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ABSTRACT 

A new combination formula to assess potential evaporation of greenhouse crops 

is proposed and shown to agree well with measured actual evaporation. The main 

peculiarity of the method here outlined is a new parametrization of the so-

called aerodynamic resistance. 

Vapour transfer has been considered to be the outcome of forced convection in 

the leaf boundary layer, with air movement being induced by free convection 

around the heating elements. Accordingly, vapour transfer at the evaporating 

surfaces can be completely determined when the free convective heat transfer 

of the heating system is known. 

A formula for potential evaporation based on this principle is shown to give 

excellent agreement with measured évapotranspiration of a greenhouse tomato 

crop on 2k hour totals, and a good agreement on a few minutes time basis, even 

for nighttime data. Shortcomings and possible improvements of the method are 

di scussed. 
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SYMBOLS 

A = ground area fraction corresponding to a crop row (-) 
-3 

C = concentration kg m 
2 -1 

D = apparent diffusion coefficient m s 

E = vapour flux kg m s 
-2 

G = rate of change of stored heat per unit area W m 
-2 

H = sensible heat flux W m 
-2 

L = longwave radiation flux W m 

LAI = leaf area index . (-) 
-2 

R = radiation flux W m 
-2 

S = shortwave radiation flux W m 

T = temperature K 

a = specific heat of air J kg K 

d = diameter m 

e = vapour pressure mbar 
-1 

r = r es is tance s ni 

u = wind speed m s 

z = vertical coordinate m 
-2 -1 

a = heat transfer coefficient W m K 

Y = psychrometric constant mbar K 

S = slope of the saturated vapour curve mbar K 

e = emission coefficient (-) 

À = latent heat of vaporization of water J kg 

p = density of air kg m 

p' = reflectance of the canopy (-) 
-2 -k a = Stefan-Boltzmann constant W m K 

T = transmittance of the canopy (-) 

Subscripts : 

a = a i r 

abs = absorbed 

c 

H 

L 

I 

n 

= convection 

= heat 

= longwave radiation 

= leaves 

= net 

P 
s 

V 

2 

-
= 

= 

= 

pi pes 

surface 

vapour 

at height 

Superscr ipt: 

* = saturated 

z 



1. INTRODUCTION 

In meteorology as well as in micrometeorology, vapour production is known to be 

a very efficient way of transferring energy, due to the large amount of energy 

needed for the phase change. It is, therefore, no wonder that over the centuries 

so many efforts have been devoted to improving man's knowledge about vapour pro­

duction. Nevertheless, evaporation has proved to be a more elusive problem than 

could be expected since the way mass - as well as heat and momentum - is trans­

ferred in the atmosphere is still far from known. 

The main object in all these efforts is to improve the management of water 

resources that are realized to be limited. The reason for devoting research to a 

quantitative knowledge of vapour production in greenhouses is even broader: what 

is at stake is the correct management not only of scarce - or expensive - water 

resources, but of even scarcer energy sources. In fact, the controlled climate 

of a greenhouse environment presents a challenge: vapour production could be 

controlled, in principle, if the physical laws governing it were known. 

The underlying consideration is that i t would cost far less energy to control vapour 

production than air humidity afterwards, as is normally done. 

In the work described in this paper, an attempt was made to quantify the depen­

dence of vapour production by a greenhouse crop on the relevant factors of the 

greenhouse climate. 



2. THEORY 

Vapour transfer from a surface to a height s can be described as a diffusion-

type process: 

(C - C ) . -2 -1 ,,. 

E = D s z' kg m s (1) 
v z 

where E is the vapour flux, Dv has the units of a diffusion coefficient, C and 

C are the vapour concentration at the surface and at height z, respectively. 

However, what makes this direct approach unworkable is that, in practical pro­

blems D is not known and can be orders of magnitude greater than the pure 

diffusion coefficient of vapour in air, since some turbulent transfer is present. 

Moreover, in most cases vapour concentration at the surface is not known, nor 

can it be easily measured. 

2.1. Potential evaporation 

Penman (1948) firstly showed that these shortcomings could be overcome by com­

bining (hence the name "combination method") the energy balance equation with 

transfer functions for sensible heat and water vapour, to get - under circum­

stances characterized by some hypothesis - what he termed "potential evaporation", 

i.e. vapour production by a surface with unlimited water supply, exposed to a 

g iven cl imate. 

Monteith (1965) and Rijtema (1965) extended the method, which in the original 

Penman formulation contained considerable empiricity, and Van Bavel (1966) 

firstly pointed out that "the fundamental condition that defines potential eva­

poration is that the surface vapour pressure can be found from the surface tempe­

rature". 

