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NOTATION
Chapter 1
Symbols not defined fully are defined in the text. The page
and equation number indicates where the definition is to be found.

defined by Eq. 1.24, p 12, unitless

defined by Eq. 1.24, p 12, %™

definediby Ea. 108 pdg, b K
thermojunction heat capacity, Eq. 1.12, p 8, J/K
voltmeter dewpoint gain, p 15, uV-1

O O O W@ o 9

diffusion coefficient for water vapour in air, Eq.

1.19, p 10, m*/s

e water vapour pressure, Eq. 1.7, p 5, kPa

e _ saturated water vapour pressure at temperature T,
By, kals B By ERS

E(rad), E(sen), terms describing the sensing thermojunction

E(con), etc energy balance, B 1.1%, p- 8, d/8

g acceleration of gravity, Eq. 1.1, p 3, m/s >

G defined by Eq. 1.18, p 10

cooling current through sensing thermojunction,

EA. N.08, DD,k

ka ' thermal conductivity of air, Eq. 1.14, p 9, W m_qu
kT : psychrometer calibration constant at temperature
T, p 13, kPa/wy
kT(theory) theoretical calibration constant at temperature
T, Eq. 1.23, p 12, KPu/fsl¥
K thermal conductivity of the wire surroundinglthg
' sensing thermojunction, Eq. 1.17, p 10, Wm K
LV specific latent heat of vapourization, Eq. 1.19,

p it ke

m mass of water evaporated, p 10, kg

Mw molar mass of water vapour, Eq. 1.4, p 4, kg/mol

n, amount of substance of the i th component, Eq. 1.2,
p 4, mol

P system pressure, Eq. 1.2, p 4, Pa; Peltier cooling
coeificient, Eq. L2, p 10,V

re thermocouple chamber radius, Eq. 1.16, p 10, mm

r

; thermojunction radius, Eg. 1.13, p 8, um



viii
NOTATION (continued)

radius of wire adjoining sensing thermojunction,
Eq. 1.16, p 10, um et

universal gas constant = 8,3143 J mol K, Eq. 1.7,
p 5; electrical resistance of thermojunction and
neighbouring wires, p 14, Q

chromel-constantan thermocouple voltage sensiti-
vity to temperature, Eq. 1.11, p 7, uV/K
theoretical dewpoint calibration constant, Eq.
1.25, p 14, uV/kPa

entropy change per amount of substance, Eq. 1.2,

p 4, d Knlmof

time, p 10, s

temperature; gas temperature, Eq.1.2, p 4, K;

block temperature, Eq. 1.11, p 7, % or K
thermojunction temperature, Eq. 1.11, p 7, °C or K
wet bulb temperature, Eq. 1.22, p 11, °C or K
dewpoint temperature, p 13, °C or K

output voltage, Eq. 1.11, p 7, nV

partial molar volume of water vapour, Eq. 1.1, p 3,
m3/m01

output voltage corresponding to the wet bulb temp-
erature Tw, B 182l e 11, uY

output voltage corresponding to the dewpoint temp-
erature po, £, 2% p 14, wy

output voltage at 25 OC, Eq. 1.24, p 12; u¥

J th component of an extensive parameter, Eq. 1.2, p &
J th component of an intensive parameter that accounts
for work involved per unit amount of substance, Eq.
1.2: p 4

slope of the saturation water vapour pressure-temper-
ature curve at temperature T, Eg. 1.19, p 10, ‘PasK
defined by Eq. 1.17, p 10 |

length of wire from sensing thermojunction to cham-
ber wall, p 10, um



Chapter 2

NOTATION (continued)

chemical potential of water in a biological system
containing liquid water, water vapour and solutes,
p 4, J/mol

My value of pure free water at a pressure of 101,3
kPa and at the temperature of water in a biological

(O) H Uw), p 49 J/mo]

system (duw =W,

pi

dewpoint cooling coefficient, p 14, pV

density of water at temperature T, Eq. 1.1, p 3,
kg/m® .

Stefan-Boltzmann constant = 5,6697 x 1070 Wm K ',
Ea. J3E3. &8

general symbol for water potential, p 3, various
units '

water potential expressed per unit mass, volume,
weight or amount of substance respectively, p 3,
J/kg, d/m°, I/N, J/mol

wire resistivity, Eq. 1.18, p 10, 2 m

T-T, B L1, p7, i

Symbols used in this chapter but not listed here are to be
found in the Tist for Chapter 1 or defined more fully in the text.

a5 By G e e

he Py

dv

exponent values, Eq. 2.24, p 44

‘as for a and b, but theoretically calculated

values, Section 2.4.2, p 38

defined by Eq. 7 of Campbell (1979), p 50

zero offset voltage, Eq. 2.30, p 50, uV
deviation of calculated from measured quantity
relative to the measured, Table o AN W
total error in measured psychrometric water pot-
ential, Eq. 2,99, n 45, %

subcomponent error in measured water potential
where E_ = (Epl2 + Ep22 + Ep32 + Ep42)%, By
2.27 ;'p 44

X



p3i,

p32

NOTATION (continued)

oo Bt ik Z)Q, Eq. 2.30, p 50

p3 p3l p32
f = f(Xa, Yb, ZC,....) where X, Y, Zg.... @re quan-
tities determining f and a, b, c,.... are exponent

values, Eq. 2.24, p 44

intercept of the linear regression of T vs 1/kT’
£q, ‘DI o 00 90

calculated kT value, Eq. 2.19, p 39, kPa/uV
calculated kT value according to models 1, 2, 3
and 4, p 33, kPa/uVv

kT value for T = To’ T

Section 2.4.2, kPa/uV

o(1), TO(Z) respectively,

theoretically calculated kT value for T =T
Section 2.4.2, kPa/uV
a temperature dependent quantity, p 50

o’

number of points

sample correlation coefficient; r = 10° x rj,
Table 2.1, p 31, um

mean effective sensing thermojunction radius,
Tabi#e Z:9, D38, 1m

slope of the l1inear regression of T vs l/kT’

Eq. 2.10, p 30, °C uV/kPa

standard error, standard error estimate of y on x
Students' t value for n - 1 degrees of freedom
and 95 % level of confidence, Eq. 2.28, p 45

average, minimum and maximum temperatures, p 42,

Y

standard temperatures, To = 250C,

To(1) < T, < T (2), p 42, o

maximum voltage attained during sensing thermo-
junction cooling, Eq. 2.2, p 20, pV

V(Tw), Egui 228 mkRS Y

VT corrected for the voltage corresponding to
wT = (0 kPa, p 45, nv
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NOTATION (continued)

Xy ¥ major and minor axis dimension for an elliptically
shaped sensing thermojunction, p 38, um

X, Y, Z,.... quantities determining f, p 44
cz(f) variance of the mean value f, Eq. 2.24, p 44,
where f may assume the value X, Y, Z,.... (Eq.

2.24, p 44), Y, S, I, V; and T (Eq. 2.27, p 44)

-
Chapter 3

Symbols used in this chapter but not listed here are to be found
in the 1ist for Chapters 1 or 2 or are defined more fully in the
text.
A, B empirically determined constants, Eq. 3.14, p 65
Ed total error in measured dewpoint water potential,

Eq. 3.133 p 63, %

Edl’ Ed2’ Ed3’ subcomponent error in measured water potential

Py o herer Bl a (3" + B B o Bl P E 3t
d4* =d5 whene kg = (64 d2 d3 d4 ds * 2
Eq, 310 -p B2
S Eon ® (B ber: 1% B Bt 8 Ea 3800 67
d3l® “d32° d3 = ‘Eq31 d32 23 17 Fr S=i94 P
E433
R1, R2 0 to 100 wV and 0 to 30 uV microvoltmeter range,
Table 3.1, p 56
Sd(c) calculated Sd value, Eq. 3.5, p 59, kPa/uV
Sd(theory; To) theoretically calculated Sd value for T = To’
Eq. 3.3, p 59
V(po); Vd dewpoint voltage, p 55, uV
HO(T) dewpoint cooling coefficient I at To’ Eg, 3.1,
p 57, uv
2
o (Vd) variance of mean value Vd(= V(po)), Eg. 3.11, p 64

Chapter 4

Symbols used in this chapter but not listed here are to be found

in the 1ist for Chapters 1, 2 and 3 or defined more fully in the
text.

FV), £(x), a function of volume V, quantity x and mean value
f(X) X



y(osmotic)

Chapter 5
R
SPC

NOTATION (continued)

total amount of solute substance, Eq. 4.2, p 72
balancing pressure, Eq. 4.2, p 72

relative saturation deficit, Eq. 4.4, p 72, %
original symplastic volume and total volume of sap
expressed, respectively, Eq. 4.3, p 72

variance of quantity x, Table 4.2, p 79

osmotic water potential, Eq. 4.1, p 72

volume ratio of lanolin to beeswax, p 99

Scholander pressure chamber measurement, Fig. 5.14,
p 118, kPa

softening temperature of lanolin-beeswax mixture,

p 99, °C

pressure chamber water potential, Table 5.4, p 106,
kPa !

psychrometer water potential as measured using coarse
abrasion, intensive light abrasion, coarse abrasion
(but corrected for apparent "xylem tension relaxa-
tion"), and intensive light abrasion (corrected for
"xylem tension relaxation") respectively, Table 5.4,
p 106, kPa

total leaf water potential, as calculated for press-
chamber measurements corrected for xylem sap water
potential, Table 5.4, p 106, kPa
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Theory predicts that the time dependent voltage curve of a ther-
mocouple psychrometer where there is no change in output voltage with
time during the evaporation cycle defines the wet bulb temperature TW
corresponding to the water potential. In practice, a change in
voltage with time does occur and it is convenient to define the
voltage corresponding to the water potential as the maximum point-
of-inflection voltage.

A predictive model based on calibration data at a few tempertures
is used to obtain the psychrometer calibration slope at any tempera-
ture. Use of this model indicates that psycnrometers differ from
each other and therefore must be individually calibrated if accuracy
better than 5% in the measurement of water potential is required.
Dewpoint hygrometers are shown to be less temperature sensitive than
psychrometers and have the added advantage of a voltage sensitivity
nearly twice that of psychrometers, typically -7,0 x 107% puV/kPa com-
pared to -3,7 x 10-3 wV/kPa at 25 °C.

The accurate temperature correction of hygrometer calibration curve
slopes is a necessity if field measurements are undertaken using either
psychrometric or dewpoint techniques. In the case of thermocouple psy-
chrometers, two temperature correction models are proposed, each
based on measurement of the thermojunction radius and calculation of
the theoretical voltage sensitivity to changes in water potential.

The first model relies on calibration at a single temperature and



the second at two temperatures. Both these models were more accurat)éex11
than the temperature correction models currently in use for four leaf
psychrometers calibrated over a range of temperatures (15 to 38 °C).
The model based on calibration at two temperatures is superior to

that based on only one calibration. The model proposed for dewpoint
hygrometers is similar to that for psychrometers. It is based on the
theoretical voltage sensitivity to changes in water potential. Com-
parison with empirical data from three dewpoint hygrometers cali-
brated at four different temperatures indicates that these instruments
need only be calibrated at, say 25 °C, if the calibration slopes are
corrected for temperature.

A model is presented for the calculation of the error in measured
thermocouple hygrometric water potential for individual hygrometers
used in the dewpoint or psychrometric mode. The model is based on
calculation of the relative standard error in measured thermocouple
psychrometric water potential as a function of temperature. Sources
of error in the psychrometric mode were in calibration of the instru-
ment as a function of water potential and temperature and in voltage
(due to electronic noise and zero offsets) and temperature measure-
ment in the field. Total error increased as temperature decreased,
approaching a value usually determined by the shape of the thermo-
couple junction, electronic noise (at Tow voltages Tess than 1 uV)
and errors in temperature measurement. At higher temperatures,
error was a combination of calibration errors, electronic noise and
zero offset voltage . Field calibration data for a number of leaf
psychrometers contained total errors that ranged between 6 (at 0 °C)
and 2 %(at 45 oC) for the better psychrometers and between 11 (at
0 oC) and 5 % (at 45 oC) for the worst assuming that the zero offset was
0,5 uV. Zero offset values were less than 0,7 uV at all times. The
dewpoint errors arose from calibration of the dewpoint hygrometer as
a function of water potential, extrapolation of the calibration slope
to other temperatures, setting the dewpoint coefficient and errors in
voltage and temperature measurement. The tota] error also increased
as temperature decreased, because of the differences in temperature
sensitivity between dewpoint and psychrometric calibration constants.
Consequently, the major source of error in the dewpoint mode arose
from the difficulty in determining the dewpoint coefficient. This
error, which is temperature dependent, contains three subcomponent



xxiii
errors; the temperature dependencé, random variation associated with
determining the temperature dependence and error in setting the
correct value. Calibration and extrapolation errors were smaller
than those of the psychrometric technique. Typically, the error in
a dewpoint measurement varied between about 6 and 2 % for the best
hygrometer and between 10 and 3 % for the worst for temperatures
between 0 and 45 °C respectively. At low temperatures, the dewpoint
technique often has no advantage over the psychrometric technique,
in terms of measurement errors.

