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1. I N T R O D U C T I O N

1.1. GENERAL REMARKS

During recent years the interest inthediffusion ofwater vapour from leavesina
canopy hasincreased. For example the definite influence of the leaf diffusion
resistance on canopy evaporation forms a point of controverse. LEE (1967,
1968a, 1968b) thinks that a crop may notbe seen asapassive wick. IDSO (1968)
and VAN BAVEL (1968) have opposed this opinion for well watered crops. In
favour of LEE'S standpoint GARDNER (1970) recently stated that stomatal
resistance would seem tobethesingle most useful measurement for evaluation
of thewater factor in agroclimatology. Thecontroverse mayberemoved only
by studying simultaneously evaporation from a complete canopy and stomatal
behaviour within the canopy.
The study ofthe canopy climate maybehelpful asanintermediary for these
and other problems, such asthose related toplant diseases control and growth
studies. Therefore plantphysiologists, entomologists, phytopathologists and
ecologists arealso interested inamore quantitative knowledge ofstand climate
(Comp. WADSWORTH, 1968).

Thequalitative influence ofleaf diffusion resistanceontheaerial microclimate
of crop canopies andforest stands isnow well documented (e.g. PHILIP,1964;
WAGGONER and REIFSNYDER, 1968; WAGGONER et al., 1969). For a fuller
quantitative approach more experiments areneeded. This article isintended to
review literature andtodiscuss problems andmethods which areofrelevanceto
this experimental approach.

1.2. THECLIMATE OFPLANT STANDS

In the very last chapter of one of his personal contributions to an oldand
well known handbook of climatology, GEIGER (1930) mentioned already the
main influences plants exert ontheclimate near theearth surface. Thephysical
properties andtheshape ofa canopy surface arehighly different from thoseof
the bare soil. Moreover theexchange ratiosare influenced bythepresence ofthe
plants. Finally within the plant cover a special aerial microclimate is formed.
However, in the twenty years following this publication only few investigationsweremadeonthemicroclimate ofcrop stands,somemore in forest stands
(GEIGER, 1950). Although in the United States some topics in micro-meteorology were relatively late discovered tobeof interest (SCHILLING etal., 1946),in
relation to agriculture important work was done quite early. This however
included mainly studies on frost protection, wind protection, theinfluences of
soil mulches and some evaporation studies, and no special studies of stand
climate (Comp. WANG and BARGER, 1962).Interesting measurements of climatic
Meded. Landbouwhogeschool Wageningen 72-3 (1972)
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factors within canopies were made inIndia already in 1932 (RAMDAS, 1962)and
reviewed by RAMDAS (1946, 1951) and GADRE (1951).
Much more investigations within the plant cover are reported from the
period 1950-1960 (e.g. PENMAN and L O N G , 1960; GEIGER, 1961; V A N W I J K and

D E W I L D E , 1962; TANNER 1963b). It was stated in thereview by V A N W I J K and

D E W I L D E , covering literature u pt o 1960included, that inthe course of this
period more emphasis wasgiven t oa physical approach. Instead ofthe rather
descriptive nature of the foregoing investigations onenow used for example
heat balances, water balances andthephysics of transport phenomena.The
design a n d use of specific micrometeorological instrumentation was also
increased.
The first attempt toa more integrated physical explanation ofthe genesisof
crop microclimate was made, asfarastheauthor is aware, by PENMANa n d
LONG (1960). They used part of their observations and experience ofthe
preceding ten years. F r o m 1960onwards somany research articles, books and
reviews have appeared that n o attempt fora review will be made here.T h e
situation at themoment (Comp. UNESCO, in press) is that, more than ever
before, the study ofthecanopy microclimate isintegrated ina study ofwhatis
called the soil-plant-atmosphere continuum (e.g. preliminary PHILIP,1957;
SLATYER and M C I L R O Y , 1961; m o r e comprehensive e.g. C O W A N , 1965; P H I L I P ,
1966; M I L L I N G T O N a n d PETERS, 1969; BERGER, 1970; DENMEAD, 1970; G A R D N E R ,

1970; SHAWCROFT a n d LEMON, 1970). Consequently measurements of soil
parameters, plant parameters and climatological parameters areoften needed
simultaneously (BEGG etal., 1964).
There isalso a strong tendency towards the collection ofexisting knowledge
and the obtaining ofnew data for the building ofgrowth models (e.g. D E W I T ,
1965; D EW I T and BROUWER, 1968; W A G G O N E R , 1969; D EW I T , BROUWER and

PENNING DE VRIES, 1970). Meteorological submodels ofthe canopy climate are
to beincorporated in these plant community models (LEMON, 1970). F o r this
purpose, among others, attempts are made t osimulate crop microclimate (e.g.
P H I L I P , 1964; W A G G O N E R and REIFSNYDER, 1968; W A G G O N E R et al., 1969;

STEWART and LEMON, 1970; MILLER, 1970). Simulation isalso hoped tobe useful
in the near future t o help calculating the insect microclimate inan integrated
approach to diseases control (e.g.PENMAN and LONG, 1960).

1.3. SIMULATION, STOMATA AND EXPERIMENTS

In trying t o design such a micrometeorological submodel ouraimwas t o
simulate the profiles oftemperature and humidity within a corn crop ( D E W I T
et al., internal report). Inputs ofthe model are firstly values oftemperature and
vapour pressure atthet o pof,orsomewhere above, the canopy andatthe soil
surface. Secondly one needs net radiation, wind speed and turbulent diffusion
coefficient(s) (for example from wind speed data atdifferent heights) atthet o p
of the crop, and soil heat flux. Thirdly onemakes useof measurements, or
Meded. Landbouwhogeschool Wageningen 72-3 (1972)

calculations based on canopy architecture, of the extinction of net radiation.
Canopy wind speed data and values for turbulent diffusion coefficients within
the vegetation have also to be used as an input. Themodel is of a kind which
has been mentioned by PHILIP (1966)asa onedimensional- twoparameter type.
In such models it isnecessary to look at thesourcesfor heat andwater vapour,
which means attheenergy andmass balances ofleaf surfaces. Theleaf diffusion
resistance plays an important part in these balances.
For a test of our model we made use of reported measurements in corn
canopies (e.g. BROWN and COVEY, 1966). From the first results it became
apparent that small changes inthevertical canopy profile ofstomatal resistance
(at each height averaged over thehorizontal plane) were ofenormous influence
on theaerial canopy climate as caracterized bythe profiles of temperature and
humidity (Fig. 1).Thisisinaccordance withresultsofother preliminary models
(WAGGONER and REIFSNYDER, 1968; WAGGONER et al., 1969). Therefore we
started to study the field measurements of stomatal resistance.
The problems oftransport through the stomata andthe leaf boundary layer
in thefieldarefar from solved (INOUE, 1970).It istherefore worthwhile, also
again in relation to growth models and evaporation studies, to try to make a
submodel of stomatal behaviour (PENNING DE VRIES, in press). Field data are
necessary for the testing of such models. The same applies to the micrometeorological submodelsasdescribed above, where stomatal resistance maybe
used either asa test orasan input. Weplan to useit asan input to our model.
As a choice for apparatus had to be made and an idea wasto be obtained of
problems wecould come across, inthefollowing parts ofthis article factors and
methods arereviewed which areofimportance to thesetup,performance, and
interpretation of such measurements.
At first a few summarizing remarks on stomatal behaviour are made and
after that thevapour concentration at theliquid surface andthepartitioning of
leaf internal diffusion resistance to water vapour over different parts of the
stomata are discussed. Further some other factors of possible influence on
diffusion will be dealt with. These are the resistance of the boundary layer
adhering totheleaf, thediffusion coefficient tobeused, thetemperature andits
differences within a leaf. Finally apparatus is reviewed for measuring stomatal
resistance directly in the field, with emphasis on the WALLIHAN leaf diffusion
resistance meter, itsuseandmodifications. Ourmodification ofthis instrument
will be described in a following paper.
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F I G . 1. Temperature (a) and water vapour pressure (b) profiles within a corn canopy. Full
curve for a constant stomatal resistance throughout the canopy. Dashed curve for a stomatal
resistance increasing linearly with depth into the canopy. The profiles come from a
computer run with a program by J. GOUDRIAAN (unpubl.), which is an extended form of the
model mentioned in the text (C. T. DE WIT, C. J. STIGTER and J. GOUDRIAAN, internal report).
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2. T H E B E H A V I O U R O F STOMATA

Several recent authoritative texts do exist on stomatal behaviour in general
(MEIDNER and MANSFIELD, 1968; MILTHORPE, 1969; ZELITCH, 1969)and several
others on the specific diffusion and resistance aspects (BANGE, 1953; LEE and
GATES, 1964; WAGGONER and ZELITCH, 1965; LEE, 1967). In early literature

many confusing misinterpretations are to be found about the influence of
stomatal resistance onvapour exchange.In thelatter papers quoted above many
of these misinterpretations are discussed thoroughly from a physical point of
view and corrected.
The present author agrees with the mentioned critics and no attempt will be
made to review their opinions. Only an underlining should be made of their
warn against constructions using the principle of interference of vapour
streams from neighbouring pores, as incorrect reasoning still occurs (COOK and
VISKANTA, 1968). Recent examples of other important misinterpretations regarding the existence of a low overall vapour pressure in the stomatal cavities
and the occurrence of vapour streams of any importance within the mesophyll
will be discussed in an other part of this article.
For interpretation of leaf diffusion resistance measurements, plant physiological literature on stomatal behaviour is (for the time being) somewhat less
relevant. A few summarizing remarks will be made only.
It is still a matter of clear controversy which are the exact mechanisms responsible for the influence stomata are able to exercise. Under field conditions
the C 0 2 content of the substomatal cavities is often held responsible in many
species for a state of opening or closing (e.g. RASCHKE, 1965; SLATYER, 1967a),
when water is not a limiting factor in the soil (nor in the leaf under too heavy
transpiration). The strong influence of light on this C 0 2 content, by photosynthesis, has drawn attention to the connection between stomatal opening and
illumination (e.g. KUIPER, 1961; EHRLER and VAN BAVEL, 1968; KANEMASU and
TANNER, 1969; TURNER, 1969, 1970; STEWART and LEMON, 1969).
In his review ZELITCH (1969) gives a long list of arguments, derived from
experiments,which indicate that internal C 0 2 concentration plays no important
rolein thenormal openingand closing of stomata. In anycase, he argues, apart
from the well known effects of closing of stomata in the light at very high C 0 2
concentration no reasonable biochemical explanations have yet been suggested
for other C 0 2 effects in dark or light. On the other hand in the mentioned
review evidence for light induced biochemical processes, which influence the
osmotic potential of the guard cells relative to the adjacent epidermal cells, is
given. ZELITCH believes in the existence of an exchange possibility of potassium
ions between guard cells and adjoining epidermal cells. MILTHORPE (1969) on
the contrary thinks water to be the only material which freely moves between
these cells. The views of ZELITCH have got support in recent considerations and
experiments of HOPMANS (1971).
Meded. Landbouwhogeschool Wageningen 72-3 (1972)
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A special influence of blue light ontheopening mechanism hasalso been
reported (RASCHKE, 1967; MEIDNER a n d MANSFIELD, 1968). However its in-

fluence within a canopy isnot clear. Theeffect oftemperature remains difficult
to evaluate (BOSIAN, 1968; M E I D N E R and MANSFIELD, 1968) although RASCHKE

(1970) claims t ohave collected more pertinent information nowfrom his recent
experiments.
Apart from these influences well known endogeneous rhythms a n d short
period fluctuations ofdifferent kinds (e.g. HOPMANS, 1968,1971; KREITH and
W H I T E , 1970; RASCHKE a n d K Ü H L , 1969) m a k e theinterpretation and measure-

ment of stomatal behaviour still a difficult andtroublesome matter. O n the
field appearence of the latter effects little exact information does exist at the
m o m e n t ( B R O W N and ROSENBERG, 1970; SCHENK and STIGTER, 1971; STIGTER,

1970).

