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INTRODUCTION

Environmental control is an at
tempt to produce conditions which
are stable in time and spatially uni
form. This is not yet possible in stand
ard greenhouses and hence, there is
a serious risk that experimental data
from plants grown in supposedly con
trolled environments may be misin
terpreted due to the imperfect know
ledge of the parameters under con
trol. Since uncontrolled factors may
have important subsidiary effects on
plants, measurement is the first step
to cope with such situations.

Few experiments have been design
ed specifically to study the climate in
a heated greenhouse (1). In particu
lar, little quantitative information
exists on variation of inside condi
tions with time of year, time of day,
and the variation of external meteor
ological conditions. This report deals
mainly with the latter, that is, the
influence of two types of winter situ
ation, a cool overcast day and a cold
clear day, on the climate of a green
house. The magnitude and standard
deviation of various temperature dif
ferences for nighttime and daytime
conditions were determined on these
two days. This provided information
for determining the influence of the
time of day on temperature differ
ences under completely different
meteorological conditions. A similar
temperature comparison was also
made from two sets of data on days
one month apart with the same num
ber of hours of sunshine. This was
done to find out how temperature
differences, for the same time of day,
are influenced by time of year. Also
investigated was the variation in radi
ation at various locations within the
greenhouse considering the time of
day and year. Finally, the periods of
oscillation of the inside temperature
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were studied to determine the fre
quency of observations necessary to
account for most of the temporal var
iations at various locations.

The aim of this paper is to provide
answers to the problems mentioned
above and by so doing treat the more
important questions as far as the
biologists and plant physiologists are
concerned. What meteorological data
should be gathered in greenhouses?
How should it be measured and how
often?

MEASUREMENTS

The cross-section studied was taken
in the center of a heated, unventi
lated greenhouse which measured 24
ft. 8 in. wide by approximately 75
ft. long with a ridge 12 ft. 10 in.

high. The concrete wall at the height
of the plants was 8 inches thick and
the rest of the greenhouse was mostly
glass. The main obstructions to the
outside radiation were the hearing
pipes, light fixtures and the roofs
support. The direction of the longti-
tudinal axis of the greenhouse was
northwest to southeast.

The temperature and radiation
were measured outside and inside
the greenhouse (figure 1). Since
radiation is not very high during the
winter period, shielded, but unvent-
ilated thermocouples were used to
measure the inside and outside air
temperature. Thermocouples were
used to measure the temperature of
the boundary layers close to glass and
heating pipes. The following temp-
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Figure 1. Greenhouse cross-section and location of sensors.
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eratures were also measured: soil
temperature at two depths, near the
top and in the bottom of two differ
ent pots; air temperatures within the
canopy of plants at two levels and in
two positions; unventilated dry and
wet bulbs at nine positions in the
same cross-section. Solar radiation
was measured outside with an Eppley
pyroheliometer installed on top of the
greenhouse and inside with a Kipp
solarimeter at position 3 and two Yel
lotts solarimeters at position 1 and 2.
Both the Kipp and Eppley detect
radiation ranging from approximately
0.3 to 3(i while the Yellotts from 0.35
to 1.2 fi. All measurements were re
corded every 15 minutes for inter
mittent periods for approximately one
month using a data logger that
punched data into paper tape.

Selection of days to be studied was
based on particular outside meteor
ological conditions. The data for Feb
ruary 12 and 19, 1965 were chosen to
study the effect of two types of win
ter conditions on inside temperature,
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Figure 3. Air temperature and air temperature differences in a greenhouse.
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humidity and radiation. The 12th was
cool and had a maximum air temp
erature of 6°C and a minimum temp
erature of -6°C. It was overcast with
a slight freezing rain. The 19th was
sunny and cold with a maximum air
temperature of -13°C and a minimum
temperature of -19°C. February 13
and 14 and March 12 and 13, 1965
were used to show the spatial varia
tion of inside temperature caused by
variations in solar declination. These
four days also were used to show how
radiation varied with time of year
and time of day.

RESULTS

Three-hourly averages of tempera
ture data for February 12 to 14
(figure 2) illustrates the tempera
ture regimes present in the green
house.

Data for February 12 and 19 dem
onstrated the influence of the com
bined effect of solar radiation and
outside temperature on the inside air
temperature. A graph (figure 3) of
the air temperature difference in the
cross-section of the greenhouse for
every fifteen minutes on these two
days showed the range and period of
the variation that can be expected.