It should be noted that potential evaporation thus defined can be interpreted 

as a characteristic parameter of a given climate, i.e. the amount of evaporative 

losses taking place from a surface saturated at its temperature exposed to such 

a climate. Actual evaporation differs from the potential one insofar as the 

condition of saturation is not met. In this context it is clear that the para-

metrization of potential evaporation does indeed have some relevance for research 

aimed at controlling vapour production through climate control procedures: 

climate completely defines only potential evaporation and not the actual one, 

which is likely to be influenced also by other factors such as the amount of 



supplied water, water salinity, age and health of the crop, development of the 

roots, i.e. anything that could influence the extent to which the surface 

saturation condition is not met. 

It is likely that, for greenhouse crops, water is normally available at the 

evaporating surface freely enough for actual evaporation to resemble the poten­

tial one. Results shown in Stanghellini (1981a) support this statement, although 

some of the results discussed in Stanghellini (1983b) show that there can be 

exceptions. 

2.2. Combination method 

An expression for the potential evaporation rate is derived below. A detailed 

discussion of the working assumptions needed for the following derivation can be 

found in Van Bavel (1966) and here only the relevant points will be given. 

The energy balance of an evaporating surface is: 

Rn = XE + H + G W m"2 (2) 

which states explicitly that the net energy gained from radiation (R ) must be 

equal to the energy released as latent (XE) and sensible (H) heat, plus the 

rate (G) at which energy is stored below the surface. However, sensible heat 

exchanged between the surface and the atmosphere is not better known than ex­

change of vapour, so that even if the absorbed radiation and storage rate were 

known, eq. (2) could not be directly applied to estimate vapour production. 

However, any flux can be formally written as a difference of potential across 

a resistance, so that it is possible to state 

H = -22_ (T -T ) W m"2 (3) 
raH S a 

where pe is the thermal capacity of a unit volume of air (assumed not to depend 

on z) , T and T are the temperatures of the surface and air at some height z, 

and r u is defined as the resistance to the transfer of heat offered by the air 
aH 

layer contained between the surface and the height z. 

Eq. (1) can be written in a similar form when r = s/D is defined and, after 
av v 

substitution of a difference in pressure instead of concentration, we get: 

XE = -22- (e -e ) W m"2 (k) 
YP s a 1 av 

where e and e are the vapour pressure at the surface and at height z, 



respectively, y is a psychrometric constant and r is the resistance offered to 

vapour transfer by the layer of air contained between the surface and 3. 

By considering 

e = e* (T ) mbar (5) 
s s 

(vapour pressure at the surface is the saturated vapour pressure) as the defining 

condition for potential evaporation, and writing 

e* (T ) = e*(T ) + <5(T ) (T - T ) mbar (6) 
S d a 5 d 

where ô(T ) is the s lope of the sa tu ra ted vapour curve a t temperature T , (4) 
a 3 

can be written as : 

*E = ~~ (**(Ta) - ea + 5(T ) (T - T )) W m'2 (7) 
y av 

Substitution of (2) in (3) shows that: 

T - T = — (R - X E - G) K (8) 
s a pc n 

Substitution of (8) in (7) and rearrangement finally yield: 

(1 + M l a l Ü5Ë ) XE = - £ - ( e * ( T ) . e ) + iilal Jiü (R . G) w m-2 (tJ) 
Y r yr a a Y r n 
' av av av 

Eq.(9) can be further simplified by the assumption that r ,, = r (similarity 
r aH av 

of heat and vapour transport, § 2 . 3 ) , so that if the symbol r is used for both, 

we get: 

XE = — P ! L - _ . (e*(T ) -e ) + 6 ^ > (R - G) W m" 2 (10) 
r (y+5(T ) ) v v a ' a Y + < S ( f ) n v 

The fundamental advantage of the combination method is that a vapour transfer 

coefficient is far less critical in (10) than in (l). 

Moreover, since no state function needs to be known for the surface, the 

variables to be used in (10) may be measured at only one level in the air. 

Eq.(lO) is built up from two terms, the first being dependent on the ability 

of the air to accept the vapour produced and to carry it away from the surface, 

whereas the second is solely dependent on the net supply of energy at the 

evaporating surface. This is the reason for the widely used definitions of an 

"aerodynamic" and "radiative" term for the first and second terms of eq.(10), 

respect ively. 



It should be noted that in principle eq.(10) represents an instantaneous evapo­

ration rate and its use is, therefore, by no means restricted to time averages 

over periods of days or longer, although this impression is fairly widespread. 

In practice, however, the use of eq.(lO) for short time intervals is limited 

by the fact that the storage term G is seldom known with sufficient accuracy 

(§ k.2). 

2.3. Aerodynamic resistance 

The assumption of similarity between the transport of vapour and heat made 

implies that both are passive components of the air mixture (i.e. not influen­

cing its dynamic properties), which neither is. 