10
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3. L E A F I N T E R N A L D I F F U S I O N
R E S I S T A N C E TO WATER V A P O U R

3.1. GENERAL CONSIDERATIONS

When a water vapour molecule has overcome the surface forces of the liquid
water in the mesophyll cell walls of the plant it moves towards regions with
lower concentrations. When the stomata of the leaves are open and the outside
air contains less water vapour molecules per unit volume compared with the
concentration at the evaporating surface, the way out will be viainternal leaf
spacesand the stomata. The latter ones are normally seen as pure mechanical
obstructions (resistances) to vapour flow.
Due to the equivalence from a macroscopic point of view it is convenient to
usefor theexchange process of water vapour theelectrical model of Ohm's law:
Ae = I x R

(1)

Here the electrical potential difference is replaced by the water vapour concentration ( = density) difference Ae (the difference in absolute humidity) in
for example grams1 per cubic centimeter1; the electrical current is replaced by
the vapour flow density, I, in grams per square centimeter per second and the
electrical resistance isreplaced by an equivalent quantity R, which is a measure
for the resistance against diffusion of water vapour, in seconds per centimeter
(Fig. 2).
Some authors prefer to emphasize the diffusional aspects of the phenomenon
and want to seeequation (1)stillasan engineering form of FICK'S diffusion law:
D
I = - X Ae

(2)

Now D is the temperature dependent molecular diffusion coefficient and L is a
so called effective length. This effective length L is the.length of still air, at the
temperature of the system, equivalent with either a geometrically more complicated diffusion path (internal leaf spaces, stomata) or with a different path
length along which the transport coefficient (D) differs from the pure
molecular value (external boundary layer, seebelow).
It is true that for a consideration of what happens microscopically in these
transport phenomena of gases the diffusional point of view gives more insight.
For example only a detailed look at the diffusion process can make clear what
happens at the entrance and exit openings of the stomatal pores. There the
lines of equal vapour concentrations (isopsychres, seen as a transverse section
through surfaces of equal concentration) have forms different from those more
inwards or outwards from the leaf surface. The isopsychres more outside the
leaf finally become parallel to its surface (Fig. 3),the more inside are influenced
by the alignment of the vapour sources. The phenomena in between the first
1

In this paper the cm and the g are used as legal units in the SI.
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FIG.2.Resistancestowatervapour
diffusion in and over a leaf.
effective
boundary
layer
resistance

resistance of
stomatal pore,
end effects
included
cuticular
resistance
substomatal
cavity
resistance

FIG. 3. Transverse section of three dimensional
water vapour pressure (or concentration) field, so
called isopsychres, at the outer side of a stomatal
pore.Nofrontier isgivenbetweentheleaf boundary layer and the turbulent bulk air. Resistance
from the leaf surface up to curve 3 is called the
(external) end effect.
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isopsychres so influenced and the geometrically lower and upper ends of the
stomata are called the end effects (Fig. 3, 4). They may be calculated from
simple geometrical expressions (PARLANGE and WAGGONER, 1970). With the
more diffusional form (2)in mind, where appropriate, weprefer in this text to
talk about resistances (1). Itisonly when weshould need aconnection between
such resistances and hydraulic resistances in the liquid phase in the leaf, for
use in a soil-plant-atmospheric model, that we would encounter any trouble
(PHILIP, 1966).
It is important to point out that weare dealing below with resistances of a
unit of homogeneous leaf surface, with the restriction in mind that the differences, over one side of a leaf, between upper and lower side and from leaf to
leaf, even at oneheight in a crop, can't be ignored in calculations or measurements (comp. MORESHET et al., 1968a; MORESHET et al., 1968b; PERRIER, 1968).
Secondly weknow that our resistances areto be localized between the vapour
concentration 'potential' attheouter frontier withtheturbulent bulk air outside
the leaf andtheconcentration at thecurved capillary surfaces within the walls
of the mesophyll cells.This means that forthefirstconcentration wetake inour
model atime average aswell asaplace average over asmall height (intheairin
the canopy, where the unit leaf surface is found) and we assume this mean
value to exist at part of the outer frontier of the boundary layer of the leaf
concerned. Therefore we must speak of an effective boundary layer resistance
(or an effective length in (2)).When weare interested in the real vapour concentration profile over the leaf this is of course not permitted because of the
existence of a transition layer instead of a frontier and the differences in its
thickness over theleaf (e.g. DE PARCEVAUX, 1961 ;SLATYER, 1967a).Just because
the real nature of the boundary layer outside the leaf is not clear, the true
physical interpretation oftheeffective resistance or length under all conditions
remains somewhat obscured.
It hasbeen made clear in several classical texts (comp. SLATYER, 1967a) that
the resistance R of a leaf is formed by the normally high cuticular resistance,
parallel to the series resistances of stomatal cavity and stomatal pore (end
effects included, PENMANand SCHOFIELD, 1951),withfinallytheeffective boundarylayer resistanceinserieswiththeresultant ofthe others(Fig.2).Thecomplete
description ofthedetails of overall leaf resistance hasbeen given already many
times(e.g. HOLMGREN etal., 1965; MORESHETetal.,1968a; JARVISand SLATYER,
1970; D E PARCEVAUX and PERRIER, 1970). So only remarks pertinent to an
understanding of operation and calibration of a measuring device to be described later onwillbemade. Interference ofthe devicewith thesituation tobe
measured will also be considered.
In themethods involved a vapour stream I (1) is sensed byclamping a small
chamber, where humidity ismeasured, ontheleaf (see final part ofthe article).
Therefore actual Ae during themeasuring period hasto be known to measure
R correctly. Although the findings of others (e.g. WALLIHAN, 1964; KANEMASU
et al., 1969; MORROW and SLATYER, 1971a, 1971b)willhavetobeverified under
our own experimental conditions, it is supposed for the present that pure
Meded. Landbouwhogeschool Wageningen 72-3 (1972)
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mechanical reactions of the stomatal system on the actions of measurement in
the field can be avoided (at least during the measuring period). Therefore
especially misinterpretations in Ae have to be considered.

3.2. THE CONCENTRATION AT THE LIQUID SURFACE

The problem of the real vapour concentration at the mesophyll walls was
certainly not ignored. With physical arguments thisconcentration was supposed
to be equal to the saturated one belonging to leaf temperature (MILTHORPE,
1961; SLATYER, 1966a, 1967a).
Very recently, however, JARVIS and SLATYER (1970) threw doubt on the assumption that this is true under all conditions. It iswell known that it isnot the
curvation of capillary water surfaces in the cell walls which may give a drop of
any importance in the saturation vapour concentration. It now appeared in
their study also unlikely that 'incipient drying', i.e. a growing diffusional
resistance because of withdrawal of the capillary surfaces inwards (e.g. COWAN
and MILTHORPE, 1968b) under heavy evaporation, did occur. JARVIS and
SLATYER were also able to conclude that neither anormal lowering ofleaf water
potential nor any local accumulation of osmotically active solutes could be a
reason for their measured cell wall resistances. Therefore they suggest a significant source of hydraulic resistance to liquid flow, across the outer and denser
layers of the cell walls, to be of influence on the surface water potential. This
will result in a lower water vapour concentration than the saturated one at the
same temperature, as may be seen from the thermodynamic relationship connectingwaterpotentialandwatervapour concentration at the cell solution / leaf
air interface (e.g. PHILIP, 1966). Of course more knowledge about the physical
caracter of the hydraulic resistance involved will make its interpretation less
doubtfull.
The authors remark that the effect of this passive (apparent) hydraulic
resistance, under their experimental conditions with C 0 2 free air, will be much
smaller under normal outdoor conditions. However, the relative leaf water
content, as found by some authors (KANEMASU and TANNER, 1969a; review by
SHAWCROFT and LEMON, 1970) to be critical for stomatal closure amounts
8 5 ^ 9 0 % RWC. Combining this with the estimated drop of the saturation
concentration at the mesophyll walls, as given for cotton under such conditions
by JARVIS and SLATYER, still a drop in the vapour concentration of about 10%
might occur without any closing of the stomates. If soil water is not limiting
this might happen under very high evaporation only ( > 4 x 1 0 - 6 g/cm2s).
Under more normal evaporation ( < 4 X 10" 6 g/cm2s, e.g. BROWN and COVEY,
1966) in most cases no more than a 2 to 3 % reduction was estimated and in
some cases it was even negligible. Talking about a cell wall resistance therefore
remains doubtfull in these latter cases (for mesophytes). Of course as soon as
the stomata are starting to close, the evaporative demand becomes smaller
and the effect described above will disappear completely.
14
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It is suggested here that the measurements onmaize of SHIMSHI (1963), under
limiting soil water conditions but with a very high external humidity ( ^ 90%),
form an example of the same (apparent) hydraulic resistance. He measured a
maximum drop of 7%in the vapour concentration under such conditions, with
wide open stomata and high turbulence of the air surrounding the plant.
A better known but less important effect, which also results in a surface
water vapour concentration smaller than the saturated one at the surface
temperature, resultsfrom stressconditionsbecause ofa dry soil.Thisgives,even
at a leaf water potential of-50 bars, a drop in the vapour concentration of less
than 4% (SLATYER, 1967a).
In measurements the latter effect would be especially of influence when Ae
is small during the period of measurement, as the drop is constant and will not
be influenced by short changes in evaporative conditions. The former effect
should confuse measurements if the (apparent) hydraulic resistances change
during the measuring period. If the measuring device does not (or only slightly)
alter the evaporative conditions, this resistance is measured in the sensing of a
lower I. If the evaporation is clearly different during the measuring period one
of the following consequences may arise. Either the 'hydraulic resistance effect'
may be induced or enlarged by the measuring device, which gives a measured R
which is too high. Either this effect is made smaller or cancelled out by the application of the device, which gives a R too small compared with the natural
situation. No field measurements of stomatal resistance reported so far have
taken into account the possible existence of the effects mentioned.

3.3. RESISTANCE OF SUBSTOMATAL AND INTERCELLULAR SPACES

A second point of interest, related to the above and sometimes quite confusing in the existing literature, is the relative humidity in the intercellular and
substomatal spaces and the partitioning of stomatal resistance over the resistance in the pore itself and in the substomatal cavities.
What we have to investigate is, given the total Ae, as mentioned, under a
specific situation, what are the relative values of intermediate vapour concentrations at both ends of the stomata. Fig. 4, one of the fine figures of BANGE
(1953, Fig. 17) showing the geometry of diffusion from different sources,
directly shows that within the leaf we have to talk about a three dimensional
potential field. Thus the definition of one relative humidity, or one uniform
gradient of relative humidity, in the stomatal cavity is impossible. One sees
from the isopsychres of the same figure that the cells nearer the stomatal pores
must make a greater contribution to evaporation if the vapour pressure at the
wallsisand remains the same everywhere and iftheevaporation sitesare located
directly at the geometrical boundary between the cell and internal air.
When such apparent 'hydraulic resistances' astreated above could build up in
(parts of) cell walls nearer the pores, because of a high demand, of course their
contribution to evaporation will decrease to values equal to those of cell walls
Meded. Landbouwhogeschool Wageningen 72-3 (1972)
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FIG. 4. Transverse section of
schematical three dimensional
water vapour pressurefield(isopsychres),withflowlines,within
a substomatal cavity (a).Oneof
theguardcellsismarkeds,intercellular spaces are marked i.
Resistance from curve 5 upwardstothegeometrically lower
end of the stoma is called the
(internal)endeffect. AfterBANGE
(1953).

