first sample just after cutting and
the last one just before ensiling. Samples were weighed before they were dried in
an oven at 60°C for two days. After drying the samples of grass were weighed
again. Just before ensiling the total mass of grass was weighed on a platform scale.
So, the yield can be calculated. On the pilot farm a weather station was installed.

2.3. Pragnostic dry matter content

To calculate the forecast dry matter content of cul grass one or more days before
cutting, the model has been used, too. Now forecast weather elements (air tempera-
ture, dew point temperature and amount of precipitation) were needed. These
standard weather elements have to be forecast one or more days ahead.

3. Results

The diagnostic dry matter content calculated with realised weather elements, is not
exactly a copy of the realised dry matter content of the samples tuken in the field,
because the model uses only three weather elements. In figure 1 the diagnostic dry
matter content has been compared with the realised dry matter content. On the
average, the diagnostic dry matter content is higher than the realised ones. Wind
speed and the amount of grass are elements that are missing in the model. Also,
other weather elements or crop parameters may play 4 role in the obtained dry
matter content. The correlation coefficient und the slope of the regression line is
0.75 and 0.36, respectively.

14



SIMPLE MODEL FOR THE DRYING OF GRASS
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Figure 1: The linear regression line berween the dicgnostic dry matter content
calewlated by the model and the realised drv matter content in the field.

To exclude the difference of other weather clements than used in the model the
realised dry matter content of different plots of grass on the sume day has been
plotted during the day. The results are shown in ligure 2 together with the diagnos-
tic dry matter content {solid line) calculated by the model.

Four plots of grass were sampled. In two plots (1 and 3) the yield of dry matter
was high, 2600 and 2800 kg ha'', respectively. Morcover in these plots the dry
matter content was low: 33.3 and 31.7%, respectively. In the other two plots (4 and
2) the yield of dry matter was less with 1800 and 1900 kg ha'', respectively, but the
dry matter content wis higher in nearfy the same drying time (45.9 and 36.8%,
respectively). In plot | (high yield, low dry matter content) hybrid ryegrass (Lotium
perenne x L. multifforim) was used. The cutlook ol the grass of plot 1 wus coarse.
That is probably the reason that the yield was great. Plot 2 has the same cultivation
as plot I, but it was sown with perennial rycarass, only. Therefore the outlook was
fine and the yicld was less. The area of both plots was 2.7 ha.

In September 1987 plot 3 (1.0 ha) and plot 4 (1.3 ha) were sown with perennial
ryegrass. The first yield was gathered on ¢ May 1988, the day the samples were
taken. The yield was different, because plot 4 was sown one week later than plot 3.
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Figure 2: The course of the realised drv matier content of cut grass of four plots on
6 May 1988 at Duiven (The Netherlands). Also. the course of the diagnostic dry
matter content (solid line) during the duy is shown.
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The dry matter content of the plot with less yicld was distinetly higher than plot 3.
The grass cover was very thin so that the drying process was very fast. Notice that
plot 3 was cut late in the morning while plot 1 and 2 were cut early in the morning.
The diagnostic line started also early in the morning. It is likely to assume that if
plot 3 had a longer drying time, the dry matter content could have been higher, too.
Just as on other days, on this day the diagnostic dry matter content was less than
the realised ones.

In figure 3 again the realised dry matter content (measured in the field) exceeds
the diagnostic ones (calculated by the model). The aim of this figure is to show the
course of the prognostic dry matter content during the day. The prognostic dry
matter content one day before the grass was cut agreed better than that calculated
three days ahead.

On 27 June the forecast dew point temperature tor 30 June was 14°C. The
forecast maximum air temperature on that day was 19°C. The forecast dry matter
content calcutated by the model was 21.9% on 14.00 UTC if grass should be cut on
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Figure 3: The course of the prognostic dry matter content of grass which will be
cut on 30 June 1988 «at Duiven (The Netherlands). Also the realised dry matter
content (R} and the diagnostic dry matter content (D) are shown.

30 June 6.00 UTC. On 28 June the newly forecast dew point temperature for 30
June was 13°C, while the maximum air temperature was 20°C. The corresponding
dry matter content for 30 June at 14.00 UTC was 25.1% when the grass would be
cut at 6.00 UTC on 30 June. One day before cutting, the forecast dew point
temperature was the same as was forecast on 27 June, namely 14°C. On 30 June the
forecast maximum air temperature was 22°C., so that on 30 June 14.00 UTC the dry
matter content wis 27.5%. On 30 June earty in the morning the forecast of the dew
point temperature and the maximum air temperature were 15 and 23°C, respective-
ly. The corresponding dry muatter conlent increases to 29.3%. The real dew point
temperature on 30 June 1988 varied between 12.2 and 15.0°C. At 8.00 UTC the air
temperature was 20.4°C und the maximum air temperature reached 26.7°C between
13.00 and 14.00 UTC. At 14.00 UTC the diagnostic dry matier content was 35.4%,
while the realised dry mauer content was 38.4%. The calculations were based on
the fact grass was cut at 6.00 UTC in the morning.
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So, the prognostic dew point temperature was correct, but the air temperature
became higher day by day. Thus, the dry matter content of cut grass became higher
than forecast. When the dry matter content exceeds 35%, the grass is dry enough
for ensiling without additives. When grass is ensiled below 35%, dry matter
additives have to be used to reduce the number of bacterial spores. Additives
common used in The Netherlands are molasses that contains sugar, organic acids
such as formic acetic acid and salts.

Fortunately, in most instances the weather forecast doesnot deviate much from
realised weather. In figure 4 the prognostic dry maltter content three days ahead has
been plotted versus the diagnostic dry matter content. The prognostic dry matter
content is lower than the diagnostic ones. So, on most days the prognostic dry
matter content is below the actual dry matter content in the field. Only in one dot
the prognostic dry matter content exceeds the realised ones. The grass was cut one
day before ensiling. The night between cutiing and ensiling the precipitation was
1.0 mm, while the weather forecast was that the odds of precipitation were less than
10%. Consequently, the air temperature during the day of ensiling was below the
forecasted ones. The dew point temperature was higher than forecast,

40
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Figure 4: The resull of the scatter diagram between the prognostic dry matter
content three days ahead and the diagnostic dry matter content.
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The realised dry matter content, the diagnostic dry matter content and the mean
prognostic dry matter content are given in table 1. In one day different plots are
examined. On average realised dry matter content is higher than the diagnostic ones
and the diagnostic dry malter content is higher than the prognostic values.

Table 1. Values of the dry matter content of grass {%) at the
end of the day on different plots. The given prognostic dry
matter content is the mean value of the five forecast days
(68% confidence intervals).

Date Dry matter content
1988 Realised Diagnostic Prognostic
May 6 33.0 28.6 24.9+1.8
May 6 36.8 3.2 269221
May 6 317 314 27.24272
May 6 459 31.4 272422
June 3 24.1 304 27515
June 3 37.2 333 30.6x1.8
June 3 35.6 30.0 26.6x1.4
June 3 39.9 29.2 26.1+1.2
June 24 312 30.8 34.023.7
June 30 54.1 435 31.943.3
June 30 56.1 42.5 304433
June 30 52.3 35.4 26.0+3.2
June 30 384 354 26.043.2
September 21 29.1 34.1 51.3£1.3
September 21 40.7 33.6 50.7£1.3
September 21 334 293 47.0£1.4
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4. Conclusions

The realised dry matter content is often higher than the diagnostic ones. On the
other hand the diagnostic dry matter content is often higher than the prognostic
ones. Because the model has only a few parameters, the realised dry matter content
is sometimes different to the calculated ones. Of course, weather elements have to
be forecast exactly to get the correct dry matter content.
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A model for the drying of grass is presented which uses weather elements measured by
standard weather stations. The model is based on that of Briick and Van Elderen which is
transformed into the present predictive model and uses the air temperature and dew point
temperature, both at screen height, the wind speed at 10 m height, quantity of rain, the global
radiation and the cloud cover. The decrease and increase of free and absorbed water in the
grass is calculated. All weather elements are taken hourly, except the quantity of rain which is
taken every 6 h. The drying process of the model is described and results are presented for
two drying events. Favourable agreement was found between predicted and measured
moisture contents of the grass in the field. The error in the calculated moisture content of
grass at a stated time was at most 3% wb. Alternatively, the error in the time to reach a given
moisture content was at most 2 h,

1. Introduction

Good conservation of grass can be achieved only if the weather is suitable. A drying
model can calculate the moisture content of grass with time for given weather and yield
conditions.

Several authors™™ have developed polynomial relationships which describe the course
of the drying of grass by determining the accumulation of the saturation deficit of the air.
The model of Neuschulz & Baganz* also takes into account the wind speed and the
duration of the sunshine.

Some authors®” have developed regression equations which are based on the initial,
the final and the equilibrium moisture content. Other authors®"® have developed similiar
regression equations without the equilibrium moisture content.

Physical models™'® are based on the Penman—Monteith equation.™ The models of
Thompsen' and Smith ef al."® use some weather parameters which are not available at
standard weather stations. A predictive drying model must use weather elements
measured by standard weather stations. This would enable such a model to have more
universal application.

The model of Briick & Van Elderen"' is the most suitable for transformation into a
predictive model, because it is based on physical laws with hourly inputs of weather
elements. The original model has been modified considerably in order to make it suitable
for this use.

2. The drying process

After cutting, grass is placed in swaths, that is, homogeneous rows of grass with a
constant thickness. The width of the swath depends on the machine used. In the
Netherlands, the swaths are usually spread shortly after cutting, so the whole field is
covered, more or less evenly, with grass. Because the grass is cut off from the roots there
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A MODEL FOR THE DRYING OF GRASS

Notation
E  mass flux of water vapour, g total quantity of grass, kg m™*
kgm™2s~! g. quantity of absorbed water,
E. quantity of water condensed, kgm™?
kgm™2s7! ga quantity of dry matter, kg m ™2
E. quantity of water evaporated, ¢: quantity of free water, kgm™>

kgm™Zs

g. quantity of rain on grass, kg m~

2

E, quantity of water transpired, r, aerodynamic resistance of air,
kgm 257! sm™!

E, term for the evaporation of free r, crop resistance, sm™’
water, Jm™2s~ re crop resistance for absorbed

G soil heat flux, W m™2 water, sm™!

L, latent heat of evaporation, r, crop resistance for free water,
Jkg™! sm!

N cloud cover in octas, r. ratio from lower to upper layer
R, global radiation, W m™2 r, ratio from upper to lower layer
R, net radiation, W m™2 s slope of saturation humidity

T air temperature at 1-5m, K versus temperature curve,

W, quantity of water per unit time, PaK™!
kgm™2s7! u, velocity of air at height z above
X numerator of Egn (1), earth’s surface, ms™!
TkgK'm™3s™ z height above earth’s surface, m
cp specific heat of air at constant 2 roughness length, m
pressure, Jkg™' K™! « albedo, 0-23
¢; constant, 5-31 x A difference between two

102 Wm™2K™®

¢; constant, 60 W m™2
c; constant, 0-12

d zero plane displacement, m
€, actual vapour pressure, Pa

e, saturated vapour pressure, Pa
fe grass cover Subscripts
f. ratio of free water to total water 1 lower layer
k von Karman’s constant u upper layer

succeeding hours
psychrometric constant, Pa K™’
density of air, kg m™?
Stefan-Boltzmann constant,
56710 Wm™ K™

Q=

is no supply of water from beneath, so the process of drying can start. In the Netherlands
the net radiation supplies most of the energy for the evaporation of water.

The global radiation penetrates slightly into the depth of the swath, but the heating
effect declines with depth. A flow of heat is generated from the upper few centimetres of
the swath to the base. The consequence of this is that a layer of about 5c¢m depth dries
evenly. Beneath this layer no drying takes place. The dry upper layer grows during the
drying process. After some time, the speed of drying decreases in the upper layer and the
farmer then usually teds the grass."

Tedding causes the grass to be mixed thoroughly. Again a near homogenous swath
results witn a lower moisture content than immediately after mowing. Once more, two
layers are formed. Just how far the drying process is promoted by tedding in practice is
unknown. Some farmers ted a lot which produces high mechanical losses and increases .
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labour costs. Others ted once or twice a day. The important point is to get an even
product. However, if grass is to be chopped for ensiling, a strictly even product is not
needed.

The water in the grass is more or less bound to dry matter. When grass is moistened on
the outside by dew or rain, it is called free water, as is water in the stomatal cavities.™
The driving force for evaporation is the difference in the water vapour pressure between
the air just above the water surface and the free atmosphere.

Accordingly, if the water is strongly bound, the water vapour pressure just above the
surface declines. The evaporation becomes smaller until it reaches zero at the critical
relative air humidity. The water content obtained, called the equilibrium moisture
content, is dependent on the kind of material. Shepherd'® determined the critical air
humidity for perennial ryegrass with an equilibrium moisture content in the temperature
range of 10 to 30°C.

Besides the need for energy for evaporation, other resistances to drying exist: the water
vapour has to be removed, but there are barriers to this. One barrier is the epidermis of
the grass leaves. Some time after cutting, the stomata close." As the plant dies, the
cuticle lets through water vapour easily, but this takes some time. The resistance of the
grass can be decreased by conditioning with machines which abrade the grass.

3. The model
3.1. Model description

Just after cutting the grass is almost even. The expected net radiation serves as the
energy source by which the temperature of the cut grass is increased until it is the same as
the air temperature at 1.5m height. In practice, the outgoing longwave radiation is
greater than that calculated, as a result of which there is less energy for evaporation.
However, measurements show that the overestimation is within the small range expected.