Moreover their "pure" diffusion coefficients are different, being 

D = 2.12 10"5 and Du = 1.81 10"5 m2s~' (in air at 0 °C). 
V n 

However, a "turbulent" diffusion coefficient, being typically in the order of 
-2 2 -1 

magnitude of 10 m s or more, seems unlikely to be affected by differences 

on such a small scale. A hydrodynamic analogy makes this point clearer: small 

particles of different shapes or weights are transported similarly in a strong 

current, since the effect of their different properties on the flow is negligible. 

Thus, eq.(10) can suffice for the present purpose. Observe that the hypothesis 

of similarity, although representing a simplification, is not needed for the 

validity of the combination method (eq.(9) is valid in any case) as is, on the 

other hand, the condition of saturation. 

The resistance r , sometimes called the aerodynamic resistance, is some combi­

nation of the resistances offered to vapour on its path from the leaf surface 

through the leaf boundary layer to the air. In fact, vapour production on the 

leaf surface takes place both through stomatal pores whose opening and closing 

is controlled by the hydraulic behaviour of guard cells acting as valves and 

through a thin cuticle. 

A common way of describing this water mass flow is to use its analogy with the 

flow of current through a circuit, stating that stomatal and cuticular resis­

tances are wired in parallel, and then in series to the boundary layer resistance. 

However, calculating the total resistance r from this wiring is a forbidding job, 

since the individual resistancies are not known, nor easily measured separately, 

neither is there any good reason to assume that they should be the same on both 

sides of a leaf. It thusmakes some sense to pack everything together in a total 

resistance r and try to make some assumptions about it. 
a 



Indeed, many different equations have been provided in the literature for the 

aerodynamic resistance, which can be grouped into two categories: empirical 

ones (e.g. Penman, 19^8 ; Rijtema, 1965) containing some empirical function of 

wind speed, and "theoretical" ones derived from the theory of convective trans­

fer in the boundary layer when a wind profile is established (e.g. Businger, 

I956; Van Bavel, 1966). Both these approaches represent actually a parametri-

zation of the boundary layer resistance and not of the resistance at the surface 

(stomatal and cuticular), so that they are adequate when the latter is much 

smaller than the former. 

This statement is supported by the results of Van Bavel, 1966, whose formula 

for potential evaporation - clearly adequate in other conditions - constantly 

overestimated nighttime actual evaporation of alfalfa, while predicting well 

nighttime evaporation from open water or bare soil. The author concluded that 

while daytime stomatal effects are too small to be detected, a relevant super­

ficial resistance develops at night, to which his parametrization of the aero­

dynamic resistance does not apply. 

There is no physical ground for applying any of the functions given in the 

literature for v to greenhouse evaporation: the non-existence of a wind pro­

file rules out the above theoretical approach, whereas the range of wind speeds 

for which most empirical formulae were developed (above 1 m s ) does not allow 

any extrapolation to the values normally experienced in greenhouses (0.1 m s ) . 

However, on the basis of these findings, it can be safely stated that a higher 

boundary layer resistance is to be expected than in the field. In this respect 

indoor climate offers better opportunities for the validation of a formula for 

potential evaporation: the higher is the boundary layer resistance, the more 

likely are stomatal effects to be negligible. 



3. MATERIALS AND METHODS 

The results discussed hereafter concern data collected during a joint project 

between IMAG and the Department of Physics and Meteorology of the Dutch Agricul­

tural University at Wageningen. 

The project was aimed at establishing the energy balance of a greenhouse tomato 

crop. Central in the experimental set-up was the use of a prototype weighing 

lysimeter developed in the Twente Technical University (NL) . The lysimeter is 

described by Bot et al., 1983; Dormans, 1983 and Stanghel1 ini , 1983b, where a 

summary of the relevant relationships between transpiration and greenhouse 

climate, as appearing from the measurements, is also provided, 

A detailed description of the complete instrumental set-up can be found in 

Stanghel1 ini , 198lb,and van 't Ooster, 1983; here only the relevant parts for 

the present subject will be briefly repeated. 

3.1. Experimental set-up 

The greenhouse is a single-glass, Venlo-type, eight span, E-W oriented one. 

Heating is provided by hot water circulated in pipes (two pipes, a few centi­

metres above ground, for each crop row, and one at gutter level for each span); 

natural ventilation takes place through roof ventilators. Measurements were 

carried out, in two successive years, with tomato crops (cv. Sonatine and cv. 

Marathon) grown on rockwool mats 0.3 m wide, 1.6 m apart. 

Both soil and rockwool were covered with white plastic sheets, and no evapora­

tion could take place. Accordingly, when reference is made to measured values, 

only transpiration is considered. In the second year, a transparent-lamellae 

screen was set up in the house, and a climate control system was installed 

(Van Meurs, 1980) . 

Incoming shortwave radiation was measured above the house, directly below the 

roof (above the screen), at two points above a crop row and one below it. 

Reflected shortwave radiation was measured by a solarimeter placed in reverse 

just above a crop row (below one of the two solarimeters placed there). Net 

radiation was measured by sensors placed above, below and within another crop 

row. Temperature and humidity of the air were measured by Assmann aspirated 

psychrometers, outside, below the roof, above the canopy, at 1 m height and a 

few centimetres above the ground. 