In a comparative laboratory study, leaf water potentials were

measured using the Scholander pressure chamber, psychrometers and hy-
~draulic press. Newly mature trifoliates cut from field grown soy-
bean (Glyecine max (L) Merr. cv. Oribi) were turgidified and, after
different degrees of dehydration, leaf water potential measured.

One Teaflet from the trifoliate was used for the thermocouple
psychrometer and another for the press while the central leaflet

with its petiolule was retained for use in the pressure chamber.
Significant correlations between measurements using these instruments
were obtained but the slopes for hydraulic press vs psychrometer
measurement curve and hydraulic press vs pressure chamber were 0,742
and 0,775 respectively. Plots of pressure-volume curves indicate
that the point of incipient plasmolysis was the same (statistically)
for the thermocouple psychrometer and the pressure chamber, but

much Tlarger for the hydraulic press. The above-mentioned differen-
ces between the three instruments emphasize the need for calibrating
the endpoint defined using the press against one or more of the stan-
dard techniques, and, limiting the use of the press to one person.

Cuticular resistance to water vapour diffusion between the sub-

stomatal cavity and the sensing psychrometer junction is a problem
unique to leaf psychrometry and dewpoint hygrometry; this resistance
is not encountered in soil or solution psychrometry. The cuticular
resistance may introduce error in the leaf water potential measure-
ment. The effect of abraiding the cuticle of C<trus jambhiri to
reduce its resistance, on the measured leaf water potential was
investigated. Psychrometric measurements of leaf water potential
were compared with simultaneous measurements on nearby leaves using
the Scholander pressure chamber, in a field situation. Leaf surface

damage, due to abrasion, was investigated using scanning electron
microscopy.
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Thermocouple psychrometers are the only instruments which can
measure the in situ water potential of intact leaves, and which may be

suitable for continuous, non-destructive monitoring of water potential.

Unfortunately, their usefulness is limited by a number of difficulties,
among them fluctuating temperatures and temperature gradients within

the psychrometer, sealing of the psychrometer chamber to the leaf,
shading of the leaf by the psychrometer and resistance to water
vapour diffusion by the cuticle when the stomates are closed. Using
Citrus jambhiri, several psychrometer designs and operational
modifications were tested. In situ psychrometric measurements com-
pared favourably with simultaneous Scholander pressure chamber
measurements on neighbouring leaves, corrected for the osmotic
potential and the apparent effect of "xylem tension relaxation™
following petiole excision.

It is generally assumed that enclosure of a leaf by an <n situ
thermocouple psychrometer substantially modifies the leaf environ-
ment, possibly altering Teaf water potential, the quantity to be
measured. Furthermore, the time response of leaf psychrometers to
sudden Teaf water potential changes has not been tested under field
conditions. In a Tlaboratory investigation, we found good Tinear
correlation between in situ leaf psychrometer (sealed over abraided
area) and Scholander pressure chamber measurements (using adjacent
Teaves) of leaf water potential, 2 to 200 minutes after excision
of citrus leaves. A field investigation involved psychrometric
measurement prior to petiole excision, and 1 min after excision,
simultaneous pressure chamber measurements on adjacent citrus
leaves immediately prior to the time of excision and then on the psy-
chrometer leaf about 2 min after excision. Statistical comparisons
indicated that within the first two minutes after excision, psychro-
meter measurements compared favourably with pressure chamber measure-
ments. There was no evidence for a psychrometer leaf water potential
time lag. For the high evaporative demand conditions, water
potential decreased after excision by as much as 700 kPa in the
first minute. Psychrometer field measurements indicated that within
the first 5 min of leaf petiole excision, the decrease in leaf water
~potential with time was linear but that within the first 155

there
was a temporary increase of the order of a few tens of kilopascal.
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The thermocouple psychrometer can be used to measure dynamic changes

in leaf water potential non-destructively, with an accuracy that
compares favourably with that of the pressure chamber.

Using <n sZtu thermocouple leaf hygrometers (dewpoint and
psychrometric techniques employed) attached to C(itrus jambhirz
leaves, an increase in measured water potential immediately foll-
owing petiole excision was observed. The increase ranged between
20 to 80 kPa and occurred 30 s after petiole excision and 100 s
after midrib excisions. No relationship between the actual leaf

water potential and the increase in water potential due to excision,
was found.



INTRODUCTION

During the past decade,water potential has gained wide acceptance
as a fundamental measure of plant water status (Hsiao, 1973). This
wide acceptance is of theoretical and practical nature. Under iso-
thermal conditions, water potential measurements can be used to pre-
dict the direction of water movement in the soil, plant or atmos-
phere. If liquid and vapour conductivities in this system are known,
rates of water movement can be predicted and vice versa (Milburn,
1979). Water stress of plants may be inferred from measurements
of water potential, as it appears to be most closely related to phy-
siological and biochemical processes which control plant growth
(Kramer, 1969; Begg & Turner, 1976; Milburn, 1979; Turner & Begg,
1981). Other methods of inferring plant water potentials are pos-
sible. However, as Kramer (1972) points out, assumptions concern-
ing plant water stress based on measurements of soil water stress or
rate of evaporation can sometimes be very misleading. He maintains
that the only reliable indicators of plant water stress are measure-
ments on the plants themselves, as they integrate all internal and
external factors determining tHe amount of stress at a particular
time. Such a measure is plant or leaf water potential.

The water relations of pasture plants have been discussed by Brown
(1977) and Redmann (1976) and their responses to water deficits by
Turner & Begg (1978) and Hsiao (1973). Water relations are affected
by and affect many agricultural practices and occurrences: influence
of water on microbial decomposition of crop residues (Myrold, Elliott,
Papendick & Campbell, 1981); microbial growth and development of
plant disease (Cook & Papendick, 1978); movement of soil organisms,
effects of soil water relations on gaseous and solute diffusion (Papen-
dick & Campbell, 1980); the effect of fire and the fire regime on grassland
plant water relations (Savage, 1980; Savage & Vermeulen, 1983); drought re-
sponses of crops (Sojka, Stolzy & Fischer, 1979) being a few examples.

The principle of thermocouple psychrometry was described by Hill
(1930) and Spanner (1951) showed that it was possible to measure

water potential using a thermocouple in vapour pressure equilibrium
with a leaf sample (psychrometric method). The use of an alterna-
tive technique that uses the same thermocouple hygrometer, the dew-
point technique, is relatively new, being first proposed by Neumann &
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Thurtell (1972), and modified by Campbell, Campbell & Barlow (1973).
The psychrometric and dewpoint methods appear to compare although
no field use comparisons have apparently been attempted. There is
some evidence indicating that the dewpoint method results in

water potential measured under isopiestic conditions (Durand-
Campero, 1981).

Thermocouple hygrometers have been used for many applications:
the inflammability of pasture material may be measured using psy-
chrometers (Brown, 1970); Wiebe (1981) and Wiebe, Kidambi,
Richardson & Ernstrom (1981) measured water potentials ranging from
free water to oven dryness; Brown (1972) determined leaf osmotic
potential using psychrometers and Oosterhuis (1981) used these
instruments to investigate osmotic adjustment (Turner & Jones,

1980) in cotton roots and leaves; water relations’ of mine dumps

and snow packs (van Haveren, 1972) have been investigated;

Walker, Oosterhuis & Savage (1983) used these instruments in a field
program to measure total and osmotic water potential of winter
wheat; they have also been used to measure water potential in trees
(Wiebe, Brown, Daniel & Campbell, 1970; Wiebe, Campbell, Gardner,
Rawlins, Cary & Brown, 1971), stems (Michel, 1977), roots (Nnyamah

& Black, 1977; Nnyamah, Black & Tan, 1978), and leaves (Campbel1

& Campbell, 1974).

The objectives of this study are:
1. to investigate the proper calibration, measurement

accuracy and use of thermocouple hygrometers;

2. to compare the measurement of water potential
using the psychrometric technique against other
commonly accepted methods;

3. to investigate the use (accuracy and time response)
of thermocouple psychrometers for the measurement
of leaf potential non-destructively in a field
situation.



CHAPTER 1
THEORY OF THERMOCOUPLE HYGROMETERS -
1.1 WATER POTENTIAL

1.1.1 Introduction

The term "water potential" is often used ambiguously in the
international literature. The potentia] of water is the amount
of useful work per unit quantity of water done by means of exter-
nally applied forces in transferring, reversibly and isothermally,
an infinitesimal amount of water from a standard reference state
to the soil, plant or atmosphere system under consideration. The
reference state chosen is usually pure free water at the same
temperature as the water in the system and at a pressure of one
standard atmosphere; that is, 101,3 kPa (adapted from Taylor &
Ashcroft, 1972, p 153 and Bolt et aZ., 1975). The unit of work
in the International System of Units (SI) is the joule, abbre-
viated J. The general symbol ww is often used for water potential,
However, because the quantity of water may be expressed as mass,
volume, weight or amount of substance, it follows that the units
of water potential may be J/kg, J/m*, J/N or J/mol, distinguished
by the symbols Yo Vy» g Or ¥ respectively (Savage 1978, 1979;
Rose, 1979). These quantities may be converted as follows:

Py ¥ = by = B8 Ve = IV MiD)

where iy (kg/m*) is the density of 1iquid water where R pw(T),
T (%) being the water temperature, g (m/s2) the acceleration of
gravity, and Vw (m®*/mo1) the partial molar volume of water. A
more detailed analysis of the relationships between wm, wv and wf
is given by Rose (1979) (who omitted wn). For present purposes,
only wm and wv will be used.

In the obsolete centimetre, gram and second system of units
(cgs), it was often assumed that o, = 1 9/cm*® irrespective of
temperature so that wm and wv were often assumed to be one and the
same quantity. For example, Meidner & Sheriff (1976, p 10, 138)
use the unit J/kg and 10-2 bar interchangeably; Taylor & Ashcroft



(1977, p 1%9) add W and wv terms. It 15 eocential to adopt a
more disciplined approach to the use of units and to pay attention

Lo the effect ol temperature on certain so-called "constants”.

1.1.7 Thermodynamic theory of water potential

In essence, hygrometers may be regarded as systems contain-
ing solutes, liquid and vapour enclosed in a sealed cavity that
can be maintained at constant temperature and pressure. The
chemical potential i (J/mol) of water in a biological system
containing liquid water, water vapour and solutes, relative to
that at a reference position, UVJ(O)’ is given by (Babcock, 1963):

no-wd0) =odp,. = =S AT + ¥V.aP + 2Y . dX.
W W w W W j J-J

+

(o Jony) da, ,
TR L k
PR {Lwk)

where “w(o) is defined as the chemical potential of pure free
water at a pressure of 101,3 kPa and at the same temperature as
the water in the biological system. Symbols are defined in the
NOTATION.  For these isothermal conditions, Eq. 1.2 becomes

uw—UW(O) = deP + ;dexj + E(U“w/ank% A dn., 1.3
©ITA#K)

by = T, - w002 1.4

by = Oy, - (001, 1.5

be =y, - u (0)/M g, 1.6

and 4 = - po (03,

where Mw (kg/mol) is the molecular mass of water, By * Mw/vw’ X is
an extensive parameter and Y an intensive parameter that account
for forms of work other than that due to changes of pressure,
temperature and chemical composition, where Yj de is the j th



work term (Bolt & Frissel, 1960).

Consider water vapour (which is one component of a vapour
phase) behaving as an ideal gas. Combining the universal gas law
equation (ve = RT), Egs 1.3 and 1.5, and integrating, we get the
Kelvin equation:

v, = (RT/VW) Ln e/e,. 4.5

It has been assumed that isothermal conditions prevail during the
change in pressure from €, to e and that e > 0 kPa.

1.1.3 Components of water potential

Under isothermal conditions, three terms emerge from the
thermodynamic theory as being components of wvvw (Egs 1.1 and 1.3):

pV = deP - Z_deXj + E(auw/ank)

dn
VW
J

: K 1.8
T’P’Xj’”e(eik)

Applying Eq. 1.8 under conditions of constant pressure and
in the absence of any work fields, wv becomes a function of compo-
sition and concentration only:

V = )
vV, = Z(ou, /o0, ) dn, . 1.9

W k
k T’P’Xj’nﬂ(ﬂik)

Combining Eqs 1.7 and 1.9 and considering a solution containing
only one solute, say NaCl, we get:

v, = (RT/VW) £n e/e, = (a“w/anNaC1)T 2 2 1,10
o ,P,Aj

<<l |—

Thermocouple hygrometers are instruments capable of measur-
ing T and either the wet bulb temperature Tw or the dewpoint
temperature po’ enabling e/e0 to be calculated. Hence Eq. 1.10
provides a convenient method of calibrating these instruments with
respect to wv for a closed system containing only a solution of
NaCl or some other strong electrolyte. A range Ofdw is obtained



by varying dny. - - The U (J/kg) values for NaCl and KCl solu-
tions have been published by Lang (1967) and Campbell & Gardner (1971)
respectively. Conversion to other units is possible (Eqs 1.3 to Tl

1 THERMOCOUPLE HYGROMETERS

1.2.1 Introduction

A thermocouple hygrometer operating in the psychrometric
mode enables measurement of the dry (T) and wet bulb (Tw) tempera-
ture difference while the dewpoint mode enables measurement of the
dry bulb and dewpoint (po) temperature difference. These opera-
tional modes use the same sensor but different voltmeter circuitry.
Both modes allow measurement of the water potential of solutions,
soils and biological materials by applying the theory discussed in
Section 1.1.