The resistance to evaporation of water vapour is represented as a crop resistance. In
this model there are two crop resistances: the crop resistance for free water and the crop
resistance for absorbed water. Absorbed water has a much greater resistance than free
water. When the moisture content declines, the bond forces increase and the crop
resistance for absorbed water increases, too.

The resistance to evaporation of free water with respect to the moisture content is
constant except in the case of high moisture contents, when the crop resistance decreases
as the moisture content increases.

3.2. Evaporation and condensation

Grass dries through evaporation of free and absorbed water. On the other hand,
condensation and rain increase the moisture content of the grass. Water evaporates and
condenses, according to Monteith,™ as given by:

aCples— e,
s(R,~ G) + Pacple; — €a)

LE= —= §)
s+ y(l + —°)

The soil heat flux, G, is assumed™ to be on average one tenth of the net radiation, R,.
Standard weather stations usually do not measure the net radiation. Therefore, it has to
be calculated using weather parameters which are measured. The net radiation can be
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calculated™ using the equation:
R = (1 - a)Rg+ C[T6-" 0'T4+ CzN

n 2
1+ C3 ( )
The aerodynamic resistance of the air, r,, is calculated™ using the equation:
—dnz?
( In _(z o ) )
TR, ®

The zero plane displacement, d =0-63 A (h =height of cut grass) and the roughness
length, z, = 0-13 h (Ref. 15). The zero plane displacement is datum height in a crop above
which normal turbulent exchange takes place. The height of the cut grass is on average
0-20 m.

The decrease of free water through evaporation can be calculated from Eqn (1) using
the crop resistance for free water, r.,, in place of r.. If L E is positive then any free water
present evaporates.

The increase of free water through condensation is calculated by Egn (1), in which the
crop resistance, r, is zero. Negative vaiues of L,E imply condensation.

3.3. Free and absorbed water

The crop resistance for free water plays a role after condensation (dew) or rain. On the
other hand, the crop resistance for absorbed water becomes important during transpira-
tion. Both resistances are dependent on the total quantity of grass and the moisture
content of the grass in the upper layer.

Free water on the grass has resistance during transport between the particles of cut
grass. Absorbed water within the grass has resistance as a result of transport through the
stomata, the cuticle or the cracks and between the particies of the grass. Absorbed water
has a long and sometimes difficult path. Therefore the resistance is large.

Values of the crop resistance were obtained from experiments in the field. The samples
were taken at the pilot farm of the Institute of Agricultural Engineering (IMAG) at
Duiven in thé Netherlands (51°57' N and 6° 02’ E). The moisture content of the grass was
determined hourly and the yield is known. The crop resistance, r., can be calculated from
Egn (1) using the experimental value for E. Tables 1 and 2 show some of the values
obtained. In the model, intermediate values are obtained by interpolation.

As the amount of absorbed water declines during transpiration, the evaporation of free

Table 1
Values of the crop resistance of free water (sm™") dependent on the total
quantity of grass (kg m™*) and the moisture content of ihe grass in the wpper

layer (%).

Moisture Total quantity of grass, kgm™2

content,
% 1-00 1-25 1-50 1-75 200 2:25 2-50
60 480 420 360 300 230 170 110
70 270 240 200 170 130 100 63
80 130 i10 95 80 60 45 30
90 40 35 k1) 25 20 15 10
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Table 2
Values of the crop resistance of absorbed water (sm~') dependent on the
total quantity of grass (kg m—?) and the moisture content of the grass in the

upper layer (%)

Moisture Total quantity of grass, kg m™*

content,
% 1:00 125 1:50 1.75 2:00 225 2:50
20 12,400 10,800 9240 7650 6,070 4480 28%0
30 5110 4,460 3,800 3,150 2,500 1,820 1,190
40 2,480 2,160 1850 1,530 1,210 900 580
50 1,610 1,400 1,200 990 790 580 370
60 880 760 650 540 430 320 200
70 440 380 330 270 210 160 100
80 190 170 140 120 95 70 45
9% 60 50 45 35 30 20 15

water has to be taken into account. The amount of transpiration is calculated™ by:

Fer
LE =ng — (s + y(l +?'_a) E,,) @
S+ y(l +@)

L

The term for evaporation, E,, takes into account the quantity of free water which is
present and the evaporation of free water. If there is more free water present than water
which evaporates in 1 h then: E, =f,L,E, in which f, is the ratio between the quantity of
free water and the total quantity of water. In this case the crop resistance, 7., in Eqn (1) is
the crop resistance of free water, r,. If less free water is present than water which
evaporates in 1 h the term of evaporation' is £, = 10°L,W,, in which W, is the quantity of
water per unit time (kg m~%™").

3.4. Moisture in the grass

The water content of grass changes as a result of precipitation, condensation,
evaporation and transpiration. In the model grass is divided into an upper layer, ¢, and 2
lower layer, g,. Both layers consist of dry matter, ¢4, absorbed water, q,, and free water,
¢r. The line between the upper and lower layer descends at drying and rises at rewetting.
The mass of the upper layer, q,, is constant."”

4.= G+ qu (5)

Condensation, evaporation and transpiration take place only in the upper layer.
Precipitation affects both upper and lower layers. In order to have a constant total mass
of the upper layer, the boundary between the upper and lower layer rises or descends. At
a low moisture content the upper tayer is thicker than at a high moisture content.

Our experiments, carried out in 1988, 1989 and 1990, show that, on average, the
moisture content of dry uncut grass is 79%. All the moisture is absorbed. At a higher
moisture content the grass is more or less externally wet. Also in this case, free water is
present. The maximum moisture content is 88%. Any added moisture simply runs off.
Both the maximum quantity of absorbed water and that of free water are 3-75 times the
quantity of dry matter.
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When drying, the calculated evaporation is subtracted from the quantity of free water
and the caiculated transpiration is subtracted from the quantity of absorbed water. The
amount of dry matter, absorbed water and free water transferred from the lower to the
upper layer is given by the ratio," r,,, where g, is the sum of the dry matter, absorbed
water and free water in the lower layer.

3600(E. + E
=200 B ©)
el
When grass becomes wet through condensation, the quantity of free water in the upper
layer'? increases with:

Aque=3600E, (7}

A small part of free water is absorbed with the specific moisture flow of absorbed water of
0-04 kg h™* kg™~' dry matter,? until the maximum quantity of absorbed water is reached.

Precipitation which falls besides the swath, is lost into the soil, directly. During
preciptation the quantities of absorbed and free water first increase in the upper layer.
Water lost from the upper layer increases the absorbed and free water in the lower layer.
The remaining water drains into the soil. If the maximum moisture content is not reached
in both layers the increase of absorbed and free water® is:

Aq,=0-04q, (ifqa=gq,) (8a)
Aqe=096g, (ifga=gq,) (8b)
Aq,=0-04g, (ifga<gq,) (8¢c)
Aq=096ay (ifga<gq,) (8d)

The line between the upper and lower layer rises, so dry matter and water are transferred
from the upper to the lower layer by the ratio:

— Aqua + Aquf

L 2

C)

3.5. Influence of machines used

Immediately after cutting, 30 to 80% of the areas is covered with grass. So the decrease

and increase of water is not at the top, because all the whole area is not all covered with
grass.
At tedding, the upper layer and the lower layer completely mix and the whele cut area
i5 covered with grass. Once more absorbed water, free water and dry matter is divided in
the upper layer as well as in the lower layer. After tedding, the absorbed water, free
water and dry matter can be calculated by:

AQua = (qul + qla) % —qua (IOa)
Aqu=(qu+qu) %5 = qur {10b)
A‘Iud':(‘Iud"“Im)%—qud (10c)

Windrowing the grass looks like tedding but after windrowing only 20 to 40% of the area
is covered with grass, depending on the machine used.
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4. Results

In the figures the universal time (UT) is used, because the model uses weather elements
given in UT. In the Netherlands the local time is 2 h later than the universal time at
summertime.

Figs 1to 11 show the results of the model by means of a few examples. In the first
example grass was cut on an afternoon in July after which two dry and sunny days
followed. In the second example, grass was cut on an afternoon in May. In the evening
the precipitation was 3-8 mm and the next day it was dry but cloudy.

Fig 1 shows the course of the weather elements for the first example. In the afterncon
the air humidity was about 530%. The clouds were Cumulus, but sparse. In the afterncon
the wind was predominant north westerly at about 4 ms™"

In the first example 25 t ha™' of fresh grass with an initial moisture content of 79% was
cut. Fig. 2 shows the amount of absorbed water, free water and dry matter in the upper
layer. Each hour the sum of these three elements is constant at 5-25 tha™!

During the afternoon after cutting (which was immediately followed by tedding) and in
the early evening there was no free water, because the fresh cut grass was dry. The
absorbed water decrcased rapidly as a result of transpiration. In the early evening
transpiration is reduced. In fact, the decrease in the quantity of absorbed water was
prevented by the transport of absorbed water from the lower layer to the upper layer.
However, the transpiration wins easily. During this period the quantity of dry matter
increased quickly at first thereafter slowly, because the upper layer became thicker.

30
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Fig. 1. Course of the weather elemenis (July 11-13, 1990) 0, air temperature in°C (at 1- 5m), s
dew point temperature °C (at 1-5m); >, quantity of rain in mm h™'; A, wind speed in m s~ (at
10m); X, cloud cover in octas; V, global radiation in 107 em™')
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Fig. 2. The amount of absorbed water, free water and dry matter in the upper layer (July 11-13,
1990). O, absorbed water; +, free water; {, dry matter

Later in the evening and during the night both the quantity of absorbed water and the
quantity of dry matter decreased, because the upper layer became thinner. Although free
water was transported to the lower layer, the increase through condensation was greater
with the consequence that the quantity of free water in the upper layer also increased.

Next morning free water decreased through evaporation. The quantity of dry matter
increased, because the upper layer became thicker. The amount of absorbed water
decreased through transpiration, but increased as the upper layer grew in thickness. The
last process prevailed, through which the amount of absorbed water increased.

At 1100 hrs the grass was tedded for the second and last time, by which means
absorbed water was transported from the lower layer to the upper layer. The upper layer
became thinner and the quantity of dry matter in the upper layer decreased for a while.
The amount of absorbed water decreased and the quantity of dry matter increased. Only
125kgha™" of free water is present. All free water in the upper layer evaporated but,
because the upper layer became thicker, free water from the lower layer was transported
to the upper layer. This process did not take place in the afternoon, at cutting, because
free water was also absent in the lower layer.

During the second evening and the day after the redistribution of free water, absorbed
water and dry matter were similiar to that of the first evening and the next day. On the
last day the grass was not tedded.

Fig. 3 shows the amount of absorbed water, free water and dry matter in the lower
layer. From cutting and until 19Q0 hrs in the evening, the quantity of absorbed water and
dry matter decreased, because the lower layer became thinner. As in the upper layer, the
lower layer had no free water.
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Fig. 3. The amount of absorbed water, free water and dry matter in the Iower layer (July 11-13,
1990). O, absorbed water; +, free water; <, dry matter

Later in the evening and during the night absorbed water, free water and dry matter
from the upper layer were transported to the lower layer and because of this the lower
layer became thicker.

A change in the amount of the lower layer free water, absorbed water and dry matter
became smaller, or all three components became greater in the case when free water was
present. Tedding is an exception. At 1100 hrs on the first morning free water and dry
matter were transported from the upper layer to the lower layer by tedding. On the other
hand, absorbed water was transported from the lower layer to the upper layer. In general,
the direction of the transport due to tedding is dependent on the situation.

Fig. 4 shows the increase and decrease of the amount of water. At night the
transpiration was zero. One hour after tedding the transpiration was high. The high level
of condensation in the first night at 0100 hrs was the resuit of a temporary increase in
wind speed and air temperature. :

Fig. 5 shows the moisture content of the upper layer, the lower layer and the total
layer. The upper layer had a daily changing moisture content. Tedding caused the
moisture content in all layers to become the same. In the daytime the moisture content of
the lower layer is constant. During the night the lower layer became thicker, because a
part of the dry matter and water in the upper layer was transported to the lower layer.
Through this, the moisture content of the lower layer decreased.

The second example shows the influence of precipitation. The weather elements are
shown in Fig. 6. In the afternoon the air humidity was about 70%. A lot of clouds were
present, mainly stratocumulus. , ‘

In this case 25 tha™" of fresh grass with an initial moisture content of 80-3% was cut.
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Fig 7 shows the amount of absorbed water, free water and dry matter in the upper layer.
During the early first hours free water was present, because at cutting the grass was wet
externally. A precipitation of 3-8 mm caused a rapid increase of free water until the level
of maximum capacity of free water was reached. The superfluous water was transported
to the lower layer and the soil. The absorbed water increased during precipitation,
because the maximum capacity for absorption of water was not reached. The next day,
the grass was tedded twice, namely at 0900 hrs and at 1300 hrs. In Fig. 7, downward
peaks in the amount of dry matter indicated tedding.

Fig. 8 shows the amount of absorbed water, free water and dry matter in the lower
layer. Precipitation caused an initial rapid increase of free water in the evening. At
2300 hrs both the upper layer and the lower layer reached maximum capacity for free
water. Water was absorbed only. The superfluous water was transported into the soil. In
Fig. 8 upward peaks in the amount of dry matter indicate tedding at 0500 and 1300 hrs.