The temperature of the foliage was measured by a Heiman infrared thermometer, 
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pointing midway up in a crop row. Heat flux into the ground was measured with 

two heat flux plates at 0.05 m depth below a rockwool mat and in the middle of 

a path, respectively. 

Most of the measuring devices were near the centre of the greenhouse, where 

transpiration was also measured. 

The above-mentioned lysimeter has a maximum acceptable load of 100 kg and can 

measure weights with an accuracy of ± 0.1 g in a laboratory environment. In the 

greenhouse set-up actual accuracy did not exceed 0.3 g, due to some influence 

of air movement (Stanghel1 ini , 1983b). It was working on the vent-out principle, 

in order to avoid temperature-related problems, as encountered in many previous 

experiments in greenhouses. 

It was placed in a pit dug in the ground, carrying a portion of a crop row, 

that was thus in line with and at the same height as the rest of the row (Fig.l) 

Fig. 1 - The lysimeter, as installed, supporting a tray with k plants. The 
plants were supported by a high frame, the lowest part of which 
can be seen on the photograph. In this way they were kept in line 
with and at the same height as the rest of the row. No relevant 
differences in growth were observed between the plants on the 
lysimeter and the others. 

12 



A micro-computer was also installed which apart from high frequency (>0,2 Hz) 

filtering of the lysimeter's direct output signal, checked for cumulative 

transpiration in order to automatically replenish the water consumed (Reinders, 

1982). 

The output provided by all the instruments was scanned by a data-logger at inter­

vals of 1, 3 or 10 min and stored on disc for further processing. 

Leaf area could be estimated from the mean length of leaves with the procedure 

developed by Van der Varst and Postel, 1972. The leaf area index (LAI) was 

calculated relating the estimated leaf area to the corresponding ground area 
2 

with a plant density in the house of 2 per m . 

3.2. Aerodynamic resistance in a greenhouse 

As mentioned in § 2.3, there is not much use in developing an empirical relation 

for the aerodynamic resistance for greenhouse crops as a function of wind speed, 

since the meteorological conditions justifying such an approach are not met in 

a greenhouse climate. There is also a good practical reason; measurements of 

wind speed at levels as low as 0.05 - 0.15 m s are generally not accurate 

enough for such a purpose and can by no means be considered common practice, so 

that an evaporation formula based on such measurements would lose much of the 

attractive simplicity of the combination method. 

Moreover, as Stanghel1 ini, 1983a, showed, air movement in a greenhouse is 

largely due to free convection over the heating elements, so that a fairly well 

defined relationship could be established between indoor wind speed and the 

difference in temperature between the heating pipes and the air. 

It is normal practice to state that the convective heat flow H from a surface r c 

is proportional to the difference in temperature between the surface and the 

air, i.e. 

Hc = a c (T s -T a ) W m " 2 (11) 

-1 -2 -1 
The convective heat transfer a , having the units of J s m K , represents a 

volume density of specific energy times a speed, which can be thus interpreted 

as the net speed of heat transfer in a convective regime; let u be its symbol. 

Observe that u can be expected to bear some similarity with actual wind speed 

u only in a laminar flow, while becoming comparatively smaller with the onset 

and progress of turbulence. 

If it is thus acknowledged that in most cases heating should be the driving 

force for transport in a greenhouse, there is a point in relating the aerody-



namic resistance to the convective heat transfer of the heating elements. The 

simplest assumption to be made is that the net speed u of transfer is uniform 

within the volume occupied by the heating system and the canopy. Accordingly, 

comparison of (11) with (3) shows that: 

— = a W m"2K_1 (12) 
raH C 

so that we get 1/v u = u . 
an c 

In Stanghel1 ini , 1983a, the convective heat transfer coefficient a of the 

heating pipes was derived, resulting - for the present set-up - in: 

T
a •

 d i 7 1 

rM = 345. ( y ^ y ) 5 W m ZK ' (13) 
s a 

where d is the pipe" diameter in m, T is measured at the external surface of 

the pipes and temperatures are in K. 

Eq .(13) c a n be used directly in (10), once the similarity between vapour and 

heat transfer is assumed. Anyhow, it is worthwhile to estimate the magnitude 

of u thus defined: if we assume T ^ 40 °C, T ^ 15 °C and d ^ 0.05 m, we 
C -1 S -3 -1 a 

get r L ^ 300 s m and u ^ 3.5 10 ̂  m s . an c 
It should be mentioned that extrapolation of relationships suggested in the 

literature (Rijtema, 1965; Van Bavel , 1966) would yield u ^ u/30 for compa-
c -1 

rable conditions. For wind speeds in the order of magnitude of 0.1 m s , as 
measured in the present set-up, it would indeed result in a comparable value 

for the resistance v . 

