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STELLINGEN 

I 

Indrogende wanden van mesophylcellen, die aan de intercellulaire ruimte 
grenzen, kunnen in belangrijke mate de verdamping bei'nvloeden, indien de 
huidniondjes wijd geopend zijn. 

II 

De lichtreactie van de huidniondjes kan vrijwel kwantitatief worden verklaard 
als een reactie van de sluitcellen op verlaging van net koolzuurgehalte van de 
sluitcelchloroplasten door fotosynthese. 

Ill 

De temperatuur van het wortelmilieu bepaalt de groei van jonge toniate-
planten binnen een groot temperatuurtraject, indien de temperatuur van de 
bovengrondse delen gelijk is aan of iets hoger dan de worteltemperatuur en geen 
andere groeibeperkende factoren zoals licht-, water- en ionenvoorziening aan-
wezig zijn. 

J. H. GROENEWEGEN, Jaarverslag Proefst. v. d. groente- en fruit-
teelt onder glas te Naaldwijk, 1957: 76-77. 
A. A. ABD EL RAHMAN et ah, Meded. Landbouwhogeschool 
Wageningen 59 (15),1959: 1-12. 

IV 

Verschillende typen lichtmeters, zowel vlakke als sferische, alsook momen-
taan aanwijzende en over de tijd integrerende, kunnen voor experimented 
onderzoek over de plantafstand, de snoei en de vormgeving van diverse fruit-
gewassen nuttige hulpinstrumenten zijn. 

Automatisering van de watervoorziening van tuinbouwgewassen onder glas 
dient bij voorkeur te worden afgestemd op de verdampingscondities van het 
gewas in plaats van op de vochtspanning in de grond. 

VI 

De structuur van verlandingsvegetaties in N.W.-Overijsel wordt in hoofd-
zaak bepaald door golfslag, de al- of niet-aanwezigheid van kwel en de licht-
condities binnen de vegetatie. 

VII 

Beschrijving, onderscheid en indeling van vegetatie-eenheden mag uitsluitend 
plaats vinden aan de hand van floristische kriteria en van fysiologisch-oecolo-
gische en morfologisch-anatomische kenmerken van de voorkotnende planten-
soorten. 

\ 



VIII 

Luchtfoto's gemaakt met infrarood-gevoelig materiaal kunnen wegens ver-
grote detaillering een belangrijk hulpmiddel zijn voor de vegetatie- en de bodem-
kartering, alsmede voor een globale beoordeling van landbouwgronden en van 
de exploitatiemogelijkheden van diverse boomsoorten. 

D. STIEFEL, Die Umschau 60 (23), 1960: 705-708. 
W. CLARK, Photography by infrared. Wiley, New York, 1956: 
296-315. 

IX 

Het begrip terugkoppeling zoals dit gebruikt wordt in de techniek en in de 
fysiologie, mag niet zonder meer worden toegepast in beschouwingen over 
populatie-dynamica. 

J. DE WILDE, Meded. Dir. Tuinbouw 23 (10), 1960: 689-695. 
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Notice 
It occurs to us that the reproduction of a few figures, viz., Nos 3, 4, 6, and 

12 may be somewhat too small. Owing to the time schedule required for this 
paper, replacement in the text was no more possible. 

Therefore, we supply herewith copies of these figures at a somewhat enlarged 
scale. Their new size is thus that they may well be glued on in place of the 
ones printed in the text, if required. 

P. J. C. KUIPER 
E. C. WASSINK 

FIG. 3. 
Evaporation of a water surface (g.h_l.100 cm-2) 
in relation to difference in saturation vapour 
pressure at surface temperature and actual va
pour pressure of the air (e«-e<j, in mm Hg). 
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FIG. 4. 
Evaporation (g.h_1.100 
cm-2) and temperature 
of the evaporating water 
surface in relation to light 
intensity; 
( • — • ) at 29.5 °C air 
temperature and 29% r.h.; 
(H h) same, corrected 
for differences between 
surface temperature and 
air temperature; ea-ea = 
22 mm Hg. 

3.2 C 

L ight in tensi ty ( l 0 4 e r g . sec", cm" ) 



FIG. 6. 
Dark transpiration (Tdark) 
of cut leaves of Hyoscya-
mus in potometers (g.h-1. 
100 cm-2 leaf area) as re
lated to difference in satu
ration vapour pressure at 
surface temperature and 
actual vapour pressure of 
the air (es-ea, in mm Hg) 
for various ranges of leaf 
temperature (•) >20°C, 
(o) between 10° and 20 °C, 
(+)<10°C. 
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FIG. 12. 
The increase in transpi
ration of bean leaves 
[g.h"1.(2.5 x 106 stoma-
ta)_1] per unit increase of 
incident light intensity 
(erg.sec-1.cm~2, sodium 
light) per unit vapour 
pressure difference (ea-ea, 
in mm Hg), analogous to 
tg p of fig. 8, in relation 
to the chlorophyll con
tent of the leaf, expressed 
as extinction value at 665 
m^i. Symbols represent 
the light conditions in 
which the experimental 
plants were grown: 

104 erg.sec_1.cm~2, 
104 erg.sec-1.cm~2, 
10* erg.sec_1.cm~2, 

(x) 0.5 x 104 erg.sec_1.cm~ 
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CHAPTER 1. 