The temporal variation of temper
ature in the greenhouse was studied
in detail using the thermocouple at
position No. 9 (figure 1). On the
12th, the differences in air tempera
ture between position 9 and the
temperatures at the other eight posi
tions showed a relatively constant
period throughout the day and a con
stant amplitude varying from 0.5° to
3°C depending on which differences
are examined.

On the 19th, the period of the dif
ferences in temperature was also con
stant throughout the day but shorter.
The amplitudes were smaller, that is,
approximately 1°C except during the
period of high insolation when differ
ences of 4 to 5°C were recorded.

The relative humidity of the air
was strongly influenced by tempera
ture (figure 4). The inside relative
humidity recorded on these two days
was less influenced by outside humid
ity than by the internal heating cycle
as indicated by the steampipe temp
erature. The outside temperature and
solar radiation also had some effect
on inside humidity. The outside
humidity on the 12th was approxi-
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Figure 4. Humidity variations in a
greenhouse.

mately 55% from midnight till 5 a.m.
From 6 a.m. till 4 p.m., it was approx
imately 85% then it decreased to
70% for the rest of the day. Inside, it
varied with the same period as the
temperature and the variation had a
relatively constant amplitude of ap
proximately 20%. On the 19th the
outside humidity was approximately
55% before noon and 62% after
noon. At this time, the period of the
humidity variation was shorter and
the amplitude was also smaller by
approximately 6%. During the time
or high insolation, the mean relative
humidity inside rose by approxi
mately 20% due to the increase in
the transpiration rate (3).

Since vapour pressure deficit
(V.P.D.) is a better criteria of evap
oration rate than relative humidity,
the humidity and temperature read
ing at position 9 were converted to
this measurement (7). On the 12th,
the V.P.D. varied from 3 to 9 mb
with a constant period and an aver
age amplitude of 6 mb. On the 19th,
the V.P.D. variation had a shorter
and constant period and during the
time of no solar radiation it varied
from 8 to 10 mb. During periods of
high insolation it decreased and had
a relatively constant mean of 7 mb
with a maximum amplitude of 3 mb.

Mean temperature differences at
different places inside the greenhouse
were estimated for the day and night
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on the date in question (table 1). The
air temperature differences on the
12th and 19th were practically the
same at night. During the day, larger
temperature gradients were measured
in the vertical on the 12th than on
the 19th while horizontal temperature
gradients were larger on the 19th on
these two days. Other significant
temperature differences were noted
between the glass and plant tempera
tures. This would mean that long
wave radiation flux was very differ
ent on these two days. On four sunny
days, one month apart, the only sig
nificant differences during the day
were between the horizontal temper
ature gradients. As to the other temp
eratures, only the glass and plant
temperature differences were signifi
cantly different.

Light intensity in the greenhouse
was influenced by several factors
such as outside light conditions, size
and orientation of the house, and
structural shading. The radiation
reading was very low on the overcast
day (February 12) (figure 5). The
average outside short wave radiation
was approximately .06 ly/min during
the day with an average loss of .01
ly/min on penetrating into the green
house. No meaningful differences
were observed between solarimeters.
On February 19, only 55 ly reached
position 1 with the largest horizontal
light gradient occurring in the after
noon.

From February 13 to March 12, the
sun's declination angle changed by
10° thus producing differences inside
the greenhouse. On both February
13 and 14, out of approximately 300
lys only 100 lys reached position 3
and out of the mean 120 lys reaching
position 1 and 2, 50 lys more reached
position 1 than 2. On both March 12
and 13, 140 lys out of 350 lys reached
position No. 3 and out of the mean
160 lys reaching position 1 and 2, 50
lys more reached position 2 in the
morning and 40 lys more reached
position 1 in the afternoon. Hence,
such large horizontal light gradients
can explain the larger air temperature
differences under strong radiation
conditions.

Using spectrum analysis (2, 5) and
comparing the spectra of air temper
ature series for the cross-section
(figure 1) one can say that oscilla
tions with certain periods are more
probable than oscillations with other
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periods. For example on February 12
the power spectra of fifteen minutes
temperature series indicate that os
cillations with a period of 1.2 hrs. are
more probable than those of neigh
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Figure 5. Modification in shortwave radiation in a greenhouse.
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bouring periods. Similarly on Febru
ary 19 a period of 0.75 hours is more
probable (figure 6). Although a fac
tor of 10 larger, the spectral estimates
for the steampipe temperature are
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Figure 6. Power spectra of air temperature in a greenhouse.

very highly correlated with the air
temperature; thus the heating system
has really the greatest influence on
variations of the inside air tempera
ture.