Fig. 9 shows the amount of the increased quantity of water during rain. Only a small
part is absorbed water and the greater part is free water. Until midnight, the quantity of
free water increased every hour, because the upper layer became thinner. From midnight
the upper layer was saturated with free water. The lower layer can contain more free
water than the upper layer, because the lower layer is thicker. At 2200 hrs the lower layer
again became thicker, through which both free water and absorbed water increased. At
2300 hrs only a part of the free water could adhere to the lower layer, but at midnight the
maximum capacity for free water was reached. On the other hand during the whole night,
absorbed water increased both in the upper layer and in the lower layer. The rate of
increase of water in the upper layer decreased slowly with time, because the upper layer
became thinner. On the other hand the rate of increase of absorbed water in the lower
layer increased slowly with time, because the lower layer became thicker.
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Fig. 8. The amount of absorbed water, free water and dry matter in the lower layer (May 8-9, 1990).
O, absorbed water; +, free water; >, dry matter
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Fig. 9. The amount of increased quantity of water during rain (May 8-9, 1990). O, increased
absorbed water in the upper layer; +, increased free water in the upper layer; ¢, increased absorbed
water in the lower layer; A\, increased free water in the lower layer
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Fig. 10. Transport of water through the layers during rain (May 8-9, 1990). +, transport of water
into the upper alyer; O, transport of water into the lower layer; V, water lost into the soil
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Fig. 11. Moisture content of the upper layer, the lower layer and the total layer (May 8-9, 1990). +,
upper layer; X, lower layer; O, total layer

Fig. 10 shows the transport of water through the layers during rain. Each hour
6-3 tha™' of water falls upon the upper layer. For the first few hours, 3-3 t water ha™! was
lost into the soil. After saturation this quantity became greater, namely 6-1t water ha™'
h~!. The other water was taken up by the upper layer and the lower layer. Every hour the
upper layer took up less water than it did the hour before. Also after saturation with free
water the lower layer can take up to 150 kg water ha~' h™!, while the upper layer can take
only S0kgha™'h™".

Fig. 11 shows the moisture content in the upper layer, the lower layer and the total
layer, similar to that in Fig. 5.

5. Discussion

The two examples given show the results of the model. In Figs. 12 and 13 the results of
the model are compared with the moisture content of the grass in the field in two different
years. In Fig. 12, 14tha™" of fresh grass was cut in May 1989. It was sunny with a
maximum temperature of about 22°C. The dew point temperature at midday was about
6°C. In contrast, Fig. 13 shows 24 t ha™' of fresh grass was cut in June 1990. It was cloudy
but dry weather. The maximum temperature and dew point temperature were about 15
and 7°C.

The 95% confidence intervals of the moisture content of the grass in the field are given
with vertical bars. The error in the calculated moisture content of grass at a stated time is
at most 3% wb or alternatively, the error in the time a stated moisture content is reached
is at most 2 h. '
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Fig. 12. Moisture content of cut grass. The model compared with experimenis in the field. Vertical
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6. Conclusions

The input of this model requires only weather elements that are usually forecast by
meteorologists. Because the model uses hourly imputs, the time the moisture content of
grass is low enough for ensiling can be determined. It is possible to make a prediction of
the moisture content of the grass a few days ahead. The results of the model agree
favourably with measured moisture contents of the grass in the field.
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Abstract

The moisture content of cut grass is forecast by a grass drying model using
forecast standard weather elements as input. The standard weather elements used in
the model are the air temperature, dew point temperature, wind speed, amount of
precipitation, global radiation and cloud cover. In May, during four years 1989 to
1992 inclusive, a five-day weather forecast is made every day. The forecasts were
compared with realised weather that occurred during May, over these four years.
Every successive day, starting with the following day, the moisture content of grass,
cut at 08.00 h, is forecast over the course of the day. On dry days, the model teds
the grass once a day. Forecasting the moisture content one day ahead (the following
day) gives a more reliable prediction than more days ahead. The quality of the
forecast of the moisture content of grass depends heavily on the quality of the
forecast of precipitation, air temperature and global radiation. Errors in the forecast
of dew point temperature and wind speed play a more minor role.

1. Introduction

Forage conservation is a weather dependent operation, Up 1o now the short-
comings of weather forecasts have been a major handicap to planning the timing of
cutting grass. Adverse weather during the field period of ensiling of grass causes
substantial losses in the palatability and yield. A successful drying process reduces
the moisture content of cut grass to 70% at most. Only then can good conservation
of grass be achieved.

A previous paper' determined the response of the drying of grass to the weather
elements. The grass surface temperature was greatly affected by global radiation.
The temperature within the grass swath approached the standard air temperature.




Another paper’ describes a model which calculates the course of the moisture
content of cut grass with realtime weather data. This model shows a good fit with
measured moisture contents. The weather elements used are: air temperature and
dew point temperature, both at screen height, wind speed at 10 m height, amount of
precipitation, global radiation and cloud cover. All weather elements are taken
hourly, except precipitation which is taken every & h, During drying the moisture
content of grass can be calculated using the formula of Penman-Monteith®. The net
radiation can be calculated using global radiation, air temperature (at 1.5 m height)
and cloud cover®.

The present paper compares the moisture content of the grass calculated by the
drying model using forecast weather elements against moisture contents calculated
by the grass drying model using realised weather data. The forecast weather
clements are standard weather elements which are forecast hourly up to five days
ahead. The forecasts were made in May, during the four years 1989 to 1992
inclusive, because much grass is ensiled in this month. In May, grass grows quickly
(130 kg ha! d"' dry matter), because the leaves are young and are wellsupplied with
water and nutrients, The temperature and global radiation are also favourable for
growths. A series of weather forecasts, made at different times ahead, are used, so
that appropriate data can be fed into the grass drying model. This gives a series of
forecasts of the moisture content of grass. The further ahead that the weather is
forecast, than the less reliable will these forecasts be.

2, Model input

In the grass drying model, several factors influence the moisture content of cut
grass. Forecast weather as well as the time and place are important. In this paper,
the moisture content of cut grass is determined during one day hourly from 08.00 h
till 20.00 h (local time) at Deelen (52°04°N, 5°53°E), Besides weather parameters,
crop parameters play a role. To start the drying process, the initial moisture content
of grass is put into the model. The moisture content of grass at mowing time varied
from about 78% to 88% and depended on the time of mowing, the grass specics
used, the stage of maturity and the nitrogen and water application®. In this paper the
initial moisture content is set at 83.4%. This was the mean value for grass cut at
08.00 h in the morning'. Immediately after cutting, 30% to 80% of the area is
covered with grass, depending on the cutting machine used. After tedding, the
whole cut area is supposed to be covered with grass. Grass is tedded only when the
weather is dry. Table 1 shows the values of the crop parameters used in this paper.

The moisture content of cut grass can be forecast hourly up to five days ahead.
Grass can be cut on the current day, the next day or later with a maximum of five
days ahead. A similar calculation is also possible when grass is already cut e.g. on
the previous day or earlier. In this case realised weather elements are used with the
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Table 1. Values of the crop parameters used in this paper.

Amount of dry matter (kg ha') 3220
Initial moisture content (%) 83.4
Part covered by grass on cutting 0.31
Cutting time (local time h) 7
Tedding time (local time h) 10

possibility of also using forecast weather elements. Every successive day, starting
with the next day, the moisture content of grass is forecast during one day. With a
five-day weather forecast, five forecasts of the grass moisture contents ar¢ made.

Table 2 shows an example of the six forecasts made on six successive days,
namely May 4 up to May 9 inclusive. In the forecasts of the grass moisture content,
made on May 4, grass may be cut the next day (May 5}, the day following the next
day (May 6), and so on {(May 7, May 8, May 9). In the same way in the forecasts
of the grass moisture content, made on May 5, grass may be cut the next day (May
6), the day following the next day (May 7), and so on (May 8, May 9, May 10).
For the realised days May 6, May 7 and May 8, forecasts of the grass moisture
contents are made in the same way. In this example, on May 4 to May 8 inclusive,
forecasts of the moisture content of grass which is cut at May 9, are made (namely
5, 4, 3, 2 and 1 day(s) ahead). Also, the moisture content of grass which is cut on
May 9 is calculated using realised weather.

The grass moisture contents calculated with forecast weather are compared with
those calculated with realised weather and the differences are examined. The
weather elements responsible for the deviations in the moisture contents are
identified and discussed.

Table 2. An example of weather forecasts.

Number of Weather forecast made on given date
days ahead
Past May 4 May 5 May 6 May 7 May 8 May 9
1 May 5 May 6 May 7 May & May 9 May 10
2 May 6 May 7 May 8 May 9 May 10 May 11
3 May 7 May 8 May 9 May 10 May 1l May12
4 May 8 May 9 May 10 May 1l May 12 May 13
5 May 9 May 10 May 1l May 12 May 13 May 14
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3. Results and discussion

The hourly moisture contents calculated using forecast weather elements are sub-
tracted from the corresponding moisture contents calculated using realised weather
elements. The daily mean deviations in moisture contents are calculated and taken
to be positive when the grasss is wetter than forecast and negative when the grass is
dryer than forecast. Table 3a shows an example of moisture contents using forecast
and realised weather respectively for grass cut on May 9, 1990, Table 3b shows the
difference between moisture content for realised and forecast weather for grass cut
on May 9, 1990. The daily mean deviations in the grass moisture content in this
example are 5 out of 620 data. Table 3¢ shows the forecast weather elements and
realised weather elements for May 9, 1990.

The data are put in a two-way table with the drying days and the time lag
between the forecast drying days and the realised drying day. A drying day is a day
on which grass is cut and dries during that day. Here time lag means the difference
between forecast values and realised values which refer to the same day. The

Table 3a. Moisture contents (%) calculated from forecast weather and realised
weather for grass cut on May 9, 1990,

Time Weather forecast for May 9 made on given date Realised
on May 9

h May 4 May 5 May 6 May 7 May 8 May 9
(ds) (d,) (dy) (dy) (dy) (do)
8 83.5 83.0 82.9 83.2 83.2 83.3
9 83.4 82.5 823 82.9 82.9 831
10 83.3 81.8 81.5 82.4 82.4 827
11 83.0 81.2 80.9 79.8 79.4 79.9
12 82.6 80.5 80.2 77.3 76.4 78.0
13 82.2 79.8 79.4 75.1 73.6 76.9
14 81.8 79.1 78.6 73.2 71.0 759
15 81.5 78.5 77.9 71.1 721 753
16 81.2 77.8 77.2 68.8 70.2 74.7
17 80.9 774 76.7 67.0 69.8 734
18 80.6 77.0 76.3 65.9 68.5 721
19 80.4 76.8 76.0 65.3 69.8 71.6
20 80.3 76.7 75.9 65.1 71.0 71.3
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Table 3b. Difference between moisture content (%) based on realised and forecast
weather respectively for grass cut on May 9, 1990,

Time on Difference in moisture contents *
May 9 d, - dg d, - d d, - ds dy - d, dy - d,
8 -0.2 03 0.4 0.1 0.1
9 -0.4 0.6 0.8 - 02 02
10 -0.6 0.9 1.2 0.3 0.3
11 -3.1 -13 -1.0 0.1 0.5
12 -4.6 2.5 2.2 0.7 1.6
13 -53 -2.9 -2.5 i.8 33
14 -5.9 32 =29 27 4.9
15 -6.2 -32 -2.6 4.2 32
16 -6.5 -3.1 -2.5 5.9 4.5
17 -71.5 -4.0 -33 6.4 3.6
18 -8.5 -4.9 -4.2 6.2 36
19 -8.8 -5.2 -4.4 6.3 1.8
20 -9.0 -5.4 -4.6 6.2 0.3
Mean -5.1 -2.6 -2.1 32 2.1

Y positive, the grass is wetter than calculated from forecast weather,

Friedman two-way analysis of variance by ranks® was used to test the dependence
of the error of forecasting the moisture content of grass on the time lag of the
weather forecast. This test reveals significant differences in relation to the time lag.
Next, a t-test was used to test differences between pairs of time lags. Table 4, based
on analysis of variance and t-tests for differences between pairs of time lag, mainly
shows that forecasting the moisture content of grass one day ahead (day 1) provides
a more reliable prediction than more days ahcad. The quality of the forecast
decreases with increasing time lag. The deviations with sign show that, on average,
cut grass may be equally dryer or wetier than forecast ones.

A deviation in forecasting the moisture content of cut grass is caused by inexact
forecasting of one of more weather elements that influence the drying of grass. The
effect of an error in forecasting one weather element has to be considered in
relation to all other weather elements that influence drying of grass. For example,
an error in the forecast of global radiation can influence air temperature. Precipita-
tion can decrease air temperature.
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Tabel 3c. Standard weather elements which are forecast for May 9, 1990 and
realised values on May 9, 1990. The values relate to the time from 8 to 20 h,
inclusive. T, = maximum air temperature; T, = dew point temperature;
RRR = precipitation; u = mean wind speed; R, = total global radiation.

Weather Weather forecast for May 9 Realised

elements made on given date weather
May4 May5 May6 May7 May8 May?9
(ds) (d.) (dy) (d;) (dy) (dy)

T,(°C)  17.8 17.6 18.1 18.6 22.6 20.7
T, (°C) 8.1 73 75 6.9 10.7 12.5

RRR (mm)} 2.2 0 0 0 1.0 0
umsh 45 3.8 3.8 43 32 6.3

R, J em?) 1670 16948 1938 2337 2226 1646

Precipitation has by far the largest influence on the moisture content of cut grass
compared with other weather elements. On dry days the mean moisture content of
grass at 20.00 h is 67.1 £ 5.9%. On days with precipitation the mean moisture
content of grass at 20.00 h is high. Fig. 1 shows the influence of the amount of pre-
cipitation during daytime on the moisture content of cut grass. If the amount of
precipitation is less than 2 mm some drying occurs on newly cut grass owing to the
other weather elements. If the amount of precipitation is more than 3 mm the
moisture content of grass increases. The other weather elements cannot compensate
for the precipitation. This figure also shows that precipitation does not greatly
increase the moisture content of newly cut grass, because the moisture content is
already high. Further precipitation does not have much additional effect, because the
moisture content is already near to the maximum?®. The spread in moisture content
arising from a fixed quantity of precipitation is caunsed by the effect of other
weather elements.