GENERAL INTRODUCTION 

§ 1. ABSTRACT FROM LITERATURE 

In the past, a large number of investigations on transpiration has been carried 
out, as one may see, e.g., from extensive reviews by BURGERSTEIN (1887-1925). 
This is easily understood, since measurements on transpiration are simple, as 
compared with other physiological processes as, e.g., photosynthesis, respira
tion, etc. 

Frequently, water loss by transpiration is measured by weighing, while also 
potometers are often used. In the latter case, water uptake is measured which, 
generally, is in equilibrium with transpiration. Sometimes the amount of water 
vapour, produced by the plant, is measured. 

It is clear, from numerous investigations, that many environmental factors 
affect the rate of transpiration. As these factors influence several separate 
aspects of the transpiration process, a brief outline of the specific effects of 
different external factors on transpiration will be presented. 

With regard to the physical aspect of the problem, it is generally accepted 
that transpiration is a diffusion process, to a large extent controlled by the 
stomata (VAN DEN HONERT, 1948; BANGE, 1953). Some environmental factors 
primarily affect transpiration via physical properties of the diffusion process, 
whereas others primarily affect the physiology of the stomata. 

Under conditions of high transpiration, water supply by the roots sometimes 
limits transpiration of the shoot. In this case, various factors of the root en
vironment affect transpiration. 

It should be noted that many environmental factors also affect the rate of 
transpiration via changes in root/shoot ratio and growth of the plant (ABD EL 
RAHMAN et ah, 1958). 

In general, transpiration increases with an increase in air temperature (and in 
leaf temperature) and a decrease in humidity of the air. These factors are im
portant in determining the difference in vapour pressure between the air and the 
intercellular spaces of the leaf (BURGERSTEIN, 1920; CRAFTS, CURRIER, and 
STOCKING, 1949; STALFELT, 1956; YAMAOKA, 1958; KUIPER and BIERHUIZEN, 
1958). 

Transpiration increases with decreasing atmospheric pressure (BURGERSTEIN, 
1920). Since transpiration may be regarded as a transport of water vapour along 
a concentration gradient (cm3 water vapour/cm3 air), the concentration can be 
expressed as pressure of water vapour/atmospheric pressure (see also LEIGHLY 
1937, CRAFTS et al, 1949). 

Increase in wind velocity sometimes causes increase, sometimes decrease in 
transpiration (STALFELT, 1932,1956; WRENGER, 1935; MARTIN, 1943; YAMAOKA, 
1958). Wind velocity affects the resistance to transport of water vapour of the 
external air layer. The difference between leaf temperature and air temperature 
decreases with increasing wind velocity. Decrease in stomatal aperture with 
increase in wind velocity is often observed, especially at limited water supply of 
the shoot. 

Transpiration increases with increasing light intensity. This is due to increase 
in leaf temperature, and, in addition, to increase in stomatal aperture with in-
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creasing light intensity. At very high light intensities, decrease in aperture is 
sometimes observed (HEATH et al, 1950, 1954; HEATH, 1959; STALFELT, 1956; 
YAMAOKA, 1958; KUIPER and BIERHUIZEN, 1958; ABD EL RAHMAN et al., 1958). 

As for light quality, the transpiration rate seems to be correlated with light 
absorption in chlorophyll and with photosynthesis. The action spectrum of 
stomatal opening resembles the absorption spectrum by chlorophyll. There is 
a strong response to blue and red light and a smaller one to green light (PAETZ, 
1930; LIEBIG, 1942; MOURAVIEFF, 1958). 

Increase in transpiration with decrease in COa-content of the air is observed. 
Stomatal aperture decreases with increasing COa-content of the air in the range 
of 0.01-0.1 % (HEATH et al, 1950, 1954; STALFELT, 1957; HEATH, 1959). 

Narcotics like ether and chloroform, oxygen-free air, and etherial oils have 
been observed to reduce transpiration; these factors often promote closure of 
the stomata. In addition, etherial oils may decrease transpiration by formation 
of a thin film (BURGERSTEIN, 1920; SCARTH and SHAW, 1951; WILLIAMS, 1954). 

As for root environment factors, water uptake and transpiration decrease at 
low oxygen supply and increasing COa-content of the root environment. They 
also rapidly decrease with decreasing root temperature, especially in plants 
from warm climates. Low temperature and insufficient aeration of root environ
ment lead to reduced permeation of water into the root cells in connection with 
reduced metabolism, and sometimes promote closure of the stomata. Viscosity 
of water increases with decreasing temperature (KRAMER, 1949, 1956; ABD EL 
RAHMAN et al, 1958). 