3.3. Parametri zat ion of potential evaporation in greenhouses 

When the radiative part of (10) (i.e. its second term) is considered, it is 

common experience that radiation absorbed by a greenhouse crop is not easily 

related to net radiation measured above it. A previous paper (Stanghel1 ini , 

1983c) dealt extensively with this subject, and here only the relevant equa­

tions will be repeated for completeness. 11 was shown that the radiât ion actual-

ly intercepted by such a canopy and not transmitted or re-emitted by it can be 

calculated from: 

Rabs = A . [(1 -x L ) Rn + {(1 - p')xL - T}S + 0.225 (1 - T ^ M L - Lz)} W m"2 (14) 



where R and S are the net and shortwave radiation fluxes, respectively, 
n 

measured above a crop row; A is the fraction of ground area occupied by a crop 

row; T. and x are the transmittance of a crop row for longwave and shortwave 

radiation, respectively; p' is the reflectance of a crop row for shortwave 

radiation; L - L? is the net longwave flux exchanged between the heating pipes 

and the canopy and 0.225 is a normalizing factor (ratio of pipe area to ground 

area) . 

The parameters are given by: 

A = 0.83 (l-e-°- 8 7 ' L A 1 ) (15) 

T = e-°-75-LAI ( 1 6 ) 

V e - ° - 9 V L A I (17) 

p'. 0.45-e-°-68'LAI (18) 

It should be stressed that eqs.(15) to (18) are empirical ones, valid only for 

the present set-up. However, they could be easily derived for any crop with the 

method outlined in Stanghel1 ini , 1983c. 

The net longwave flux L - L, can be calculated by the Stefan-Boltzmann law: 

L - l t = ea (Tp-Tj) W m"2 (19) 

where a is the constant of Stefan-Boltzmann, e is the net emission coefficient 

(s 1) and T and T? are the temperature of the pipe surface and of the leaves, 

respectively, in K. 

In the combination method, however, it is assumed that no temperature of the 

leaf surface is known, and in (19) the use of air temperature in the place of 

T will suffice. In fact, large differences between air and leaf temperature 

are unlikely to be established in a greenhouse; moreover, the flux calculated 

in (19) is only a part of the flux represented in (14), which appears in (10) 

with a coefficient lower than one, so that it is not worthwhile to devote much 

attention to this point. 

A last remark is due on a normalization problem: eq.(10), being derived from 

the energy balance at the evaporating surface, represents the latent heat flux 

per unit leaf area, so that when evaporation values for the ground area are 

requested, a factor LAI must be applied to eq.(10). On the other hand, eq.(l4) 



was a l ready der ived per u n i t ground a r e a , so t ha t a parametr i za t ion o f p o t e n t i a l 

vapour p roduct ion f o r the above-mentioned greenhouse c o n d i t i o n s , y i e l d s : 

AE = , Llt)LPO
s^ ( e * ( T ) - e ) + 6 i J ? \ . R L W m"2 (20) (Y + <5(T ))r a a y + <5 (T ) abs 

3 3 a 

w i t h v g iven by (13) and R , by ( 1 4 ) , 

16 



4. RESULTS AND DISCUSSION 

Potential evaporation was estimated applying eq.(20) to measured data covering 

a variety of climatic conditions and crop developments. 

In Tab. I a summary is presented of 24-hour averages of measured and computed 

values at 3 or 10 min intervals (1982 and 1.981, respectively). It may be con­

cluded from Tab. I that the method described in this paper provides good esti­

mates of daily evaporative losses. In fact, the 24-hour ratio of computed versus 

measured values varies from 0.83 to 1.18, with a mean of 0.95, i.e. the lack of 

agreement between actual and estimated evaporation would appear to be in the 

same order of magnitude as that of instrumental errors, on such a wide range of 

evaporative losses. 

Tab. I 

Comparison of 24-h averages of 3 or 10 min (1982 and 1981, respectively) 

measured and computed evaporation. Values of LAI and shortwave incoming 

radiation at the top of the canopy (average over the daylight period) are 

qiven for reference. XE is the measured evaporation whereas XE is the s m K e 
estimated one. XE and AE are the radiative and aerodynamic terms of (20), 

r a ' 
respect ively. 