DISCUSSION & CONCLUSIONS

The main function of a heated
greenhouse is to provide a more fa
vourable climate for plants than that
of the out-of-doors. The results show
that inside air temperature and
humidity are subject to similar and
considerable variation over a cross-
section of the greenhouse during win
ter. The largest temperature differ
ence and relative humidity occur dur
ing high insolation periods and larger
variations in temperature and humid
ity occur on cool days as compared
to very cold days.

It is of some practical interest to
estimate temperature differences be
cause these differences are the cli
matic factors to which most growing
conditions are related (6). From
these we could estimate the relative
importance from day to day of var
ious energy terms such as soil heat
flux, long - wave radiation, sensible
heat, etc. (4). Finally, it is these
measurements which give us inform
ation of the type of control on temp
erature that are possible in such a
greenhouse.

The greenhouse climate, however,
is not very favourable with respect to
light intensity. Even if a great pro
portion of solar radiation is lost due
to reflection and obstructions the ef
fect of the solar radiation differences
in space are important. The fact that
more visible radiation reaches posi
tion 1 on a clear day than position 2
can be very important to the plant
development since this is the range
of radiation responsible for photo
synthesis and photomorphogenic pro
cesses. Although control of solar radi
ation is impossible, a knowledge of
the differences will often help explain
anomalies in various experiments and
indicate the amount and extent of
artificial radiation to be applied.

Although the greatest variation in
air temperature at various places ap
peared to be due to variable solar
radiation, the amplitude and period
of the temperature variation is con
trolled by the heating system. The
main difference (figure 5) is in the
period and amplitude of the tempera-
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TABLE I. MEAN AIR TEMPERATURE DIFFERENCES
(AT)°C AND STANDARD DEVIATION (cr)

LOCATION FEBRUARY MARCH

12 13 14 19 12 13

yT8 Day AT -1.3
.9

-1.1

3.1

-1.4

1.4
-1.1

1.2

-1.2

1.3
-1.2

1.6

Night AT
(7~

-1.1

.8
-1.4

• 7

-1.4
.4

-1.3
.4

-1.6
1.1

-1.3
1.2

T _T
9 7

Day AT -2.5
.8

-1.1

1.1

-1.6
.9

-1.1

1.1

-1.6

2.7

- .8

2.9

Night AT
<7~

-1.8

.9

-2.1

• 7
-2.5

.6
-2.0

.6
-2.4
1.2

-2.8

1.0

T -T
X9 6

Day AT .6

.3
1.9
1.5

2.0

1.5
1.9
1.4

1.3
1.6

1.1
1.4

Night AT
cr-

.4

.2
•3
.3

.2

•3
.1

.3
-0

.6
- .2

.7

9 ^
Day AT 1.6

1.0

-2.0

2.0

-3.0

1.9

.1

1.8
-.6

1.7
- .9
1.5

Night AT

<r

-1.2

• 9
-1.4

.6
1.6

.4
-1.2

.6
-1.8

.9
-1.7
1.1

9 2
Day AT

o-

• 9

,4

1.5

1.1

1.3

1.1

2.0

1.2

- -7

2.6

- .7

2.6

Night AT 1.1

.4
1.1

.3
1.3

.3

1.4
.4

-7

• 7

.8

.7

T -T

9 1

Day AT
a-

.3

.6
1-9
1.8

1.8
1.8

2.0

1.8
.4

1.9

.2

1.7

Night at

<r

.3

.4
0

• 5

.4

.6
.2

.8
-.2

.8
0

.8

V% Day 2.8
1.2

3.5
.9

3.8
1.6

3.9
.9

2.5
.8

2.5
.8

Night AT
ct-

3.1
1.2

3.5
1.1

4.2

.9
*.9

.8
3.0

•9

2.6
.8

TQ -Tp3 Day AT • 7
• 3

-1.6
1.2

1.7
1.1

1.4

1.1
1.9
1.6

1.9
1.6

NighUT .1+
.2

.3
• 3

• 3

•3
.3
.3

.2

.6
.3

• 7

T2 -Tpx Day AT .4

.2

- -9

3.0

-1.6

2.2

.4

1.3

- .9

2.2

- .9

2.2

Night^T
a-

.2

• 3
- .3

.3

- .4

.3

.2

.3

^r\ Day &T
<7-

8.4

2.0

12.6

1.3
12.3
1.3

14 .0
1.4

5.4
1.5

5-3
1.4

Nightfil
<r-

8.8

2.0

10.?