Water uptake and transpiration increase upon a decrease of osmotic pressure 
and/or moisture tension. The rate of water uptake is determined to a large 
extent by differences in moisture tension (and possibly also in osmotic pressure) 
between soil and plant vessels. Generally, stomatal aperture decreases with 
increase in moisture stress (MAXIMOV, 1929; CRAFTS et al, 1949). 

Water uptake and transpiration are reported to increase with the supply of 
Ca++, Mg++ (sometimes), S 0 4 ~ , NO a - (sometimes), B+++, Zn++, Cu++, Mn++ 
and H+-ions, and to decrease with the supply of Na+, K+, Mg++, and Cl~-ions. 
An opposite reaction is often observed (BIEBL, 1958). Permeability of living 
cells for water increases under the influence of the different ions as follows: 
Li+ > Na+ > K+ > Mg++ > Ca++ > A1+++, and CNS~ > N 0 3 - > S 0 4 ~ , in plas-
molysis experiments (DE HAAN, 1933). Na+ and K+ stimulate opening of the 
stomata, Ca++ inhibits it (ILJIN, 1957). 

§ 2. SCOPE OF THE INVESTIGATION 

A perusal of the extensive literature on the relation between transpiration and 
environmental conditions leads to the following statements: 

1. Studying the respective relations, several different methods of transpiration 
measurement have been applied. Sometimes, considerable errors may have 
occurred, e.g., in the case of transpiration measurements on plants, culti
vated in soil, carried out by rapid weighing at short intervals of cut parts of 
the plant. 

2. Most experiments have been carried out, under field conditions, glasshouse 
conditions, or partly controlled climatic conditions. Only a very small num
ber of investigations has been performed under completely controlled con-
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CHAPTER 2. 

MATERIAL AND METHODS 

§ 1. PLANT MATERIAL 

In general, leaves of tomato (VanVtv " A •/ ^ 
variety "Wagenaar"), and of Hyoscvamufl & 'X b e a " (pl"™olus vulgaris, 
of the transpiration rate. B e a n w T ^ o T f r ""* T* 'm t h e ^ asurement 
material. d n S W e r e toost frequently used as experimental 

If not mentioned otherwise full a™ i 
pair of leaves of bean plants ( 7 - 1 4 1 ^ t e r T ^ U S e d ' e sP e c i a"y * e first 
the case of tomato, the 4th to 6 t h E f from ^ ^ 7 °Jthe S e e d s ) a n d > i n 

Hyoscyamus niger were taken from vewtativ?™ » P ° f t h e p l a n t - L e a v e s o f 

Generally, the plants were c u l t i v a t e d & ? . ^ • 
has been determined by BIERHUIZEN(1958 fi? i ? £ SWl ' t h e ^ - c u r v e of which 
grown in coarse sand or in water culture in f ^ i ; fv p l a n t s w e r e frequently 
*">*•. C U l t u r e ' i n aerated HOAGLAND nutrient solu-

With the exception of beans thp r.inr,t 
1 to 6 weeks before the i nve s t i t i o i l f f i v ' SS , C u l t i v a t f d i n a glasshouse until 
at a temperature of 20° ± 2 °C and a hghUntemi iw P i a C e d i n a 8 r o w t h r o o m 

c m - , obtained from fluorescent dayl ght t S f P„ a b ° . U t 2"J x W erg.sec-i. 
nation period generally was 14 hours a dU o n ! ^ P S T L 55"" T«e lllumi-
was 8 hours a day. The humidity of the a i r c c S \ Z Jf CaSC ° f ^oscyamus it 
with the external conditions. Bean plants L ° 0 t b e confrolled, and varied 
nation. The plants were watered e ^ y day Z S 7 T * * WOm from g^rmi-

Deviations from this brief descriptio^'occurr?H W e d f a v o ^ab l e growth, 
are mentioned in the c o r r e s p o n d i n g ^ t o S h e " 5 * r ^ ^ T h e * 

' l usecner with further details. 

§2. METHODS 
Transpiration was measured in various wav^ H 

P e ^ e n t ; , P e n d m g ° n t h e requirements of the ex 
The rate of transpiration of cut leaves wa< mP„ . 