1.2.2 Thermocouple psychrometers

1.2.2.1 Mechanics of the psychrometric technique

Spanner (1951) developed a vapour phase method for measuring
water potential using a Peltier-cooled thermocouple psychrometer
that senses the relative humidity (e/eo) of a chamber containing
leaf tissue. Applying the Kelvin equation (Eq. 1.7), ¥, for the
leaf may then be determined.

According to the Peltier effect, when a current is passed
through a thermocouple circuit, one junction liberates heat energy
to the surroundings while the other absorbs heat energy. Reversal
of the current direction results in a reversal of the heating and
cooling effects. The sensing junction shown in Fig. 1.1 is cooled,
and the reference junctions are heated by the passage of an elec-
tric current of 4 to 8 mA in a certain current direction. The
heat absorbed by the reference junctions is rapidly dissipated
because of the relatively large mass and high thermal conductivity
of the copper pins (Campbell & Campbell, 1974) contained within the
relatively massive block of the thermocouple hygrometer (Fig. 1.1).
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FIG. 1.1 Cross -sectional view of a typical psychrometer. The
' block of the unit is usually aluminium or teflon, in the
case of leaf and soil psychrometers, respectively. The
block temperature is measured in or close to the block

The sensing thermocouple junction is Tocated immediately above
the leaf, soil or moisture sample enclosed in a cavity of dimen-
sions that depend on hygrometer type. Water vapour in the sealed
cavity rapidly reaches energy equilibrium with the sample (Millar,
1974). When the sensing junction is cooled to below the dewpoint
temperature of the air, water will condense onto the sensing junc-
tion. If the cooling current is terminated, the enclosed air and
thermojunction will return to the temperature of the metal block.
When the wet bulb tempekature is reached, water will evaporate
causing slight cooling of the sensing junction during return to
the temperature of the metal block. The difference between the
reference temperature (T) and sensing junction temperature (T.),
AT, results in an output voltage V (uV) (the Seebeck effect) given
by

V= 85(T - Tj) w Baoddl g .

where S (uV/K), the chromel-constantan thermocouple voltage sensi-



tivity to temperature, is temperature dependent (Table 1.1, p 11). In
this discussion, it has been assumed that the block temperature T

is the same as the reference junction temperature (Fig. 1.1).

1.2.2.2 Energy balance of a thermocouple psychrometer

The relationship between the thermojunction temperature
relative to the psychrometer, AT, and the Peltier cooling current
I can be obtained by invoking a thermal energy balance for the
junction and solving for AT. Following Rawlins (1966) and Peck
(1968), the energy balance is expressed by the equation {influx of
junction heat energy = outflux of junction heat energy} (Fig. 1.2)
with unit J/s or W:

E(rad) + E(sen) + E(con) + E(lat) + E(Fel) = Cd(AT)/dt 1.12

]

where E(rad) is the rate of energy transfer to the junction by
radiation from the walls of the chamber, E(sen) is the rate of
sensible heat energy transfer from the air to the thermojunction,
E(con) is the rate at which heat energy (W) is conducted to the
thermojunction along the wires, E(lat) is the rate at which latent
heat energy is transferred to the junction, and E(Pel) = -PI where
P is the Peltier coefficient (V) for the thermojunction and I is
the Peltier cooling current (A). The negative sign is present
because for a certain current direction, the thermojunction is
being cooled by the Peltier effect. That is, during condensation
E(lat) < 0 and during evaporation E(lat) > 0 and I = 0 mA. C (J/K)
is the junction heat capacity and t is time (s). Each of the terms
of Eq. 1.12 will be discussed.

Radiant heat energy transfer to the junction, E(rad): As-
suming that the chamber walls are concentric with the assumed
spherical thermojunction and that the emissivities of the junction
surface and the chamber walls are equal, we obtain

E(rad) = -16norj2T?AT 138

where o is the Stefan-Boltzmann constant, (5,6697 x 107" W m k")

and rj is the radius of the spherical thermojunction (Rawlins, 1966).



E(rad) = -16n0r 7,07

E(1at) = -L, dn/dt

4—————— WATER "FILM"
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4— E(con)

E{sen) = -4n r'J kaAT

E(rad) + E(sen) + E{con) + E{1at) + E(Pel) = C d(AT)/dt
FIG. 1.2 Djagram depicting the energy balance of a thermocouple
psychrometer (Eq. 1.12)

Since the thermojunction will have a much smaller emissivity when
dry compared to when wet, Eq. 1.13 is oversimplified. In all
cases though, E(rad) is less than 1 % of any of the other energy
balance terms (Baughn, 1974).

Sensible heat energy transfer from the air to the junction,
E(sen): Following Rawlins (1966) and Peck (1968), we assume that
E(sen) consists entirely of molecular conduction between the
assumed spherical chamber and concentric spherical junction:

E(sen) = -4ﬂrj ka.AT, 1.14

where ka is the thermal conductivity of air (W m—1 K_ﬁ. Spanner
(1951) assumed that both E(sen) and E(rad) were negligibly small.
Heat energy transfer by conduction through the wires, E(con):
Peck (1968) determined the temperature distribution as a function
of distance x away from the thermojunction. It is possible to de-
termine the temperature gradient for x = 0:
-2B

E(con) = —=——— {(AT - G/y2) cosh yA + G/v?}, 1.15
Y Sinh yA
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where B = 8mr ol + 2ﬂka/(€n r. = &n rw), 1.16
2 2, 3% g
y = (B/ﬂrw kw) : NG
2 2 4 1
G =l /mr 'k, , 1.18

A is the length of wire (m) from the junction to the wall, r the
radius of the wire (m), r. the radius of the thermocouple chamber
(m), kw the thermal conductivity of the wire (W m *K '), and Q the
resistivity of the wire (Q m) (Rawlins, 1966).

It has been assumed that 2, LW kw and A are the same on
either side of the thermojunction and that at the chamber wall
AT = 0 °C but at the jun¢tion AT = 1 - Tj (Peck, 1969).

Latent heat energy transfer, E(lat): This component of the
energy balance equation is a function of the evaporation rate, dm/
dt (kg/s) where E(lat) = —LV dm/dt and LV is the specific latent
heat of vapourization (J/kg). Peck (1968) provides a theoretical
base for expressing 1ateht heat energy transfer:

4ﬂervapv

E(lat) =~ —g—— (e V., /RT + 8.4T), 1.19

where the symbols are defined in the NOTATION.

Energy transfer due to Peltier cooling, E(Pel): It can be
shown that (Zemansky, 1957, p 301):

E(Pel) = -PI, 1.20

where I is the cooling current (A) and P is the Peltier cooling
coefficient (V), given by P = T dv/dT.

Derivation of junction temperature: Combining Eqs 1.12, 1.13,
1.14, 1015, 1.19 -énd 1.20 and assuming that the junction tempera-

ture responds extremely rapidly to changes in any of the energy
balance components (so that d(aT)/dt = 0), we get:

10
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2B i 2 a/v2}
-16norj2T3.AT = 4erka,AT‘ §_§Tﬁﬁ—§x {(aT G/y Jcosh yA + G/y
_Arb Py e oy JRT + glaT) - PI = 0.
——T—— oWV
0

Therefore, solving for AT:

2%9 {coth yA - cosec yA} —4ﬂervaovvw¢v/RT - Pl

AT =. - 1.21

: 2B
16norj2T3 + 4Trrjka + —?-coth YA + 4ﬂerVDVoVB/eO

During the condensation phase the above expression holds but
during the evaporation phase I = 0 and AT = Tj -1 B

Junction temperature as a function of wV: During the evapor-
ation phase, G = I = 0 (numerically) and since V = S.AT (Eq. 1.11),
we obtain an expression for the theoretical psychrometric calibra-
tion constant,l/kT(theory) = dV(Tw)/dwv, where

-4mr.SL D o V /RT
2o £ L 127

dv(T )/dy, =

2B
A 2T3
1onorj T3 + 4nrjka + fvcoth YA + 4nervaovB/eo

The quantities S,LV,DV,pV,Vw,ka,B,y,B and €, are all temperature

dependent and for this reason it is necessary to evaluate the
right hand side of Eq. 1.22 as a function of temperature (Table 1.1).

TABLE 1.1 Values of some of the temperature dependent quantities

of Eq. 1.22
Quantity T T S L, bowie® g v, x 106 ky 8 e,
Unit % K uv/K kd/kg me/s 9/m3 m3/mol me m1K1 Pa/K kPa
Reference’: .................. 5 2 2 3 4 2 2 1
0 273,15 58,62 2501 2,12 4,85 18,02 243 45 0,611
S 278,15 59,06 2489 2,20 6,80 18,02 24,6 61 0,872
10 283 15 59 49 2477 2,27 9,41 18,02 25,0 83 1,227
15 288,15 59,91 2465 2,34 12,83 18,03 25,3 110 1,704
20 293,15 60,34 2454 2,42 17,30 18,05 25,7 145 2,337
25 298,15 60,77 2442 2,49 23,04 18,07 26,0 189 3,167
30 303,15 61,20 2430 2,57 30,35 18,09 26,4 244 4,243
35 308,15 61,63 2418 2,64 39,6 18,12 26,7 312 5,624
40 313,15 62,06 2406 2,72 51,1 18,16 27,0 3| 7,378
45 318,15 62,48 2394 2,80 65,6 18,19 27,4 494 9,585

by
Reference : 1. List (1951) 2. Monteith (1973) 3. Rawlins (1966) 4. van Haveren & Brown (1972)
5. Weast (1978) (adapted from)
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1.2.2.3 Temperature dependence of k](theory)

Most of the parameters on the right hand side of Eq. 1.22
are temperature dependent and hence kT(theory) will be dependent
on the block temperature T. Also, each term of the right hand
side of Eq. 1.22 contains at least one quantity which is dependent
on the geometry of the thermojunction and cavity. Eq. 1.22 may

be written in the simplified form:

Term(1)

=dV(T )/dy = o 1243
Wil ey iy /%y Term(2)+ Term(3)+ Term(4 )+ Term(5)

Using values from Table 1.1 and rj, Pl iy and A values
of 95; 2 500; 12,5 and 4 300 um respectively (Scotter, 1972), each
of the terms of Eq. 1.23 were evaluated and kT( )
as a function of temperature (Table 1.2). In performing these
calculations, spherical symmetry has been assumed for both thermo-

theory) determined

junction and its cavity. Generally the lack of spherical symmet-
ry can be expected to introduce deviation between theoretical and

measured performance (Baughn, 1974).

Wiebe et al. (1970) used an empirical equation for correct-

ing V (uV) corresponding to a particular v, and block temperature

T (°C) to V,s, the output voltage at 25 °C:

V25 :V/(a+bT) ].24

where the basic assumption was that V is linearly related to T for

TABLE 1.2 The va1uesJr of the temperature dependent terms defined

1 = 1 O
Temperature T Term(1) x 1010 Term(2) x 105  Term(3) x 105  Term(4) x 105 Term(5) x 105 10°/k, (theory)

(°) (wv K 1nd-1) (W/K) (W/K) (W/K) (W/K) (uV/%Pa)
0 -1,427% 0,05242 2,90095 - 3,46325 2,26098 -1,646

5 -2,04566 0,05535 2,93676 3,48550 3,10959 -2,134
10 -2,87628 0,05839 2,98451 3,51858 4,27276 -2,656
15 -3,98331 0,06154 3,02033 3,53659 5,70317 -3,233
20 -5,48070 J,06480 3,06808 3,56535 7,60990 -3,830
25 -7,40880 0,06817 3,10389 3,58714 9.98101 -4,426
30 -9,93890 0,07166 3,15165 3,61559 13,01213 -5,007
35 -13,15380 0,07526 3,18746 3,63117 16,74165 -5,564
40 -17,28098 0,07898 3,22327 3,65866 21,31947 -6,111
45 -22,54623 0,08283 3,27103 3,68670 27,05542 -6,613

L The calculated values have been rounded off



a given wv' The a and b values were determined by measuring the
corresponding output voltage of a 0,5 mol/kg KC1 solution (Meyn &
White, 1972) at several temperatures between 4 and 25 °C (Wiebe
et al., 1970). Brown (1970) found a = 0,325 and b = 0,027 &)
At present, the most common procedure is to calibrate the psychro-

-1

meter at a temperature near 25 °C and then convert measured volt-
ages at field temperatures to the value at 25 g using Eq. 1.24
with a = 0,350 and b = 0,026 (°C)™" (Wiebe et al., 1970). The
(near) 25 °C calibration curve is then used to obtain Vs, the
volumetric water potential at 25 °C.  From the data of Meyn &
White (1972), kT is a linear function of temperature T but Wheeler
(1972) found that this was not the case for his empirical data.

Extensive regression analysis of Wheeler's data was avoided through

the use of graphical calibration curves. Wheeler, Qashu & Evans
(1972) further state: "the temperature dependence of the psychro-
meters are themselves temperature dependent and a- single bivariate
equation could not be fitted to the calibration data". This as-
pect will be discussed in more detail in Chapter 2.

