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Abstract

A physically based evapotranspiration model has been ~eveloped

. '~ ..
and tested in an experimental greenhouse. Good agreement was fou~

~- -
between hourly model estimates and mass balance measurements of the

latent heat flux. The model recognizes the advective nature of the

greenhouse microclimate and thus represe~ts an:improvement over empirical

model estimates of evapor~tion based on the measurement of radiation

alone. Although radiant hea·ting is the dominant mechanism responsible

for evapotranspiration it does not represent a constant proportion on

an hourly or daily basi~. As a result, the Bowen ratio varies over time.

Most of the variation was attributable to advection, and to a lesser ..
extent, the sensible and latent heat fluxes at the_glazing. During the

daytime, th~ evapotranspiration process utilized in excess of 70% of the

net tJvailtJule e::ncrgy cit the .~urtacc. However, model estimates and empiricl:tl

evidence indicate this proportion can equal or exceed 100%. Variations in

the 'latent heat flux are shown to' depend on greenhouse design and the

ambient microclimate. Simulation of the greenhouse humidity environment

using 10 year hourly climatic means for Woodbridge, Ont~rio demonstrates

the effect of modifying ventilation rates, glazing transmission and intake

humidity on potential evapotranspiration. A relation is presented which

perm~ts ~he real-time adjustment of ventilation resistance from

meteorological measurements of solar radiation and dry and wet-bulb air

-.... ...
temperature. The maintenance of potential evapotranspiration for optimal

crop productivity is shown to be incompatible w~th the collection and

storage of sensible heat of th~ exhaust air as a means of defraying

greenhouse heating-costs.
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CHAPTER ONE

INTRODUCTIElN

1.1 THE ROLE OF EVAPOTRANSPIRATION
:

Evapotranspiratio~ is important in two major areas of greenhouse
.~

research. The first pertains to soil water uptake by plants and the

op;imum irrigation,required to produce a profitable crop. A~So~t~e

in~idence of plant path~gens and physiological disorcers is. related to

\
the soil and air moisture environments. The second pertains to solar

heating and the ability of the greenhouse structure to provide an

adequate growing envlrOMlent with a reduced dependence on supplemental ~

heating.

Since plants and the soil are the principle sources of moisture

for the air. in the gr~enhouse. determination of evapotranspiration. is an

important task. Greenhouse crops do not receive precipita~ion therefore· ,
,

irrigation takes its place. The optimum growth of crops requires

optimum moisture supply. Measurement of crop ~ater usage is a direct
~ ,

me~ns of evaluating irrigation requirements.

The rel~tionship between evapotranspiration and solar heating is

less well understood as it has only recently been brought to focus by

the rapid escalation i~ fuel prices. :he solar energy entering a g~eenhouse

is generally stored in two ways. Mainly, it is absorbed by tr,e ground

or other objects of large thermal mass and warms them conductively. As

the greenhouse· air cools in the evening, the stored heat is released

thereby moderating the greenhouse environnlent •. The second method involves

1
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extracting warm air which.. has been heateci convtcti",ely by tbt: surface

and transferring the heat to an isolatea-storage mass., The stored energy
'. .

is ithen. ,
/

mechanically transferred back to the greenhouse in t~e evening.

•
The former method of pa~sive solar energy collection and storage

-

is well understood and has been extensively modelled by Mazria (1979),

Balcomb, Hedstrom and Mcfarland (1977), Wray and Balcomb (1979) and

Besant (1979).

Passive solar heating has been demonstratea to be the most cost

eff~ctive means of ~roviding heat for tuildings. Nev~rtheless, increasing

research is devo~ed to the second type of solar collecticn as an exclusive

- .
means of heating b.!,ildings or. as a passive"!active hybrid system. This is..
because in SO~ instances, passive he~ting alone cannet supply one

hundred per cent of tht: structure's heating requirements •
•

,,'However, c.he environments that have t.een studied have been devoid

of vegetation. Tkle primary f~ction of t~'e simulation models of the

above authcrs has been tc· assess the potential for solar heating in

integra 1 or ,attached so 1a riums 'or t1sun-rooms". Unl ike sun-rooms, the

microclimate cf plant t·nviro'nr:lents "is very -different. Conductive ground

heating and con~ective ai( heating'are relatively minor terms in comparison

tc· the latent heatir.g cornpl'~zing evapotranspiration. Outdoors, ground. '

heating typically·constitutes 6-1~k of the energy available at t~e

surface and evapotransp,i rat ic·n b t,h~ee to ten t jn,~s greater than' sensib le
•

. heating. H'enct, in a gi-eenhc.use containing vegetation, evapotranspiration

is a major term and.it i, likely that c~rrent mcdels would greatly

overestin~te potential solar heating.