P * ™ e x p e r i m e n t s , t h e p i a n ^ ^ ^ 
4 „ ^ J

 Ch l o w e r e d * e suction tension 
Meded. Landbouwhogeschool W„ • 

g school, Wagenmgen 61 (7), 1-^9 (1961) 



in thexylem vessels. Then the leaves were cut under water to prevent the formation of air 
bubbles in the xylem vessels. Hereafter, they were placed in the potometers with the aid of 
small pieces of wet cotton wool. An air-tight fit of petiole and potometer was obtained with 
cocoa butter. Within the range of conditions of our experiments, the water uptake by the 
petiole, measured with the potometer, was equal to the steady transpiration rate of the leaf, 
measured as loss of weight of the entire system on an analytical balance. After transfer from 
one condition to another, about 15-30 minutes are required for adaptation to the changed 
conditions and for re-establishment of the equilibrium between water uptake and transpiration. 
This adaptation is finished when steady rates of transpiration and water uptake are again 
recorded. Under constant conditions, the transpiration rate of cut leaves remained constant 
for at least 3 hours. The experiments were carried out within this period. 

Potometers were also used for experiments with entire bean plants in water culture. These 
contained about 50 cm3 of aerated water in which the roots were. An air-tight fit of stem and 
potometer was obtained with a rubber stopper and cocoa butter. With regard to the adap
tation to changed conditions, and the equilibrium between water uptake and transpiration, 
similar remarks as for the potometer experiments with cut leaves can be made. Under con
stant conditions, water uptake and transpiration remained constant for at least 4 hours. 

In some cases, transpiration was measured almost continuously (2 measurements per 
minute) by weighing cut leaves in very small potometers on a "METTLER" rapid-weighing 
balance with an accuracy of 0.1 mg. 

Evaporation of wet blotting paper and of petri-dishes with water was measured in the same 
way. 

In some cases, cuticular transpiration of the upper side of a hypostomatous leaf was meas
ured. A small lucite cup was then placed on the leaf. Dry air was pushed through this cup at a 
constant rate. The released water vapour was absorbed by phosphor pentoxide, and measured 
by weighing. 

Since transpiration depends on the degree of stomatal opening, the width of the slit was 
measured under the microscope in several experiments. Some qualitative measurements were 
performed using a 3% collodion-ether solution. This method can hardly be compared with 
microscopical measurement. Semi-quantitative measurements were carried out with the 
application of different alcohol-water mixtures and ether. Infiltration was considered to 
depend on the surface tension of the liquid used. Thus, a range of solutions was used, the 
surface tension of which varied from about 73 dyne.cm-1 (pure water) till about 17 dyne.cm-1 

(pure ether). 
In the microscope studies of stomatal behaviour a water-cooled high pressure mercury 

vapour lamp, "PHILIPS HO 2000" was used as a light source, and placed below the microscope 
stage. The condensor was removed in order to obtain a relatively large irradiated area 
(4.5 cm2). A bean leaf, placed in a potometer, was put upside down on the microscope stage so 
that the stomata of the hypostomatous leaf were clearly visible. A shallow lucite cup was 
placed on the leaf. Air of known humidity and carbon dioxide content was passed through at 
a constant rate, viz. 4.6 cm3 air.sec_1.cm~2 leaf area. The light intensity was varied by paper 
screens between the light source and the leaf. The width of the stomatal slit was recorded by 
microphotography. Afterwards, changes in stomatal aperture were determined by enlarge
ment of the negatives. 

During the experiments, several environmental factors have been measured, viz., air tem
perature, leaf temperature, humidity of the air, wind velocity, and light intensity. 

Air temperature was measured with ordinary mercury thermometers with an accuracy of 
0.1 °C, while leaf temperature was measured with copper-constantan thermocouples. The 
junctions of the latter were made as small as possible in order to decrease possible effects from 
direct irradiation. Reference junctions were placed in a water-filled DEWAR flask, together 
with a mercury thermometer with an accuracy of 0.1 °C. The thermocouples were calibrated 
against accurate mercury thermometers (accuracy 0.05 °C) within a wide range of temperature 
differences, and found to be accurate within 0.1 °C. 

Leaf temperatures were measured by placing the junctions against the lower side of the leaf, 
in good contact with the leaf surface. The temperature recorded was considered to be the 
temperature of the transpiring surface of the leaf. This seems allowed since the heat capacity 
of a junction is very small as compared with that of a leaf. Owing to the large difference in 
heat conductivity of air and water, possible irradiation effects of the junction result in an 
almost quantitative heat transfer from the thermocouple to the leaf (see also GAASTRA, 1959). 
Another indication is the observation that junctions with a small contact with the leaf (e.g., 
when only the tip of the junction touches the leaf surface) showed the same temperature as 
junctions having a good contact with the leaf. All these considerations point to the validity of 
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FIG. 1. 