1.2.3 Dewpoint hygrometers

1.2.3.1 Mechanics of dewpoint hygrometers

Neumann & Thurtell (1972) were the first to introduce a
technique for measuring the dewpoint temperature depression in a
small sealed cavity adjacent to a leaf surface. These authors
showed that e/eO can be calculated by measurement of the dewpoint
temperature po and the system temperature T; hence the Kelvin
equation (Eq. 1.7) may be applied to determine v, -

Consider a hypothetical thermojunction whose temperature
is determined only by latent heat energy transfer; that is, only
by evaporation and condensation. If the junction is covered with
water and at a temperature Tj > po, then water will evaporate
from the junction until sz fIE S 1 Tj < po, then water will

dp

condense onto the junction, again until B = po. If heat energy

transfer is via latent heat only, then the junction temperature
will always converge on po (Campbell et al., 1973). Measurements
by this technique are relatively independent of the wetting
characteristics of the junction, and the size and shape of the

13
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water droplet fofmed on the junction (Nnyamah & Black, 1977).

Campbell et al. (1973) point out: '"under practical condi-
tions, it is not possible for a thermocouple junction to be inde-
pendent of heat transfer mechanisms which exist in ordinary envi-
ronments ... During the measurement the wet junction temperature
will always be below the temperature of its surroundings so heat
(energy) will flow from the surroundings to the junction. Using
Peltier cooling, a counter flow can be created and adjusted elec-
trically to exactly balance the heat inflow for a net transfer of
zero. If this condition is set up on a dry thermocouple to bal-
ance all heat transfer other than condensing or evaporating water,
then when the junction is wet its temperature will converge on the
dewpoint just as in the hypothetical example".

For a small current I flowing through a thermoelectric
circuit, the rate of energy transfer is -PI, namely E(Pel). For
a larger current, Joule heating becomes significant so that the
rate of heat energy transfer is now -PI + I2R where R is the elec-
trical resistance of the thermojunction and neighbouring thermo-
couple lead wires. The Joule heating offsets the Peltier cooling
and the temperature depression via Peltier cooling alone will be
reduced. The cooling coefficient Il of a given hygrometer is defined
then as the differential voltage which results from a specified cool-
ing current passing through the thermojunction.

1.2.3.2 Energy balance of dewpoint hygrometers

If the thermojunction is held at the dewpoint temperature
then the energy balance equation (Eq. 1.12) reduces to E(lat) = 0

and hence from Eq. 1.19, where now AT =T - Td*’
4ﬂerVDVpV _
—~T— (eovwwV/RT * R.AT) = 0.
0

This equation provides an expression for the theoretical dewpoint
calibration constant Sd(theory) where:

1/Sd(theory) & dV(po)/dnpv = -SeOVw/RTB. 1.25
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Theory therefore predicts that Sd(theory) is independent of the
wetting characteristics of the junction, and the size and shape of
the water droplet formed on the junction but is temperature depen-
dent. Using values from Table 1.1, Sd(theoryjlwas calculated as
a function of temperature (Table 1.3). One advantage of using
dewpoint hygrometers is the greater voltage sensitivity for a given
water potential compared to the psychrometer (Tables 1.2 and 1.3).

=1 ! | 0
For example, Sd(theory) is more than double kT(theory) Y= TRl

-1 .
TABLE 1.3 Dewpoint hygrometer sensitivity Sd(theory) as a function
of temperature, as calculated from Eq. 1.25
I 0 5 W & ahe s

103/5d (theory) (uV/kPa) -6,315 -6,579 -6,732 -6,984 -7,202 -7,423

0

T(%) 30 35 4 45

103/5d (theory) (uV/kPa) -7,638 -7,857 -8,106 -8,336

Campbell et al. (1973) showed that, for a wet thermojunction
being cooled by the passage of a cooling current with V = V('rdp),

v —4werLVDVpVVw/RT . 128

P & 273 2B
dwv (1 DH)(161Torj T = 4ﬂrjka+ f?coth YA )+ 4ﬂerVDVpVB/eO

where I is the cooling coefficient (uV) of the thermocouple, and D
is the dewpoint gain (uV™') of the microvoltmeter. D, a property
of the microvoltmeter setting, determines the mode of operation of
the hygrometer. When D = 0 pV™', Eq. 1.26 is identical to Eg. 1.22
and the hygrometer then behaves as a thermocouple psychrometer. In
order for the temperature of the thermojunction to be determined
only by latent heat energy transfer, 1-DIl must be zero so that
D = 1/I and Eq. 1.26 reduces to £ - 1025,

Baughn (1974) used Eq. 1.12 with E(sen) = 0 and the right hand
side zero. He found, as did Neumann & Thurtell (1972), that the
hygrometer calibrations agreed with the theory to within 1 % if
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r. were set to zero. Setting rj = 0, however, is not justified
as the lower limit for the effective junction size would be the
wire radius " The disagreement between theory and experiment
must result from the fact that Eqs 1.14 and 1.15 cannot hold simul-
taneously (Baughn, 1974) due to the physical constraints of the
hygrometer system. In the former case (sensible heat) energy flow
is treated as that between concentric spheres; 1in the latter case
(conduction) energy flow is treated as that cylindrically symmetric
to the thermojunction. Baughn (1974) points out that the excel-
lent agreement between theory and experiment, as found by Neumann
& Thurtell (1972), must be regarded as fortuitous. For this rea-
son,calculation of calibration constants from the theory presented
here does not offer itself as an acceptably accurate alternative
to empirical calibration.

1.2.3.3 Temperature dependence of dewpoint hygrometers

The theoretical calibration constant for dewpoint hygro-
meters is not as temperature sensitive as that of thermocouple
psychrometers (Table 1.3). However, the equation used to calcu-
late dV/deV (Eq. 1.25) assumes that D = 1/l is set correctly.

Hence II, a temperature dependent quantity, must be accurately
known as a function of temperature in order to accommodate tempera-
ture variation.

1.3 SUMMARY

Thermodynamic theory is used to derive a calibration
equation for thermocouple hygrometers (Eq. 1.10) for a closed Sys-
tem containing a single strong electrolyte solution only. The
influence of temperature is accounted for by measurement and use
of the correct temperature dependent constants.

The energy balance of a cooled thermocouple psychrometer
is described (Fig. 1.2). An expression for the relationship bet-
ween the thermojunction temperature T. relative to the block
temperature T (Fig. 1.1) shows that at a given temperature, T, the
voltage output is directly proportional to the water potential y
(Eq. 1.22). Any accurate measurement of wv is contingent upon
the temperature dependence of psychrometers and in order to ade-

v



3
quately describe their behaviour, this dependence will have to be
investigated further (Chapter 2).

The dewpoint hygrometer senses the dewpoint temperature po
provided that all other forms of heat energy transfer except
Tatent heat energy are compensated for (Eq. 1.25). Provided that
in this mode the instrument senses po, the output voltage is not
as temperature dependent as when used in the psychrometric mode
(Tables 1.2 and 1.3).



CHAPTER 2 18

CALIBRATION OF THERMOCOUPLE HYGROMETERS
USING THE PSYCHROMETRIC TECHNIQUE

2,1 INTRODUCTION

At present, much interest in the measurement of water poten-
tial using thermocouple hygrometers is evident (Peck, 1968, 1969; Mil-
lar, 1971a, b; Rawlins, 1972; Campbell & Campbell, 1974; Millar, 1974;
Michel, 1977; Wiebe & Prosser, 1977; Brown & Tanner, 1981). Calibration
procedures of in situ leaf psychrometers have not been adequately descri-
bed, and the need for accurate calibration is self evident; field meas-
urement of water potential can only be as accurate as the calibration of
the hygrometer (Easter & Sosebee, 1974). This chapter reports on
calibration procedures for thermocouple psychrometers, leaf psy-
 chrometers in particular, and discusses some of the major diffi-
culties that might be experienced in the calibration of these in-
struments. Two new models (one empirical and one theoretical)
for the temperature correction of a psychrometer calibration curve
are proposed. Comparison of these models with the existing
methods for temperature correction, indicates the superiority of
the models proposed here.

2.2 DEFINITION OF THERMOJUNCTION STEADY STATE

2.2.1 Introduction

Peck (1968) showed that at steady state, the voltage follow-
ing cooling uniquely determines the volumetric water potential by,
(Eq. 1.22). In theory, this steady state point appears easily
determined; in practice, its definition has been one of the causes
of the problems associated with thermocouple psychrometers (Bris-
tow & de Jager, 1980).  Some authors measured the output voltage
one minute following the cessation of cooling; others read it
"immediately" (Millar, 1971a, b).

2. 2.2 Theory

Suppose that the sensing thermojunction (Fig. 1.1) is
sealed in a chamber above a soil or leaf sample or salt solution
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of volumetric water potential by, It is assumed that the vapour

in the chamber is in vapour and temperature equilibrium with its
surroundings. Heat energy is gained by the thermojunction by con-
duction along the wires, sensible heat transfer in air, and Tost
by radiative exchange with the chamber walls, evaporation of water

and Peltier cooling:
S{E(rad) + E(sen) + E(con) + E(lat) + E(Pel)} = C dv/dt.

Peck (1968) claims: "it is reasonable to suppose that the junction
temperature, assumes a steady value within a typical period of
about 1 s after the connection or disconnection of the cooling cur-
rent."”

If the sensing junction is cooled to below the dewpoint tem-
perature of the air, water will condense onto this'junction. When
the cooling current is terminated, the enclosed air and thermo-
junction will return to the temperature, T, of the metal block.
During this return, steady state (dv/dt = 0) is reached so that

E(rad) + E(sen) + E(con) + E(lat) = 0 or dE/dt = 0 24

where E is the net energy exchange at the sensing thermojunction
The temperature of the junction, Tj’ corresponding to this steady
state condition is defined as the wet bulb temperature Tw'

The idealized time dependent psychrometer output voltage curve is
shown in Fig 2.1, p 21). This curve indicates the temperature dif-
ference between the sensing and reference junctions (Fig. 1.1) as
a function of time, due to the sensing junction being cooled for
a specified time. The output voltage V resulting from this tem-
perature difference is given by Eq. 1.11, V = S(T - Tj). The
curve AB of Fig. 2.1 represents the cooling cycle, as the slope at
any time t, is positive (dV/dt > 0). During cooling, water con-
denses onto the thermojunction releasing latent heat energy and
hence cooling is offset to a certain extent. Samples with high
water potentials (near zero) will offset cooling to a larger extent
than samples with Tow water potentials due to the greater mass of
water releasing Tatent heat of condensation to the junction. At

the cessation of the cooling cycle, the junction temperature Tj
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changes abruptly (indicated by curve BC of Fig. 2.1). Evaporation

of the water film on the thermojunction slows the rate of approach
of the junction temperature Tj to the block temperature T, as a
result of the evaporating water absorbing latent heat energy from
the thermojunction. If it is assumed that the evaporation of
water causes no net loss of energy (Eq. 2.1) at the thermojunction,
then dT./dt = 0 and during this time the junction temperature is
definetho be Tw, the wet bulb temperature. Hence dV(Tw)/dt =0
and the plateau or curve EF then indicates attainment of steady
state energy conditions and the voltage V(Tw) uniquely defines wv
for a given psychrometer at a specified temperature (Eq. 1.22).

+, can be ob-

max
tained using Eq. 1.21, assuming steady state (dV/dt = 0), and the

The maximum voltage attained during cooling, V

output voltage V(Tw) at which steady state occurs during evapora-
tion obtained using Eq. 1.22. Hence, for a given‘psychrometer,

2%%§ {coth yA - cosec yx} - SPI

b = A = v Bl
28

2 53
16ncrj T =+ 4nrjka + f?-coth YA + 4nerVDVpVB/eO

an expression that is independent of the water potential wv and
constant for a given temperature and cooling current. Calcula-
tions indicate that N V(Tw) (for 3 mA < I < 8 mA) and that
Vmax - V(Tw) is temperature dependent and greatly influenced by the
magnitude of the cooling current I.

Therefore, provided there is no resistance to water vapour
movement, Vmax as a function of v, (Eg. 1.21) and V(Tw) as a func-
tion of wv (Eq. 1.22) are parallel lines, for a given psychrometer
at a specified temperature. This theoretical development can be
used to determine whether or not leaf material offers a resistance

to water vapour movement into the psychrometer cavity (Wiebe, 1982,
personal communication; Chapter 5).

+
The Vmax concept was suggested by Wiebe (1982, personal com-

munication) but was originally discussed by Spanner (1951)
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2.2.3 Materials and methods

The leaf psychrometers used in this study have been des-
cribed by Campbell & Campbell (1974). It is assumed that the air
in the chamber and all parts of the psychrometer remain at the
same temperature. As a further precaution against temperature
fluctuations, the microvoltmeter was insulated with polystyrene.
Metal screen soil psychrometers (J.R.D. Merrill Speciality Equip-
ment*) were calibrated in metal chambers (Brown & Collins, 1980)
equipped with rubber O-ring seals (Fig. 2.2). The chambers were
placed in a water bath with about 600 mm of submerged lead wire to
avoid temperature gradients, due to conduction along the wire.