Since the accurate prediction of evapotranspirat~on is central to
•

the estimation of irrig8ticn rt'quirements and 'potential for; solar heating
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•

in dome,stie and eo'lnm~rcia1 greenhouses, it is appropriate to review the

progress that has been made in-this~ard.

rJ
l

1.2 ESTIMATING EVAPOTR~NSPIR~TION

1:2.1 Simulation Models

The purpose of greenhcuse simulatie,n models has been to predict

the behaviour of air temperature and humidity and soil ten,p~ratuIe over
•

tirr,e as a function of o~tside tenoperatuH, humidity and solar
•

radiation. Although these mocels do not provide a direct assessment

.(

,of the sensible and latcr,t t,tat fluxe; per se, the results are amenable

to these calculaticns. Very fe~ authcrs, (Takakura et a1., 1971)

. h,?wever, have chosen to present their results in this manner.

f\

~his type of modet has the advantage thdt the impact of design

cliangt.:$ on tial- micro( lilTI4Jtt." can be asscss~d. \unfortunatelY, several

models have been pr~sented whi.ch have n~t~ali~a.te'dwith field
,~ \

)

measure~~ (Kirr.ba 11, 1973), and (.th(,~that ,have repor.t or.ly modest

success in replicat"tng actual conditions (Froelich et al., 1979). What
\

distinguishes, these models from tl!cse f9r solariums is the parameterization

of evapotranspiration. Unfortur.ately, the simulation of the latent heat

t

18.5% from vertical subsurface
~

the least well

ly ca~e from irrigati n, 11.

nt.~ayama et el. 1980) foun

ai1able to evaporate water.latent heat flux as,the energy

component of the'greenhouse enviro

that'approximately 7~ 0\ mOi:ture

from horizontal SUbsurfac1 moisture f

of soil water to the root ,one

flux ~o~ only requires the parameterization of the r~diation and t
temperat~~onme~t but the p ramet~rizaticn of moIsture supply as

v
well. Clearly, the water hils as



o

_ moisture flow. However, these proportions are dependent on location

within the greenhouse and -ould be expected to vary with soil type,

•

4

outside precipitation and greenhouse management. Even if soil moisture

supply'were ample the availability of the moisture to the air'is-
controlled by the

moisture not only

plantrmata.

has t\o traverse

As Takami and Uchijima (1977) point out,

the aerodynamic resistance offered by

the ventilation "wind" regime, but the canopy resistance offered by the

composite effect of all of the stomata of the crop. An 'a priori'

knowledge of stomatal closure requires considerable further research.

Being unable to account for moisture availabili.ty, current ~reenhouse

simulation models have provided minimal insight into the role of

evapotranspir~tion in gr€enh~uses to date.

•
1.2.2 Emp~rical M9dels

The most ccommon approach to e,'a luaU ng evapotranspirat ion is to

use re~ession relationships between e"apotr"nspiratic,n arid radiant

er,ergy sup!,ly •

•
force behind the

will b$! "xamined

. ,approach assumes that the sun's energy is the driving

Although this assumption

ore detail in Chapter Two, it nevertheless. prOVides

an attractive ethodolog due to the abundance of meteorological srations

ncident solar;Fadiation and the common use of pyranometers ~n

. m st greenhouse microc.ti'mate studies. Relaticnships of this type could
. -.-/ .- \ .

also be useful t.o honteulturalists. As Mastalerz (1977) states, "It.-would be interesting to know if the amount of water per unit of solar

radiation. remains constant.:(sic) If'this were so, would plants be

subjected to the' same degree of moisture. stress between applications?"

Unfortunately, this is not known since empirical findings differ considerably.

f

•



•

5

For example, Hanan (1967) reported correlation coefficients of 0.57 and

0.92 between evapotran~pirationand solar radiation for separate

experiments in one location. SimilarJy, Morris et aJ. (1957) reportee

correlation coefficients between 0.41 and 0.97.

Also, regression coefficients are highJy variabl~. Morris et al.

reportee values from O.?29 to 1.38. Staihill et al. (1973) reported

values of 1.54 between evapotranspiration and net radiatH.ln. - Nakayama

and Yamanaka (1975) fou'nd values ranging from 1.37 to C.79: Linacre

et a1. (1964) found evaporat~on to exceed net availableQenergy by 27%.

It is clear that thb empirical approach is not w,,'U suited to
•

"stin,atir,g evapotranspiration. It does emphasize the variability in, the

evaporative flux however. It also d"emonstrates that it is not UIlcommon

for the latent h~at flux to ixc"ed net radiation or incident solar
(

radiation. This latter observation is particularly impcrtant because

it is responsible for tb, gener'al bel ief tbat t!·"se findings Wet"e

physically imposs..ible and incl.nsl Sterot' with ·,.bserved greenhous" performance.

Consequently, most of the results have been attributed to n,easurement

error and ignored.

."
A second empirical approach employed in' Japan, inv,.lves the

regression of measured evapotr,nspiraticn and evaporation from a 20 ~

diameter pan located within the greenhouse. Nakayama and Yamanaka reported

high, correlation coefficients 10.85, 0.99) but regression coefficients

varied ftbm 2.28 to 0.68. Also, the regression of pan evaporation and

net radiation indicated pan e,'aporation e>.ceeded net radiati,'n. Although

this empirical approach d~mollstrate~ no marked advantage over th" previous

method it also supports the contention that evaporation can exceed the

radiant energy supply.
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1.3 RESEARCH OUTLINE

This thesis will invcstigatc whether cvapotranspiration can

exceed received net radiation and remain consistent with observed

greenhouse performance using the energy budgct framework •. A physically

based model is developed which accounts for four~ajor influences on

evapotranspira~ion. The construction and instrumentation of a small
.~

greenhouse are outlined. Model estimations of evapotranspiration are

compared with measured values. Model sensitivity to various assumptions

and measurement errors is analysed. The suitability of the greenhouse

combination model as a dc'ign tool is investigated.






















































































































































































