at larger distance. Consequently the total flux will then be reduced and the
distances between the isopsychres will increase, compared with those in Fig. 4
near sites where these extra resistances occur.
As to the resistance of the intercellular spaces, at least under isothermal conditions (see also below), the following reasoning does apply. It is unlikely that
they make any significant contribution because of the distance between the isopsychres near these sources, provided the schematical distribution of evaporation sourcesas givenin Fig.4isapproached in reality. From BANGE'S transverse
section through a Zebrina stoma this seems for example to be correct, from
transverse sectionsfor leaves of alfalfa and corn asgivenby ANDREW (1968) this
distribution also does seem a very good approach. An indirect result from the
above mentioned recent publication of JARVIS and SLATYER (1970) also reveals
a strong indication that the sum of intercellular and substomatal space resistance to water vapour diffusion almost entirelyconsists of the resistance of
substomatal cavities.
This is in contrast with an earlier conclusion by SLATYER (1967a). He considered measurements on cotton leaves by JARVIS et al. (1967). They measured
an open-stomata resistance of on 4 s/cm (for both surfaces added in series) and
a resistance to N 2 0 - diffusion through the leaf from one side to the other of
on3s/cm. This was erroneously (in the opinion of the present author) taken as
an indication of a high internal resistance against water vapour flow, as the
open-stomata resistance comes from a diffusion from the leaves and the other
figure from a diffusion through the leaves. In the first case the vapour sources
16
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are internal ones. The evidence, with all proper reserve suggested by SLATYER
in hisdescription, from an explanation of differences in lightintensity influences
on stomatal aperture and stomatal resistance, is indeed not high. These differences may be better explained from two- or three- dimensional analyses of the
stomatal pore (WAGGONER and ZELITCH, 1965; WAGGONER, 1966).
It follows from this kind of analyses that a relatively high potential may be
supposed to exist on, for example, the equipotential curve marked 5in Fig. 4.
Under normal external relative humidities ( > 40%) one easily calculates a
minimum relative humidity there of 96% (temperature or pressure influences
excluded), under the maximum percentual influence of the substomatal cavity,
i.e. under windy conditions (LEE and GATES, 1964, see also below).
In connection with this, attempts to assign from experimental results a much
lower relative humidity somewhere in the substomatal cavity under quite
normal conditions are suspicious. They have been made for example by THUTT
(1938, 1939) and more recently by LAUE et al. (1968). In all these experiments,
however, no leaf temperatures were measured and no energy balances could
therefore be setup for theleaves.Thiswasmoreorlessappreciated bythe former
author (THUTT, 1939)but thelatter ones failed to take the difference in temperature between the leaf and its aerial environment into account. One sees
(Table 1) from the values taken from their table 2, that such differences in
temperature must have been present. Bringing their leaves at an air temperature
of 15°Cfrom a high to a somewhat lower relative humidity indeed increased the
transpiration. Bringing these same leaves at an air temperature of 25°C from a
lower to a higher relative humidity did however also increase the transpiration.
Differences found in the mentioned publications between different plants
under the same experimental conditions may easily have been dueto differences
in radiation absorption capacity, stomatal behaviour etc. They are of influence
on the energy balance of these single leaves. Using the values for transpiration
as given by LAUE et al. (1968) and calculating the energy transpired one has an
entrance to diagrams such as made by GATES (1970, p. 245). They give for a
certain resistance value and for different air temperature and humidity combinations an idea of the temperature difference between leaf and air. When accepting as an approximation the overall diffusion resistance to be 3 s/cm, as in
this diagram of GATES, one finds for the case of Nicotiana rusticaL. at 25°C in

TABLE 1. Figures from table 2 of LAUE et al. (1968) indicating higher transpiration values at
higher relativehumidity values,erroneously attributed bythe authors to differences in intercellular and substomatal relative humidity. No leaf temperatures were measured but could
becalculatedtoamount lowerandhigher than airtemperatures respectively in one evaluated
case (bold typefigures,seetext).
Nicotianarustica
Temp. (°Q
R.H.(%)
Transp.(10~3g/cm2h)

15
79.1
4.7

15
74.8
4.9

25
47.7
10.4

Brassica napus
25
55.9
13.8
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15
79.1
5.2

15
74.8
9.6

25
47.7
10.3

25
55.9
12.8
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the left hand case intable 1,a leaf temperature 2.5°C lower than theairand in
the right hand case oneof 2.5°C higher than theair.
For different overall resistances, of course, different absolute values should
have been found. This kind ofanalysis however explains thewrong conclusion
from the cited experiments of lowrelative humidities in the substomatal and
intercellular spaces. We are therefore bound to conclude that with therestrictions given above theresistance ofthe leaf towater vapour diffusion will
lay almost completely in the stomatal pore, endeffects included.

3.4. R E S I S T A N C E O F T H E STOMATAL PORE

Accurate calculation ofthe resistance of stomata would bepossible when at
each moment thegeometrical shape inthree dimensions would beknown. This
means that weseethe stomatal systems as multipore membranes, and their
changes asstep-functions intime, asan approach to their dynamic behaviour.
Finally the use of end corrections was shown to be necessary from mere
diffusion theory (e.g. PENMAN and SCHOFIELD, 1951 ; BANGE, 1953). The mathe-

matical expressions involved, with which wewill deal ina following paper on
apparatus and calibration, show that these corrections maybe substantial at
wide apertures. They do arise from the resistance against diffusion of the
'micro vapour cups' over the ends ofthe pores (Fig. 3,curve 3;Fig. 4,curve5).
It was originally suggested-intuitively by BANGE that the complete resistance
between the geometrical pore end and the air layer with uniform vapour
pressure in the horizontal (Fig.3, curve 6) wasin these vapour cups. In a
thorough mathematical derivation by PARLANGE and WAGGONER (1970) this
wasrecently confirmed tobealmost exactforinterstomatal distances existingin
nature. They proved thistobeindependent ofstomatal shape,bymaking useof
the 'interference concept' forthe vapour streamsofneighbouring stomata inthe
region below curve 6(Fig. 3)only. This interference concept therefore has done
itsjob andcan bedefinitely abandoned aswas shown alsobythe measurements
and calculations of LEE (1967).
For most agricultural crops minimum values oftotal stomatal pore resistance
per unit leaf surface (one side only), under normal soil andenvironmental conditions measured in the field, are normally between 0.3 s/cm and 2 s/cm
(LINACRE 1966, 1967a; GATES, 1968; COWAN and MILTHORPE, 1968a). The
lowest values ever reported were of the order of 0.1 s/cmin freshly irrigated
sorghum (EHRLER and VAN BAVEL, 1968).However, MONTEITH and BULL (1970)
suggest lack oftemperature equilibrium inthemeasuring instrument tobe the
reason for such lowvalues. Much higher values have been reported for other
species (GATES, 1968).Age ofthe leaves or special circumstances, asdryspells
in the past, may haveaninfluence onminimum values under normal conditions.

18
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3.5. RESISTANCE OF THE CUTICULA

As the partitioning between parallel resistances (Fig. 2) is not important in
our model and procedure, no special attention will be given here to cuticular
resistance. Low values reported are from 5s/cm to 15s/cm (MILTHORPE, 1961 ;
HOLMGREN et al., 1965), but normally values of 25 to 50 s/cm are measured.
Such resistances are equivalent with a stomatal pore of a diameter of something
like 0.1 yum,which is about one percent of a mean full opening value.
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4. S O M E O T H E R F A C T O R S O F P O S S I B L E
I N F L U E N C E ON D I F F U S I O N

4.1. AIR LAYER RESISTANCE

The last resistance encountered by the water vapour molecules is to be found
inthe air layer 'adhering' to theleaf.Again itsresistance maybecalculated from
diffusion when its effective length is known. This boundary layer effect is
directly determined by the motion properties of the bulk air, which may be
from completely at rest (theoretically) via more or less idealized laminar and
turbulent wind tunnel circumstances up to the highest scale of turbulence
encountered outdoors.
At one end of this scale, the indoor still air (without too strong radiation
sources), the theoretical value, using STEFAN'S law (e.g. MEIDNER and MANS2
FIELD, 1968) for a (leaf)disc of d m 10 cm is about 16 s/cm for 1cm , from
nd
This must be seen as an 'end effect' for a whole leaf disc. This value was already
found to be too high by PENMAN and SCHOFIELD (1951), because of the ever
existing motion of slow air currents. A value of somewhat more than 6 s/cm is
for the same case found from their often quoted formula:
0.4 d06
R = - ^ ~

(4)

In practice however, even this appears to be too high a value, which may be
appreciated from the literature investigations of KUIPER (1961) and LINACRE
(1966)and themeasurements of KUIPER (1961), LINACRE(1967a)and LEE(1967).
From their independent but equal results the highest value encountered in
special experimental compartments, with surfaces of the same dimensions
(=; 10cm), can be set at 4 s/cm, reducing to between 2 and 3 s/cm in a normal
work room without any special (induced) form of circulation. This is in accordance with recent observations of very slight air currents (10 cm/s and 30
cm/s) to be very effective in increasing transfer from broad artificial leaves in a
wind tunnel (VOGEL, 1970) and with our own observations during calibration
performances.
At the other extreme, which interests us more regarding field experiments,
we have to consider the turbulence in the air layers within a canopy. Here
recently new insights have been gained. PHILIP (1966) already doubted the
relevance of laminar wind tunnel experiments to transfer processes around a
leaf in the canopy. Free stream turbulence, the mutual interactions of streams
around the leaves and the possibilities of bending and flutter were mentioned as
differences between tunnel and field. PARKHURST et al. (1968) found that forced
convection heat transfer in a wind tunnelwasincreased generally lessthan 20%
20
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by the presence of other branches and leaves and about 5%because of 'oscillations'. HUNT et al. (1968) supposed that apart from geometrical surface properties it was essentially the scale or intensity of turbulence experienced by leaves
in the field that makes exchange in the canopy different from (idealized) wind
tunnel experiments. They used arguments comparable to those of PHILIP for
an explanation of their low boundary layer resistances, encountered at the
large leavesin afieldof sunflowers. Similar results were found in snap beans by
KANEMASU et al. (1969). Their values were used by STEWART and LEMON (1969)
as an extrapolation to field conditions of their own wind tunnel experiments
with two leaves upwind from a test leaf. They calculated from KANEMASU'S
measurements for a leaf width d of the order of 5 cm:
^boundary = 0.6 \Zd/u

(5a)

where « is a measured wind velocity. For a leaf of about 10 cm the slope of
^boundary against (diu)1'2 was found to be only 0.43 s 1/2 /cm. These values are
45% and 33% of even the lowest values hitherto supposed to be the most
representative for leaves in the open (MONTEITH, 1965). However, PARLANGE
and WAGGONER (Private communication by Dr. P. E. Waggoner) believe from
their experiments this value of MONTEITH to be still more representative. In
that case (5a) becomes:
^boundary = 1 - 3 \/d/U

(5b)

For wind speeds inthe order of 100cm/svalues of the boundary layer resistance
for leaves of something like 5cm width are of the order of 0.2 s/cm (5b). This
is somewhat higher than the values of HUNT et al. (1968) but in agreement with
the lowest values reported by LINACRE (1966). STOUTJESDIJK (1970) recently
reported the boundary layer resistance to be from 10 to 30 per cent of the
overall resistance, under normal outdoor conditions, for leaves of some production crops, tropical weeds and plants from Savanna vegetation. Referring
to the values of stomatal resistance given earlier (order of 1s/cm) this is found
to be in accordance with the values calculated above for ^boundary
As to the suggestion of high turbulence intensity within a canopy new
evidence,in support of older results (UCHIJIMA and WRIGHT, 1964),was recently
collected by LUXMOORE et al. (1970) and PERRIER et al. (1970). They found very
high turbulent intensities, higher than even directlyabove the crop, in rowsown
soybeans. This demonstrates, as they state, the importance of micro-scale
turbulence in determining exchanges between plant leaf and lower atmosphere.
Of course differences because of morphology and stand structure may occur
as is shown by PERRIER et al. (1970). Their turbulent intensities increase with
depth in the soybean canopy and they quote turbulent intensities in a corn
canopy (UCHIJIMA and WRIGHT, 1964),thatjust decrease with depth. One might
suggest that the increase of the turbulence intensity was due to the fact that the
crops were sown in rows. However, the same turbulent intensities, be it with
appreciably less overall air movement (wind speed), were measured when the
canopy over the rows was closed (MILLINGTON and PETERS, 1969b). This
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suggests that also in a relatively open structure which is more or less isotropic,
as a corn crop sown with equal spacing in two perpendicular directions or
hexagonally, high turbulence intensities do occur. This apart from the effect of
'sealing' of a dense easily bending crop as wheat, which may give rise to the
building up of 'hot' and 'damp' spots (PENMAN and LONG, 1960), which are not
easily to reconcile with high turbulent intensities.
The skewed frequency distributions of wind velocities (PERRIER et al., 1970)
and the suggested almost omnidirectional air movements within the not sealed
canopy make the possibility of determination of exchange coefficients in the
turbulent air from usual wind speed measurements highly questionable.
The conclusions derived above give also again support to the supposed
importance of stomatal resistance in the exchange process of water vapour
from leaves in the field, the external resistance being in most cases smaller than
hitherto often accepted.
One other possibility of vapour exchange in the field which is sometimes
suggested (BERNBECK, 1924; POORE, 1965; SLATYER, 1967a), is the existence of
substantial internal air movement in the leaf air spaces, by through blowing or
bellows (pumping) action of fluttering leaves, or influence of other pressure
differences across amphistomatous leaves. WOOLLEY (1961) tried to verify the
existence of these processes for corn leaves but found them to be negligible.
Theextremely lowinfluence ofpressure fluctuations, from gustiness ofthe wind,
on vapour exchange from the soil (FUKUDA, 1955) does support these results
indirectly. It suggests that apart from pumping by mechanical actions in leaf
movement other pressure differences will have no influence. Therefore the
process of exchange is considered to be completely diffusional up to the outer
edge of the effective boundary layer, when no extreme radiation loads during
spells of extremely low wind speeds are concerned.