Table 4. Mean absolute deviation in forecasting the moisture content of cut grass
with respect to the time lag of the five-day weather forecast (n = 620). The Least
Significant Difference is 0.44.

Days ahead
5 4 3 2 i
Deviation 2.36 299 2.74 2.16 1.69
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Fig 1. The influence of the amount of precipitation between 08.00 k and 2000 h on
the moisture content of cut grass at 20.00 h, Grasy is assumed cut at 08.00 h with a
moisture content of 83 4% (n = 92),

Thus, it is important to know whether precipitation occurs. Table 5 shows the
relation between weather forecast and realised weather with respect to precipitation,
The number of days on which the forecast and realised weather are in agreement,
are indicated. It dry weather is forecast the probability is 097 (448/461) that
realised weather 15 dry. However if precipitation is forecast the probability is only
0.46 (74/159) that realised weather contains precipitation. In 70 out of 74 forecasts
with precipitation the amount of precipitation is maore than that forecast (0.95).

A forecast with precipitation, results in more precipitation than that forecast or it
remains dry. If realised weather was dry at the time when precipitation was forecast
the farmer would have had more options available {e.g. to cut, to ted). It is a rare
occurrence that precipitation is forecast and it remains dry (0.14 = 85/620). In most
instances, the precipitation forecast (dry or not dry) is correct (0.84= (448+74)/620).
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Table 5. Relation between the weather forecust and realised weather with respect

to precipitation, expressed in number of days (n = 620).

Reulised
Dry Wet Total
Forecast Dry 448 13 461
Wet 85 74 159
Tortal 533 &7 620

Probability of precipitation

Fig 2. Two curves with a normal distribution of the probability of precipiiation for
May in the Netherlands. In the lefi-hand curve precipitation is forecast, but it
remadny dey. In the right-hand curve as well as forecast weather and realised

weather containy precipitation (2 0.3 mm).
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If precipitation is forecast the probability of precipitation is also important. In Fig.
2 two curves with a normal distribution show the probability of precipitation for
May; so the area under the curve represents unity. In the left-hand curve precipita-
tion is forecast, but it remains dry. Here the probability of precipitation is 28+10%.
In the right-hand curve as well as forecast weather and realised weather contains
precipitation (= 0.3 mm). In this curve the probability of precipitation is 36+14%. If
the probability of precipitation is less than 13% (left tail of the right-hand curve)
realised weather is dry (95% confidence). If the probability of precipitation is more
than 45% (right tail of the left-hand curve) precipitation occurs (95% confidence). It
is the choice of the farmer to take his decision in relation to the probability of pre-
cipitation.

On dry days the daily mean deviations are grouped (as in the example of Table
3b). In Table 6 data are included only, if the absolute difference between the
forecast moisture content and realised moisture content is less than four. If the
absolute deviation is more than four, the number of observations are too small for a
useful discussion. Within a group the daily mean deviations of the weather elements
are calculated in the same way as the calculations of the moisture content in Tables
3a and 3b. So Table 6 shows the daily mean deviations in moisture content of cut
grass and the corresponding deviations in weather elements on dry days. The
rcalised moisture content of grass is as likely to be dryer as wetter than forecast.
On average, dew point temperature and wind speed do not have an effect on the

Table 6. Daily mean deviations of the moisture content of grass (mc) on dry days
in relation to the deviations in the weather elements (08% confidence intervals).

Moisture  Number of Air tem-  Dew point Wind Global
content observa- perature  temperature  speed radiation
% w.b, tions °C °C ms " Jem?h!

-d<meg-3 13 37422 0.5+1.3 -1.945.0 2125

-3<mes-2 27 3.6+1.8 -0.2+1.8 -0.7£2.6 -3+25

-2<me=-1 67 1.9+1.5 -0.6+1.8 0.0+2.3 -4+30

-l<me=<0 82 1.3x1.4 0127 0.2£2.3 -4£26

O<me<l 76 0.2£1.5 -0.1+2.3 0.3£2.6 -20+30
l<me<2 50 -0.3£1.2 0.5£2.1 1.3£2.9 -38+44

2<me<3 31 -1.241.8 0.8£2.0 0.543.2 -48+34

3<mesd 16 -1.3+1.5 0.0£1.8 2.843.1 -57+43
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deviations in moisture content of cut grass. If the hourly values of the standard air
temperature are averaged between 2 and 6 °C more than the forecast ones, the daily
mean moisture content of cut grass decreases more than 3%. If the hourly global
radiation, averaged over the day, is between 10 and 100 J cm?® h' less than the
forecast value the daily mean moisture content of cut grass increases more than 3%.
Both weather elements are considered under Dutch weather circumstances.

The deviation of a weather element has to be related to the value of the weather
element concerned. Table 7 shows some dry days with a moisture content of about
67% at 20.00 h in relation to standard weather clements. In general, low air
humidity is related with low moisture content of grass at 20.00 h. This is in
agreement with Atzema' and Thompson’ that a high wind speed reduces the speed
of drying. Two examples are given. First, out of four days with about the same air
humidity the total global radiation is greatest by far on May 27, 1989. However on
that day the moisture content of the grass is not the lowest, because of a high mean
wind speed. Secondly, on May 17, 1992 and May 19, 1991 the moisture content of
the grass at 20.00 h is almost the same in spite of a high air humidity and a low
total global radiation on May 19, 1991. On these days the wind speed is quite
different.

So far, only the daily mean deviations in moisture content have been discussed.
Naturally, the course of the moisture content of cut grass during the drying day is
dependent on the courses of the weather elements. During the drying day, the time
courses of the moisture contents which are forecast on different days can follow a
different path. They can diverge more and more; the difference between the forecast
moisture contents can stay constant during (a part of) the day; also the forecast
moisture contents can come close to each other at the end of the day.

Table 7. Some dry days with a moisture content of grass (mc) of about 67% at
20.00 h in relation to standard weather elements. T, = maximum air temperature;
T, = dew point temperature; rh = relative air humidity; v = wind speed;

R, = global radiation

Date T, Ty th u R, mc

mean 17.00 h mean total 20.00 h

°C °C (%) m s Jem? (%)

May 1, 1989 17.8 2.1 35 4.6 2334 66.7
May 8, 1989 19.0 6.0 43 3.7 2457 67.1
May 22, 1990 188 6.1 44 4.3 2652 67.1
May 27, 1989  19.2 59 42 6.0 3007 67.4
May 17, 1992 184 6.4 45 4.4 2674 68.3
May 19, 1991 14.8 6.3 57 L5 1671 68.4
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Fig 3a. The course of the forecast and realised moisture content (%) of grass which
is assunted cut wr 08.00 h, for May 20, 1992

----- forecast on May 15 (5 duys uhead) —— forecast on May 18 (2 days ahead)

e forecast on Muy 16 (4 days ahedd) e Jorecust on May 19 (1 day ahead)

————— Jorecast on May 17 (3 days ahead) realised

Two examples are given. In Fig. 3u realised moisture content of cut grass is lower
than the forecast ones. Fig. 3¢ shows that the deviations in forecast global radiation
are small. However the forecast air temperature between 2 and 5 days ahead was far
to low (Fig. 3b). In Fig. 4a the realised moisture content of cut grass remains higher
than the forecast ones. Fig. 4¢ shows that the realised global radiation is rather
lower than the forecast ones. Because the ditference between the realised and the
forecast air temperature on day 1 and 2 (Fig. 4b) is small the difference between the
realised and forecust moisture content on day 1 and 2 is a1 most 2%,
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Fig 3b. The course of the forecast and realised swundard wir temperature (°C)

Jor May 20, 1992
_____ forecast on May 15 (3 davys ahead) Jorecast on May 18 (2 days ahead)
e fOrecast on May 16 (4 days ahead) - forecast on May 19 (1 day ahead)
..... Jorecast on May 17 (3 davs ahead) realised

4. Conclusions

Forecasting the moisture content of cut grass one day ahead (the next day) is
better than more days ahead. The realised moisture content of grass is as likely 1o
be dryer as wetter than forecast. Precipitation has by far the greatest influence on
the moisture content of cut grass compared with other weather elements. If the
amount of precipitation is less than 2 mm, some drying occurs on newly cut grass
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Fig 3¢. The course of the forecast and realised global radiation (1 cm? i)
Jor May 20, 1992,
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owing to the other weither elements. When the precipitation amount is more than 3
mm the moisture content of grass increases. It precipitation is forecast, the probabil-
ity of precipitation is important, wo. On dry days, errors in the forecast moisture
content are mainly caused by errors in the forecast air temperature and global
radiation, Errors in the forecast dew point temperature and wind speed play a more
minor role. A high wind speed reduces the speed of grass drying, During the drying
day, the deviation between the forecust und realised moisture content of cut grass
can change hourly.
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Fig 4a. The course of the forecast and realised moisture content (%) of grass which
is asswmed cut at O8.G0 . for May 28, 1990

-. forecast on May 23 (5 days ahead) forecast on May 26 (2 days ahead)

--------- forecast on May 24 (4 days ahedad) - forecast on May 27 (1 day ahead)

_____ forecast on Mav 25 (3 days ahead) realised
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Abstract

The relationship between standard weather data and the microclimate of wheat and barley
during harvesting time has been determined. The moisture content of wheat and barley to-
gether with the weather elements have been measured at 3 different experimental sites in the
Netherlands in the harvesting seasons of 1990 and 1991. The difference in the dew point
temperature in the screen and in the field is small. However, the differences between air tem-
perature in the screen and those at different heights in wheat as well as in barley are conside-
rable. In daytime the surface temperature of barley is higher than that of wheat under the
same weather conditions as a result of a higher absorbtion coefficient. Both for wheat and
barley, the maximum difference between the calculated moisture content is 0.5 %, using the
air temperature at 1.5 m height from the nearest standard weather station and the surface
temperature of the ears. Barley has a greater daily cycle in the moisture content of the grains
than wheat as a result of a high equilibrium moisture content during the night and a low one
in daytime.

Keywords: moisture content, temperature, wheat, barley, harvesting time

Introduction

The weather has a great influence on the moisture content of the grains of cereals
during harvesting time. The prediction of the moisture content of the grains of ¢ere-
als through the input of standard weather elements into a model has been described
by Atzema (1993). In literature little is known about the relationship between stan-
dard weather data and the microclimate of cereals. Van Eimern (1964) described the
relationship between temperatures at different heights within immature cereals
(barley and wheat) and screen temperature. In mature wheat differences between sur-
face temperature of the ear at 1.2 m and air temperature at 1.2 m are described.
Beinhauer (1975) shows the relationship between the mean values of air temperature
within immature wheat crop and screen temperature. Both Van Eimern and Bein-
hauer, showed in daytime the measured temperatures in the stands of wheat and bar-
ley are higher than the screen temperatures,
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57



AJ. ATZEMA

The difference in temperatures of the ears in wheat and in barley can be great. The
reflection coefficient for wheat and barley is 26 and 23, respectively (Monteith,
1990). The transmission of radiation in barley is 50 % (Monteith, 1969). The ears of
barley bent downward which provides the surface of the crop is more closed. Also
the leaves of barley are more horizontal than that of wheat (Ross, 1975). Therefore
the transmission of radiation in wheat is more than 50 %. So the absorbtion coeffi-
cient is less than 24 for wheat and 27 for barley, This is the reason in daytime the
temperature of the ears of barley is higher than that of wheat under the same weather
conditions.

The aim of the present research program is to forecast the moisture content of the
grains of cereals at harvesting time by a weather-driven model. This paper only
describes the response of the moisture content of wheat and barley to the weather
elements. The moisture content is influenced by the temperature of the grains, which
has to be estimated from the air temperature at 1.5 m height as measured at standard
weather stations. Only then the moisture content of cereals can be calculated by a
model using the input of realtime weather data. The model uses six meteorological
elements, namely air temperature, dew point temperature, both at screen height,
wind speed at 10 m height, amount of rain, global radiation and cloud cover. All
weather elements are taken hourly, except the quantity of rain which is taken every
6 hours (Atzema, 1993).

In practice farmers are only interested in the moisture content of cereals at thres-
hing. During harvesting, the straw moisture content influences the moisture content
of the grains. Usually the grains are ripe earlier than the straw and the lower part of
the straw is wetter than the upper part of the straw. Also (green) weeds can increase
the moisture content of the grains at harvesting, because moisture is pressed out of
the weeds and moisten the grains (Van Kampen, 1969). Therefore the differences of
the moisture content of the grains are also compared before and after threshing.

Material and methods

During the harvesting season of 1990 and 1991 the moisture content of mature
barley and wheat (from stadia DC 91) together with weather elements have been
measured at 3 different experimental sites in the Netherlands: in the South-East
(Kessel), in the South-West (Haamstede) and in the North-East (Weiwerd). The
meteorological data of the experimental sites are compared with those of the near-
est standard weather stations (Volkel, Vlissingen and Eelde, respectively). Table 1
shows the locations of the experimental sites and the standard weather stations.

Table 2 shows the periods of time the experiments were carried out. In the
Netherlands the harvesting time of cereals always start in the South-East, continuing
in the South-West (some days till one week later) and finishes in the North-East (on
average 3 weeks later than in the South-East). During the harvesting time of wheat in
1990, it was very hot. This is the reason why the differences in the harvesting time
between the different regions were very small. In 1991 on the other hand the harves-
ting time started late as a consequence of cold weather during the growing season.