Deviation from indication according to 
cosine rule in percent; 
(• • ) flat light meter with a correction 
after design of HARTIG and HELWIG (1955); 
(o o) flat light meter, covered with a 
slightly convex opaline glass; 
(I) error of measurement, increasing from 
0 to 90° as indicated. 
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FIG. 2. 4°oo 
Electrical output of flat light meter Q 
with a selenium barrier layer cell -5 
against incident energy as measured „ 3000 
with a large surface thermopile, t 
High pressure mercury vapour ^ 
lamp, provided with a 10cm water t 2 000 
filter; selenium cell shunted ac- | 
cording to incident intensity value. £ 

10 20 30 

Light intensity (10 erg sec"' cm"* ) 

±20%, aged high pressure mercury vapour lamps, with a water filter of about 10 cm., 
< 1%, sodium lamps, with a water filter of about 15 cm., 

60%, incandescent lamps (500 W), with a water filter of about 15 cm., 

The light intensity values as given further in the text include the infrared radiation, and re
present incident light intensity. 

A thermopile was used for intensity measurements of light obtained from incandescent 
lamps, since selenium cells are hardly sensitive to infrared radiation. 

In general, new or little-used lamps were employed. 
A comparison was made between measurements with the spherical light meter and with a 

flat one. For leaves in a horizontal position, 10000 erg.sec""1.cm~2 0 sphere of the spherical 
meter agrees with 5500 erg.sec_1.cm~2 as indicated by the flat meter. In experiments with bean, 
tomato and Hyoscyamus the leaves generally had a horizontal position. It should be stressed 
that this data is valid only for the light conditions in our experimental compartments. In this 
paper, the values of light intensity are given in erg.sec_1.cnr2. 

It is clear from this description of the light measurements that accurate estimates of relative 
values of incident light energy can be obtained easily in all cases with both meters. 

On the contrary, it is hardly possible to obtain accurate measurements of absorbed light. 
An approximate measurement was tried for leaves in a horizontal position with regard to light 
from above. The absorption of a bean leaf as measured in an ULBRIGHT sphere with a sodium 
lamp as a light source, was 75%. Taking this value into consideration, the absorption of the 
bean leaf resembles that of the "Ipomoea leaf" and the "Impatiens leaf" of RABIDEAU et al. 
(1946). From the absorption spectra, one would expect an approximate absorption of about 
70-80% within the range of 400-675 m(x for the light sources mentioned earlier. Considering 
RABIDEAU'S data, an approximate absorption of 75% within this range is assumed for the 
experimental plants, with a possible deviation of 10%. This also agrees with observations of 
SEYBOLD and WEISSWEILER (1942) and SHUL'GIN et al. (1958) on the absorption spectrum of 
a bean leaf. 

Owing to some uncertainty in the position and flatness of the leaves, larger errors may well 
occur and, therefore, measurements of incident light intensity with the flat meter in a hori
zontal position, multiplied by 0.75, may be assumed to estimate the absorbed amount of 
energy, with a possible deviation up to 25%. 

For the study of transpiration under controlled conditions, movable light boxes and thermo
stats were used. 

In the range between 5° and 15 °C, the movable light boxes were placed in low-temperature 
rooms. These boxes were provided with fluorescent tubes. The light intensity was varied by 
white paper screens placed on a glass panel between the light source and the leaves. Humidity 
of the air, and air temperature proved to be constant in short-time experiments. 

In the range between 15° and 35 °C four thermostats were used, which could be controlled 
with an accuracy of 0.5 °C by means of a thermo-relay. Each thermostat was divided into two 
compartments by means of a floor, perforated with holes of 7 mm diameter. The lower 
compartment contained heating elements, small fans for mixing the air, and a fan introducing 
cool air from outside the laboratory for temperatures below 23 °C. The upper compartment 
contained the experimental plants, placed in "still air"; a more exact definition of this "still 
air" will be given in the next chapter. The air temperature proved to be the same in the entire 
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thermostat. The walls were covered with filter paper so that a high humidity of the air could be 
obtained by spraying the walls, if required. Also in this set-up, the relative humidity of the air 
was constant during short-time experiments. Each thermostat was provided with a sufficient 
number of thermocouples (e.g. five) which touched upon the leaf during an experiment, and 
were connected to a plurilocal switch so that several leaf temperatures could be measured 
quickly. 

The upper side of the thermostat was covered by a glass panel, above which the light source 
and the possible water filter was placed. Again, different light intensities were obtained by 
white paper screens on the glass panel and by white gauze inside the thermostat. The light 
intensity - including the infrared radiation - thus could be varied between: 
0 and 9 x 104 erg. sec_x.cm~2, using fluorescent tubes, 
0 and 25 X 104 erg.sec^.cm-2, using high pressure mercury vapour lamps with a water filter, 
0 and 3.5 x 104 erg.sec^.cm-2, using sodium lamps with a water filter and a solution of 

300 g.m.-2 copper sulfate, 
0 and 50 x 104 erg.sec_1.cm~2, using incandescent lamps (500 W) with a water filter. 

Experiments of a duration shorter than 15 minutes were sometimes carried out at room 
temperature, measuring transpiration by weighing. Within this short time the air temperature 
did not vary appreciably. 

Microscopical investigations on stomatal behaviour also were carried out at room tempera
ture (about 21 °C). 