2.7

13.0

1.3

15.6
1.3

10.1

1.4
8.4
1.4

TVTg Day AT 7.8
2.0

11.7
1.4

11.1

1.4
13.3
2.0

6.8

1.5
6.8
1.4

Night^T
a-

8.1

1.9
9.3
2.4

11.5
1.2

15.7
1.7

]0.4
1.4

8.7
1.6
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ture variation. That is, the heating
system cycle varies depending on the
type of day. Spectrum analysis per
mits the determination of how often
observations must be recorded on
these two types of days to account for
all variations. If observations are
taken twice during the heating sys
tem cycle, it is enough to account for
most of the variations. This means
that on the 12th, observations every
Vz hour would have been frequent
enough while on the 19th observa
tions every fifteen minutes were nec
essary.

Some of the problems and require
ments of environmental measure
ments under glass structure have
been discussed. It is realized that the
results of these measurements have
limited application since they were
carried out in a particular greenhouse
at a particular time of year. It is im
portant, however, that research per
sonnel using such structures should
realize the limitation of the environ
mental control and the possible ef
fects on plants grown therein.
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TABLE I. — (Continued) —

LOCATION

12

- .2

.4

- .2

.2

.1

.1

.1

.2

35.0
1.6

FEBRUARY

13 1^ 19

• 5
.8

.2

.2

.4

.6

.1

.1

MARCH

12

- .4

.9

- .2

• 3

-1.7

1.6

-1.7
1.4

22.2

2.3

23.8
3-3

13

- .4
1.2

- .2

• 3

-2.1

1.9

1.3
1.8

20.7
1.4

20.6

3.1

T»3-*«U Day AT

TV Ts,

• 5
2.9

- .3
.2

- .4

.4

.1

.1

.8

1.1

- .2
.2

.3

.4

a
.2

T -T
9

NightAT
0-

Day AT
a—

NightAT
o—

Day AT
o—

NightAT

37.0 39.3 35.2
2.1 3.1 2.2

33-6 34.3 34.6 3^-5
2.0 2.0 1.6 2.1

T

T,

Dry bulb or air temperature

Plant temperature

Soil temperature

Tg"

9w

r*sp

Glass temperature

Wet bulb temperature

Steam pipe temperature

Numerical subscripts refer to sensor locations (figure 1).
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1958. Some applications of sta
tistics to meteorology. The Penn
sylvania State University, Univers
ity Park, Pennsylvania, 223 p.

6. White, F. W. G. 1963. Proceedings
of symposium on engineering as
pects of environment control for
plant growth. C.S.I.R.O. Mel
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POWER REQUIREMENTS . . .

continued from page 76

picking up 24 feet, or at 2.75 mph for
30 feet, of windrowed grain, and per
form the harvest operation at a rate
of ten acres per hour.

It was observed, when calculating
the horsepower requirements, that
the rpm of both the main drive and
the cylinder shafts decreased as the
feed rate increased. The result was a
gradual slowing down of the thresh
ing and separating components of the
combine. An increasing cylinder de

mand absorbed power from the main
drive, thus reducing that available to
operate other parts of the combine.
This indicated that the efficiency of
the straw walkers and sieves to sep
arate grain from straw may be im
paired.

SUMMARY

The power used by the main drive
and by the cylinder of a self - pro
pelled combine increased as the
amount of grain and straw handled
per minute increased. The cylinder
power demand increased more rap
idly than that of the main drive
power, the rate of increase depending
on the variety of grain being harvest
ed. The solid-stemmed Chinook re
quired more power to thresh than did
the hollow-stemmed Canthatch, when
when using either the rasp bar or
spike tooth cylinder. Less power was
required when threshing with spike
tooth than with the rasp bar cylinder.
Straight combining wheat, with either
cylinder, required more power than
when picking up windrowed crops.
Barley and oats required less power
to thresh with the rasp bar cylinder
than did wheat. The power demand
by the cylinder established a maxi
mum feed rate for each variety of
grain, when harvested with the com
bine used in these tests.

A relationship between horsepower

and capacity based on through-put
has been calculated. This relationship
may be used when comparing the
power rating of one combine with an
other or for estimating the rates of
doing work. Comparisons may be
based on 3.25 hp per foot of cutter
bar, 1.3 hp per inch of cylinder
width, or 13.0 hp per 100 pounds of
through-put per minute.

The depletion of available power
with additional increments of feed
rate reduced the rpm of the main
drive and cylinder shafts. A depletion
of available power may cause a de
crease of efficiency, a reduction in
capacity, and an increase in the loss
of grain.
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