The size of the experimental sites were at least 1 ha and those in Weiwerd were
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Table 1. The locations of the experimental sites and the standard weather stations.

Type of site Site Geographic position
Experimental site Kessel SI°18°'N  6°04’E
Haamstede 51°42’'N  3°45°'E
Weiwerd 33°19°N  6°56'E
Standard Volkel 51°39°'N  5°42°E
weather Vlissingen 51727T'N 3"36’E
station Eeide 53°08'N  6°35°E

Table 2. The periods of time the experiments were carried out.

Year Site Crop Time

1990 Kessel barley 11-13 July
Haamstede barley 26-30 July
Kessel wheat 24 July-2 August
Haamstede wheat 1-4 August
Weiwerd wheat 4-12 August

1991 Weiwerd barley 28-30 July
Weiwerd wheat 21-23 August

situated in an area with a lot of cereals. The measurements were performed each
hour from dawn till dusk. A sample of ears was taken in the field at random. After
threshing by hand with the help of sandpaper, the moisture content of the grains was
determined (six-fold samples) by a cereal moisture content meter (type Protimeter
Digital Grainmaster). In this machine the grains were ground before measuring. The
air temperature and dew point temperature were measured with an Assmann psy-
chrometer. The surface temperature of the ears has been determined by a infrared ra-
diation thermometer (type CHINO Portable Radiation Thermometer Comet 8000).
The global radiation has been measured by a pyranometer (type Kipp CM5).

To compare the moisture content of the grains before and after threshing, a sample
of ears in the field just before combining and a sample of grains just after combining
were taken.

At drying the moisture content of the grains of cereals can be calculated using the
formula of Penman-Monteith (Monteith, 1965):

5 R" + pacp(es_ ea)
¥

LE= - ty

,
+ + =
s+y(L+25)

The net radiation can be calculated (Holtslag & Van Ulden, 1983) by:

_ aRg+c;T‘5—-cT4+c2N
" 1+C3

R @
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The height of the crop is set at 0.8 m and the wind speed (10 m height) is taken 2
m s~'. Therefore r, is 62 s m™ and at a moisture content of 16 % r, is 21875 s m™'
(Atzema, 1993).

The equilibrium moisture content M, is calculated by the Henderson equation
(Henderson, 1952). The modified version of the Henderson cquation is {Anon.,
1982):

ln(1-2%) o
Me=[m] 3)

Results and discussion

Both in wheat as well as in barley there is no significant difference in the dew point
temperature (1.5 m height) between the experimental plot and the nearest weather
station. The difference in the dew point temperature in the screen and in the field is
0.7£1.7°C(n=260)and 0.1 £ 1.4 °C (n = 114) for wheat and barley, respectively.
However, the differences in the air temperatures are considerable.

Figure 1 shows the mean hourly temperatures in wheat of 3 successive days within
the same air mass (Haamstede; 1 until 3 August 1990): the air temperature at 1.5 m
height at the nearest standard weather station, the surface temperature of the ears,
the air temperature at the height of the ears (i.0 m height) and above the canopy (1.5
m height). The surface temperature has the largest daily cycle. The maximum air
temperature is reached late in the afternoon, since this temperature is dependent on
the heat flux from the underlying surface. At daytime, the air temperature above the
canopy (1.5 m height) is greater than that in the screen above short grass. The air is
heated from the surface of the crop and the distance above the wheat is small compa-
red to that above grass. Also the air temperature in the neighbourhood of the ears
(1.0 m height) is higher than that above the canopy (1.5 m height).

Figure 2 shows the mean hourly temperatures in barley of 4 successive days within
the same air mass (Haamstede; 26 until 29 July 1990): the air temperature at 1.5 m
height at the nearest standard weather station, the surface temperature of the ears,
the air temperature at the height of the ears (0.7 m height) and above the canopy (1.5
m height). In barley the difference between the surface temperature and the other
temperatures is greater than that in wheat. Barley absorbs more heat than wheat un-
der the same weather conditions.

In Table 3 and 4 the theoretical maximum differences in moisture content has been
calculated for wheat and barley, respectively, when using the air temperature from
the nearest standard weather station and the surface temperature of the grains, at
daytime. The input of the weather elements are the mean values of the experiments
in 1990 and 1991 (for wheat 18 days and for barley 10 days) under dry weather con-
ditions only. The mean dew point temperature is 14 °C and the sky is cloudless. The
yield of the wheat and barley is estimated at 7000 and 5500 kg ha!, respectively. So
at a moisture content of 16 % only 1120 and 880 kg ha™! water is present for wheat
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Temperature, °C
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Fig. 1. Mean hourly temperatures in wheat at Haamstede and the corresponding screen temperature at
Vlissingen of 3 successive days (13 August 1920).  surface temperature of the ears; ¥ air temperatu-

re in wheat at 1.0 m height; X air temperature in wheat at 1.5 m height; [J scteen temperature at
Vlissingen.

and barley, respectively. Despite in these experiments the maximum difference in
temperature 1s 7 °C, the maximum difference in grain moisture content is only
0.5 %, both for wheat and barley. Because under the same weather conditions barley
absorbs more heat than wheat, the difference in moisture content of bariey appears
early in the day.

To have a constant crop resistance, every hour the moisture content was reset at
16 %. So the differences in moisture content can not be added. In reality the differ-
ences between the calculated moisture content and the moisture content in the field
is smaller. Firstly, the temperature of the grains is lower than the surface temperature
of the grains. Secondly, a higher temperature decreases the moisture content of the
cereals with the consequence the crop resistance increases considerable.
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Fig, 2. Mean hourly temperatures in barley at Haamstede and the corresponding screen temperature at
Vlissingen of 4 successive days (26-29 July 1990). {> surface temperature of the ears; ¥ air temperatu-
re in barley at 0.7 m height; X air temperature in barley at 1.5 m height; (J screen temperature at
Vlissingen.

Figure 3 shows the course of the average moisture content of wheat (18 days) and
barley (10 days) during the day. Compared to wheat, in the morning the moisture
content of barley decreases rapidly and in the evening the moisture content of barley
increases rapidly. These results agree with those of Van Kampen (1969).

The minimum quantity of absorbed water of the grains depend on the temperature
and the dew point temperature of the surrounding air. This moisture content is the
equilibrium moisture content. Water left in the grains is bound too strongly. Figure 4
shows the calculated equilibrium moisture content of wheat and barley with varying
air temperature. The dew point temperature is set at 14 °C. From Tables 3 and 4 it
can be seen that during the wheat experiments the average air temperature was hig-
her than that during the barley experiments. With an equal dew point temperature
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Table 3. Percentage difference in moisture content {A) in wheat calculated using the air temperature
from the nearest weather station (T, ) or the surface temperature of the ears (T,). Every hour (local
time) the temperatures and the global radiation (R,) are the mean values during 18 experimental days
under dry weather conditions.

Time Taa T, R, A
() °C) (°0) (em™n™) (%)
2 16.2 13.5 57 0.05
9 18.9 22.4 Rl 0.11
10 21.2 26.2 156 0.23
11 22.5 28.5 179 : 0.31
12 23.4 30,0 202 0.18
13 24.2 30.5 252 0.42
14 24.6 31.4 258 0.49
15 255 30.5 235 0.34
le 26.0 29.8 221 0.24
17 25.5 28.2 181 0.l6
18 243 26.8 F41 0.11
19 23.6 255 96 0.07
20 224 23.0 35 0.02

Table 4. Percentage difference in moisture content {A) in barley calculated using the air temperature
from the nearest weather station (T, ;) or the surface temperature of the ears (T,). Every hour (local
time) the temperatures and the global radiation (R,) are the mean values during 10 experimental days
under dry weather conditions.

Time Tast T, R, A
(h) °C) (°C) (Jem™nY) (%)
8 17.0 203 48 .11
9 18.4 229 99 0.16
10 19.9 257 156 0.29
11 21.2 27.3 187 (.39
12 21.5 27.8 219 (.42
13 222 28.1 269 .45
14 22.6 293 267 0.51
15 22,9 30.0 248 0.54
16 23.1 28.8 241 0.40
17 23.0 27.8 197 0.29
18 23.1 27.1 152 0.24
19 22.8 25.7 117 0.15
20 219 24.1 T 0.09
21 20.4 21.5 33 0.03

(14 °C), an air temperature of 26 °C sets the equilibrium moisture content of wheat
at 11.8 % and an air temperature of 23 °C sets the equilibrium moisture content of
barley at 12.4 %. Since most of the time the air temperature is lower than given abo-
ve, the moisture contents of wheat and barley have higher values.

In Fig. 4 the equilibrium moisture content of wheat is equal to that of barley if the
air temperature and dew point temperature is 17 °C and 14 °C, respectively. If the air
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Fig. 3. Course of the average moisture content during the day. [J wheat; + barley. -

temperature decreases {and the dew point temperature remains 14 °C) the equili-
brium moisture content of barley is higher than that of wheat. Usually in the night,
when the relative humidity is high, the moisture content of barley is higher than that
of wheat under the same weather conditions. The line marked with * in Fig, 5, calcu-
lated with equation 3, represents an equal equilibrium moisture content of wheat and
barley. The mark * represents the example of Fig. 4. In low temperatures with a high
humidity the equilibrium moisture content of barley is higher than that of wheat. In a
high temperature or a low humidity the equilibrium moisture content of barley is lo-
wer than that of wheat. :

At combining the grains come into close contact with the straw. In many cases
moisture is transferred from straw to grains. If the moisture content (m.c.) of wheat
is less than 17.2 %, the straw is ripe and no green weeds are present, the differences
between the moisture content before and after threshing is small (Van Kampen,
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Fig. 4. Equilibrium moisture content versus the air temperature. Dew point temperature is 14 °C.
[0 wheat; + barley.

1969). In our measurements in wheat the mean moisture content before and after
threshing was 15.0 % and 15.2 %, respectively (n = 21; m.c. < 17.2; 8 different
days).

Quite different were the results of our measurements in barley. The mean moisture
content of barley before and after threshing was 13.1 % and 14.7 %, respectively (n
= 11; 4 different days). Despite a low moisture content the rise in moisture content is
1.6 %. The outside of the straw of barley is more smooth than that of wheat.

Conclusions

Both in wheat and in barley no significant difference is present in the dew point tem-
perature (1.5 m height) between the experimental plot and the nearest weather sta-
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Fig. 5. Equilibrium moisture content (emc} of wheat and bariey in relation to dew point temperature and
air temperature. The grid (-}-) is also given.

tion. However the air temperature above wheat and barley is higher than that in the
screen. Both for wheat and barley, in daytime the maximum difference between the
calculated moisture content is 0.5 %, using the air temperature at 1.5 m height from
the nearest standard weather station and the surface temperature of the ears. Because
under the same weather conditions barley absorbs more heat than wheat, the diffe-
rence in moisture content of barley appears early on the day. Barley has a greater
daily cycle in the moisture content of the grains than wheat. In low temperatures
with a high humidity the equilibrium moisture content of barley is higher than that
of wheat. In a high temperature or in a low humidity the equilibrium moisture con-
tent of barley is lower than that of wheat. In wheat the differences between the mois-
ture content before and after threshing is small if the moisture content of wheat is
low, the straw is ripe and no green weeds are present,
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Notation

E mass flux of water vapour kgm2s!
L, latent heat of evaporation Tkg™

M, equilibrium moisture content % wb

N cloud cover in octas

R, global radiation wWm2

R, net radiation Wm™?

T temperature K

a fraction absorbed global radiation {(0.67)

€, specific heat of air at constant pressure (1010} TkgtK!
¢ constant {5.31-107'%) WmiK®
c constant {60) W m?

c3 heating coeffictent [0.32 (barley); 0.12 (wheat)]

Cy constant [0.229 (barley); 1.23 (wheat)]

Cs constant [195 (barley); 64 {wheat)]

Ce constant [2.01 (barley); 2.56 (wheat))]
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e, actual vapour pressure Pa

e, saturated vapour pressure Pa

[ aerodynamic resistance of air sm™

r. crop resistance sm™'

s slape of saturation humidity vs temperature curve PaK™!

¥ psychrometric constant PaK™!

Pa density of air kgm™

a Stefan-Boltzmann constant (5.67 - 10°%) Wmt K
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A Model for the Prediction of the Moisture Content of Cereals
at Harvesting Time with Realtime Weather Data
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A model which predicts the course of the moisture content of wheat and barley at
harvesting time is presented. The input of the weather elements can be measured by standard
weather stations. The model uses the air temperature and the dew point temperature, both at
screen height, the wind speed at 10 m height, amount of rain, the global radiation and the
cloud cover. All weather elements are taken hourly, except the quantity of rain which is taken
every 6 h. The process of drying and rewetting is described. Different weather conditions are
shown. The course of the moisture content of wheat and barley calculated by the model is
compared with measurements made in field experiments. Favourable agreement was found
between model and experiment.

1. Introduction

When harvesting cereals, weather has a great influence on the moisture content of the
grain. It is important to harvest the grain with the right moisture content. When the
moisture content of wheat or barley is far above 16% the product is unsuitable for
storage, without mouid formation. A moisture content far below 16% means a lgss of
profit, because less moisture is sold. For planning purposes, it is essential to know the
moisture content of the grain beforehand. For this, a model which caiculates the moisture
content of cereals and a weather forecast is needed.

Several models'™ use regression equations which are based on the initial, final and
equilibrium moisture content. Only the constant in the equations is different in the
models. The regression equation of Van Kampen® takes the daily radiation into account
but does not contain the equilibrium moisture content. Hesselbach® used a polynomiat
relationship with 12 parameters (weather and crop). Philips and O’Callaghan’ use four
types of data (crop, weather, economic and machine). The common feature is that all
these models are empirical.