4.2. VALUE OF THE DIFFUSION COEFFICIENT

As was put forward by MILTHORPE and PENMAN (1967) and COWAN and
(1968a, 1968b) diffusion through narrow pores differs from free
diffusion at the same temperature. This phenomenon of wall influences on the
diffusion may be seen as a kind of SMOLUCHOWSKI-KNUDSEN effect (CARMAN,
1956). With an (equivalent) throat diameter of 20 [oa the correction seems to
be zero; at 10/im it may be in the order of 10%, at 3fim in the order of 20%.
The use of too high values for the diffusion coefficient in calculation of stomatal
resistance from geometry may have been one reason for persistent believe in
relatively high substomatal or cell wall resistance;calculations did always show
lower resistances than measurements. Ofcourse this smaller diffusion coefficient
is measured as a higher R by sensing a smaller / (1).
A smaller factor with the same effect was recently dealt with by PARKINSON
and PENMAN (1970). The fact that a net outflow of water vapour from the
stomata along its partial pressure gradient is not coupled with a net inflow of
MILTHORPE
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air because of the 'no air flow' boundary condition at the mesophyll walls is
responsible for a correction. To make the theoretical balance correct a compensating mass flow of air out of the leaf to bulk air should assist outward
diffusion of water vapour, which makes the following correction on calculated
resistances necessary:
*corr = * c a l c J P/(i>->")

(6)

with P, total atmospheric pressure and p, partial pressure halfway the partial
pressure gradient. Ofcourse this correction istemperature dependent, amounting at its maximum about 3 % at 40°C and a difference of 80% in relative
humidity between mesophyll andambient air. Atroom temperature theerroris
under the same conditions only about 1 %.2
A last remark concerns the temperature dependence of the diffusion coefficient. It is sometimes ignored that D changes about 10%over 15°C difference
in ambient temperature (LIST, 1963). Especially thetemperature in that part of
the leaf where thevapour flow resistance (andbythewaytheresidence timeof
the vapour molecules) is highest determines thevalue to be taken. This means
that, if high temperature differences should exist between guard cells, epidermical layer or parenchymatic tissue, different temperatures should have to be
taken for the determination of D and the evaluation of the saturated vapour
pressure at themesophyll walls in different parts oftheleaf.

4.3. TEMPERATURE WITHIN THELEAF

Internal temperature differences and their effects depend on the physical
processes of reflection, transmission, absorption, scattering andback radiation
of radiative energy, oncooling processes byconvection andevaporation andon
development of internal vapour concentration fields.
The major part ofthe solar radiation load isabsorbed bythepigments inthe
parenchymatic tissue of the leaf, and an other much smaller part (in the near
infra red)byallwatery tissue (e.g. GATES, 1970). Taking into account the scattering at the air-water interfaces, as pictured by GATES (1970), and the quite
even distribution of the pigments over the leaf, radiation absorption will be
quite evenly distributed over theinner parts ofthe leaf too. Important temperature gradients arenotinduced in this way. Thetransparent outer (epidermical)
cells, with their cuticula, absorb less radiation and are responsible for thenet
back radiation inthefar infra red,integrated over a depth from a fewpm toa
few tens of/mi's (IDLE, 1968; PERRIER, 1970), andfor thefirst instance reaction
on convective cooling (or heating). We have also seen that the evaporation
sources arelikely tolayinthat parts ofthe leaf which arenear (oneor both of)
the leaf surfaces, at least when 'hydraulic resistances' in the flow from cell to
cellandfrom within thecellinto theouter walls aresmall. Therefore, if temper2
It is shown in the same publication that the effect can't be ignored for photosynthesis
calculations.
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ature differences exist it is likely that they will be with their cooler end at the
outer layer(s) of the leaf.
No investigations do exist which have evaluated temperature differences
between the inner and outer parts of amphistomatous leaves. In view of the
difference of thermal conductivity of water and air (0.60 and 0.025 J/s m °C
respectively at room temperature) and the probability that liquid water is
present in the epidermical cells also nearly right up to the surface (SLATYER,
1967a),one may suppose that the temperature gradients arenot steepwithin the
leaf. This apart from the overlying waxy materials of the outer part of the cuticular walls. Of course temperature gradients may be steeper over the still air
boundary layer.
It has been suggested from theoretical considerations by LINACRE (1964) and
by MILLINGTON and PETERS (1969a) that temperature differences over (thick)
hypostomatous leaves may be important. The latter authors even suggest influence on transpiration from a leaf by internal vapour diffusion due to such
temperature differences. The only way of measuring adequately temperature
differences over two sides of a leaf in the field is certainly by infrared detection
instruments. Especially those not integrating many plant surfaces (e.g. TANNER,
1963a) but only part of a leaf surface (e.g. FUCHS and TANNER, 1966; STOUTJESDIJK, 1966) would be useful here. No such measurements have been reported in
the recent excellent review by GATES (1968). Reviews and reports on leaf
temperature experiments (LINACRE, 1964, 1967b; STOUTJESDIJK, 1970)also make
noreference to suchmeasurements. The onlyinvestigationsfound bythe present
author are those of PERRIER (1968). He calculatedTor symmetric (i.e. amphistomatous, with no differences between upper and lower side)leaves, perpendicular
to the solar rays and not thicker than 0.5 mm, temperature differences smaller
than 1 °C and for such asymmetric leaves (no evaporation at the upper side)
maximum differences of 1.5°C, depending of course on stomatal opening and
convectional situations. For asymmetric leaves of thicknesses from 0.5 to 1.5
mm temperature differences of 1°-6°C were calculated.
Two objections may be raised to these interesting calculations. A value of
0.15J/s m°Cwasused for the thermal conductivity of thetissue,whichisonly a
quarter of that for water at he same temperature. Secondly all net radiation was
supposed to be absorbed at the leaf surface. Both assumptions tend to overestimate the temperature differences. However, the same author has also
measured temperature differences over leaves. He found them to be always
smaller than 1°C between surfaces of thin leaves ( < 0.5 mm) but from 2° to
6°C at asymmetric thicker leaves (from 1 to 1.5 mm). His phosphorescence
method of temperature measurement, which needed a 20 /an coating of the
leavesbycrystals,isclaimed to behardly ofinfluence to heat and mass exchange
nor to any other leaf property. Change in the surface temperature would therefore be no more than 0.5°C. However, the value for the thermal conductivity of
leaf tissue, used in PERRIER'S calculations, was obtained from the temperature
differences measured with this method. Thisjustifies some hesitation to accept
PERRIER'S results quantitatively. Therefore the present author thinks the
24
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FIG. 5. Schematical diagram of a hypostomatous leaf of medium thickness. The upper
epidermis is supposed to have no cuticular transpiration. An example of possible resistance
partitioning isgiven in thelefthand column(r),anexampleofpossiblemeantemperaturesand
resulting saturated vapour pressures (instead of concentrations) is given in theright hand
columns.Anextreme situation with low external air speed and high radiation load has been
chosen,however with open stomata.

schematical example of Fig. 5 to give a more correct idea of the maximum
influence of temperature differences within hypostomatous leaves on saturated
vapour pressure partition.

4.4. INTERNAL VAPOUR PRESSURE FIELD BECAUSE OF A
TEMPERATURE DIFFERENCE

For our situation of Fig. 5 we have to look at the internal resistances of a
leaf. In this situation a resistance measured by N20-diffusion through 200 /im
thickness of cotton mesophylltissue,being 3s/cm (JARVISetal., 1967),may now
correctly be used as an approximate value.The leaf being estimated 1 mm thick,
the internal resistance has therefore been taken in Fig. 5to be 15s/cm. Reasons
for such a high resistance are the mean dimension of internal air-spaces, for
example in cotton estimated to be smaller than 2 /mi (JARVIS and SLATYER,
1970), tortuosity of the vapour path (only schematically drawn in Fig. 5)and a
reduced diffusion coefficient (wall influences).
Because of this relatively high resistance the isopsychres will be, in the diagram of Fig. 5, almost parallel to the leaf surface as far as intercellular spaces
are concerned. This is in contrast to the isothermal situation where the isopsychres, following this schematical diagram, would be almost perpendicular
to the leaf surface. However, in both cases thedistancesbetweenisopsychres in
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the intercellular spaces are so large that the gradients arevery small compared
with those in the substomatal cavity. Consequently the flow field in thesesubstomatal cavities, such as given in Fig.4, is not influenced.
So only in such cases that internal resistances arenot high there maybeany
influence on transpiration from temperature differences over a leaf. Webelieve
therefore to have shown the suggestion of MILLINGTON and PETERS (1969a)
mentioned above to be improbable under normal situations in the field. The
same arguments as used above apply to thecalculated differences upto 7°C
between centre andborder ofanottoosmall leaf (PERRIER, 1968).Thiscanalso
be of influence only when connections of very low diffusional resistance do
exist laterally in the leaf.
Finally again the same kind of arguments applies to suggestions of lateral
transport (WALLIHAN, 1964)when differences in evaporation over oneside ofa
leaf are induced byameasuring device. Thisisanimportant conclusion derived
from thetheory dealt with above,regardingfieldmeasurements ofleaf diffusional resistance.
The second conclusion in this respect is that a change in the alignment of
internal vapour concentration fields after clamping an apparatus on the leaf
will not influence the transpiration (so the resistance) measured. This equally
applies to induced evaporation conditions at the back side of the leaf part
measured. Only thedirect orindirect (byconduction) temperature change atthe
measured surface changes the actual transpiration. For this latter effect it is
good to know that thethermal time constant of a leaf amounts indoors about
50 seconds or more. This may be calculated by methods from heat transfer
theory in fair agreement with empirical evidence (LINACRE, 1967a).
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APPARATUS FOR MEASURING STOMATAL
RESISTANCE DIRECTLY