Measurements of leaf area (in cm2) to be mentioned furtheron, refer to one side of the leaf. 
When referring to both sides of the leaf, the indication "cm2 cuticle" is used. In general, leaves 
of about 100 (70 to 130) cm2 area have been employed. 

Further details of the methods applied are given in the subsequent sections. 

CHAPTER 3. 

PHYSICAL CONSIDERATIONS ON EVAPORATION 

Evaporation may be considered from the viewpoint of a heat budget, or 
from that of a transport of water vapour along a concentration gradient. In 
many cases, transport of water vapour is governed by a diffusion process, to 
which FICK'S law may be applied. For the simple case of a tube: 

U = k-j-(c-c'J (1) 
in which 
U = rate of diffusion of water vapour (cm3.sec.-1), 
k = coefficient of diffusion (cm2.sec-1), 
A = cross section of the tube (cm2), 
L = length of the tube (cm), 
c-c' = concentration difference between both ends of the tube (cm3 water vapour. cm-3 air). 

In the case of evaporation, and using PENMAN'S symbols (1948) c-c' may be 
replaced by (es - ed)/P-
es = saturation vapour pressure at surface temperature, in mm Hg, 
e& = actual pressure of water vapour in the air, in mm Hg, 
P = atmospheric pressure, in mm Hg. 

Usually, the variation of P can be neglected for this purpose and the equation 
for evaporation may be written as: 

U = ik'z(e'-e*) w 
Similar equations have been given by MAXIMOV, 1929, WELTEN, 1933, PEN

MAN, 1948, BANGE, 1953, RASCHKE, 1958. 
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Inside a tube, diffusion is determined by a sequence of flat surfaces of equal 
vapour concentration. Under circumstances other than those existing in a tube, 
the surfaces of equal vapour concentration generally are not flat; this holds also 
for the entire layer of air very near to the evaporating surface where transport 
of water vapour is determined by diffusion. 

So far, evaporation, thus has been treated as a diffusion process. Under 
various conditions, emphasis shifts from mere molecular diffusion to mass 
transport by eddies, e.g., if wind velocity plays a role. This, generally, leads to 
replacement of the factor A in (1) by a surface factor which is a more compli
cated function of the various parameters involved (e.g. length and breath), and 
which will be symbolized furtheron as O (cm2). For the boundary layer of air, 
in which water vapour transport is determined by diffusion, we may introduce 
the "resistance to diffusion", R: 

U-R = es-ed (3) 

• , • , - ^ n , 760 • L 760 • L 
in which, according to (2), R equals —r—— or . 

Since the temperature of the evaporating surface nearly always differs from 
the air temperature, the diffusion along a vapour pressure gradient and the heat 
conduction give rise to thermal diffusion. Thus, evaporation can be partly due 
to a concentration gradient (ordinary diffusion, according to FICK'S law) and 
partly to a temperature gradient (thermal diffusion). This also holds for transpi
ration of leaves, though the differences between leaf temperature and air tem
perature mostly are much smaller than those between the temperature of a wet 
surface and the air. 

The coefficient of diffusion, k, in the above equations is about 0.24 cm2.sec-1 

for water vapour diffusing into air at 20 °C, and depends on temperature. 
LEIGHLY (1937) used the relation: 

k = 0.230 (r/273)2 cm^sec"1, 

Tin "KELVIN, in tables which also include the effect of atmospheric pressure on 
evaporation. 

MARTIN (1943), in experiments at different wind velocities, derived the 
following empirical relation: 

E = 0.73 -k-(es- ed) • B~0-2 • C"0-3 • F+0-5 (4) 

in which 
E = evaporation from a rectangular piece of blotting paper (g.h_1.100 cnv-2), 
k = coefficient of diffusion (cm2.sec_1), 
es-ed = vapour pressure difference in mm Hg, 
B = length of the evaporating area at right angles to the wind direction (cm), 
C = length of the evaporating area parallel to the wind direction (cm), 
V — wind velocity (cm.sec-1). 

It is clear that L (and also R) is affected by wind velocity; according to (4), 
L is proportional to V~°-5. Other observations indicate a relation between L 
and Va, a varying between -0.5 and -0.78 (PENMAN, 1948, RASCHKE, 1956,1960). 

According to (4), R, moreover, depends on the shape of the evaporating 
surface; it is proportional to B+0-2 and C+0-3 for a rectangular piece of blotting 
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FIG. 3. 
Evaporation of a water surface (g.hrMOO cm-2) in relation 
to difference in saturation vapour pressure at surface tem
perature and actual vapour pressure of the air (es-ea, in 
mm Hg). 

(mmH,) 

paper. Similar relations for blotting papers of various shapes are given by 
WALTER (1926); RASCHKE (1956), and others. 