Van Elderen and Van Hoven® produced a physical model based on the Penman-
Monteith equation. The advantage of modelling the physical processes is that the effect on
the drying rate of a wide range of weather conditions is correctly modelled.

The aim of the present model is that it can be used with the help of hourly forecasts of
weather elements. The model of Van Elderen and Van Hoven® is the most suitable to be
transformed into a prognostic model, because it is based on physical processes with hourly
input of weather elements. The original model has been modified considerably in order to
make it suitable for prognostic use.

In the empirical models'™” the calculation of dew was weak. Voigt' and Crampin and
Dalton® use correction factors. Van Kampen® uses the length of the night. The calculated
condensation with the Penman-Monteith equation was in all cases too high, because the
field was only partially covered with cereals. So not all the calculated condensation water
can be deposited on the cereals. Therefore, during the night a new empirical relationship
needs to be used.
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Notation
E mass flux of water vapour, kgm™>s™' ¢ constant [2:01 (barley); 2-56
L, latent heat of evaporation, J kg™* {wheat)]
M, equilibrium moisture content, % wb ¢; constant
M, moisture content at time i, % wb d zero plane displacement, m
M;., moisture content at time e, actual vapour pressure, Pa
i+1, % wb e, saturated vapour pressure, Pa
N cloud cover in octas k von Karman'’s constant
R, global radiation, Wm™ r, aerodynamic resistance of air,
R, net radiation, Wm™ : sm !
T air temperature at 1-5m, K r. crop resistance, sm™'
a fraction absorbed global radiation s slope of saturation humidity vs
(0-67) temperature curve, Pa K™}
¢, specific heat of air at constant u, velocity of air at height z above
pressure, J kg 'K! earth’s surface, ms™!
¢, constant (5-31 x107"%), Wm2K™® z height above earth’s surface, m
¢, constant {60), Wm™ Zp roughness length, m
¢3 heating coefficient y psychrometric constant, Pa K™
¢4 constant [0-229 (barley); 1-23 p, density of air, kgm™
(wheat)] o Stefzn-Boltzmann constant
cs constant [195 (barley); 64 (wheat)] (5-67 X 107%), Wm™*K™*
2. Cereals

The moisture content of cereals is determined when the grains are mature (Feekes 11-3
or higher). To run the model at the start the moisture content of a dry crop has to be put
into the model, so the moisture content has to be determined in the afternoon or in the
early evening in dry weather. The moisture content of the same kind of cereals at the
same time is not always equal. There can be differences in the moisture content at
harvesting time depending on the cultivar, plant nutrients, diseases or plant protection
sprays. Because plots can be treated differently, it is possible the same kind of cereals on a
particular plot can be harvested earlier than those on another plot. In the model the yield
of wheat and barley is assumed to be 6000 kg d.m./ha and 4500 kg d.m./ha, respectively.

3. The model
3.1. Meteorological basis

When drying, cereals lose free and absorbed water. Dew and rain rewet the cereais. At
drying, the formula of Penman—Monteith? is used:

SR+ Pacples — €.)
n

LE= - 1)

s+7(1+-’5)

a

Standard weather stations usually do not measure the net radiation. Therefore, it has to
be calculated using weather parameters which are measured. The net radiation can be’
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calculated" using the equation:
aR,+ ¢, T? - oT* + ;N @)
1+ C3

The heating coefficient for wheat and barley is 0-12 and 0-32, respectively. Only a part
of the global radiation is absorbed by the grain. The remaining part is absorbed by the soil
or is reflected.™

The aerodynamic resistance of the air, r,, can be calculated" using the equation:

(ln Ld))z

Zg
3
o, (3}

The zero plane displacement, d = (-632 (h = height of the cereals) and the roughness
length, z, =0-13h." The zero plane displacement is datum height in a crop above which
normal turbulent exchange takes place. The height of the cereals is 0-80 m on average
(present experiments).

Rp,=

r,=

3.2. Equilibrium moisture content

The minimum guantity of absorbed water of the grains depends on the temperature and
the dew point temperature of the surrounding air. This moisture content is the
equilibrium moisture content. Water left in the grains is absorbed too strongly. The
equilibrium moisture content, M., is calculated by the Henderson equation.”® The
‘modified version of the Henderson equation is:™

e 1icg
111(1 - —’)
€y

— 4
—cT +¢5)
Fig. 1 shows the equilibrium moisture content of barley and wheat in relation to the air

e =

19
18F
Wheat; r.h.=70%
17+
16

__ Barley;ch=70%

12b Barley; r.h.=50%

“w

Equilibrium moisture content, % wb
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Fig. 1. Equilibrium moisture content of barley and wheat in relation to the air temperature and the
relative air humnidity (r.h.)
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Table 1

Values of the crop resistance of absorbed
water (sm™?) dependent on the moisture
content of the cereals (% wet basis)

Moisture Crop resistance
content, % sm™!
12 51500
14 30250
16 21875
18 16625
20 9300
22 6750
24 4525
26 3050
28 2250

temperature and the relative air humidity. Because the weather is changing continuously,
the time is too short to reach the equilibrium moisture content. Within the same weather
conditions the equilibrium moisture content of wheat is higher than that of barley.

3.3. Free and absorbed water

The moisture of the grain can be divided into free water and absorbed water. Dew and
rain provide the grain with free water. Diffusion of free water from the reservoir provides
absorbed water within the grain. The absorbed water decreases by transpiration, while
free water evaporates. ‘

The crop resistance for absorbed water depends on the moisture content. Values of the
crop resistance were obtained from experiments in the field. The moisture contents of
barley and wheat together with weather elements were determined hourly during the
harvesting periods in 1989, 1990 and 1991 at the experimental site in Weiwerd which is
situated in the north-east of the Netherlands (53°19'N 6°56’E). The crop resistance, r,, can
be calculated from Eqgn (1) using the experimental value for E. Table 1 shows some of the
values of the crop resistances of absorbed water. For use in the model, intermediate
values are obtained by interpolation. The crop resistance for free water is zero. So the
transpiration as well as the evaporation is calculated by Eqn (1). At the start of the
calculation the grain consists of dry matter and absorbed water.

3.4. Rewetting

In the model, dew is formed when the net radiation is negative. The increase in the
moisture content can be calculated" using the equation:

M =M +c; (M.~ M) ()

The constant, ¢;, changes with the temperature and is, for barley and wheat respectively:
¢y = 1066—(4426.'T+273) (6a)

Cy="T7-2 X 10%e (0T +273) (6b)

The quantity of water which diffuses from the reservoir to the grain is 0-05 and 0-06 times
the quantity of water of the reservoir for barley and wheat,' respectively.
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When it rains, 25% of the water wets the grain, while the remaining water wets the
straw or falls on the soil."® The maximum moisture content of the grains is 34%.* This
value conforms to field experiments in 1989, 1990 and 1991.

4. Results and discussion

The results of the model are shown on the basis of three examples in three different
years. The course of the moisture content in dry weather of wheat and barley is shown.
Wheat and barley are also shown in the same weather conditions. The third example
shows the drying and rewetting of wheat in a period of rain. In the figures the universal
time (UT) is used, because the model uses weather elements given in UT. In the
Netherlands the local time is 2 h later than the universal time at summertime.

4.1. Wheat

Fig. 2 shows the course of the moisture content of wheat. The values of the experiments
in the field are obtained by taking samples (in sixfold) in the tank of the combine at
harvesting. The results of the model agree favourably with the experimental values.

Fig. 3 shows the weather on the 22nd and 23rd of August 1991. It was dry and rather
sunny. The clouds on the first day were mainly cirrus and altocumulus, so the global
radiation was only slightly diminished by the clouds. It was warm, particularly the first
day, with a relative humidity of about 45%.

Fig. 4 shows the course of the absorbed water and free water of wheat. Fig. 5 shows the
action of the transpiration, evaporation, dew and diffusion of water from the reservoir to
the grain. At 0200 hrs (UT) the temperature of the air rose for a while. The forming of
dew almost stopped. Some hours later the humidity of the air became high. Again dew
was formed. At 0900 hrs (UT) the transpiration was higher than the diffusion, so the
maximum amount of absorbed water that night was reached at about 0800 hrs (UT). The
maximum amount of free water was reached at 0600 hrs (UT). After this time the
evaporation exceeded the formation of dew.

20

19¢

Moisture content, %

[ S SUVOOY T N T N SN TN N OO S T S T M |

h'_i"'l 14|||
13113151415161718192021222350 1 2 34 5 6 7 § 91011 1213141516171819

Universal time, h

Fig. 2. Course of the moisture content of wheat. The model compared with the experiments in the
field. Vertical bars show spread of standard deviation (22-23 August, 1991). -8B, model; ——, field
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Fig. 3. Course of the weather elements {22-23 August 1991). =B, air temperature in °C (at 1 5m);
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4.2. Barley

Fig. 6 shows the course of the moisture content of barley. The samples in the field are
taken in the same way as those of wheat. Again the results of the model agree favourably
with the experimental values.

During the night the relative humidity of the air was high and the wind speed was low
which were good conditions for dew. During the day, there were sunny periods. The
clouds were mainly stratocumulus and cumulus. The relative humidity during the day was
about 50% (Fig. 7).
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Fig. 4. The course of absorbed and free warer (22-23 August, 1991)
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Fig. 5. The action of the transpiration, evaporation dew and diffusion of water from the reservoir to
the grain (22-23 August, 1991)

Fig. 8 shows the course of the absorbed water and free water of barley. Fig. ¢ shows the
action of the transpiration, evaporation, dew and diffusion of water from the reservoir to
the grain. The maximum amount of absorbed water and of free water is reached at
0600 hrs (UT). After this time the transpiration exceeds the diffusion and the evaporation
exceeds the formation of dew.

Under the same weather conditions in the evening barley moistens earlier and faster
than wheat. During the daytime barley will become dry rapidly (Fig. 10). The grain of
barley is exposed more to the air than the grain of wheat. These results agree with those
of Van Kampen.®

Moistore content, %

R O P P N R R R I RF RPN E A TR AR
Universal time, b

Fig. 6. Course of the moisture content of bariey. The model compared with the experiments in the
field. Vertical bars show spread of standard deviation (22-23 August, 1989) -5, model; ——, field
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Fig. 7. Source of the weather elements (22-23 August, 1989). —=—, air temperature in °C {(at I-5m);
—}— dew point temperature °C (at 1-5 m}; ~— quality of rain in mm h™"; —A— wind speed in ms™"
{at 10 m); ——, cloud cover in octas; —— global radiation in 101 cm™)

4.3. A period of rain

Fig. 11 shows the weather during a period of rain. This period can be divided into two
parts: August 5-7 and August 8-10. In the first period there were showers, cumulus
clouds and sunny periods in between. The relative humidity during daytime was 60% on
average. The total precipitation in the first period was 6-8 kg m™>. In the second period
the air temperature was a little bit higher. The relative humidity was 65%. Most of the
time it was cloudy, mainly stratocumulus. The total precipitation in this period was only
0-5kgm™2. The precipitation is calculated every 6h. At the hourly calculation it is
assumed each hour takes an equal quantity of the total at the sixth hour.
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Fig. 8. The course of absorbed and free water (22-23 August, 1989)
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Fig. 9. The action of the transpiration, evaporation, dew and diffusion of water from the reservoir to
the grain (22-23 August, 1989)

The course of the moisture content of wheat during rain is shown in Fig. 12. Differences
between the model and the field experiments can be the result of the input of the rain
once per 6 h. In reality, within the six hours, one or more hours may be dry. Although in
some hours the differences between the model and the field experiments is large, later on,
the model expresses reality. In a weather forecast, it can be difficuit to predict the exact
time of the precipitation. During a period of rain, cereals are not harvested. It is only
important to predict the real moisture content after the period of rain. When it is raining,
the differences in the moisture content of cereals within a plot can be considerable at the
same moment. So the spread in the average moisture content in one plot can be large. In

Moisture contant, %
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Fig. 10. Mode!l results of the moisture content of wheat and barley in the same weather conditions
(22-23 August, 1989}
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the first perod (August 5-7) the moisture content of the wheat increased because of rain.
In the second period {August 8-10) the moisture content did not decrease much because
the humidity of the air was high and it was cloudy.

5. Conclusions

During harvesting time the moisture content of wheat as well as barley can be
calculated a few days ahead. The model requires only weather elements that are usually
forecast by meteorologists.” The hourly input of the weather elements provides informa-
tion from which the course of the moisture content can be determined. The change of the
moisture content of barley is faster than that of wheat in response to the weather. The
results of the model agree favourably well with values obtained by experiments in the
field. '
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Abstract

The moisture content of wheat and barley is forecast during the harvesting period.
Each hour the forecast model uses standard weather elements of air temperature,
dew point temperature, wind speed, amount of precipitation, global radiation and
cloud cover. Over a period of four years 1989 to 1992 inclusive, a five-day weather
forecast is made every day during one month during the harvesting period. The
forecasts were compared with the realised weather elements in this period. Forecast-
ing the moisture content of wheat and barley up to four days ahead gives a better
prediction of moisture content than with a longer forecasting period. On average,
barley has a greater deviation in the forecast moisture content than wheat. High
moisture contents of the grains can be caused by low air temperature, low global
radiation, high dew point temperature, high wind speed, and precipitation.

1. Iniroduction

For planning purposes it is important to forecast the moisture content of cereals.
When the moisture content of wheat or barley is far above 16% the product is
unsuitable for storage, because of the risk of mould formation. Usually at night the
moisture content of ripe grains is high e.g. 22%. During daytime the moisture
content decreases. Some hours before sunset the minimum moisture content is
reached, e.g. 16% at 18 h (local time). In the evening, cereals rewet as a result of
factors such as dew. A rough indication of the amount of dew formed during the
night is provided by the difference between the dew point temperature at noon and
the minimum temperature at night'. In the morning this water has to evaporate. The
period of time this process takes depends on the weather.