In the case of the leaf psychrometers, filter paper discs
(Whatman no. 4)‘of diameter 17 mm were enclosed in small aluminium

T The mention of proprietary products is for the convenience
of the reader and does not imply endorsement or otherwise by the
author, the University of Natal or the Department of Agriculture
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foil envelopes. Two or three drops of calibrating solution were

used to saturate the filter paper in the envelope. This was in-
serted into the slit of the psychrometer and the aluminium cylin-
der firmly secured against the aluminium foil envelope by means of
the set screw, thereby sealing the system. The assembly was then
allowed to reach vapour and thermal equilibrium (generally less
than 20 min). In the case of metal screen soil psychrometers,
filter paper of width 20 mm was rolled around a 5 mm diameter rod,
inserted into the chamber (Fig. 2.2) and saturated using a few
drops of NaCl solution.

No deflection, ignoring transient spikes, when the function
switch is rotated from "READ"™ to "INPUT SHORT"t indicates thermal
equilibrium in the case of soil and leaf psychrometers. It is

PSYCHROMETER CABLE

cm
L
Scale
UPPER CAP
" 0" RINGS

15  ANGLE (medification)

SURGICAL TUBING
REDUCER

REDUCER ORIFICE {modificatian)

"0 RINGS

8 35 SR AN § O

, 15  ANGLE (modification)
i N
é £ SCREEN CAGE, PSYCHROMETER

MR LOWER CAP
Nk SAMPLE CHAMBER
FIG. 2.2  Chamber used by Brown & Collins (13980) for the calibra-
tion of soil psychrometers (also referred to as screen-
caged psychrometers)

T In this study, a Wescor HR-33T microvoltmeter was used but

the meter of this unit was inadequate and replaced by a digital
voltmeter
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suggested that the test for temperature equilibrium be performed

prior to each measurement rather than using a fixed time interval.

The test for vapour equilibrium is to repeat a set of measurements;
if V(Tw) (see Section 2.2.4) remains constant in time, then vapour

equilibrium exists.

At the end of a series of measurements the leaf psychrometer
chamber was soaked in near boiling ammonium hydroxide (4 mol/kg)
and steam cleaned, care being taken not to damage the delicate ther-
mocouple.  When steam cleaning the thermojunction, it is important
that all water be removed before it can evaporate and leave un-
wanted crystal deposits. Soil psychrometers were steam cleaned
and rinsed in ammonium hydroxide. The Wescor leaf psychrometers
were calibrated at nine temperatures using a cooling time of 20 s,
a voltage range of 0 to 100 pV and standard sodium chloride (AR)
solutions of 0 to 1,0 mol/kg (including 0,05 mol/kg) in increments
of 0,1 mol/kg. The specific water potential of each molality
NaCl was obtained from the table of Lang (1967) and converted to
volumetric water potential (wv). The psychrometer output voltage
V was monitored using a chart recorder with a chart speed of
30 mm/min.

2.2.4 Results and discussion

During condensation, steady state is not reached within
about 1 s as claimed by Peck (1968) (Fig. 2.3); the time for a con-
stant voltage output to be achieved during cooling is greater than 60 s.
In practice, this time period is too long and most workers have ter-
minated cooling prior to steady state (during condensation) being
attained. A non-equilibrium situation during evaporation
therefore also occurs , with V(Tw) dependent on the duration of
cooling. [t is therefore necessary to standardize procedures and
use a cooling time of say 20 s if %, F s 3 500 kPa and 60 s if
wv < - 3 500 kPa to eliminate the effect of cooling time on V(Tw).
Many workers have used variable cooling times.

Non-equilibrium is also the case during evaporation. The
time dependent output voltage from a typical leaf psychrometer
(Fig. 2.3) shows that de/dt # 0 except at the beginning and end of
measurement.  Theory also predicts that steady state must be



reached (that is, dE/dt = 0 or de/dt = 0) but in practice this <

does not occur during evaporation. Consider Fig. 2.3 where por-
tion EF of the trace is a non-horizontal 1ine (hereinafter refer-
red to as the plateau). Each point of EF is in fact a point of
inflection (dZV(Tj)/dt2= 0) with the junction temperature Tj in-
creasing in time t. This increase is due to a combination of the

following:

1. the evaporating surface (the "outside" of the water film) and
the surface exchanging sensible heat energy (the thermojunction
surface) have different areas;

2. the diffusion equation for concentric spheres was applied
(Eq. 1.19) in spite of the lack of spherical symmetry of the
_System; :

3. during condensation, water probably condenses not only on the
sensing thermojunction; but also on adjacent sections of the
thermocouple wire;

4. for Tower water potentials, longer cooling times are necessary
for the same amount of water to be condensed;

5. steady state (de/dt = 0) is not normally attained during con-

densation.
40
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FIG. 2.3  Measured thermocouple psychrometer output voltage as a

function of time (20 s cooling time) and AR -1 757 kPa
(T = 25 o)
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Peck (1968) calculated that de/dt 2l® /5. (FoF g 5 -864

kPa) along the plateau EF (Fig. 2.3). Similar calculations were
performed for psychrometer no. 1.  Some of the complete voltage
output curves are shown in Fig. 2.4. For B = -1 364 kPa (Fig.
2.4a), de/dt = 0,83 x $0=C/5, Tor wv = -2 274 kPa (Fig. 2.4b),
de/dt 0.A7 x 107> °C/s and Top wv = -4 626 kPa (Fig. 2.4c),
de/dt 3,3 x 10°® °C/s. In general then, (de/dt)EF is affec-
ted by v, (and the cooling time). Typically, if T = 30 e dvﬂﬁ)
= -1,5 Vv for ¥y ™ -3 735 kPa along EF. At the high water poten-
tial, this voltage difference represents 20 % of the voltage cor-

responding to point E; at the low water potential, it is 9 %.

If v, decreases from 0 to - 4 500 kPa, -dV(Tj)/dt increases expo-
nentially, depending on the block temperature T. The greater the
temperature, the greater -dV(Tj)/dt, for a given v,

It is therefore necessary to define a point at which the volt-
age corresponding to by is to be measured. Using a chart speed
of 30 mm/min and a 20 s cooling time, the point E of Fig. 2.3 is
clearly definable for all water potentials as the voltage V(Tw)
corresponding to water potential wv’ and, the greatest voltage at
which dZV(Tj)/dtz = 0 for a junction temperature of Tj' The
voltage corresponding to point E has been found to be slightly de-
pendent on coo1ing, but independent of chart speed. The advan-
tages of using point E as opposed to other points of the output
curve are as follows:

1. easily definable (Fig 2.3);

2. corresponds to the same physical condition irrespective of
water potential;

3. provides a better voltage sensitivity to water potential
compared to any other point along EF;

4. independent of chart speed.

The time dependent output voltage from a metal screen soil
psychrometer (Fig. 2.5) has a different characteristic shape from
the curves of Fig. 2.4 for leaf psychrometers. The reference
junctions (Fig. 1.1) for soil psychrometers are small copper pins
embedded in teflon.  During the evaporation cycle, the sensing
Junction is increasing in temperature (energy gain) and the refer-

ence junctions losing energy. It may be that the reference

junctions are not sufficiently massive for heat energy dissipation
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and/or that Joule heating of the wires may occur,for a cooling

current of roughly 7 mA. This energy lag or "overshoot" delays
steady state and results in a slight voltage 1'ncreaseJr (Fig. 2.5},
for most soil psychrometers if wv > -3 000 kPa. This overshoot
was only occasionally observed when using leaf psychrometers (since
the reference junction is sufficiently massive) or a Merrill switch
box unit with I = 5 mA. In some cases, I = 7 mA resulted in nega-
tive voltages some 2 to 6 s after the cessation of cooling. Schim-
melphennig (1972) and Briscoe & Tippets (1982) developed electronic
switch systems that displayed or memory stored the voltage some
short time after cessation of cooling, or continuous]y.JrJr Oviously
then, it is not possible to use such systems or methods of deter-
mining output voltages for soil psychrometers placed in calibrat-
ing chambers if I is less than about 8 mA. Presumably it is
possible to remove the overshoot by altering the value of I (Slack
& Riggle, 1980).
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FIG. 2.5 Voltage output as a function of time for a wire mesh

VOLTAGE
(S

soil psychrometer (20 s cooling time) sealed above
a salt solution with wv = -922 kPa (at 25 OC)+++

T The explanation provided here was provided by Wiebe (1981,

personal communication)

Tt A time of 2 s is equivalent to the chart distance of 1 mm

after cooling (with a chart speed of 30 mm/min) used by Bristow
& de Jager (1980)

Tt
Taken from the paper by Savage, Cass & de Jager (1981c)
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2.3 TEMPERATURE DEPENDENCE OF PSYCHROMETER CALIBRATION

2.3.1 Introduction

A common procedure of correcting thermocouple output volt-

age VT”r at the block temperature, T(°C) to that at 25 °C (Brown,
1970; Bristow & de Jager, 1980) using the equation:

Sl VT/(D,325 + 0,027 T), i

2

suffers from a number of prob]emsTT:
(a) water potentials are corrected to exactly 25 9C on the basis
of a calibration curve determined near 25 OC;

(b) there is no theoretical reason to substantiate the practice
of correcting a measured water potential at temperature T
to that at 25 °c;

(c) Brown (1970) determined the constants a = 0,325 and
b = 0,027 (OC)_1 for a single water potential over a range
of temperatures. These constants cannot be expected to
apply to all psychrometers under all conditions (Wiebe et
al., 1971, p 26); 1in general, each psychrometer possesses
a unique set of a and b values (Egq. 1.24).

In much of the published work using psychrometers, authors
have relied on the above method of temperature correction claim-
ing that wv can be measured to within ¥ 10 kPa ( * 0,1 bar).

2.3.2 Theoryﬁ"r

The objective of this section is to present a more compre-
hensive approach to the problem of temperature correction. Assum-
ing that the voltage output VT at temperature T can be expressed
as a function of V,,, the output voltage at T = 25 9C, and the

™ From hereon, VT shall imply the voltage V(Tw), defined in

Section 2.2.4, corresponding to WT

T+ Based on the discussion by Savage, de Jager & Cass (1979)

Tt Based on the paper by  Savage, Cass & de Jager (198la)
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block temperature T, where VT is a linear function of T, then:

V. =V, (a + bT) 2.4

T

where {a + bT}T _ 25 0¢ = A 2.8

If 1/kT(uV/kPa) is the slope of the psychrometers' voltage-water

potential calibration curve at block temperature T, and assuming

that the y-intercept is 0 uVT (see Section 2.4.1), with 1/k,, the
slope at 25 °C, then

bos = kygVyg 2.6
and by = kv ‘ Y

TT

defines the volumetric water potential at 25 °C and temperature T
respectively. Substituting Eq. 2.4 into 2.7:

bp = KV, (a + bT)

ky
= - kyVyg(a  bT),

25

so that applying Eq. 2.6,

k1
wT = -rzs. wzs(a + bT)
b kg
or — = — (a + bT). 2.8
wzs k25

A measured water potential is independent of temperature, as illus-

trated in Fig. 2.6, for two hypothetical calibration curves. That
is,

IPT = wzs. 2.9

Tt is possible to correct for a non-zero intercept (Section 2.5)
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25

OUTPUT VOLTAGE (uV)

VOLUMETRIC WATER POTENTIAL (kPa)

FIG. 2.6 Idealized relationship between VT and'wT for 25 °C and

temperature T. A given wT can result in a voltage VT at
temperature T and a voltage V2 at 25 °t
5
Hence Eq. 2.8 reduces to
a+ bl = kzs/kT.
Rearranging and applying Eq. 2.5,
_Kys 1 25b -1
T = . +
b 'ET b ) 2.10

Equation 2.10 can be used to determine k,s, a and b if the psychro-
meter has been calibrated at two or more temperatures. A plot

of T as a function of l/kT (uV/kPa) yields a slope (S) of k,./b
and an intercept (I) of (25b - 1)/b. Hence

o
]

I/{l - 25), 2

o
]

1/(25 - 1), 2.12

k,= S/(25 - 1), 2.13
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k,o/(a + bT), 2.14

and vy = kZSVT/(a + bT). 2.16

2.3.3 Results and discussion

Four leaf psychrometers (two L-51A psychrometers for narrow
Teaf blades and two L-51 Wescor psychrometers, Logan, Utah, U.S.A.)
were calibrated at nine temperatures ranging from 15 % to 35 %€,
A typical set of time dependent voltage output curves for psychro-
meter no. 1 is shown (Fig. 2.4). The statistical data for the VT
VS Yr linear calibration curves are presented (Table 2.1) for leaf
psychrometer no. 4. Rauscher & Smith (1978) found that a non-
linear predictor was often as good as a linear predictor. For the
leaf psychrometers used in this study, this was never the case; the
linear predictor was adequate for e > - 4 500 kPa (Table 2.1).
Four temperature correction models are examined. The data
test for these models are the corresponding kT and T pairs obtained
from various sources in the literature (Table 2.2) and empirical
data from the four leaf psychrometers.
Model 1: This was proposed in Section 2.3.2; a plot of T vs
1/kq (uV/kPa) may be used together with Eqs 2.11 to
2.15 inclusive to obtain an estimate of kT (and hence wT)
at any temperature (Eqs 2.14 and 2.15), where kp = kT(l).