Day LAI R AE AE /AE XE /XE 
' m e m r a 

20 Febr.'81 

13 Mar.'81 

14 Mar.'81 

8 Mar. '82 

22 Mar. '82 

23 Mar. '82 

24 Mar. '82 

25 Mar.'82 

13 May'82 

28 May'82 

29 May'82 

0.97 

1.05 

1.09 

1.32 

2.03 

2.05 

2.16 

2.16 

2.26 

1.95 

1.95 

196.9 

48.0 

107.8 

91.7 

130.4 

94.3 

210.2 

200,3 

340.7 

250.6 

220.8 

16.0 

15.2 

20.9 

25.9 

35.9 

31.3 

49.5 

64.2 

124.2 

76.8 

74.3 

1.18 

0.95 

0.89 

0.88 

0.93 

1.06 

1.01 

0.83 

0.94 

0.89 

0.86 

0.36 

0.29 

0.45 

1.96 

4.83 

2.82 

5.26 

4.55 

4.38 

4.49 

4.05 



However, on ly a s ho r t - t e rm eva lua t i on o f eq . (20) can be considered adequate, 

s ince the agreement between measured and computed va l ues , as shown in Tab. I , 

cou ld r e s u l t f rom a ba lanc ing of e r r o r s . Moreover, as s ta ted e a r l i e r , the hope 

o f c o n t r o l l i n g greenhouse vapour p roduct ion r es t s on the sho r t - t e rm v a l i d i t y of 

a p r e d i c t i o n method f o r i t . To make t h i s po i n t c l e a r e r , t r a n s p i r a t i o n du r ing 

a c loud less sp r ing day is shown in F i g . 2 . 
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Fig. 2 - Transpiration during a cloudless spring day. 
a. as measured at 3 min intervals; 
b. filtered with a 15 min (5 values) progressive mean; 
c. its hourly averages-, 
d. its dayl ight mean. 
The fluctuations manifested in a. and b. were largely due to vari­
ations in the angle of opening of the windows, as set by the climate 
control system (§ 't.3). 



It will be obvious that even hourly values are not adequate for the present 

purpose, and some useful information is lost even in the 15 min means. 

The value of the present parametr izat ion for short-term estimates of evapora­

tion and its limits will be discussed below,with the aid of some representative 

cases. 

The measured and estimated evaporation for a late winter day and night are 

shown in Fig. 3, filtered with a 15 min (5 value) progressive mean, to improve 
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Fig. 3 - Measured and estimated evaporation (using eq.(20)). Both measurements 
and calculations were carried out at 3 min intervals, and here pro­
gressive means over 5 values (15 min) are shown (see text). 
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readability of the graphs. The day was characterized by scattered cloudiness, 

and some heating was provided until noon, between 16 00 and 18 00 hours, and 

after 21 00 hours. The peaks in evaporation at noon, 14 00 and 17 00 hours 

are largely attributable to corresponding peaks in incoming shortwave radiation, 

The transparent lamellae screen was closed during the whole day and open after 

22 00 hours. 

Another example of the adequacy of (20) is given in Fig. k, representing values 
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f o r one n i gh t a few weeks l a t e r . F i ve -va lue p rogress ive means of 3 -min measured 

and computed data are a l so g i v e n . As the t rend of the corresponding temperature 

of the sur face of heat ing p i pes , p l o t t e d a t the bottom of the f i g u r e shows, 

the roughly h a l f - h o u r l y f l u c t u a t i o n s in both measured and computed evaporat ion 

are due to a corresponding per iod in the supply of energy. 

To the present a u t h o r ' s knowledge no es t imates of p o t e n t i a l é vapo t ransp i r a t i on 

have been pub l i shed , a t t a i n i n g such an accuracy f o r the small evapora t i ve losses 
-2 -1 

(10 W m = 0.015 mm h ) and the shor t sampling i n t e r v a l s app ly ing to F i g s . 3 
and 4 . 

There is room for improvement, however, as the following discussion will make 

clear. 

4.1. Radiative part of potential evaporation 

The ratio of the radiative to the aerodynamic part of computed evaporation, as 

given in Tab. I (i.e. the ratio of the 2nd to the 1st term of (20)), shows a 

definite increasing trend with time. It is fairly obvious that the eightfold 

increase in solar radiation as resulting from Tab. I must provide for a compa­

rable growth in the radiation-dependent term of (20), there being no reason 

for this to be matched by a similar increase of the other term. Moreover, with 

daylight values, as in Fig. 5, the aerodynamic term is actually negligible, 

since the ratios as given in Tab. I account also for night time evaporation, 

which is largely aerodynamic. In these conditions almost any parametrization 

of the aerodynamic resistance would do; accordingly, daylight values for late 

spring and summer provide a good test of the radiative part of (20). 

The measured and computed evaporation is shown in Fig. 5 (with 5_value pro­

gressive means of 3 min data) for such a day, characterized by high irradiation 

and scattered cloudiness. The corresponding values of the aerodynamic term of 

(20) are given as a reference. Apart from a definite phase shift, to be discus­

sed in § 4.2, the amplitude of fluctuations in measured evaporation rates and 

their pattern is satisfactorily reproduced, in the computed values. 

It can thus be stated safely that the present formulât ion for potential evaporation 

allows the effect of actions, such as the use of shading screens or infrared 

heating, on the irradiation of the crop to be estimated. Let us briefly discuss 

the effect of infrared heating, as an example. 