81




In a previous paper the relationship between standard weather data and the
microclimate of wheat and barley during harvesting time is determined®. Bath for
wheat and barley, the maximum difference between the calculated moisture content
was 0.5%, using air temperature at 1.5 m height from the nearest standard weather
siation and surface temperatare of the ears.

Next, another paper describes a model which calculates the diurnal course of the
moisture content of wheat and barley with realtime weather data®. This model has
been shown to give a good fit with measured moisture contents. The weather
elements used are air temperature and dew point temperature, both at screen height,
wind speed at 10 m height, amount of precipitation, global radiation and cloud
cover. Al weather elements are taken hourly, except precipitation which is taken
every 6 h. During drying the moisture content of the grains can be calculated using
the formula of Penman-Monteith®. The net radiation can be calculated using global
radiation, air temperature (1.5 m) and cloud cover. The equilibrium moisture
content M, is calculated a the modified version of the Henderson equation®’.

The present paper tests the forecast of the moisture content of cereals by the
model’ using forecast weather elements against the moisture content of cereals
calculated by the model® using realised weather data. Every day a five-day forecast
of the moisture content of cercals has been made during a period of four years 1989
to 1992, inclusive. The second part of July and the first part of August (total one
month a year) is chosen, because the crop is harvested during this period, depending
on the weather in the previous months. The forecast and realised weather elements
used, come from the standard weather station Eelde (53°08’N 6°35°E}), in the North-
East of the Netherlands which is an important cereal growning area.

2. Model input

Several possible factors can be considered for torecasting the moisture content of
cereals. The forecast weather as well as the time and place are important. In this
paper the standard weather station Eelde (53°08’N, 6°35°E) is used. Besides the
weather parameters, crop parameters play a role. To start the model calculation the
initial moisture content must be known. This can be determined by measuring the
moisture content in the afternoon or in the early evening in dry weather. Then the
model calculates the moisture content for the next and next but one day using
forecast weather elements. However, when it is not possible to measure the
moisture content, this variable has to be estimated. In this paper, the initial moisture
content is assumed to be equal to the equilibrium moisture content, but with a
maximum value of 20%. It takes time to approach the equilibrium moisture content,
but on most occasions by 21.00 h the minimum moisture content has been reached
and it has begun to rise again. At that time the equilibrium moisture content may
approach the moisture content of the grains®.

82



FORECAST MOISTURE CONTENT OF CEREALS

Table 1. Symbols for the realised and forecast moisture content of cereals (r and f,
respectively) for August 9. The subscripts 0, 1, 2, 3, 4 and 5 indicate the successive
realised and forecast day; r, is the starting day.

Number of days ahead

Date 5 4 3 2 I 0
August 4 T, Ty 1, T, T, Ty
August 5 f, T, T, T, T, T,
August 6 f, f, T, I, I, I,
August 7 f, f, f, Iy I; I,
August 8 f, f, £, f, T, I,
August 9 fs f, f, t, f, Is

Table 1 shows an example of six successive calculations of the moisture content
of cereals forecast for August 9. The model starts at 21.00 h on day 1,. The first run
contains five forecast days (f,, f,, {5, f, and £} and a part of the starting day (r,).
The minimum moisture content on day f; in this Tun is compared with day r; in the
run with realised weather elements only. In the second run the first full day (r,) the
moisture contents are equal by comparing the run with four days forecast weather
with the run with real weather for those days. The minimum moisture content on
day f, in this run is also compared with day r in the run with realised weather
elements only, and so on. On the day being considered (in the example: August 9)
the moisture content calculated with the forecast weather elements is subtracted
from the corresponding meisture content calculated with realised weather elements
(= 15).

A difference in the moisture content between a run with forecast weather and that
with realised weather only, can be caused on one day or more than one day.
Therefore, the difference in moisture content needs to be examined day by day. In
the run with five forecast days the minimum moisture content on day f, is compared
with day r; in the run with realised weather elements only; the minimum moisture
content on day f; in the run with four days forecast weather is compared with day r,
in the run with realised weather elements only, and so on. Again the moisture
content calculated with the forecast weather clements (=f|) is subtracted from the
corresponding moisture content calculated with realised weather elements. In this
way, the weather elements responsible for the deviations in the moisture contents
can be examined.
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3. Results and discussion

In the present paper a positive (negative) deviation in the moisture content means
the grains are wetter (dryer) than forecast. The data are put in a two-way table
containing the days the moisture content of the grains are examined and the time
lag between the forecast days and the realised day. Here time lag means the
difference between forecast values and realised values which refer to the same day.
The Friedman two-way analysis of variance by ranks® is used to test the dependence
of the error of forecasting the moisture content of the grains on the time lag of the
forecast. This test reveals significant differences in relation to the time lag. Next a
t-test is used to test differences between pairs of time lags. Table 2, based on
analysis of variance and t-tests for differences between pairs of time lags, mainly
shows that forecasting the moisture content of wheat and barley up to four days
ahead is significantly better than with a longer forecasting period. The quality of the
forecast decreases with increasing time lag. Barley has a greater deviation in the
moisture content than wheat.

A deviation in forecasting the moisture content of grains is caused by inexact
forecasting of one or more weather elements. Precipitation wets the grains, but at
the same time other weather elements can dry the grains. Thus, it is possible the
grains dry while precipitation occurs. Figure 1 shows the deviation of the moisture
content of the grains is caused not only by precipitation. Both the total number of
observations and those with precipitation only look like a normal distribution. The
maximum increase in moisture content of wheat (barley) with a yield of 6000
(4500) dry matter ha' is 1.25 (1.4), 2.5 (2.8) and 5.0 (5.6) % when the amount of
precipitation is 0.5, 1.0 and 2.0 mm, respectively. If the moisture content of the
grains is high, the crop resistance is low®. Hence, in most cases the high moisture
content of the grains do not increase if the amount of precipitation is high.

Several weather elements contribute to causing a deviation in the moisture content
of wheat and barley. The effect of an error in forecasting one weather clement has
considered in relation to the whole range of weather elements that influence
moisture content of cereals. For example, an error in forecasting global radiation

Table 2. Mean absolute deviation in forecasting the moisture content (%) of wheat
and barley in dependence of the time lag of the five-day weather forecast (n = 620).
The Least Significant Difference for wheat and barley is 0.21 and 0.23, respective-

ly.

Deviation Days ahead
5 4 3 2 1
Wheat 2.01 1.87 1.53 1.26 0.81
Barley 2.08 1.90 1.61 1.36 0.91
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Fig 1: The deviation of the moisture content (%) of wheat (left) and barley (right)
in groups of 0.5%. Shaded areas represent observations with precipitation only.

can influence air temperature. Precipitation cun decrease air temperature.

Figures 2-6 show an example of the course of the moisture contents of barley and
the weather elements concerned. The thick line represents the realised values. So, in
the run with one forecast day the moeisture content on the preceding days are equal
to those on the duys with realised weather. First, the difference in moisture content
is examined day by day by comparing the first forecast day f, with the correspon-
ding realised day, only. In this example forecast air temperature is too high on all
days. Four days ahead forecast dew point temperature Js 100 low compared with
realised values (f, versus r,). Four, 2 and | days ahead forecast global radiation is
too high (f, versus r,. r, and rs, respectively), Two and | days shead forecast wind
speed is too high (£, versus r, and 15, respectively). In all instances, the first forecast
day was dry, but in fact there was 1 mm precipitation. So, 5, 4, and 3 days ahead
forecast moisture content is too low in the daytime. Striking is the slight increase in
moisture content the night of July 18-19 (fig. 2). In this night the formation of dew
is opposed by the dry aic in this night (fig. 3}). At daytime, 2 and 1 days ahead wind
speed and precipitalion increase the moisture content, while air temperature, dew
point temperature and global radiation decrease the moisture content.
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Fig 2: The course of the forecast and realised maoisture coment (%) of barley

Jfor duly 23, 1989
Jorecast on July 18 (3 days ahead; —— forecast on July 21 (2 davs ahead)
,,,,,,,,, forecast on July 19 (4 days ahead) e forecast on July 22 (1 day aheaed)
----- forecast on July 20 (3 dayy aheud) —— reulised

When considering not only the first forecast day, but also the following days,
there are more instances when the weather elements can counteract one another. In
the example 5, 4 and 3 days ahead precipitation is forecast on day 0 (1.8, 1.7 and
4.2 mm, respectively} with the overall result that the forecast moisture content on
day O increases while on the preceding duays the moisture content was lower than
the realised value. The moisture content on day 0 forecast 3 days ahead was too
high compared with the realised value as a result of a larger forecast amount of
precipitation than on the other days. Also in this exwmple the amount of precipita-
tion does not give a quantitative increase of the moisture content,

Data used (number = 62()) reveal low air wmperature, low global radiation, high
dew point temperature, high wind speed and precipitaiion can cause a high moisture
content of the grains. In most instances a combination of the weather elements is
responsible for the deviation in the moisture content. Thompson” and Atzema'® also
noted the adverse eftect on the drying rate of cut grass in the field from an increas-

86




FORECAST MOISTURE CONTENT OF CEREALS
32

N L
3 S

Alr temperature ('C)
N N
> 2

— — - — Ny [\%]
N &2 0 @ @ N
Iy 1 1 ! I

AA—L
@ 2

Dew paint temperature {°C)

G-ttt et et e e e

1hQO 6 1218 0 6 1218 0O 6 12
1989  July 19 July 20 July 21 July 22 July 23

Fig 3: The course of the forecast and realised wir temperature (°C) (ahove) and
dew point temperature (°Cj (hottom) for July 23, 71989,

————— forecast on July 18 {35 days ahead) —— forecast on July 21 {2 days ahead)

e farecast on Suly 19 (4 davs ahead) o forecast on July 22 (1 day ahead)

----- forecast on Julv 20 (3 duys ahead) realised

ing wind speed. The moisture content of cereals is low (about 16%) compared with
cut grass destined for ensiling {(about 60%). This means that for cereals also dew
point temperature and wind speed are important. In grass the role of wind speed is
more important if the moisture content of grass has decreased to a low level",

4. Conclusions

The quality of forecasting the maoisture content of wheat and barley decreases with
increasing time lag. Up to four days ahead the forecast of the moisture content is
significantly better than with a longer forecasting period. Barley shows a greater
deviation of the moisture content than wheat. The deviation of the forecast moisture
content of the grains is caused not only by precipitation, but other weather elements
also play a role. The amount of precipitation docs not give quantitative increase of

87



350

300 / \ N

——

Global radiation (J cri*h™

;
y
I
'
i
'
'
(
'
i
'
1
'
1
J
;
[/

\ L
G ||||||i|H’lillll||||||I||||T||_|_|_|-||||||||ili|||il|n’i;"ll illlllillllll”llllll||[|!|||||1|i||!IIIIIEll\ll]lf][]i]ll]l"]]n
190 6 1218 0 61218 0 6 12 180 6 12 18 0

h
1989  July 19 July 20 July 21 July 22 July 23

Fig 4: The course of the forecast and realised global radiation (7 em™ k')

for July 23, 1989,

----- Jorecast on July 18 (S days ahead) Jorecast on July 21 (2 days ahead)

e forecast on Suly 19 (4 davs ahead) e forecast on July 22 (1 day  ahead)
----- Jorecast on July 20 (3 days ahead) recilised

the moisture content. A high moisture content of the grains can be caused by low
air temperature, low global radiation, high dew point temperature, high wind speed
and precipitation. The low moisture content of cereals compared with cut grass
destined for ensiling denotes that dew point temperature and wind speed are also
important. The quality of forecasting the moisture content of cereals depends
heavily on the quality of the forecast of the weather elements.
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Summary

Part 1

The aim of the study of grass is to forecast the drying of cut grass up to five days
ahead, hourly. The first investigated problem is the response of the drying of cut
grass to the weather elements. Next a simple model and an advanced model for the
drying of cut grass are presented. Errors in the elements of the weather forecast
which are important for the drying of grass, are discussed.

During three growing seasons the drying of grass in the field was observed from
cutting to ensiling. The experiments were carried out on sixteen different plots at
the same location. Every hour samples of grass were taken to determine the
moisture content of grass. The grass species examined were diploid and tetraploid
perennial ryegrass (Lolium perenne L.) and diploid hybrid ryegrass (Lolium perenne
x Lolium multiflorum) var. Barcolte. The perennial ryegrasses were a mixture of
different varieties. All the grasses examined were in the vegetative state. Also the
cutting time and the swath treatments were examined.

Simultaneously with the samples of grass, meteorological data were gathered on
the experimental plots: air temperature (1.5 m height), dew point temperature (1.5
m height), surface temperature of the grass, temperature within the grass swath and
wind speed (2 m height). These meteorological data were compared with the
standard meteorological data that were taken hourly from the nearest weather
station.

Apart from the weather, the drying depended on the grass species and the yield. In
general, the moisture content of grass at the time of cutting was 3% higher when
cut in the morning than when cut in the late afternoon. Hybrid ryegrass had a lower
initial moisture content at cutting and dried faster compared with perennial ryegrass.
Diploid varieties dried faster than tetraploid at the same yields. Within the same
varicties a low yield dried faster than a high vield. Frequent tedding did not
influence the rate of drying significantly.