TABLE 2.1 Statistical data for the calibration curves of psychro-
meter no. 4 (where l/kT is the slope of the line)

Temperature T N ‘03 SE(s!ope)xlOJ y-intercept SE(y-intercept) r SE(estimate of
YT Yo on § )
o T T
(°c) (uv/kPa) (u¥/kPa) {uy) {uy) (uV¥)
15,0 -2,445 0,078 0,30 0,20 0,9950 0,3918
20,0 -3,169 0,052 0,35 0,13 0,9986 0,2677
23,3 -3,461 0,085 0,48 0,25 0,9968 0,4931
25,0 -3,083 0,12y 0,7 0,32 0,9946 0,6332
27,0 -3,982 0,082 0,62 0,25 0,9986 0,4281
30,0 -4,267 0,069 0,24 0,18 0,9987 0,3679
35,0 -5,017 0,066 0,16 0,18 0,9991 06,3575

Kign -5,451 0,101 0.1 0,27 0,9983  0,5475
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TABLE 2.2 Comparison between measured (for the calibration temperatures
shown) and the values of kT(kPa/uV) predicted from four temp-
erature correction models. The percentage deviations D(%) of
calculated from measured values are shown

MEASURED CALCULATED VALUES ON THE BASIS OF THE VARIOUS
VALUES MODELS
Data Model 1 Model 2 Model 3 Model 4

Source T kT kT(l) D kT(2) D kT(3) D kT(4) D

Campbell 10 -416,7 -420 -0,8 -415 0,4 -405 2,8 -35 14,6

& Gardner 25 -246,9 -245 0,8 -247 0,0 -247 0,0 -230 6,8

(1971) 40 -172,4 -173 -0,3 -176 -2,1 -178 -3,2 -104 39,7

Chow & 20 -333,3 -345 -3,6 -35 -6,8 -354 -6,2 -272 18,4

de Vries 25 -307,7 -29¢ 3,8 -308 -0,1 -308 -0,1 -230 25,3

(1973) 30 -256,4 =250 <10 27 =57 -=2/2 -5.7 +88 26,7

5 -334,6 -331 -1,1 -417-24,7 -400-19,5 -398 -18,9

Lang & 10 -281,3 -281 -0,3 -323-14,1 -315-11,8 -356 -26,5

Baxi 15 -240,0 -243 1,4 -263 -9,5 -259 -8,1 -314 -30,8

(1965) 20 -214,3 =214 @ 0.0 <222 -3,5 ~2E1 -2,9 ~-272 =26.9
25 -191,9 -192 0,0 -192 0,0 -192 0,0 -230 -19,8
30 -175,8 -176 -0,8 -169 -0,8 -170 3,4 -188 -6,9

Meyn & 8 -420 -418 0,5 -407 3,1 -394 6,2 -373 11,2

White 14 -320 -321 -0,3 -313 2,2 -308 3,8 -322 -0,6

(1972) 20 -260 -261 -0,4 -254 2,3 -253 2,7 -272 -4.,6
26 -220 718 (0.5 214 2.7 <214 2.7 <28 i@
15 -294,1 -293 0,4 -291 1,1 -288 2,1 -314 -6,8

Seotter 20 -243,9 -246 -0,9 -246 -0,9 -245 -0,5 -272 -11,5

(1972) 25 -212.8 -213 -0,1 -213 -0,1 -213 -0,1 -230 -8,1
30 -188,7 -187 0,9 -187 0,9 -188 0,4 -188 0,4
35 -168,7 =167 -~0;2 =167 «D,2 -169 <14 -146  12.4
10 -300,0 -295 1,7 -342-14,0 -333-11,0 -356 -18,7

Wheeler 20 -225.0 -227 -0,9 -235 -4,4 -234 -4,0 -272 -20,9

(1972) 30 -180,0 -184 -2,2 -179 0,6 -180 0,0 -188 -4,4
40 -157,9 345 . 14 <146 ‘82 -146 7.5 -MA 340
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Model 2: According to Brown (1970),

k-(2) = k,4/(0,325 + 0,027 T). 2.16

i

Model 3: According to Wiebe et aZ. (1970),

k.(3) = k,5/(0,350 + 0,026 T). 2.17

o

Model 4: According to an equation adapted from Meyn & White (1972),

kp(4) = -439,86 + 8,40 ol 2.18

The parameters associated with model 1 (a, b and k,s) for
the data referenced in Table 2.2 are shown in Table 2.3. The sta-
tistical data for these calculations are also shown in Table 2.3.
Applying Eq. 2.14, it was possible to calculate kT(1), the pre-
dicted kT value using model 1. Similarly, by applying Egs 2.16,
2.17 and 2.18 it was possible to obtain kT(Z), kT(3) and kT(4)
respectively. These values are shown in Table 2.2 together with
the measured kT values. Model 1 is more accurate (smallest devi-
ation) than any of the other models for these data, with model 2
marginally better than model 3, while model 4 shows the largest
deviations for all data. Model 1 never has an error greater than
4 % while model 2, currently most popular, shows deviations of -14
to 8 %, for example (Table 2.2).

Other data have appeared in the literature for which the
‘various calibration curves or associated data, were not given.
Moore & Caldwell (1972) found that a = 0,075 and b = 0,037 (°C)
(calibration at three temperatures) while Hoffman & Rawlins (1972)
found that by = VT/(O,338 - 0,133 T) assuming VT = 0 u¥ if
vr = 0 kPa.

The reciprocal calibration curve slopes (kT), for the four
psychrometers are listed in Table 2.4. A comparison between

=1

models 1, 2 and 3, for Teaf psychrometer no. 4 is shown (Table 2. 5:03%).
Model 4 has been excluded because of its general inadequacy. The
statistic /£D?/(n -"T) (where D has been previously defined (Table

2.5) and n is the number of calibrations over which the sum & is
performed), indicates the superiority of model 1 (Table 2.6, p35), as
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Statistical data for the T vs l/kT linear relationship
and the associated a, b, k,s values for the various

data sources (Table 2.2)

Slope Intercept r SE{estimate a b k25
of T on 1/k;)
Data Source
(%C kPasuV) (%) (°c) (°c1y  (kPasuv)
Campbell &
Gardner (1974) - 8820,9% 149,8 -11,0 20,6 0,9999 0,3 0,3059 0,0278 -244,9
Chow & de Vries
(1973) t -10 424,7 £ 2 675,0 -10,3 % 9,1 0,986 1,76 0,2900 0,0284 =296, 1
Lang & Barrs 934t 1764 -22,9%0,8 0,9993 0,40 0,4774  0,0209 -192,6
(1965)
Meyn & White
(1972) -8314,8% 81,5 -11,910,3 0,999 0,13 0,3225 0,027 -225,4
Scotter (1972) -7804,9% 40,8 -11,7%0,7 0,9995 0,29 0,3175 0,0273 -212,8
Wheeler (1972) - 9826,0 % 561,01 =-23,3%2,8 0,998 1,27 0,4825 0,0207 -203,3
A double loop thermocouple psychrometer was used by these authors
TABLE 2.4 Measured k., values (all with units kPa/uV) as a func-
T 0
tion of block temperature T (°C) for the four Teaf psy-
chrometers. The kT(theory)) values (kPa/uV) are present-
ed for comparison and discussed in Section 2.4.2
Psychrometer number
T 1 2 3 4
kT(theory) kr kT(theory) kT kr(theory) kT kTTYheory) kT
15,0 =37 1 -388,1 -399,4 -410,8 -407,4 -371,0 -393,5 -408,5
17,3 -337,4 -339,9 - = -367,3 -336,6 - .
17,4 = - -359,2 -358,5 - : & 4
20,0 -304,9 -311,2 = - -329,3 -315,4 -319,9 -315,5
23,2 -273,6 -287,5 5 = -293,2 -274,4 = [
23,3 = < -323,9 -309,8 - = -284,8 -288,9
25,0 -258,7 -264,0 -272,4 -293,9 -276,2 -248,2 -269,5 -271,5
25,3 - - 2 5 -273.6 -251,8 = 2
27,0 - - = - - - -253,5 -251,1
30,0 -224,6 -225,7 -235,0 -240,9 -231,9 -222,1 -232,8 -230,4
32,3 -211,8 -212,5 -221,1 -218,5 = 5 s -
35,0 -198,5 -199,3 -206,7 -210,0 -209,0 -195,3 -205,0 -199,3
37,5 -187,6 -186,8 -194,9 -199,8 -197,0 -181,5 -193,4 -183,5
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TABLE 2.5 Comparison between measured (for the calibration temper-
atures) and predicted kT (kPa/uV) values for psychrometer
no. 4 using models 1, 2 and 3. The percentage D (%) of
the calculated from the measured value (relative to the
measured) is indicated. The data for the last four col-
umns are discussed later (Section 2.4.2)

T kg k(1) D k(2) D k(3 D kl5) D k;(6) D
measured
15,0 -408,5 -413 -1,0 -372 8,9 -367 0,2 -39 3,0 -388 5,0
20,0 -315,5 -325 -3,0 -314 0,5 =312 1,1 =322 =24 -316 0.0
23,3 -288,9 -285 -1,4 -285 1,3 -284 1,7 -287 0,7 -281 2,8
25,0 -271,5 -268 14 -272 -0,2 -272 -0,2 -2712 0,0 -266 2,1
27,0 -251,1 =250 0,5 -258 - 2,7 -258 - 2,7 -255 -1,7 =251 0,1
30,0 -230,4 -228 1, =239 - 3,7 -240 - 4,2 -235 -1,8 -230 0,0
35,0 -199,3 -198 0,5 -214 -7,4 -215 -7,9 -207 -3,6 =203 -1,8
37,5 -183,5 -186 -1,4 -203 -10,6 -205 -1,7 -195 -6,2 =191 -4,3
Means of deviations D -0,4 -1,74 -1,7 -1,46 0,49
Standard deviation of 1,52 5,92 6,64 2,79 2,86
deviations D
/fD’/(n-l) 1,59 6,20 6,89 3;i8, 2,89

TABLE 2.6 Mean and standard deviation of the percentage deviation
between the measured reciprocal slope kT and the predic-
ted value, relative to kT, for psychrometers nos 1 to 4,
for the various modelst

Psychrometer  Number of Model number
number temperature
calibrations 1 2 3 5 6
1 9 -0,17+1,52 -0,10% 4,37 -0,11 %514 -0,18%206 -0,47 % 1,33
2 8 -0,18+ 3,30 -5,11t5,63 -5,10%6,37 -4,911% 3,29 3,5 t 3,00
3 9 -0,07 ¢ 1,72 3,52 ¢ 4,34 3,64 t 5,01 3,02t 1,69 -2,021% 2,42
4 8 -0,41 ¥+ 1,52 -1,74t592 -1,71%t6,64 -1,461% 2,79 0,49 t 2.86

¥ Model 1 is discussed in Section 2.3.2; model 2 that proposed by Brown (1970); model 3 that proposed

by Wiebe ¢t al. (1970); model 5 and 6 the single and double temperature calibration model {Section 2.4.2)
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was the case for the literature data. Psychrometer no. 2 had the
most irregular shape of the four psychrometers. This could ac-

count for the large vEDZ/{n - 1) value for this psychrometer (Table
2.7). It is interesting to note that in most cases, models 2 and

3 tend to underestimate kT for T < 25 °C and overestimate for

T > 25 °C (Table 2.2 and 2.5). The associated statistical data
for a, b, k,s obtained by applying model 1, for the four leaf psy-
chrometers is shown in Table 2.8.

2.4 COMPARISON BETWEEN THEORETICAL AND OBSERVED CALIBRATION
CURVES

2.4.1 Intercept

Theoretically, VT = 0 uVv if wT = 0 kPa irrespective of the
block temperature T (Eq. 1.22). In practice, the voltage output
corresponding to deionized water is seldom zero (Table 2.1, p 31). Be-
sides the problem of obtaining water that is absolutely pure and
a thermojunction and cavity that is absolutely clean, water vapour
may deviate from ideality and condensed water droplets may have
small enough radii to yield positive potentials of a few tens of
kPa.t For this reason, many workers (Meyn & White (1972) and
Wheeler (1972), for example) do not use deionized water in the
calibration process. One cannot then assume that the calibration
curve does pass through the origin.  Furthermore, the intercept
value depends on the measurement techniques used to obtain the
voltage output corresponding to the wet bulb depression (T - TW).
For example, the techniques used by Schimmelpfennig (1972) or Bris-
tow & de Jager (1980) would result in a y-intercept statistically
greater than 0 uV in the case of leaf psychrometers, but less than
0 uV for soil psychrometers (Section 2.2.4). Rauscher & Smith
(1978) showed a calibration curve with a "psychrometer output" of
= 5 u¥ corresponding to WT = 0 kPa.