The proposed parametrization of the aerodynamic resistance does not apply to 
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Fig. 5 - Measured and estimated evaporation for a late spring day charac­
terized by scattered cloudiness. Here also, 15 min progressive 
means of 3 min values are shown. At the bottom of the figure the 
aerodynamic term (AERODYN) is also plotted (see text). 

such a system, since it would ideally have no convective transfer. In real 

systems, of course, some convective transfer always takes place, but for the 

sake of simplicity let us assume that r ^ °°, so that the resulting potential 

évapotranspiration is bound to be an underestimate of the actual one. A typical 

value for the ratio 6(T )/(<5(T )+ y) is 0.6 ; measured n ightt ime net radiation 
-2 

above the crop can well go up to 100 - 150 W m , of which, say half, is absorbed 

by the canopy. In this case eq.(20) yields XE = 30 - k5 W m , which is double 

the highest nighttime evaporation rate measured in the present experiment. This 

result is confirmed by Van de Braak and Knies (1983), who observed that much 

more irrigation was needed in a greenhouse compartment infrared heated than in 

the control one, which was heated in a more conventional way. 
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4.2. Storage of energy in the fol iage 

In Fig. 3 and, more clearly, in Fig. 5 a phase shift between potential and 

actual evaporation is to be observed. The present author (Stanghel1 ini , 1983c), 

already interpreted this time lag between the supply of energy and its dissipa­

tion in terms of storage of energy in the plant itself. Actually the term 

R - G appears in (10) and R , in (20) to allow for th is problem, its mean ing. 

being, in both cases, the difference in net radiation flux measured above the 

canopy and the flux of heat below it. However, the portion of the intercepted 

radiation that is stored in the foliage and not directly dissipated through both 

latent and sensible heat exchanges is not accounted for in this procedure. An 

order of magnitude for it can be easily calculated, since it must be equal to 

the time derivative of the temperature of the foliage times its thermal capacity, 

when energy used for photosyntesis is neglected. 

Then, a temperature variation of 0.1 °C in the interval between scans ( 180 s) 
3 -1-1 

of plants weighing 3 kg and having the thermal capacity of water (4.2 10 J kg K ), 
2 -2 

with two plants per m ground area, results in a thermal storage of 14 W m 

This problem has been overlooked in the literature, possibly for two reasons: 

one is that only short-term measurements of fluctuating evaporation rates could 

make it apparent, another is that most published studies deal with short field 

crops, such as alfalfa, whose thermal capacity per unit ground area may be too 

small to make the phase shift relevant. 

In Stanghel1 ini , 1983c, it was shown how this phase shift increases with the 

development of the canopy and how the presence of a thermal capacity comparable 

to the measured plant weights could explain it. 

Results shown by Van Bavel, 1966, appear to support the point that such a delay 

does not need to be a stomatal effect: a relevant phase shift could be observed 

between hourly values of potential and actual evaporation of open water and wet 

bare soil, while not appearing in values concerning évapotranspiration from 

alfalfa. 

Another effect attributable to this point is shown in Fig. 6, where 10-min 

measured and computed evaporation values are shown for a night characterized 

by far wider fluctuations of the surface temperature of the heating pipes (17 

to 52 °C) around a comparable mean, as in Fig. 4, however, with a period of 

about 4 h. In the bottom of the figure, the radiative and aerodynamic parts of 

(20) are shown separately. 
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the pipe temperature rose from 17 to 52 °C and air temperature from 
12 to 17 °C. In the bottom of the figure the corresponding values 
of the radiative and aerodynamic terms are shown. 

Notwithstanding a satisfactory performance of the method in general, the ampli­

tude of oscillations in evaporation rates appears to be amplified. 

As far as the too low estimates at the end of the cooling periods are concerned, 

they have to be due to an underestimate of the radiative term, since the air 

was becoming more and more saturated while cooling, so that the aerodynamic 
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term had to become nil, for any value of the aerodynamic resistance. Some energy 

was thus contributed by the cooling of the foliage, which sustained evaporation 

rates in a way that is not accounted for in (20). 

On the other hand, the reverse was happening during warming up: typically, the 

air was warming from 12 to 17 °C in 20 min; even if a smaller amplitude (3 °C) 

and a longer interval (30 min) are assumed for the warming up of the foliage, 

and a conservative estimate of 0.5 kg per plant is made for the relevant run, 
-2 

we get 7 W m as the thermal energy stored during the time required for the 

foliage to warm up. 

It will be clear at this point that the thermal storage of energy in the foliage 

is an unavoidable problem when short-term estimates of evaporation are needed, 

as here. However, the parametri zat ion of both the phase shift and of the damping 

of the amplitude of oscillation of actual evaporation rates, require a knowledge 

of the temperature regime of the foliage, which is actually what the use of the 

combination method was meant to avoid. 

Therefore, it has to be expected that no solution of the above-mentioned pro­

blems can be offered by a minor improvement of the method here outlined, but 

the whole procedure would have to be modified. 