5.1. THE CHOICE OF A SUITABLE TYPE

The review given above has emphasized points which will become of importance in design, calibration and use of a small measuring chamber to detect the
vapour stream diffusing from the leaf in the field. We may now start to review
shortlyrelevantmethods whichhavebeen usedfor measuring transpiration from
single plants or leaves.
In the laboratory some measuring systems have been developed which indeed
sense the real vapour stream from leaves in their indoor condition directly. One
may distinguish between closed and open systems. In the former the sensing
element isin the sameenclosure as the plant (parts),in the latter the air passing
these plant parts is sensed elsewhere (comp. SLATYER and SHMUELI, 1967).
The laboratory measurements in an open system are difficult to extrapolate
to field conditions. The whole instrumental system is quite complex and
modifies heavily the natural leaf environment (e.g. GAASTRA, 1959; BIERHUIZEN
and SLATYER, 1964; PARKINSON, 1968). The closed system, as independently
improved by rapid sensoring of water vapour by DECKER and WETZEL (1957)
and ASHBY (1957) originally met many objections even in laboratory use. This
method, however, was modified for field use by GRIEVE and WENT (1965). Some
of the objections against the closed system method (SLATYER and SHMUELI,
1967; SHIMSHI et al., 1965) were experimentally met by GRIEVE and WENT.
Neverthelessthedisturbance ofespeciallythetemperature regime(i.e.the energy
balance) of the leaf is in most cases too severe to be ignored. The principle of
the method has been independently used by WALLIHAN (1964) to develop a
measuring device for stomatal resistance in stead of actual transpiration in the
field, to which we will refer in due course.
Many objections have been raised against the use of methods requiring
severing techniques or weighing whole plants. Although recently TAYLOR and
GATES (1970)met some of theseby combination withenergy budget techniques,
their field use remains cumbersome. Especially profiles of evaporation within
a canopy in the course of time can not be obtained in this (indirect) way.
The different kinds of heat budget methods form an other indirect way. One
observes the energy balances of two leaves or at two positions of one leaf. The
leaves are not detached from the plants in their natural conditions and disturbances or modifications of the direct environment of the leaf are as small as
possible under the differences of heat budget mentioned. However, at least one
energy balance has to be induced artificially. This makes it also difficult to
measure profiles throughout the canopy with these methods. Moreover these
methods (e.g. IMPENS et al., 1967; STOUTJESDIJK, 1970; D E PARCEVAUX and
PERRIER, 1970) finally yield values for the ratio of total resistance to transpiration and resistance of the unmodified boundary layer. The latter one or the
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stomatal resistance has to be determined separately for obtaining the needed
value of total resistance.
Because of the problems mentioned above determination of evaporation per
unit leaf surface under natural conditions in the field is almost impossible.
Therefore separate measurement of the resistance of stomata has become a goal
in demand. As in the field the stomatal resistance is normally more important
than the boundary layer resistance (aswe have seen before in the present paper)
this is a highly promising and reliable approach. We have also stated already
that such a determination implies the assumption that when evaporation is now
changed on purpose by the detecting device, stomatal resistance is not affected.
Well known state of the art reviews on measuring stomatal resistance directly
by a wide variety of not always quantitative methods do exist (SLATYER and
SHMUELI, 1967; BARRS, 1968; MEIDNER and MANSFIELD, 1968). With our purpose of many measurements in canopies in mind, it has no sense to consider
laborious methods which need a lot of measurements on leaves and in the
ambient air throughout the vegetation. For example D E PARCEVAUX and
PERRIER (1970) made their heat budget method also appropriate for direct
measurement of stomatal resistance. They studied for this purpose the kinetics
oftemperature ofleavesunder different budgets.Thetemperature measurements
involved of two neighbouring places of one leaf, one with an extra induced
radiation load, make quick profile measurements again quite difficult. Only
infra red thermometry would make the method valuable for our purposes but
the experimental difficulties were not yet met by the mentioned authors. Results
of error calculations were also mentioned to be not yet very favorable.
Therefore in the following only diffusion methods will be dealt with here,
with inmind that some viscous air flow porometers are sometimes suitable for
field use (BIERHUIZEN et al., 1965; WILLIAMS and SINCLAIR, 1969). It remains a
problem that themeasured values arenot always readily converted into diffusive
resistances (WAGGONER, 1965; JARVIS et al., 1967). Moreover the natural
diffusion path is not followed and with hypostomatous leaves other problems
are involved. Cobalt paper measurements, which are sometimes listed under
diffusive flow methods, will not be dealt with.
Some of the diffusion methods make use of the diffusion of other gases than
the water vapour released by the plant itself (hydrogen, nitrous oxide, argon).
None of them can be conveniently used in the field for our purpose. Again an
objection against the nitrous oxide method (SLATYER and JARVIS, 1966)and the
radioactive labelled argon method (MORESHET et al., 1968b), which seem not to
damage any physiological process, is the inclusion of the internal resistance
from one side of the leaf mesophyll to the other, as discussed earlier.
We therefore finally will deal with more recent diffusion methods. They are
the most quantitative methods available for determining stomatal resistance.
They make use of direct sensing of the water vapour coming from inside the
leaf alongits natural internal pathways.The vapour isfinallycarried to a sensor
through a modified but constant boundary layer. Compared with the original
environment the boundary layer resistance may haveincreased (still air between
28
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leaf and sensor, which isnow more orless within anextended boundary layer)
or may have remained ofthe same order (artificially agitated airbetween leaf
and sensor). The 'boundary' resistances left may beexperimentally eliminated
by measuring their value over saturated surfaces of known temperature,and
subtracting them from the values of field measurements.
In fact all sensingmethods hitherto used in open or closed laboratory systems,
that are thermocouple psychrometry (e.g. SLATYER and BIERHUIZEN, 1964),
infra red gas analyzing of samples (e.g. DECKER and WETZEL, 1957) or electrical
hygrometry (e.g. ASHBY, 1957; GAASTRA, 1959; WALLIHAN, 1964; GRIEVE and
WENT, 1965; ROGERS, 1965) may beused. Especially the latter one has many
advantages as the troubles of wicks and water supply in psychrometry and
storageoffieldsamplesin someforms of spectroscopic hygrometry are avoided.

5.2. THEWALLIHAN LEAF DIFFUSION RESISTANCE METER,
ITS USE AND MODIFICATIONS

As mentioned earlier GRIEVE and WENT (1965) tried tomeasure evaporation
in the field by sensing the water vapour directly. They used a small lucite
chamber inwhich aleaf or part ofit could be tightly held (Fig. 6). The change
in electrical resistance with moisture content ofa sensor element of LiCl-salt
wasused for detection. The speed of uptake, and by thewaythe speed of change
in electrical resistance, isa measure ofthe rate ofevaporation from theleaf.
The time between the reaching of two fixed resistance values is taken asa
measure forthis transpiration.
To be sure that the environmental conditions didnot change intolerably
GRIEVE and WENT used hygrométrie elements of the mentioned type with small
sensitivity ranges. These elements had tobeselected each time inadaptationto
the moisture conditions of the bulk air. Theauthors concluded from experimental evidence that in measurements of 30 seconds in full sunlight, original
temperature andmoisture conditions intheleaf environment didnot change
very much. Indeed BIERHUIZEN (1965) cited an experiment under comparable
conditions inwhich problems ofchanging the environment became too severe

6V motor
ins
diaphragm

FIG. 6. Humidity sensing compartment.The arrows indicate direction
of air movement. After GRIEVE and
WENT (1965).
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to beignored. From the figures given byGRIEVE and WENT one may conclude
that air temperature had in their experiments become at least one degree
Celsius higher after 30seconds. Asregards leaf temperature we could remark
that it will notbe extremely different from airtemperature asa result of the
circulation inthemeasuring device. Soit isquestionable whether theoriginal
leaf temperature is retained during themeasurement. An objection to severe
modification ofthe boundary layer conditions isrelevant ifthe original airsurrounding the leaf was relatively still. This seems often nottobethe case in the
greater part ofacanopy under normal wind conditions, asdiscussed earlier.
Apart from these considerations it is evident that a change in the energy
balance of the leaf does occur (which maybe interpreted as a 'glass house
effect' ofthe lucite chambers). Therefore corrections inthe form ofback extrapolations intime would always benecessary to obtain anaccurate idea about
the evaporation ofthe leaf in its original environment from this kind ofexperiments. Asconcluded earlier thedirect measurement of stomatal resistance is
more useful.
It wastherefore interesting to find outthat independently from the above
WALLIHAN (1964) used a small acrylic chamber, not surrounding theleaf but
clamped onto it(Fig. 7).In this instrument thevapour flow was sensed by the
same kind ofLiCl-element(again ofa range selected incorrespondence with the
ambient relative humidity). Noventilation was applied inthesmall chamber.
The chamber airwas dried before each measurement. The aimofthis author
wastohave a(relative) measure ofstomatal aperture under different conditions
of interest outdoors, the cuticular resistance being estimated with closed
stomates.

FIG. 7. WALLIHAN leaf diffusion resistance meter.
After WALLIHAN(1964).
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This preliminary work hasheen continued hyseveral workers, resulting ina
great number ofmodifications. Alotof differences doexist between them.We
were inneed ofa choice which made accurate control inthelaboratory aswell
as in field usepossible. Moreover it is desirable to know whether differences
from plant to plant, leaf toleaf, side to side andplace to place ofa leaf within
thecanopy are actual differences, i.e.not brought about by fluctuating influences
or badinterpretation ofthe device. This isthemore pressing astheliteratureis
not of the same tenor regarding such differences and the actual values tobe
found inthe field. Therefore thedifferent modifications will bedescribed here
shortly and are summarized concerning their most important features intable2.
On this basis wedesigned ourowntype, which isbeing tested and calibrated
at the moment.
The first modification was published by VANBAVEL (1964) and VAN BAVEL

et al. (1965). Themost saliant feature of these publications isthe observation,
with the instrument, of stomatal cycling. They used only one narrow range
sensor (table 2) and tried to calibrate WALLIHAN'S apparatus with diffusion
paths of known length.
In such a calibration dummy resistances (against water vapour diffusion) of
known value areplaced between saturated blotter paper andtheopening ofthe
chamber holding thesensor. The transient times between two fixed electrical
sensor resistances arenowmeasured anda calibration curve oftransient times
against (dummy) leaf resistance is constructed (comp. Fig.8).If the dummy
resistances arecorrect replacements fortheleaves thetransient times measured
in the field, under the same temperature conditions, are directly related to
diffusion resistance values ofthe leaves concerned.
Five other modifications of this type have been constructed. DJAVANCHIR
(1970) copied theVANBAVEL arrangement butcorrectly used teflon instead of
acrylic plastic forthechamber material. Teflon gives less problems with water
vapour adsorption and absorption (and subsequent release) of the chamber
walls. Moreover he made thorough calibration investigations on the effect of
temperature. Different overall instrument temperatures andtemperature differences between evaporating surface and the sensor chamber were found tobe
of high influence on calibration curves. This hasbeen confirmed by MEIDNER
(1970) andin the papers of MORROW and SLATYER (1971a, 1971b), whichappeared during thepreparation ofthis manuscript.
Two modifications were developed by STILES (1970), as reported originally
by PENMAN (1966) and recently more completely by STILES (1970) and MONTEITH and BULL (1970). Themain difference with theformer types was the use
of flat sulfonated polystyrene sensors. These sensors do only absorb a traceof
the water entering thechamber incontrast totheLiCl-types which absorb very
much water vapour. Thefirstmodification of STILES (1970) contains two ofthe
mentioned sensors perpendicular to the evaporating surface, to make the
chamber very smallandtherefore appropriate forapplication onnarrow leaves.
The second onehasonesensor at theendofa small cylinder (MONTEITHand
BULL, 1970). Another variant, inspired bythelatter, was constructed by MEIDMeded. Landbouwhogeschool Wageningen 72-3 (1972)
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NER (MEIDNER and MANSFIELD, 1968; MEIDNER, 1970) making the flat sensor
movable within a long cylinder.
The last two constructions mentioned, the one used by MONTEITH and BULL
and the oneby MEIDNER, facilitate an analytical mathematical description of the
diffusion of water vapour into the chamber and of the change of concentrations
near the sensor. They make use, as did VAN BAVEL (1964) first, of dummy
resistances for calibration, as described above, in the form of cylinders of
different lengths with the same diameter as the opening of the chamber. MEIDNER by moving his sensor up and down in the cylinder, MONTEITH and BULL by
placing different resistance cylinders between the chamber opening and the
evaporating surface.
In the types described before, those of WALLIHAN (1964), VAN BAVEL (1964)
and DJAVANCHIR (1970), the big LiCl-sensors were parallel to the cylinder
walls (Fig. 7). Mathematical treatment of this situation is almost impossible.
This disadvantage was removed by KANEMASU et al. (1969) which made in their
modification of the WALLIHAN type the opening of the chamber in the wall of
the cylinder. In this way there was only a very small layer of air between the
evaporating surface and the almost parallel sensor surface. When the measuring
period, depending on thechoice of thefixedresistance values between which the
transient time is measured, is held short enough FICK'S law may be applied to
this situation (Eq. 1,2).
The same holds true for the situation of a thin membrane or plate with very
small holes, imitating the leaf resistance, set between a free evaporating surface
and the opening of the chamber. In this way KANEMASU et al. obtained the
straight line in their calibration plot (Fig. 8). They argued (without taking the
absorption of the sensor into account) that replacing the pore-type resistance
plates by the cylindrical tubes, as used by other authors, would change the
calibration curve.
Diffusion into cylinders is with the initial and boundary conditions of these

FIG. 8. Comparison of calibration curves
obtained from tube-type and pore-type
resistance elements. From KANEMASUet al.
resistance s cm'
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experiments a non-stationary diffusion process and there isnowa 'capacity'
between evaporating surface and sensor. Diffusion theory gives a parabolic
relation between time lapses and resistances (see Appendix 1). The latter
onesmay beexpressed asapath length ofnormal stationary diffusion of water
vapour into still air (1cmlength =* 4s/cm). Theexperiments of KANEMASU et al.
(1969) with tube-type resistances confirmed their point ofview. Itis shownin
Appendix 1 that theoretically taking absorption ofthe sensor into consideration
the results of KANEMASU etal. remain valid.
A consequence ofthe above isthat calibrations with long tubes may not be
used incombination with subsequent measurements on leaves(whichhave poretype resistances).
This is not only trueforthe apparatus with LiCl-type sensors but alsoforthe
type of MONTEITH and BULL (1970). These latter authors beautifully used a
solution of the diffusion equation for non-stationary diffusion into aonedimensional semi-infinite composite medium fora mathematical descriptionof
their cylindrical apparatus (with extension tubes). This solution was adaptedto
their actual measuring device. They introduced anupper boundary condition of
complete insulation atthesensor (diffusion iszero). We give part oftheir calculation, together with some comments, in Appendix 1.
MONTEITH and BULL calibrated their apparatus with pore-type resistances too
and thevalues found in this way were notin agreement with theformer ones
(Fig. 9). Therefore they thought them tobewrong. However, the argumentsas
used by KANEMASU et al. (1969) - asdescribed above - doalso apply to their
measurements. A comparison of the results of MONTEITH and BULL with the
results of KANEMASU et al. (see Fig. 8and9andAppendix 1)show a striking
correspondence. Itwould therefore be worthwhile torecalibrate the interesting
modification by MONTEITH and BULL with porous plates such as used for
example by LEE (1969).
One more problem with the situation of long tubes under temperature
differences remains thepossibility offree convection, shortening the transient
times inan uncontrolled way. Thedifferences as reported in table 2 between