The temperature within the swath was comparable to the standard air temperature
at 1.5 m. The standard air temperature at 0.1 m was a good indicator of the grass
surface temperature. The grass surface temperature was mainly determined by
global radiation and responded rapidly to its changes, but it was also influenced by
the wind speed and the moisture content of the grass. A low moisture content of the
grass allowed an increase of the grass surface temperature. Increasing wind speed
had an adverse effect on the drying rate of grass.

The simple grass drying model uses no crop parameters and needs only three
standard (forecast) weather elements; air temperature, dew point temperature and
quantity of rain. In dry weather the moisture content of grass is calculated hourly
during daytime from 10.00 h to 19.00 b (local rime) by modelling the saturation
deficit. Dew formed during the night is assumed to be compensated by the drying
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of grass early in the evening and in the morning before 10.00 h. Roughly this
model gives an indication of the forecast moisture content of cut grass.

The advanced model uses some crop parameters and standard (forecast) weather
elements. Crop parameters used are yield and the times of cutting, tedding and
windrowing. Standard weather elements used are: air temperature, dew point
temperature, global radiation, cloud cover, wind speed and quantity of rain. No
differences in grass species are made through which the model can be uvsed
generally. When grass dries freely, absorbed water is lost by evaporation and
transpiration. Condensation and precipitation increase the moisture content of grass.
The formula of Penman-Monteith is used as basis for the calculation of the moisture
content. In the model the grass swath is divided into two layers, and the upper layer
is kept at a constant mass. So, during drying the upper layer grows in thickness by
incorporating dry matter and water from the lower layer.

Favourable agreement was found between the advanced model calculation and the
measured moisture content of grass in the field. Usually forecast weather elements
do not have exactly the same value as the correspending past weather elements.
Errors in the forecast moisture content of grass are mostly caused by errors in the
forecast air temperature, global radiation and precipitation. Errors in the forecast
dew point temperature and wind speed play a minor role. Generally, the forecast of
the moisture content of cut grass is significantly better for one day ahead than for
more days ahead.

Part 2

The aim of the study of cereals is to forecast the moisture content of wheat and
barley up to five days ahead, hourly. The first investigated problem is the relation-
ship between standard weather data and the microclimate of wheat and barley
during harvesting time. Next, a model for the calculation of the moisture content of
wheat and barley is presented. Errors in the elements of the weather forecast which
are important for the moisture content of cereals are discussed.

The moisture content of mature barley and wheat (from growth stadia DC 91) and
the meteorological elements have been observed during three harvesting seasons.
The experiments were carried out at three different sites in the Netherlands.
Meteorological elements measured on the experimental plots were: air temperature,
dew point temperature, surface temperature of the ears and global radiation. Air
temperature and dew point temperature were measured at two heights: at the height
of the ears and at 1.5 m height above the soil. The measurements were performed
each hour from dawn till dusk. These local meteorological data were compared with
standard meteorological data that were observed hourly at the nearest weather
station,
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SUMMARY

Both in wheat and in barley no significant difference is present in the dew point
temperature (1.5 m height) between the experimental plot and the nearest standard
weather station. However, at the same height the air temperature above wheat and
barley is higher than that in the screen. In daytime, for wheat as well as for barley,
the maximum difference between the calculated moisture content is 0.5 %, using the
air temperature at 1.5 m height from the nearest standard weather station and the
surface temperature of the ears. Barley had as a relatively high equilibrium
moisture content during the night and a low one in daytime, and therefore a greater
daily cycle in the moisture content of the grains than wheat.

The model for the calculation of the moisture content of cereals uses some crop
parameters and standard (forecast) weather elements. Crop parameters used are:
kind of cereals, vield and initial moisture content. Standard weather elements used
are: air temperature, dew point temperature, global radiation, cloud cover, wind
speed and quantity of rain. When drying, cereals lose free and absorbed water by
evaporation and transpiration, respectively. Condensation and precipitation provide
the grains with free water. Diffusion of free water from the reservoir in the grain
provides absorbed water within the grains. The formula of Penman-Monteith is used
as bases for the calculation of the moisture content. The minimum quantity of
absorbed water of the grains depends on the temperature and dew point temperature
of the surrounding air. This moisture content is called the equilibrium moisture
content, and it is the amount of water in the grains which is bound too strongly to
be evaporated. The maximum moisture content of the grains is 34% wet base.

Favourable agreement was found between the model calculation and the measured
moisture content of cereals in the field. Usually forecast weather elements do not
have exactly the same value as the corresponding past weather elements. A high
moisture content of the grains can be due to a low air temperature, a low global
radiation, a high dew point temperature, a high wind speed and precipitation, The
quality of the moisture content forecasts of wheat and barley is decreasing with
increasing time lag. Up to four days ahead the moisture content forecast is signifi-
cantly useful.
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Samenvatting

Deel 1

Het doel van dit onderzoek is de wurlijkse droging van gemaaid gras te verwach-
ten tot vijf dagen vooruit . Eerst is het verband tussen het drogen van gemaaid gras
en de weerselementen onderzocht. Een eenvoudig model en een meer geavanceerd
model voor het drogen van gemaaid gras zijn ontwikkeld. Er is aandacht geschon-
ken aan de fouten in de elementen vanr de weersverwachting die belangrijk zijn voor
het drogen van gras.

Drie seizoenen lang is het drogen van gras in het veld vanaf het maaien tot aan
het inkuilen bestudeerd. De experimenten zijn uvitgevoerd op 16 verschillende velden
die bij elkaar lagen. Elk uur zijn monsters van het gras genomen om het vochtge-
halte te bepalen. Onderzocht zijn: diploid en tetraploid Engels raaigras (Lolium
perenne L.) en diploid gekruist raaigras (Lolium perenne x Lolium multiflorum) var,
Barcolte. Mengels van verschillende typen Engeis raaigras zijn gebroiki. Bij het
maaien was het gras nog in het vegetatieve stadium. De invloed van maaitijdstippen
en bewerkingsmethoden werden in het onderzoek betrokken,

Ten tijde dat de grasmonsters genomen zijn, werden er eveneens meteorologische
metingen verricht. Luchttemperatuur (1,5 m), dauwpunt (1,5 m), oppervlaktetempe-
ratuur van het gras, zwadtemperatuur en windsnelheid (2 m) zijn gemeten. Deze
gemeten waarden zijn vergeleken met de uurlijkse waarden van het dichtstbijliggen-
de standaardweerstation,

Niet alleen het weer, maar ook de grassoort en opbrengst spelen een rol bij het
drogen van gras. Wanneer het gras s morgens gemaaid wordt, is het vochtgehalie
meestal 3 % hoger dan dat van gras wat aan het eind van de middag gemaaid
wordt. Gekruist raaigras heeft bij het maaien een hoger beginvochtgehalie en droogt
sneller dan Engels raaigras. Bij cenzelfde opbrengst drogen diploide rassen sneller
dan tetraploide rassen. Binnen dezelfde grassoort verloopt het droogproces sneller
naarmate de opbrengst lager is. Vaak schudden beinvloedt de droogsnelheid niet.

De zwadtemperatuur komt overeen met de standaardluchttemperatuur op 1,5 m
hoogte. De standaardluchttemperatuur op 0,1 m geeft een goede indicatie van de
oppervlaktetemperatuur van het gras. Deze oppervlaktetemperatour wordt groten-
deels bepaald door de globale straling en reageert snel op de veranderingen, maar
de temperatuur wordt ook beinvloed door de windsnelheid en het vochtgehalte van
het gras. Bij cen laag vochigehalte kan de oppervlakietemperatuur van het gras
gemakkelijk oplopen. Veel wind kan de droogsnelheid van het gras vertragen.

Het eenvoudig grasdroogmodel heeft geen gewasparameters, maar drie standaard
{verwachte) weerselementen nodig: luchttemperatour, dauwpunt en neerslaghoeveel-
heid. Bij droog weer wordt met behulp van het verzadigingsdeficiet het vochtgehalte
van gras overdag van 10 tot 19 uur vurlijks berekend. In het model wordt aangeno-
men dat droging van gras vroeg in de avond en ’s ochtends voor 10 uur gecom-
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penseerd wordt door dauw die 's nachts gevormd wordt. Dit model geeft een indruk
van het verwachte vochtgehalte van gemaaid gras.

Het geavanceerde model heeft enkele gewasparameters en standaard (verwachte)
weerselementen nodig. Gebruikte gewasparameters zijn opbrengst en fjdstippen van
maaien, schudden en harken. Gebruikte standaardweerselementen zijn: luchttempera-
tuur, dauwpunt, globale straling, bewolkingsgraad, windsnelheid en neerslaghoeveel-
heid. Er is geen onderscheid gemaakt in de verschillende soorten gras, waardoor het
model algemeen gebruikt kan worden. Bij het drogen van gras wordt er vrij en
gebonden water onttrokken door respectievelijk verdamping en transpiratie. Conden-
satie en neerslag verhogen het vochtgehalte van het gras. De formule van Penman-
Monteith wordt gebruikt als basis voor de berekening van het vochigehalie. In het
model wordt het zwad opgedeeld in twee lagen, waarbij de massa van de bovenste
laag constant wordt gehouden. Dus bij het drogen wordt de bovenlaag dikker door
het toerckenen van drogestof en water vit de onderlaag.

Be berekeningen van het geavanceerd model komen goed overeen met de gemeten
vochtgehalten van het gras in het veld. Meestal komen de verwachte weerselemen-
ten niet precies overeen met de werkelijk opgetreden waarden. Fouten in de
verwachte vochtgehalten van het gras worden meestal veroorzaakt door fouten in de
verwachte luchttemperatuur, globale straling en neerslag. Fouten in de verwachte
dauwpunten en windsnelheden spelen een minder belangrijke rol. In het algemeen is
de verwachting van het vochtgehalte van gras één dag vooruit significant beter dan
die voor meer dagen vooruit.

Deel 2

Het doel van het onderzoek is wurlijks het vochigehalte van granen te verwachten
tot vijf dagen vooruit. Eerst is het verband tussen standaardweerselementen en het
microklimaat van tarwe en gerst tijdens de oogsttijd onderzocht. Een model voor het
berekenen van het vochtgehalte van tarwe en gerst is ontwikkeld. Er is aandacht
geschonken aan de fouten in de elementen van de weersverwachting die belangrijk
zijn voor het vochtgehalte van granen.

Het vochtgehalte van rijpe gerst en tarwe (vanaf groeistadium DC 91) evenals de
bijbehorende meteorologische elementen zijn gedurende drie oogstseizoenen
gemeten. De experimenten zijn op drie verschillende plaatsen in Nederland uitge-
voerd. In het veld zijn de volgende meteorologische elementen gemeten: luchttem-
peratuur, dauwpunt, oppervlaktetemperatuur van de aren en globale straling. De
luchttemperatuur en het dauwpunt zijn op twee hoogten gemeten: ter hoogte van de
aren en op 1,5 m hoogte boven de grond. De metingen zijn elk uur van ’s ochtends
vroeg tot s avonds laat bij daglicht uitgevoerd. Deze gemeten waarden zijn
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SAMENVATTING

vergeleken met de standaard meteorologische data van het dichtstbijliggende
weerstation.

Zowel bij tarwe als bij gerst is geen significant verschil aanwezig in het dauwpunt
(1,5 m hoogie) tussen de waarden in het veld en die van het dichtstbijliggende
standaardweerstation. Echter op gelijke hoogte is de luchttemperatuur boven tarwe
en gerst hoger dan die in de (standaard) weerhut, Zowel voor tarwe als gerst is het
verschil tussen het berckende vochtgehalte maximaal 0.5 %, wanneer de standaard
luchttemperatuur enerzijds en de oppervlaktetemperatuur van de aren anderzijds
wordt gebruikt. Gerst heeft een hoger evenwichtsvochtgehalte in de nacht en een
lager evenwichtsvochtgehalte overdag, en dientengevolge een grotere dagelijkse
gang in het vochtgehalte dan tarwe.

Het model voor de berekening van het vochigchalte van granen heeft cnkele
gewasparameters en standaard (verwachte) weerselementen nodig. Gebruikte
gewasparameters zijn: graansoort, opbrengst en beginvochtgehalte. Gebruikte
standaardweerselementen  zijn: luchttemperatuur, dauwpunt, globale straling,
bewolkingsgraad, windsnelheid en neerslaghoeveelheid. Bij het drogen verliczen de
graankorrels vrij en geabsorbeerd water door respectievelijk verdamping en transpi-
ratie. Condensatie en neerslag vullen de graankorrels met vrij water. In de graankor-
rels kan het geabsorbeerd water toenemen door diffusie van vrij water uit het
reservoir in de korrel. De formule van Penman-Monteith wordt gebruikt als basis
voor de berekening van het vochtgehalte van de graankorrels. De minimum hoeveel-
heid geabsorbeerd water in de graankorrels hangt af van de temperatuur en het
dauwpunt van de omringende lucht. Dit vochtgehalte wordt het evenwichtsvocht-
gehalte gencemd, het is de waterhoeveelheid in de korrels die te sterk is gebonden
om te kunnen verdampen. Het maximale vochtgehalte van het graan is 34 % (natte
basis).

De modelberekeningen komen goed overeen met de gemeten graanvochtgehalten
in het veld. De verwachte weerselementen komen meestal niet precies overeen met
de werkelijk opgetreden waarden. Een hoog graanvochtgehalte kan veroorzaakt
worden door een lage luchttemperatuur, een lage globale straling, een hoog dauw-
punt, een hoge windsnelheid en neerslag. Een langere verwachtingsperiode verlaagt
de kwaliteit van de verwachting van het vochtgehalte van tarwe en gerst. Tot vier
dagen vooruit is de verwachting van het graanvochtgehalte significant beter dan
voor een langere verwachtingsperiode.
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