Campbell (1972) devised a simple procedure for assessing
thermocouple contamination: 1if a sample of deionized water is in-
serted beneath the contaminated thermojunction without sealing,
then water will condense onto the junction as a result of the

+ .
Campbell, G.S., Washington State University, U.S.A., 1983, personal
communication
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TABLE 2.7 viD%/(n-1) for the various data sets indicated and

for the various models. Models 5 and 6 will be dis-
cussed later (Section 2.4.2)

Source No. of Jo0e/(n-1) (%)

(Table no. in brackets) calibrations Model 1 Model 2 Model 3 Model § Model 6
Campbel) & Gardner(1971) 3 0,83 1,51 3,01 - -
Chow & de Yries(1973) 3 3,n 6,27 5,96 - -
Lang & Barrs (1965) 6 0,89 13,61 11,00 x -
Meyn & White(1972) 4 0,50 3,00 4,74 ~ -
Scotter(1972) 5 0,68 0,85 1,30 - -
Wheeler(1972) 4 1,98 9, 8,03 - -
Psychrometer no. ! 9 1,53 4,37 5,14 2,06 1,43
Psychrometer no. 2 8 3,3 7,85 8,39 6,20 4,85
Psychrometer no. 3 9 1,72 5,73 6,33 3,62 3,24
Psychrometer no. 4 8 1,59 6,20 6,89 ) 3,19 2,90

TABLE 2.8 The statistical data for the T vs 1/kT linear rela-

tionship and the associated a, b, kos values for the
four leaf psychrometers

Psychrometer Slope Intercept r SE({estimate a, b* k25
no of T on 1/kT)
(°c kpPasuv) (%) (%) (%) (kPaswy)
1 -8 122,1 X 158,9 5,79 £ 0,63 10,9985 0,441 0,1975 0,0321 -263,8
2 -8 421,5 ¥ 398,8 5,01 ¥ 1,5 0,9933 1,015 0,1675 0,0333 -280,6
3 -7 905,2 *200,8 -5,87 20,81 0,9978 0,548 0,1900 0,0324 -256,0
4 -763,1%183,5 -3,49%0,74 0,9983 0,476 0,1225 0,0351 -267,8
t

Mote: Roundoff error affects the third decimal point of a and b. In these calculations, b was cal-

culated and rounded of f to four decimals and a determined using 2 = 1 - 25 b and then rounded

off to four decimals
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extremely Tow water potential of a dry contaminant, such as sodium

chloride. The heat of condensation would increase the temperature
of the sensing junction resulting in a negative voltage output.
Chamber contamination disturbs the equilibrium vapour pressure
causing erroneous results. A simple test for chamber non-contami-
nation is that VT < 1 uV for deionized water.

Scotter (1972) maintains that the small V; value correspond-
ing to 0 kPa and the observation that this output was only weakly
dependent on the cooling time, indicates that the previously de-
veloped theory of heat energy dissipation at the massive reference
junctions (see Fig. 1.1, p7) is inadequate (Fig. 2.5, p 27).

2.4.2 Slope &

The calculation of 1/k; = dV(Tw)/dwT using Eq. 1.22 assumes
that the radius of the spherical thermojunction is known. The
shape of the four sensing thermojunctions were observed to be
elliptical. Using a microscope with a measurement error of 0,1 um,
the major and minor axes dimensions, X and Y, respectively, were
determined, and a mean effective junction radius R calculated from
these measured dimensions. These three values were in turn de-
fined to be the thermojunction radius and 1/kT(theory) (uv/kPa)
calculated as a function of temperature, T, for each psychrometer.
From an ad hoc comparison between calculated and measured recipro-
cal slopes, it was apparent that defining the sensing thermojunc-
tions radius by rj = Y (Table 2.9) gave consistently good results.
Henceforth, l/kT(theory) is the theoretical slope calculated
using the theoretical details of Peck (1968) and Rawlins (1966),
with ry = Y (Table 2.10, p40).0ther parameters needed for these
calculations are: re = thermojunction chamber radius = 2 500 um;

A = Tength of wire from the sensing thermojunction to the cham-
ber wall = 1 000 um; Yy " wire radius = 12,5 um.  These values
are for Teaf psychrometers only.

The model proposed in Section 2.3.2 was applied to the 1/kT(theory)
vs T paired data. This model proposes that T as a function of
1/k;(theory) s linear with slope kzs(theory)/bth and intercept

.l.
Based on the paper by Savage, Cass & de Jager (1982)
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TABLE 2.9 Measured (X, Y and rw) and calculated mean effective

(R) dimensions for four leaf psychrometers

Psychrometer X Y Wire radius r_ R

no. (1m) (um) (um) (um)

1 69,4 60,0 14,1 64,1

2 71,3 50,7 13,1 59,4

3 69,4 48,8 1,3 58,9

4 65,7 52,5 11,3 58,2

Mean 12,5 60,2
(25 bth - 1)/bth where a,=1- 25 bth and L bth and k, . (theory)

are the theoretically calculated a, b and k,. values. The associ-
ated statistical data for these Tinear regressions are shown in
Table 2.11, together with the I bth (°c™") and k,s(theory)
(kPa/uV) theoretical values, for each psychrometer. The regres-
sion constants were determined only for the 1/kT(theory) data for
which 15 °C < T < 40 OC, at 5 °C intervals. We now assume that it
is possible to calculate the reciprocal slope at temperature T,
kT(C)’ via

ky 2.19

kT(C) = o
kT (theory)

kT(theory) .

where kT and kT (theory) are empirical and theoretical reciprocal
calibration slopes at a standard temperature T, (= 25 o) respec-
tively. This equation satisfies the condition that if T = T,

then kTO(C) = kTo' Substituting

kp(theory) = ke (theory)/(ath 3 bthT)’ 2.20

25

into Eq. 2.19, and rearranging, we get:

k,s(theory) S
) ° 2.21
kTo(theoryf' (éth + bthTy

kylc) =
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TABLE 2.10 The theoretical 1/kT(theory) (dV/dwv) values as a

function of temperature T (calculated using Eq. 1.22)
for the four leaf psychrometers (rC = 2 500 um; B =
12,56 ym and A = 1 000 pym), with rj = Y (Table 2.9)

1/k(theory) x 10° (uV/kPa)

Psychrometer number

Tempzsg§ure T i » 3 4
0 -1,2%0 -1,175 -1,150 -1,200
5 ~1,707 -1,565 -1,533 -1,595
10 ~2,173 -2,008 -1,970 -2,043
15 ~2,708 -2,517 -2,474 -2,557
20 ~3,277 -3,074 -3,027 -3,118
25 -3,866 -3,655 -3,605 -3,700
30 -4,460 -4,248 -4,198 -4,294
35 ~5,044 -4,83 4,787 -4 882
40 -5,625 -5,426 -5,378 ’ -5.470
45 -6,169 5,984 5,939 -6,025

TABLE 2.11 The statistical data for the T vs 1/kT(theory) linear
% < T < 40 “C) and the assoc-
th® bth and kys (theory) values for the four
leaf hygrometers. The kT(theory) values were cal-
culated using Eq. 1.22 where o= Y (Table 2.9)

relationship (where 15
iated a

Psychrometer Slope Intercept r SE(estimate of ag,t bypt  kogltheory)
no. T on 1/k.(theory)
0 ° a Op-1
(°C kPa wy?) (°c) ("c) (") (kPapuv)
1 -85%,8 % 20,2 -8,03 ¢ 0,09 1,0000 0,05 0,2425 0,0303 -258,7
2 -8 566,4 ! 43,0 -6,42 ! 0,18 1,0000 0,11 0,2050 0,0318 -272,4
3 -8 579,2 b 50,3 -6,06 % 0,20 0,9999 0,11 0,1950 0,0322 -276,2
4 -8 556,5 b 36,6 -6,75% 4 0,15 1,0000 0,09 0,2125 0,0315 -269,5
+

Note: Roundoff error affects the third decima) point of a and b.  In these calculations, b was calculated

and rounded off to four decimals and a determined using a = 1 - 25 b and then rounded off to four

decimals



41
where if T = To = 25 °C, k,.(c) = k,,. Ideally, T, should be the
mean <n situ block temperature, but generally T, = 25 OC. The cal-
culated LI bth and kys(theory) values for leaf psychrometers is
shown as a function of rj=Y (Fig.2.7); it is therefore a simple
matter to obtain LI bth and k25(theory) for any value of rj. For
screen-caged soil psychrometers, = 1 000 um and A = 1 200 um so
that A = -0,667 + 0,219 In r, bth = 0,100 r=%:2%% and k,(theory)
= -897,412 r~952%8 yhere r = 10° x rye

The essential difference between kT(C) = k,,/(a + bT) (see Eq.
2.14) and Eq. 2.20 is that a and b (Table 2.11) are calculated from
the theoretical data (based on the measurement of the junction
dimension of the particular psychrometer in question) as opposed to
the empirical data of Brown (1970) or Wiebe et al. (1970) using

% P x:

035(— 24y, = 0644+0216 Inr (R2=0997)
Ong by, 00997 ( R? = 1,000) I
kzéthoory)=-852,012r-°’289 ( Ft2 = 0992)
0] 033 —1-284
0 272
031
026 —1260
029—
02 —1-248
E!pZ?
018 k, jtheory) 236
I I I | I |
0,14
50 60 70 80 90 100 224
THERMOJUNCTION RADIUS (um)
FIG. 2.7

0=
I bth( C™1), and k,s(theory) (kPa/uV) as a function

of the sensing thermocouple radius r. (um) over the temp-
erature range 15 to 40 °c. 4
r =

In the indicated equations,

6 .
" 10° x rj, and R is the sample correlation coeff-
icient
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Efe Gl g2, 11,

Equation 2.21 was tested against the model proposed in Section
2.3.2 (model 1), Brown (1970) (model 2) and Wiebe et aZ. (1970)
(model 3) for four psychrometers (Tables 2.5 and 2.6), the present
model (Eg. 2.21) being model 5. In general, model 1 is far
superior than the other models with model 5 second (Table 2.6). Model 5
however only requires calibration at temperature T, whereas model 1
requires calibration at a number of temperatures.

Model 5 could be improved by calibrating at two temperatures
To(1) and T,(2) (model 6), where To(1) < To(2), To(1) = 20 °C and
To(2) = 30 °C, for convenience. Equation 2.21, normalized for
temperature T,(1) or T,(2), becomes:

e k,s(theory) kr (1)
c) = . 2
T _ kTo(1)(theory) (ath + thTT
) kTo(1) (ath + bth To(1))
or kplc) = R 2.22
th th i

for T < (T,(1) + To(2))/2 (applying Eq. 2.20)

and kplc) = o kzs(E:Eory)T 7 kTo(g) >
To (2 VEORaEE]  Yay < WarH

kTo(Z) (ath + bthTo(Z))

or kglc¢) =
T Ay t bthT 2.23

for T > (T.(1) + To(2))/2 , also applying Eq. 2.20.

The normalization ensures that if T = T.(1) then kT 1)(c) =
kp_(1y in Eq. 2.22 and that if T = T,(2) then kTO(Z)(c)O= Kt 2y in
Eq. 2.23. In practice, the temperatures T,(1) and T,(2) wi?] be
Eetermined by laboratory facilities. Ideally, if Tmin’ Tmax and
T are the respective minimum, maximum and mean <n situ temperatures,
then T,(1) = (T - Tin)/2 and To(2) = (Tmax - T)/2. In the case
of psychrometers 1, 3 and 4, T.(1) = 20 OC, but for 2

3
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Toll}= 17.4 °%. Fbr psychrometers 3 and 4, T,(2) = 30 9¢, and
T.(2) = 32.3 O fop -1 and 2. In each case, the temperature
(To(1) + T.(2))/2 was taken to be 25 °C, for convenience. The
predicted kT(c) values (Egs 2.22 or 2.23), using this model (model

H

6) are compared with the measured kT values for psychrometer no. 4
(Table 2.5). In general, model 6 is superior to models 2 to 5,
but it does require calibration at two temperatures T,(1) and T.(2).
The various models are also compared using data for all psychro-
meters (Table 2.6), with the same conclusions reached.

Brown and Bartos (1982) recently proposed a very useful
model for calibrating large numbers of Peltier thermocouple psy-
chrometers. Their model predicts water potential from thermo-
couple psychrometer voltage outputs over ranges in temperature,
zero offset and cooling time. It would be very interesting to
compare the present model, based on the thermojunction radius, and
their model.

2.5  STATISTICAL ASSESSMENT OF ERRORS IN THERMOCOUPLE

PSYCHROMETRIC WATER POTENTIAL MEASUREMENT+

2.5.1 Introduction

Thermocouple psychrometers are generally considered as the
standard for water potential measurements under laboratory condi-
tions (Boyer, 1966). However, this confidence does not extend to
field conditions. Provided certain precautions are taken (Chapter
5), thermocouple psychrometers can be used for non-destructive
field measurement of leaf water potential. Models for calibrat-
ing psychrometers incorporating temperature dependence were dis-
cussed in Sections 2.3 and 2.4.

The calculation of error inherent in psychrometric water
potential measurement is obviously an important aspect. The
aim of this section is to present a method for estimating the
standard error of measured water potential, as a function of tem-

perature, for leaf psychrometers employed in laboratory or field
situations.