The validity of equation (3) was tested under the conditions of our experi
ments. According to general usage, evaporation of a square piece of blotting 
paper (100 cm2), and transpiration of leaves, varying in size from 70 to 140 cm2, 
were expressed in g.h_1.100 cm-2 (E = 1 g.h-1 corresponds to U = 0.34 
cm3.sec_1 water vapour). Generally, the difference in vapour pressure, es - ea, 
is expressed in mm Hg, while the resistance to diffusion, R, in secern-1 per cm2 

area, is calculated from the average transpiration rate per cm2 area. 
The effect of es - ea on evaporation was measured, and the effect of wind 

velocity on the diffusion resistance, R, determined for a square piece of blotting 
paper of 100 cm2, saturated with water. 

Evaporation was measured at different values of es and ea- The saturation 
vapour pressure at surface temperature, es, was varied to a large extent by 
using a wide range of air temperatures, while the actual vapour pressure of the 
air, ea, was varied in short-time experiments by changing the humidity of the air. 
Surface temperatures were measured with thermo-couples, while evaporation 
was measured by weighing under "still air" conditions of the experimental 
room. Some results are presented in fig. 3, and demonstrate a linear relation 
between evaporation and es - ea, within a wide range of vapour pressure 
differences. In addition, the figure shows that this relation also holds for the 
condensation rate at negative values of vapour pressure difference. The resis
tance to diffusion of the boundary air layer derived from this curve is 2.9 sec. 
cm-1 per cm2 area (under the conditions prevailing in our room). 

It should be noted that, since the diffusion coefficient k is temperature de
pendent (k = 0.230 (r/273)2 cm2.sec-1), a small variation of the diffusion resis
tance with temperature exists. Within the range of temperatures studied, 5° to 
30 °C, k varies between 0.234 and 0.255 cm2.sec~1. Considering the errors of 
measurement of evaporation and surface temperature, this small variation of 
k, and therefore of R has not been taken into account. 

Since light intensity is one of the most important environmental factors in 
connection with plant transpiration, its effect on evaporation was also studied. 
Water in an evaporation pan of 100 cm2 was blackened with a drop of India ink 
in order to obtain light absorption, comparable to that of leaves. An example 
of the effect of light intensity upon evaporation, obtained in the experimental 
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FIG. 4. 
Evaporation (g.trMOOcm-2) and tempe
rature of the evaporating water surface in 
relation to light intensity; 
(• • ) at 29.5 °C air'temperature and 
29% r.h.; 
H h) same, corrected for differences 
between surface temperature and air tem
perature; ea-ea = 22 mm Hg. 

; 5 s 

Light intensity ( t o 4 e r g s*c"' c m ' 2 ) 

thermostats, is given in fig. 4. Irradiation has a large effect both on the eva
poration rate and on surface temperature, and, thus, on es - ea- Correction of 
the results for differences between surface temperature and air temperature 
shows that the increase in surface temperature is the only effect of the irradia
tion. This experiment thus confirms the results of the previous one, and serves 
as an introduction into the analysis of the effect of light intensity on transpira
tion of leaves, as will be presented in the following chapter. 

The diffusion resistance of the boundary layer of air as found in our experi
mental thermostats is given in table 1, together with some values, calculated 
from literature. With the exception of those of BANGE, the data show reason
able mutual agreement. Probably, BANGE'S experiments were carried out at a 
higher degree of air motion. 

TABLE 1. Evaporation and resistance to diffusion of the boundary layer of air under the con
ditions of experimental compartments and rooms. Evaporation of an area of 100 cm2 

is expressed in g.h-1 (mm Hg)~l, the average resistance to diffusion (if) in secern-1 

per cm2 area, and the average length of the diffusion path (L) in cm. 

Thermostats (this paper) 
Experimental room 

(this paper) 
MARTIN (1943) 
BAUMBACH (1952) 
BANGE (1953) 

Ej{es-ea) 

0.090 

0.118 
0.103 
0.086 
0.182 

/? 

3.74 

2.94 
3.36 
4.02 
1.90 

L 

0.90 

0.70 
0.80 
0.96 
0.46 

Experiments at different wind velocities were carried out with wet blotting 
paper in a small wind tunnel (diameter 25 cm), the air moving parallel to the 
paper surface. The temperature of the evaporating surface under "still air" con
ditions decreases rapidly with increasing wind velocity, due to increase in heat 
exchange between the evaporating surface and the air. From measurements of 
the evaporation rate, of es and ea, the diffusion resistance of the boundary layer 
of air has been calculated for a wide range of wind velocities. The resistance to 
diffusion, as related to wind velocity, is given in fig. 5, together with some data 
calculated from MARTIN'S experiments (1943), concerning an evaporating area 
of similar shape. Three different ranges of wind velocity {V) may be distin
guished, viz., 1) V< 18 cm.sec-1, 2) V between 18 and 40 cm.sec-1, and 3) V> 
40 cm.sec-1. The first range seems characterized by laminar streaming of the 
air; in range 3 air movement is turbulent, while range 2 represents the transition 
zone. Some characteristics of these three ranges are given in table 2. 
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FIG. 5. The effect of wind velocity (V, in cm.sec-1) on the average resistance to water vapour 
transport of the boundary layer of air (Ratr, in secern-1 per cm2 area); 
(/) laminar air movement, (2) semi-turbulent air movement, (3) turbulent air move
ment; 
(o o), some data of MARTIN (1943) and his suggested curve. 