•
FIG. 9. Relation between square root of
transit time ( V ^ and
path length (L) for
two calibrations. Black
points give measurements with brass extension tubes and open
points measurements
with perforated plates.
From MONTEITH and
BULL (1970).
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Standard practices of measurements (as to the drying operation used and the
shading of the leaf during measurements) find also their causes in different
appreciation of temperature a n d convection problems encountered.
Appreciating these problems SLATYER (1966b, 1967b) as early as 1966
brought a fan into the (quite large) chamber to make, like GRIEVE and W E N T
(1965) didearlier, theleaf temperature more equal totheairtemperature. Moreover the porometer becomes more sensitive. Our own experience sofar throws
doubt on theequalness oftemperature under allconditions. Modifications have
been used by KAUFMANN (1968) and SLAVIK (1970), and by TURNER et al. (1969:

to be able to introduce pine needles into thecup). Finally a modification foruse
on narrow leaves was made by BYRNE et al. (1970), who used also a different
calibration method. They bring a certain amount of saturated air of known
temperature into their chamber at a rate at which their sensor, of thequick and
much absorption type, does not seem to show any overshoot.
They calibrated their sensor at one temperature only. It became apparent
however from the most recent publication on the ventilated type of the leaf
diffusive resistance meter, by TURNER and PARLANGE (1970), that of course also
for theventilated type calibration isabsolutely necessary at different instrument
temperatures. The analysis given by the last mentioned authors is the most
thorough one hitherto published on the ventilated modification, be it true that
their chamber was especially designed for the pine needle measurement. Adsorption and absorption at thewall mayhave had influence, asthe publications
of M O R R O W and SLATYER (1971a, 1971b) and our own experience point out.
It still hasto be investigated what the influence for this type of instrument is of
calibration under a series of temperature differences between sourceand measuring chamber (sensor).
One, last problem remains the calibration of the ventilated meter only by
porous membranes. Failures in this method may have been the reason for the
far too low values reported by SLAVIK (1970), although TURNER and PARLANGE

claim to have obtained confirmation by this method oftheir special and interesting calibration performance with which we will deal elsewhere. Their only
example cited is however not completely convincing. The influence of a known
high pore-type resistance on their calibration curves will also have to be investigated experimentally. It will therefore deserve special attention in our
measurements. In our modification of the resistance meter we have tried to
make use of the many experiences gathered during recent years by the above
mentioned authors. Wewill also trytoadd some more evidence tothe usefulness
of this type of instrument, which has been emphasized repeatedly over recent
years tobe of high value t o research n o wa n din thenear future (e.g. MONTEITH,
1968; BARRS, 1968; M I L T H O R P E , 1969; BERGER, 1970).
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6. S U M M A R Y

Relevant factors and methods are discussed and a literature review is given
regarding the direct measurement of leaf diffusion resistance to water vapour,
with emphasis on field measurements. After an introduction on leaf resistance
and canopy climate a few summarizing remarks are made on the behaviour of
stomata. In two subsequent chapters the components of the diffusion resistance
and the factors which may (apparently) influence its value, as measured by a
suitable device, are discussed. Emphasis is laid on what happens within the
leaf. A consideration of the external resistance within canopies has been added.
Finally a suitable apparatus for vertical profile measurements within a canopy,
the WALLIHAN leaf diffusion resistance meter, is discussed. Existing modifications are reviewed and some calibration conditions for different types are
dealt with. A theoretical derivation of the fact that calibration with pore-type
resistances is necessary, is added in an Appendix.

36

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

7. A C K N O W L E D G E M E N T S

I amhighly indebted toProf. Dr.Ir. C.T. DE WIT, head ofthe department of
theoretical production ecology, and to Prof. Dr. Ir. J. SCHENK, head of our
department of physics and meteorology, for stimulating suggestions and for
thorough and very useful criticism on a draft form of the manuscript.
Dr. P. E. WAGGONER from theConnecticut Agricultural Experiment Station at
New Haven was so kind to read the manuscript and to give some valuable
comments. I mention thankfully the discussions on some of the subjects dealt
with above with mycolleagues Ir. J. GOUDRIAAN, from thetheoretical production ecology department, and Dr. F. A. BOTTEMANNE from this laboratory.
I acknowledge gratefully consent from authors and/or publishers for reproduction of the figures 4, 7, 8and9.

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

37

8. REFERENCES

ANDREW, C.S.,1968. Plant needs. In: Agricultural Meteorology, Proceedings ofthe WMOseminar Melbourne, Vol. 1:43-63.
ASHBY, W.C , 1957. Methods fordetermining water loss.In: Went, F.W.(Ed.). Theexperimental control ofplant growth, Chron. Bot. Comp., Waltham, Ch.2 3 : 301-306.
BANGE, G.G.J., 1953. On the quantitative explanation ofstomatal transpiration. Acta Bot.
Need. 2:255-297.
BARRS, H. D., 1968.Determination of water deficits in plant tissues. I n :Kozlowski, T. T.
(Ed.). Water deficits andplant growth, Vol. 1,Academic Press,New York, Ch. 8: 235-368.
BAVEL, C.H.M.VAN,1964. Measuring transpiration resistances ofleaves. Water Conservation
Laboratory Report Nr. 2,30 pp.
BAVEL, C. H. M. VAN,NAKAYAMA, F . S. and EHRLER, W. L., 1965. Measuring transpiration

resistances ofleaves. Plant Physiol. 40: 535-540.
BAVEL, C.H.M.VAN,1968. Further tothehydrologie importance oftranspiration control by
stomata. Water Res. Res. 4: 1387-1388.
BEGG, J. E., BIERHUIZEN, J. F . , LEMON, E. R., MISRA, D . K., SLATYER, R. O., and STERN, W. R.,

1964. Diurnal energy andwater exchanges in bulrush millet in an area of high solar
radiation. Agr. Meteorol. 1:294-312.
BERGER, A. Lepotentiel hydrique etlarésistance àladiffusion dans lesstomates indicateurs
de l'état hydrique delaplante. In:Proceedings ofthe symposium onplant response to
climatic factors, 1970, UNESCO, Paris, inpress.
BERNBECK, ?, 1924. Wind undPflanze. Flora N.F. 17(117): 293-300.
BIERHUIZEN,J.F.,1965.Indiscussion toapaper byB.J.Grieve andF.W.Went in: UNESCO
Arid Zone Research Series, Vol.25: p. 257.
BIERHUIZEN, J.F.and SLATYER, R. O., 1964. Anapparatus forthecontinuous and simultaneous measurement of photosynthesis andtranspiration under controlled environmental
conditions. CSIRO Austr. Div.Land Res. Reg. Surv. Tech. Paper 24: 1-16.
BIERHUIZEN, J. F., SLATYER, R. O. and ROSE, C. W., 1965. A porometer for laboratory and

field operation. J.exp. Bot. 16: 182-191.
BOSIAN, G., 1968. Relationships between stomatal aperture, temperature, illumination,
relative humidity andassimilation determined inthe fieldbymeans of controlled-environment plant chambers. In: Functioning ofterrestrial ecosystems attheprimary production
level, UNESCO Natural Resources Research Series, Vol.5: 321-328.
BROWN, K. W.and COVEY, W., 1966.The energy-budget evaluation ofthe micrometeorological transfer processes within a cornfield. Agr. Meteorol. 3 : 73-96.
BROWN, K. W.and ROSENBERG, W.J., 1970. Effect ofwindbreaks andsoil water potential on
stomatal diffusion resistance and photosynthesis rate of sugar beets {Beta Vulgaris).
Agronomy J.62: 4 - 8 .
BYRNE, G. F., ROSE, C. W. and SLATYER, R. O., 1970. An aspirated diffusion porometer.

Agr. Meteorol. 7: 39-44.
CARMAN, P.C , 1956.Flow of gases through porous media. Butterworths S.P., London,
182 pp.
COOK, G.D. and VISKANTA, R.,1968. Mutual diffusional interference between adjacent stomata ofa leaf. Plant Physiol. 4 3 : 1017-1022.
COWAN, I.R.,1965. Transport ofwater inthesoil-plant-atmosphere system. / . appl. Ecol.2 :
221-239.
COWAN, I.R.and MILTHORPE, F.L.,1968a. Physiological responses inrelation totheenvironment within theplant cover. In: Functioning of terrestrial ecosystems at the primary
production level, UNESCO Natural Resources Research Series, Vol.5: 107-130.
COWAN, I.R.and MILTHORPE, F. L., 1968b.Plant factors influencing thewater statusof plant
tissues. In: Kozlowski, T.T.(Ed.).Water deficits andplant growth, Vol. 1,Ch.6: 137-189.
38

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

CRANK, J.,1956. Themathematics ofdiffusion. Clarendon Press, Oxford, 347 pp.
DECKER, J.P.andWETZEL, B.F . ,1957.Amethod formeasuring transpiration ofintact plants
under controlled light, humidity andtemperature. Forest Sei. 3 : 350-354.
DENMEAD, O. T. Relative significance of soil- andplant evaporation in estimating évapotranspiration. I n :Proceedings ofthe symposium onplant response to climatic factors,
1970. UNESCO, Paris, inpress.
DJAVANCHIR, A., 1970.Mise aupoint d'une chambre detranspiration pour mesurer la résistance stomatique. Oecol. Plant. 5 :301-318.
EHRLER, W. L.and VAN BAVEL, C.H.M.,1968. Leaf diffusion resistance, illuminance and
transpiration. Plant Physiol. 4 3 :208-214.
FUCHS, M.and TANNER, C.B., 1966. Infrared thermometry ofvegetation. Agronomy J.58:
597-601.
FUKUDA, H., 1955. Air and vapor movement insoil duetowind gustiness. Soil Science 79:
249-256.
GAASTRA, P., 1959.Photosynthesis of crop plants as influenced by light, carbon dioxide,
temperature and stomatal diffusion resistance. Meded. Landb. Hogesch., Wageningen 59
(13): 1-68.
GADRE, K.M., 1951. Micro-climatic survey ofa sugarcane field. Indian J.Met.Geophys. 2:
142-150.
GARDNER, W.R. Internal water status andresponse inrelation totheexternal water regimeof
plants. I n :Proceedings of the symposium on plant response to climatic factors, 1970.
UNESCO, Paris, inpress.
GATES, D. M., 1968. Transpiration andleaf temperature. Ann. Rev. Plant Phys. 19:211-238.
GATES, D.M.,1970. Physical andphysiological properties ofplants. In:Anonymous, Remote
Sensing, with special reference to agriculture and forestry, Nat. Acad. S c , Washington,
224-252.
GEIGER, R., 1930. Mikroklima undPflanzenklima. In:W.Koppen undR. Geiger, Handbuch
der Klimatologie (Band I, Teil D),Ch.V I :DiePflanzendecke unddas Mikroklima,
Verlag vonGebrüder Borntraeger, Berlin, pp.D 3 6 - D 44.
GEIGER, R., 1950.Das Klima der Bodennahen Luftschicht, 3eAuflage, Friedr. Vieweg &Sohn,
Braunschweig, 460 pp.
GEIGER, R.,1961.Das Klima derBodennahen Luftschicht, 4eneubearbeitete und erweiterte
Auflage. Friedr. Vieweg &Sohn, Braunschweig, 647 pp.
GRIEVE, B.J.andWENT, F.W.,1965.Anelectric hygrometer apparatus for measuring watervapour lossfrom plants inthefield. UNESCO Arid Zone Research Series, Vol. 25:247-257.
HOLMGREN, P., JARVIS,P.G.andJARVIS, M.S.,1965.Resistances tocarbon dioxide andwater
vapour transfer inleaves ofdifferent plant species. Physiol. Plant. 18:557-573.
HOPMANS, P.A. M., 1969. Types ofstomatal cycling andtheir water relations in bean leaves.
Z. Pflanzenphys. 60: 242-254.
HOPMANS, P. A. M.,1971.Rhythms in stomatal opening of bean leaves. Meded. Landb.
Hogesch., Wageningen 71 (3): 1-86.
H U N T , L. A., IMPENS, J. J. and LEMON, E. R., 1968. Estimates of the diffusion resistance of

some large sunflower leaves inthe field. Plant Physiol. 4 3 : 522-526.
IDLE, D.B., 1968. Themeasurement ofapparent surface temperature. In:R.M. Wadsworth
(editor). Themeasurement ofenvironmental factors interrestrial ecology: 47-57.
IDSO, S.B., 1968.Comments ona paper by Richard Lee, 'The hydrologie importance of
transpiration control bystomata'. Water Res. Res.4: 665-666.
IMPENS, J. J., STEWART, D . W., ALLEN, Jr., L. H. and LEMON, E. R., 1967.Diffusive resistances

at andtranspiration rates from leaves insitu within thevegetative canopy ofacorn crop.
Plant Physiol. 41: 99-104.
INOUE, E., 1970. Statement atthe Closing Panel. In: Prediction and measurement of photosynthetic productivity. Proceed. IBP/PP Techn. Meet. Trebon: 579-580.
JARVIS, P. G., ROSE, C. W. and BEGG, J. E., 1967. An experimental and theoretical comparison

of viscous anddiffusive resistances to gas flow through amphi-stomatous leaves. Agr.
Meteorol. 4 : 103-117.
Meded. Landbouwhogeschool Wageningen 72-3(1972)