4.3. Aerodynamic resistance 

Figs. 4 and 6 show that the proposed parametrization for the aerodynamic resis­

tance is adequate since, the evaporation being mostly "aerodynamic" in those 

conditions (see Fig. 6 ) , a wrong aerodynamic resistance would clearly affect 

the accuracy of the estimates. 

On the other hand, there are circumstances in which pipe heating is by no means 

the driving force for vapour transfer (see Fig. 7 as an example). As was discus­

sed in Stanghel 1 in i, 1983b, the large increase of actual evaporation taking 

place after 20 00 hours, was due to a sudden opening of the windows. The same 

applies to Fig. 5, and to many of the short-term fluctuations in evaporation 

rates seen in Fig. 2, the radiation pattern during that day being a clean, bel 1-

shaped curve and no heating being then provided. 

In Fig. 7, 3 min measured and estimated evaporation values are shown (top) for 

the late afternoon of a warm spring day, together with separate values for the 

radiative and aerodynamic terms. The underestimate of potential évapotranspira­

tions is clearly due to an overestimate of the aerodynamic resistance, which, 

in its present formulation, does not account for the increase of air movement 

due to ventilation. 
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Fig. 7 - 3 min measured and estimated evaporation for the late afternoon of 
a spring day. Radiative and aerodynamic parts of (20) are shown 
separately at the bottom of the figure. Opening of the windows was 
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20 30 hours the windows were opened widely. The inadequacy of the 
aerodynamic term to account for the ensuing enhancement of vapour 
transfer is clear. 

It should also be noted that the parametri zat ion here suggested for the aero­

dynamic resistance, intended as the resulting resistance from the boundary 

layer, and the stomatal and cuticular ones, is acceptable only when the last 

two are negligible against the first one. 

In this respect, although the agreement between nighttime predicted and measured 

values is far better in the present paper than in the one of Van Bavel, 1966, 

the problem of overestimating when the resistance at the surface becomes rele­

vant has not been solved here: it is, however, less common in an indoor climate 

where the boundary layer resistance is likely to be greater than it is outdoors 

and stomatal resistance lower (Mansfield, 1965). 
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5. CONCLUSIONS 

It has been shown how a combination method for potential evaporation in green­

houses gives excellent agreement with the measured actual vapour production of 

a tomato crop on a 24 h basis, and a fairly good one on a few minutes time basis. 

The method is based on simple measurements to be performed inside the house and 

on parameters of both the heating system and of the canopy, to be derived, once 

for all, with procedures described in previous publications (Stanghel1 ini , 

1983a, 1983c). 

The physical basis of the combination method for estimating potential evapora­

tion implies that eq.(20) can be applied successfully to any other greenhouse 

crop and conditions, provided that the absorbed radiation (R , ) and aerodynamic 

resistance (r ) are correctly evaluated. 

The main difference between the method proposed here and similar methods deve­

loped for field crops resides in the parametri zat ion of the so-called aerody­

namic resistance. The theory for field crops is based on vapour (as well as 

heat) transfer due to forced convection in the presence of a well-established 

wind profile. Such theory obviously does not apply to greenhouse conditions, 

even though in most cases it is still possible to talk of forced convection 

at the leaf surface. The argument developed here was based on the consideration 

that in such circumstances there must be a subsystem for which free convection 

is established, so that air movement in the greenhouse can be completely attri­

buted to such a free convection. 

The choice of placing the origin of this free convection at the surface of the 

heating elements proved fairly adequate for nighttime winter conditions, which 

are, in fact, the most important as far as energy losses are concerned. 

On the other hand, it is clear that this procedure is no longer justified when 

no heating is provided or when air movement in the greenhouse is forced by an 

external system (ventilation, warm air heating systems, etc.). In all these 

conditions a more flexible formulation of the aerodynamic resistance allowing 

for various causes of the forced convection at the evaporating surface would 

be more physically justified and would give better results. 

Would an empirical formulation for the aerodynamic resistance based on measured 

indoor air movement give as good a result ? Probably it would, but it would 

have two shortcomings. One is that adequate instruments for measuring air move­

ment at the specified levels are expensive and delicate, and are by no means 

instruments to be installed in a commercial greenhouse, so that the practical 
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applicability of a formula based on such continuous measurements would be 

strongly reduced. The second is that the parameters of such an empirical for­

mulation would have to be derived for all the possible combinations of crop 

and greenhouse structure to guarantee a general applicability of the method. 

It has also been shown how, to get better estimates of greenhouse evaporation 

on a time basis suitable for control systems, the energy stored or released 

during variations in the temperature of the foliage has to be accounted for. 

An extension of the method to allow for such a possibility would, however, 

severely affect its whole derivation, since a parametrization of the tempera­

ture of the evaporating surface would be needed, which has been avoided in the 

present study. 
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