TABLE 2. The effect of different conditions of air movement on evaporation of a one mm 
thick layer of blotting paper with an area of 100 cm2 (see also fig. 5) 

Range > 

Wind velocity (cm.sec-1) 
Air movement 

Transport of water vapour 

Relation between R (in 
secern-1, per cm2 area) 
and wind velocity (V, in 
cm. sec-1) 

1 

V< 18 
laminar 

molecular transport 
by laminar diffusion 

R = 3.46 K-0.58 

2 

18 < K < 4 0 
semi-turbulent 

partly molecular trans
port by laminar diffusion, 
partly mass transport by 

eddies 

R = 0.052 K+o.95 

3 

K > 4 0 
turbulent 

mass transport 
by eddies 

R = 20.8 K-o.76 

Transport of water vapour in range 3 is often considered as molecular diffu
sion through a laminar layer, the thickness of which depends on wind velocity. 
The values of wind velocity, characterizing the transition between the different 
ranges, vary with the thickness of the evaporating object, according to the 
REYNOLDS equation (SCHLICHTING, 1951). One would expect that, for the boun
dary layer of air around leaves, the transition velocities shift to higher values 
with decreasing leaf thickness. In general, however, this is more than compen
sated by the variable position of the leaves with regard to the direction of air 
movement. 

Under different conditions of air movement, as represented in the ranges 1, 2, 
and 3 of fig. 5, the relation between R and Fmay be represented by R = b V~a. 
In turbulent air, the value of a is 0.76. RASCHKE, assuming a similarity in trans
port of heat and water vapour under turbulent air conditions, derived similar 
relations between wind velocity and both l/R and the coefficient of heat transfer 
h ( = "Warmeiibergangszahl", see RASCHKE, 1956,1960). In both cases, a mostly 
was between 0.68 and 0.78 (see PENMAN, 1948; DE VRIES and VENEMA, 1954). 
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Our fig. 5 demonstrates that lower values of a, e.g., 0.5, as reported by MARTIN 
and RASCHKE must be due to the fact that some of their experimental data apply 
to the transition zone beween laminar and turbulent flow (range 2), and others 
tu turbulent flow only (range 3). 

CHAPTER 4 

OBSERVATIONS ON TRANSPIRATION 

The effect of light intensity on transpiration is the major object of our study. 
The relation between light intensity and transpiration will be discussed as 
follows: dark transpiration (§ 1), transpiration at low light intensity (§ 2), and 
transpiration in strong light (§ 3). 

§ 1. DARK TRANSPIRATION 

Measurements of transpiration in dark were carried out with Hyoscyamus 
leaves. The variation in leaf area was from 70 to 140 cm2. In general, the leaves 
were found to be at temperatures slightly below those of their surroundings, but 
the difference between leaf and air temperature never exceeded 0.7 °C. Transpira
tion rates were calculated for a leaf area of 100 cm2, es - ea was calculated from 
measurements of the leaf temperature and the humidity of the air. The results 
of several measurements are presented in fig. 6, showing a linear relation between 
the transpiration rate and es - ea- Dark transpiration seems to be temperature-
independent to a large extent, considering the large variation in temperature at 
low values of es - ed. It should be noted, however, that also in dark transpiration 
a small variation with temperature must exist since the diffusion coefficient k 
is temperature dependent [k = 0.230 (T/273)2 cm2.sec"1]. In relation to the 
errors of measurements, the small variation of k has not been taken into account. 

Several data on dark transpiration of bean and tomato leaves have been ob
tained by extrapolation of transpiration versus light intensity curves to zero 
light intensity. This seems acceptable, since there is a simple relation between 
light intensity and transpiration, and the observations included measurements 
in weak light (see, e.g., fig. 7). A relation similar to that in Hyoscyamus was 
found for bean and tomato when the transpiration rate in darkness is plotted 
against es - ea- (KUIPER and BIERHUIZEN, 1958). 

FIG. 6. 
Dark transpiration (Tdar)c) of cut leaves of 
Hyoscyamus inpotometers (g.h K100 cm 2 

leaf area) as related to difference in satura
tion vapour pressure at surface tempera
ture and actual vapour pressure of the air 
(es-ed, in mm Hg) for various ranges of leaf 
temperature (•) >20°C, (o) between 10° 
and20°C, (+ )<10°C: 
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