39

JARVIS,P.G.andSLATYER,R. O.,1970. Therole of themesophyll cellwallinleaf transpiration.
Planta 90: 303-322.
KANEMASU, E.T.and TANNER, C.B., 1969a. Stomatal diffusion resistance ofSnap Beans I.
Influence ofleaf-water potential. Plant Physiol. 44: 1547-1552.
KANEMASU, E.T.and TANNER, C. B., 1969b. Stomatal diffusion resistance ofSnap BeansII.
Influence oflight. Plant Physiol. 44: 1542-1546.
KANEMASU, E. T., THURTELL, G. W.and TANNER, C. B.,1969. Design, calibration and field

use ofa stomatal diffusion porometer. Plant Physiol. 44: 881-885.
KAUFMANN,M.R., 1968.Water relations ofpine seedlingsinrelation toroot andshoot growth.
Plant Physiol. 4 3 :281-288.
KREITH, F .andWHITE, H.,1970.Thermal analysis oftemperature fluctuations inplant leaves.
In: Heat Transfer, 1970.Preprints ofpapers at the Fourth International Heat Transfer
Conference, Paris, 1970, Vol. 1:Cu.3.8, 1-9.
KUIPER, P.C.J., 1961. Theeffects ofenvironmental factors onthe transpiration of leaves,
with special reference t o stomatal light réponse. Meded. Landb. Hogesch., Wageningen,
61(7): 1-49.
LAUE, R., SKOSKIEWICZ, K. und H. WRÓBLEWSKA, 1968. Die relative Luftfeuchtigkeit im

Interzellularraum höherer Pflanzen- ein Beitrag zur Theorie derstomatären Transpiration.
Flora, Abt.A, Bd. 159:383-390.
LEE, R., 1967.Thehydrologie importance oftranspiration control bystomata. Wat.Res.Res.
3 : 737-752.
LEE, R., 1968a. Reply (to Idso, S.B.,1968)Water Res. Res. 4 :667-669.
LEE, R.,1968b. Reply (toVanBavel, C.H.M., 1968)Water Res. Res.4 : 1389-1390.
LEE, R.and GATES, D .M.,1964. Diffusion resistance in leaves asrelated totheir stomatal
anatomy and micro-structure. Am.J. Bot.5 1 :963-975.
LEMON, E.R., 1970. Summary ofsection 2 : Mass andenergy exchange between plant stands
and environment. In:Prediction and measurement ofphotosyntheticproductivity. Proceed.
IBP/PP Techn. Meet. Trebon: 199-205.
LINACRE, E.T.,1964.Anote onafeature ofleaf and airtemperatures.Agr.Meteorol. 1:66-72.
LINACRE, E.T.,1966.Resistances impeding the diffusion ofwater vapour from leaves and
crops. Ph.D. Thesis Univ. ofLondon, 81pp. + Fig., tabl., 5 app.
LINACRE, E.T., 1967a. Further studies ofthe heat transfer from a leaf. Plant Physiol. 4 2 :
651-658.
LINACRE, E.T., 1967b. Further notes onafeature ofleaf andairtemperatures. Arch. Meteor.
Geoph. Biokl. B 15: 422-436.
LIST, R.J., 1963.Smithsonian Meteorological Tables. Smithsonian Institute, Washington,
6th ed., 527 pp.
LUXMOORE, R. J., MILLINGTON, R. J. and PETERS, D . B. Row-crop microclimate. In: Pro-

ceedings symposium on plant response to climatic factors, 1970.UNESCO, Paris, in
press.
MEIDNER, H., 1970. Acritical study ofsensor element diffusion porometers. J.exp. Bot. 21:
1060-1066.
MEIDNER, H.andMANSFIELD, T.A.,1968. Physiology of stomata. McGraw Hill, London,
179 pp.
MILLER, P.C ,Amodel oftemperatures, transpiration rates andphotosynthesis ofsunlitand
shaded leaves invegetation canopies. I n :Proceedings ofthe symposium onplant response
to climatic factors, 1970. UNESCO, Paris, inpress.
MILLINGTON, R.J.andPeters,D.B., 1969a.Transport inthe soil-plant-atmosphere continuum
with particular reference to water. Scientia, Series 7, 105, N 693/694: 26-52.
MILLINGTON, R.J. and PETERS, D .B., 1969b. Exchange (mass transfer) coefficients in crop
canopies. Agronomy J. 61: 815-819.
MILTHORPE, F.L.,1961. Plant factors involved intranspiration. UNESCO-Arid Zone Research
Series, Vol.16: 107-115.
MILTHORPE, F.L.,1969.The significance andmechanism ofstomatal movement. Austr. J. Sei.
32: 31-35.
40

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

MiLTHORPE, F .L.and PENMAN, H.L.,1967. The diffusive conductivity of the stomata of
wheat leaves. J. exp. Bot. 18: 422-457.
MONTEITH, J.L., 1965. Evaporation and environment. In: The state and movement ofwater
in living organisms. Symp. Soc. Exp. Biol. 19: 205-234.
MONTEITH, J. L., 1968. Patterns andprogress of research. In: Functioning of terrestrial
ecosystems at the primary production level. UNESCO Natural Resources Research Series,
V o l . 5 : 501-505.
MONTEITH, J.L.and BULL, T.A., 1970. A diffusive resistance porometer for field useI I :
theory, calibration and performance. / . appl. Ecol. 7:623-638.
MORESHET, S., KOLLER, D. and STANHILL, G., 1968a. The partitioning of resistances to gaseous
diffusion inthe leaf epidermis and the boundary layer. Ann. Bot. 32 (128): 695-701.
MORESHET, S.,STANHILL, G.and KOLLER, D., 1968b. Aradioactive tracer technique forthe
direct measurement ofthe diffusion resistance ofstomata. J.exp. Bot. 19 (60): 460-467.
MORROW, P.A.andSLATYER, R. O., 1971a. Leaf resistance measurements with diffusion
porometers: precautions incalibration and use. Agr. Meteorol., 8:223-233.
MORROW, P.A.and SLATYER, R.O.,1971b. Leaf temperature effects onmeasurementsof
diffusive resistance to water vapor transfer. Plant Physiol. 47: 559-561.
PARCEVAUX, S.DE, 1965. Une méthode de mesure sur leterrain de latranspiration végétale.
UNESCO-Arid Zone Research Series, Vol. 25: 259-267.
PARCEVAUX, S.DE and PERRIER, A. Bilan énergétique de lafeuille. Application de l'étude des
cinétiques de température à la détermination des résistances aux flux gazeux. In:Proceedings symposium on plant response to climatic factors, 1970. UNESCO, Paris, in press.
PARKHURST, D . F., DUNCAN, P. R., GATES, D . M. and KREITH, F . , 1968. Convection heat

transfer from broad leaves ofplants. Trans. ASME (J. Heat Transf.) 90C: 71-76.
PARKINSON, K.J., 1968. Apparatus forthe simultaneous measurement ofwater vapour and
carbon dioxide exchanges ofsingle leaves. J.exp. Bot. 19: 840-856.
PARKINSON, K.J. and PENMAN, H.L.,1970. Apossible source oferror inthe estimationof
stomatal resistance. J. exp. Bot. 2 1 : 405-409.
PARLANGE, J-Y. and WAGGONER, P. E., 1970. Stomatal dimensions and resistance to diffusion.
Plant Physiol. 46: 337-342.
PENMAN, H. L., 1966.Stomatal resistance.In:PhysicsDepartment, Rothamsted Ann. Rep. 1965:
29-31.
PENMAN, H. L.and SCHOFIELD, R.K., 1951.Some physical aspects ofassimilation and transpiration. Symp. Soc. Exp.Biol. 5 : 115-129.
PENMAN, H.L.andLONG, J. F . , 1960. Weather in wheat: anessay in micrometeorology.
Quart. J.Roy. Meteorol. Soc. 86: 16-50.
PENNING DE VRIES, F .W.T., inpress. Amodel forsimulating transpiration ofleaves with
special attention to stomatal functioning. J.appl. Ecol.
PERRIER, A., 1968. Contribution à l'étude deséchanges thermiques en biologie végétale:
emploi duphotothermomètre desurface pour ladétermination dubilan énergétique des
feuilles. Rev. génér. Therm. 7(79-80): 721-740.
PERRIER, A., 1970. Méthodes et techniques de mesure destempératures. I n : Techniques
d'étude des facteurs physiques delabiosphère (INRA): 107-130.
PERRIER, E. R., MILLINGTON, R. J., PETERS, D . B. and LUXMOORE, R. J., 1970. Wind structure

above and within a soybean canopy. Agronomy J. 62: 615-618.
PHILIP, J. R., 1957.The physical principles of soil water movement during the irrigation cycle.
Int. Comm. Irr. Drain, 3rd Congress: 8.125-8.154.
PHILIP, J.R., 1964. Sources and transfer processes inthe airlayers occupied by vegetation.
J. appl. Meteorol. 3 : 390-395.
PHILIP, J. R., 1966.Plant water relations: some physical aspects. Ann. Rev. PI.Phys. Vol. 17:
245-268.
POORE, M.E.D . ,1963. In discussion toa paper byJ.L. Monteith. I n :L.T. Evans (Ed.)
Environmental control ofplant growth, Acad. Press, N.Y., p. 112.
RAMDAS, L. A., 1946. The micro-climates of plant communities. The Indian Ecologist 1(Nr.1)
20 pp.
Meded. Landbouwhogeschool Wageningen 72-3 (1972)

41

RAMDAS, L. A., 1951. Micro-climatological investigations in India. Arch. Met. Geoph. Biokl.
5 ( 3 ) : 149-167.
RAMDAS, L.A.,1962.Indiscussion toapaper byW. R.vanWijk and J. deWildein: UNESCOArid Zone Research Series, Vol.18,p. 106.
RASCHKE, K., 1965.Die Stomata als Glieder eines schwingungsfähigen C0 2 -Regelsystems.
Experimenteller Nachweis an ZeaMays L. Zeitschr. Naturforsch. 206: 1261-1270.
RASCHKE, K., 1967.Der Einfluss von Rot- und Blaulicht auf die Offnungs- und Schliessgeschwindigkeit der Stomata von Zea Mays. Naturwissensch. 54(3): 72-73.
RASCHKE, K., 1970. Temperature dependence of C 0 2 assimilation and stomatal aperture in
leaf sections of Zea Mays. Planta, Vol.9 1 : 336-363.
RASCHKE, K.undKÜHL, U.,1969.Stomatal response tochanges inatmospheric humidityand
water supply:experiments with leaf sections ofZea Mays in C0 2 -free air.Planta, Vol.87:
36-48.
ROGERS, M.,1965.Asmall electrical hygrometer formicroclimatic measurements. In: Wexler,
A. (Ed.). Humidity and moisture, measurement and control in science and industry,
Reinhold publ. comp., N.Y., Vol. 1,Ch.3 1 :302-309.
SCHENK, J.andSTIGTER, C.J., 1971.Indiscussion topaper Cu3 - 8byF. Kreith and H. White,
Proceedings Fourth International Heat Transfer Conference, 1970, Paris, Vol.X : 24-26.
SCHILLING, H. K., DRUMHELLER, C. E., NYBORG, W. L. and THORPE, H. A., 1946. On micro-

meteorology. Am. J. Phys. 14:343-353.
They start: 'This isa story of adventure in research experienced by a group of physicists
whose work during thewarledthem, almost forcibly, outof their fields ofspecial interest
and thereby revealed what wasfor them a newworld. Their excuse for telling thestory is
that they suspect many of their professional colleagues (
) ofbeing asoblivious tothe
existence of this interesting world as were they, and also as susceptible to its charms and
fascinations (
),for, after all,theamount of work done init to date ispitifully small.
It ismicrometeorology of which wewrite, (
)'.
SHAWCROFT, R. W.andLEMON, E.R. Estimation ofinternal crop water status from meteorological and plant parameters. In: Proceedings of the symposium on plant response to
climatic factors, 1970. UNESCO, Paris, in press.
SHIMSHI, D.,1963. Effect ofsoil moisture andphenylmercuric acetate upon stomatal aperture,
transpiration andphotosynthesis. Plant Physiol. 38: 713-721.
SHIMSHI, D., JARVIS, P. G. and LAKE, J. V., 1965. In discussion to a paper by B. J. Grieve and

F. W. Went in: UNESCO-Arid Zone Research Series, Vol.25:p. 256.
SLATYER, R. O., 1966a. Some physical aspects of internal control of leaf transpiration. Agr.
Meteorol. 3 : 281-292.
SLATYER, R. O., 1966b. In situ measurements of stomatal resistance. I n : Proceedings of a
Conference on Instrumentation for Plant Environment Measurements, Aspendale: 5 - 6 .
SLATYER, R. O., 1967a. Plant-water relationships. Academic Press, London, 366 pp.
SLATYER, R. O., 1967b.Insitu measurements ofstomatal resistance. Austr. J. Instrum. Control
23: 88-89.
SLATYER, R. O. and MCILROY, I. C , 1961. Practical Microclimatology, UNESCO, Paris,
(No cons. pag.).
SLATYER, R. O. and BIERHUIZEN, J. F., 1964.A differential psychrometer for continuous
measurements of transpiration. Plant Physiol. 39: 1051-1056.
SLATYER, R. O. andJARVIS, P.G., 1966.Gaseous-diffusion porometer forcontinuous measurement of diffusive resistances of leaves. Science 151: 574-576.
SLATYER, R. O. and SHMUELI, E., 1967. Measurements of internal water status and transpiration. In: Hagan, R. M.et. al. (Ed.), Irrigation of Agricultural Lands, Amer. Soc. Agron.,
Agron. Series 11: 337-353.
SLAVIK, B., 1970. Transpiration resistances inleaves ofmaize grown inhumid anddryair. In:
Proceedings of the symposium on plant response to climatic factors, 1970. UNESCO,
Paris, in press.
STEWART, D.W.and LEMON, E.R., 1969. The energy budget at theearth's surface: a simulation of net photosynthesis of field corn. Research and Development Technical Report,
42

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

ECOM, 2 - 6 8 1-6, 132 pp.
STIGTER,C.J.Indiscussion toapaper byR.W.Shawcroft andE.R. Lemon. In: Proceedings
symposium onplant response toclimatic factors, 1970, UNESCO, Paris, inpress.
STILES, W., 1970.Adiffusive resistance porometer forfielduse.I:construction. J.appl. Ecol.
17: 617-622.
STOUTJESDIJK, P H . , 1966. On the measurement ofthe radiant temperature ofvegetation surfaces and leaves. Wentia 15: 191-202.
STOUTJESDIJK, P H . , 1970. Some measurements ofleaf temperatures oftropical and temperate
plants andtheir interpretation. Acta Bot. Need. 19: 373-384.
TANNER, C.B., 1963a. Plant temperatures. Agronomy J.55:210-212.
TANNER, C.B., 1963b. Basic instrumentation and measurements forplant environment and
micrometeorology. Soils Bulletin Nr.6,Department of Soil Science, University of Wisconsin (Nocons. pag.).
TAYLOR, S.E.andGATES, D .M.,1970.Some field methods forobtaining meaningful leaf
diffusion resistances and transpiration rates. Oecol. Plant. 5 : 103-112.
THUTT, H.F . ,1938. Relative humidity variations affecting transpiration. Am.J. Botany 25:
589-595.
THUTT, H.F . , 1939. Therelative humidity gradient ofstomatal transpiration. Am.J. Botany
26: 315-319.
TURNER, N . C , 1969.Stomatal resistance to transpiration in three contrasting canopies.
Crop. Sc.9: 303-307.
TURNER, N .C , Illumination andstomatal resistance totranspiration inthree field crops.In:
Proceedings of the symposium on plant response to climatic factors, 1970, UNESCO,
Paris, inpress.
TURNER, N . C , PEDERSON, F . C. C.and WRIGHT, W. H., 1969. An aspirated diffusion poro-

meter for field use.Special Bulletin Soils 29, Conn. Agr. Exp.Stat.: 1-7 + 3 app.
TURNER, N .C.andPARLANGE,J-Y., 1970.Analysis ofoperation andcalibration ofa ventilated
diffusion porometer. Plant Physiol. 46: 175-177.
UCHIJIMA, Z.and WRIGHT, J.L., 1964. Anexperimental study ofairflow ina corn plant-air
layer. Bull. Nat.Inst. Agr. Sei. All: 19-65.
UNESCO, Proceedings of the symposium on plant response to climatic factors, Uppsala,
1970.Inpress.
VOGEL, S.,1970. Convective cooling atlowairspeeds andtheshapes ofbroad leaves. J.exp.
Bot. 2 1 : 91-101.
WADSWORTH, R.M. (Editor), 1968. Themeasurement ofenvironmental factors in terrestrial
ecology, Blackwell S.P.,Oxford, 314 pp.
WAGGONER, P.E., 1965.Calibration of a porometer in terms of diffusive resistance. Agr.
Meteorol. 2 : 317-329.
WAGGONER, P.E., 1969. Environmental manipulation forhigher yields. In:J.D.Eastin et. al.
(Ed.), Physiological aspects ofcrop yields, Am. Soc. Agron., Madison, Wisconsin, Ch. 15:
343-373.
WAGGONER, P.E.and ZELITCH, I., 1965.Transpiration andthestomata ofleaves. Science 150
(3702): 1413-1420.
WAGGONER, P.E.and REIFSNYDER, W.E., 1968. Simulation ofthe temperature, humidity and
evaporation profiles ina leaf canopy. / . appl. Meteorol. 7: 400-409.
WAGGONER, P. E., FURNIVAL, G. U. and REIFSNYDER, W. E., 1969. Simulation of the micro-

climate ina forest. Forest Sei. 15:37-45.
WALLIHAN, E.F.,1964. Modification anduseofanelectric hygrometer forestimating relative
stomatal apertures. Plant Physiol. 39: 86-90.
WANG, J. Y. and BARGER, G. L., 1962. Bibliography of Agricultural Meteorology, The
University ofWisconsin Press, Madison, 673 pp.
WILLIAMS, C.N .and SINCLAIR, R.,1969.Asensitive porometer for fielduse./ . exp. Bot. 20:
81-83.
W I T , C.T.DE, 1965. Photosynthesis ofleaf canopies. Versl. Landbouwk. Onderz. 663: 57 pp.
W I T , C T . DEandBROUWER,R., 1968. Über eindynamisches Modell desvegetativen Wachstum
Meded. Landbouwhogeschool Wageningen 72-3(1972)

43

von Pflanzenbestanden. Angew. Bot. 4 2 :1-12.
W I T , C. T. DE,BROUWER, R. and PENNING DEVRIES, F . W. T., 1970. The simulation of photo-

synthetic Systems. In: Prediction and measurement of photosynthetic productivity.
Proceed. IBP/PP Techn. Meet. Trebon: 47-70.
W I T , C.T. DE, STIGTER, C.J. and GOUDRIAAN, J., 1970. Internal report.

WOOLLEY, J.T., 1961. Mechanisms bywhich wind influences transpiration. Plant Physiol. 36:
112-114.
WIJK, W.R. VANand WILDE, J. DE, 1962.Microclimate. I n : UNESCO-Arid Zone Research
Series, Vol.18:83-113.
ZELITCH, I.,1969. Stomatal control. Ann. Rev. PI.Phys. 20: 329-350.

44

Meded. Landbouwhogeschool Wageningen 72-3 (1972)

9. A P P E N D I X 1

For a mathematical description ofdiffusion into their measuring device,
MONTEITH and BULL (1970) made use of diffusion theory for a one dimensional

semi-infinite composite medium (see CRANK (1956), p.39). For comparison
with thecase of KANEMASU et al. (1969)wederive their results along a somewhat
different way.
A well known solution for the case of diffusion along the vertical positive
z-axis from asurface z = 0, held for t> 0 at a constant concentration c 0 , into
a semi-infinite medium of uniform properties reads:
c= c 0 erfc {zj^ÂDt)

(?)

To apply this approach to the finite calibration cylinders we must extend this
formula toaseries of complementary error functions (CRANK, 1956, p. 14). As
a boundary condition at the sensor for the case of MONTEITH and BULL we may
introduce complete insulation, since the absorption by their sulfonated polystyrene sensor isnégligeablein this connection. Ifwelocalize the position of the
sensor at z=Land ifweabandon all terms of the series except for thefirsttwo
the concentration at z=Lcan be written as:
c= 2c 0 erfc (L/y/4Dt)

(8)

with dc/dz = 0 at z=L.
We assume neglection of all terms but the first two permitted for
c 0 erfc ( 2 L / V T O ) < 0.1c0

(9)

Tables of the erfc show (see e.g. CRANK (1956), p. 326) the argument to have
to obey in this case:
2L/VWt> 1.2

(10)

from which follows:
t<0JL2/D

(11)

In our case of diffusion of water vapour in air into cylinders of lengthL (in
cm) this means that approximately
t<2.8L2

(12)

This condition is satisfied in the experiments of MONTEITH and BULL (Fig. 9).
If for different calibration cylinders the timetismeasured to obtain a certain
fixed concentration c,atthe sensor plane, we can see from (8) that a linear
relation must occur between L and y/t. Simple algebra shows the same kind of
relation to be true for time differences between two fixed concentrations and L.
This was completely confirmed by the experiments of MONTEITH and BULL (see
Fig. 9). Only a small correction to L appears to be necessary to account for the
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non-zero depth of the measuring cup (distance between entrance and sensor).
The calibration procedure of KANEMASU et al. can be treated mathematically
along the same lines. In their case, contrary to MONTEITH and BULL, the sensor
absorbs an important part of thevapour that arrives at z = L. Therefore we
introduce as an approximation anew boundary condition: c = 0 at z = L (i.e.
all vapour is absorbed).
Again we can describe the concentration cas a function of time t and place z
by a series of complementary error functions. MONTEITH and BULL state that
the concentration of vapour in the cup for this case would tend to decrease
linearly from the value for saturated air in the plane of the source to a value
close to zero in the plane of the detector. This, however, would only be true for
a stationary situation. Taking again only the first two terms of the now alternating series of complementary error functions into consideration, condition
(9) and therefore condition (12) have to be true for this case too. It is to see
from the values in Fig. 8 that the points of the parabolic curve satisfy this
condition (12).
For this case it is interesting to calculate the mass of vapour, Mu that is
absorbed in the sensor after a time /. We therefore have to integrate the flux:
Mt=-\

D\-rA

àt

(13)

Introducing (7)in (13)and multiplying by two because wetake two terms of the
series into consideration gives:
-L2/4Dt

O

e
V4Dt

At= 2c0 [V4Dt/ne-Ll<*Dt - Lerfc(L/V4Ö/)] (14)

One seesfrom (14)that ifMt isconstant, afixedrelation existsbetweenL and t.
As transient times between two fixed electrical resistance values of the sensor
are measured we work always with a fixed amount of water absorbed by the
sensors (apart from problems of time constants of the sensors). Therefore
indeed Mt has to be constant for the measurements of KANEMASU et al. In the
graphical representation of KANEMASU et al. the quantity L is replaced by the
diffusional resistance (R = LjD). This, however, does not violate the relation
derived, as D is a constant.
Taking into account a small correction for the distance between source and
sensor, one calculates from points of the curve in Fig. 8that Mt is indeed quite
constant. Deviations for high time lapse values can easily be ascribed to the
very rigorous approximations that were applied in the derivation of (14).
Therefore the measurements of KANEMASU et al. have now a theoretical base
also for the case in which the sensor is taken into account.
Asto the points of Fig. 8and 9which are measured withpore-type resistances
the following reasoning applies. For the case of KANEMASU et al. wemay see the
situation as approximated by two fixed concentrations, c0 and 0, over a thin
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layer of air. Therefore FICK'S law does applyhere,asisconfirmed bythe straight
line in Fig. 8. For MONTEITH and BULL'S case the points have to deviate from
their straight line in Fig. 9 more and more when a bigger part of the total
resistance isformed bypore-type resistances. Thisisconfirmed bytheir measurements and makes it indeed necessary to recalibrate their device.
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