Based on a paper by Savage, Cass & de Jager (1983), submitted for
publication to Crop Seience
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2.5.2 Theory

It is possible to estimate the error in a quantity which is
calculated from other quantities which themselves contain known
measurement errors (Young, 1962, p 99; Barford, 1967, p 34).
Suppose f is a function of Xa, Yb, ZC,...., where X, Y, Z,.... are
quantities determining f and a, b, c,.... are known exponent values.
Then the relative standard error in f, o(f)/f, is given by:

(f
9;—2 = (L, (3F/30)2.02 (X) + . (3F/3Y)2.02(Y)

v L. 0f32)2.02(2) + ... 2.24

where f#0 and f is a mean value, the variance of which is o?(f).
Psychrometer block temperature T and the calibration slope

1/kT(uV/kPa) are linearly related with slope S (kPa °C/uV) and

intercept I (OC) (Egs 2.1 te 2.15). Therefore, forany T # 1,

1/kT = {T = 1)/8 Z.25

and since Wy = kTVT where s is the volumetric water potential
corresponding to output voltage VT at block temperature T,

Yy = SVL/(T - 1), 2.26

From Eq. 2.25, we obtain awT/aS ~ VT/(T =4} & wT/S, BwT/BI=SVT/(T—I)2

= wT/(T - 1),_3¢T/avT = §/(T -1} = wT/VT and /3T = -SV./(T - T3

= —wT/(T - 1), so that the relative standard error in water potentia],Ep=
o(wT)/wT involves a number of subcomponent errors, where

o(by)/by = ((o(5)/5)% + (o(1

+ {a(T)/(T-1)) 3 p7

and Ep = o(wT)/mT, Epl = o(S)/S, Ep2 =g(I)/(T - 1), Ep3= O(VT)/VT and

Ep4 = -o(T)/(T-1). Hence a 95 % confidence interval for 2 is
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o(pr).t(n = 15 95 %)/, 2.28

where n is the number of data points. Alternatively, the error in
water potential measurement can be expressed using the percentage

standard error of the mean where Ep = E(wT) and:
= 2 £
Ep 100. o(wT)/wT :

The calibration model (Eq. 2.25) assumes that the voltage
intercept of the wT Vs VT curves are zero. There is some evidence
for a common voltage intercept for all temperatures (Lang & Barrs,
1965; Chow & de Vries, 1973) but generally, the intercept is non-
zero. For this reason, it is necessary to correct VT to V+ by
subtracting the voltage measured above distilled water, at any
temperature, from VT‘ Then for zero water potential, the voltage

i T
i .
VT S zero

2.5.3 Materials and methods

Calibration of eight Wescor leaf psychrometers were per-
formed under field conditions where temperatures ranged between
15 and 45 °cC. In order to encompass lower temperatures, psychro-
meters were transferred to a refrigerator allowing measurements in
the temperature range -2 to 15 9. calibration involved using
NaCl solutions (0,1; 0,2; 0,3; and 0,5 mol/kg, corresponding to
wT > -2 500 kPa) and deionized water over a range of field tempera-
tures, a 20 s cooling time and 45 min for equilibrium. The
psychrometer junction and chamber were steam cleaned whenever
resealing took place.

Double filter paper discs (Whatman no. 1) were just satur-
ated (0,05 ml) with calibrating solution, enclosed in an aluminium
foil envelope and inserted into the leaf psychrometer slit. The
small aperture in the envelope, exposing the filter paper, was
positioned to coincide with the thermocouple chamber.

Temperature gradients were controlled by enclosing each
psychrometer in a layer of insulating material (Chapter 5) and by
using aluminium envelopes small enough to be completely shielded
from extraneous radiation when in the slit of the insulated psychro-
meter block.  The psychrometer piston was sealed against the
aluminium envelope using a double ring of Parafilm. This ensured



no loss of water from the aluminium envelope over a 24 h period.
The top of the psychrometer piston and about 150 mm of Tead wire
was covered with aluminium foil tape. The slit area was also
covered with tape in order to reduce incident radiation and air
movement in the vicinity of the block which contributed to the
development of temperature gradients. Further precautions assoc-
jated with the use of the microvoltmeter in the field are discussed
in Chapter 5. Output voltages for a range of water potentials,
zero offsets and block temperatures were monitored from sunrise to
sunset on near cloudless days. Use of a chart recorder, allowed
measurement of voltage output to within 0,1 pV. The definition of
the voltage corresponding to the known water potential was that
used in Section 2.2.4. Temperature gradients were controlled such
that zero offset values ranged between -0,3 and 0,2 uV and between
-0,2 and 0,5 pV for the field and refrigerator respectively.
Electronic noise associated with laboratory voltage measure-
ments were performed for battery operated Merrill (meter no. 82-22)
and Wescor (HR-33T meter) systems. Voltages, to within 5 nV, were
measured simultaneously using two chart recorders. To check that
the mains driven chart recorders were similar in affecting the
voltages, the output from a unit was measured simultaneously using
both recorders. This procedure was repeated for the other unit.

2.5.4 Results and discussion

The advantage of the presented theory is that it is possible
to evaluate the error associated with a measured water potential
when using thermocouple psychrometers. These errors can be con-
verted into measured water potential confidence intervals (Eq. 2.28).

The Tinear relationship between T and V;'/¥ is shown for a
psychrometer with large associated errors (Fig. 2.8, Table 2.12).
Each point shown in Fig. 2.8 represents one voltage and block temp-
erature measurement for a given psychrometer. The measured volt-
ages are affected by temperature gradients, and this may account
for some of the scatter. However, <n situ field measurements of
leaf water potential are similarly affected. The measured volt-
age for distilled water, VT - VT', was generally less than 0,4 pv
1rrespective of temperature (Table 2.12). Calissendorff & Gardner
(1972) showed VT as a function of T for two different water poten-
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TABLE 2.12

1 59 3 4 5
-1000 VT /'VT(pV/kPa)
Block temperature T plotted against -10° Vo' by

for psychrometer number 11 (which had the largest
associated errors)

Parameters associated with psychrometric error cal-
culation, for a few psychrometers. The total error
is calculated from 0 to 45 °C for a zero offset of

0,5 uV and a water potential of -1 250 kPa

Psychrometer number

1A 5A 7A T1A

S + SE(S)(kPa OC/uV) 10 723+268 -12-937£272 -11 7781199 11 1941515

I+ SE(I)(OC) ~8:040,7 -15,8:0.8 =12,3#0,6 =10,1815
r(T vs 1/kT) 0,9935 0,9969 0,9981 0,9594
Sy X(T VS 1/kT) +1,3387 +1,0274 +0,7153 +2,6181
) 0
(°c)
n 23 16 15 22
VT - VTl (uv) 0,4+0,05 0,2+0,02 0,2+0,04 0,4+0,05
Total error range (%) 19 to3 6 to 2 6 to 2 16 to 6
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tials, -2 000 and -3 500 kPa. They claimed that their curves were

not linear, particularly at lower temperatures (not less than about
4 °C). In our case, temperatures were greater than -2 °C and

there appeared to be no marked deviation in T vs VT'/wT from linear-
ity (Fig. 2.8). This was the case for the eight lTeaf psychrometers
used.

Part of the temperature dependence of the measurement error in
psychrometric water potential is contained in the second term of
Eq; 2,27 (Epz). This term indicates that the error in psychro-
metric measurements increases as T approaches the value of I
(Eq. 2.26), suggesting Timitations in the use of these instruments
at Tow temperatures. The value for I is generally negative and
ranged between about -23 and -10 C for data from the literature
(Lang & Barrs, 1965; Campbell & Gardner, 1971; Meyn & White, 1972;
Scotter, 1972; Wheeler, 1972; Chow & de Vries, 1973). Extrapola-
tion of the VT vs T curves of Calissendorff & Gardner (1972) indi-
cated that for VT =0 v, T=-20 OC, or, in our notation, I = -20
°%. For the psychrometers used here, I ranged between about -16
and -8 °C (Table 2.12). At low temperatures, T approaches I and
the value of Ep increases irrespective of o(S)/S (Eq. 2.27 and Fig.
1.8},

The parameter I appears to be a characteristic of the sensing
thermojunction so that in part, the relative standard error as a
function of temperature (Fig. 2.9) is dependent on the shape of the
thermojunction and the scatter in the field measurements.

Campbell (1979) listed the error subcomponents of Ep3 = o(VT)/VT
(Eq. 2.27) : (a) zero offset error which has subsequently been
quantified as a mathematical function of zero offset voltage, mea-
sured voltage and dry junction temperature by Brown & Bartos
(1982); (b) zero drift or reference junction temperature changes
during cooling; (c) electronic noise.

The zero drift error can be large in the case of field measure-
ments if Tong cooling times are employed. In this and our other work,
we have found 20 s to be suitable for psychrometer measurements
greater than -3 000 kPa, although variable cooling times have often
been used in the past by other workers. The time taken for the
sensing junction to attain the wet bulb value is Tless than about

30 s for a 20 s cooling time. Further precautions minimizing the
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FIG. 2.9 Calculated error, E , in measured water potential for

the best (no. 7) and the worst (no. 1) psychrometers,

as a tunction of temperature

zero drift error included insulating the leaf psychrometer (Chap-
ter 5) to minimise reference junction changes during the 30 s.
With these precautions, this error component is assumed to be rela-
tively small, but is difficult to enumerate.

Campbell (1979) claimed that electronic noise levels are proba-
bly about + 150 nV and that precision in water potential measure-
ments better than + 50 kPa can be achieved by replicating measurements
on the same sample. We measured peak-to-peak noise voltages that
were less than + 25 nV for one commercial microvoltmeter and about
+ 50 nV for another. The value of + 25 nV was measured on two
separate occasions months apart. Using Wescor C-52 chamber psy-
chrometers we were able to measure exuded sap water potential of
citrus, the average of which was -38 kPa (Chapter 5). At 25 °c,
25 nV is roughly equivalent to a potential of 6 kPa.

Assuming that all attempts have been made to minimize the zero
drift and electronic noise errors, the major subcomponent of o(VT)/VT
is the zero offset error, obtained by Brown & Bartos (1982) for

empirical data using soil psychrometers. Incorporating this and
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the electronic noise error, we define the error in voltage measure-

ment Ep3 as a combination of two subcomponents Ep31 and Ep32 where:
o(VT)/VT = {((0,015.dV + 0,00147.7.dv)/10,4)2 + (D,US/VT)Z}E, 2.38

where dV is the measured zero offset voltage (pV), and Vi the out-
put voltage corresponding to the field measured water potential.
The zero offset term is valid for cooling times near 15 s (Brown &
Bartos, 1982) and we assume can be used for leaf psychrometers with-
out medification.

The error in water potential due to temperature measurement,
Ep4 = -o(T)/(T - I) using the notation in Eq. 2.27 has previously
been investigated by Campbell (1979, Eq. 7). It can be shown that
our expression, -o(T)/(T - 1), is equivalent to his. Our equiva-
Tent of the term ¢ defined by Campbell (1979) is c¢'= M/T(T - I)
where M[= -S.thermocouple sensitivity (uV/K).partial molar volume
of water (m®/mol)/universal gas constant (J mol~* K=!)]is a temp-
erature dependent quantity. Applying the product rule for dif-
ferentiation to c, to obtain dc/dT and hence (dc/dT)/c, we get
(dc/dT)/c = -1/T = 1/(T - 1) and the result (dc/dT)/c + 1/T =
-1/(T - I).If we assume that temperature can be measured to within
+ 0,25 OC, we have

o(T)/HT - 1) = £ 0,25/(T - I). 2.3

In order to determine the total error associated with the mea-
surement of water potential using the psychrometric technique, we
now apply Eqs 2.27, 2.29 to 2.31. Over the 0 to 45 °C tempera-
ture range, the relative mean standard error (total) for data ob-
tained from the Titerature (Lang & Barrs,1965; Campbell & Gardner,1971;
Meyn & White, 1972; Scotter, 1972; Wheeler, 1972; Chow & de Vries,
1973) varied between 90 and 30 % (worst case) and between 3 and 1 %
(best case) assuming zero offset, temperature and voltage errors
were negligible.  Our errors were 15 to 5 % (worst psychrometer,
Table 2.13) and 6 to 2 % (best psychrometer; Fig. 2.9). The sub-
component errors are also shown in Table 2.13, for a few psychro-
meters, and as a function of temperature. For a given temperature,
there is a slight voltage and hence water potential dependence,
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TABLE 2.13 Psychrometric error components (and subcomponents)
| for a few psychrometers, as a function of tempera-
ture (Eq. 2.27). A gap in the table implies a tem-
perature independent error. A zero offset of 0,5
uV is assumed with wT e -1 250 kPa

Component errors (%)+

Psychrometer T Total

error E E PR TP - E

number BT g2 tpid p31 p32 “ph
(°©) (%)

0 9,9 2.5 87 %5 0,1 2ol g5

10 4,9 T fadd 0,1 e 1.8

1A 20 337 2y L8 0y 0,8 0.9

30 K. P, hie& 8.7 0,3 R SR M

40 3,8 14 Bgb 0,4 Uyl WD

0 6,0 Lot SR ALE 0,1 (I S

10 4,1 ’ b 0 1L 0,1 Vgl 1,0

5A 20 83 R S 0,2 QL | Wk

30 3 8 8.7 0,3 8,0 .5

40 ¢ ) fas, Db 0,4 Oyd - 0,4

0 5,9 ;7" 4,8 20 0,1 2.8  BUD

10 95 2ed Al s 1 fkdl i

7A 20 2,8 1,9 0.8 0,2 0,7 0,8

30 2,4 1,4 0,7 2] 0,6 D6

40 2,2 152 036 0,4 0,4 0,5

0 15,6 4,6 14,6 2.6 0,1 s &3

10 8,8 Tidl A 0,1 1,1 2

1A 20 6,8 4,9 0,7 0,2 G Ugk

30 6,0 . i A | 0,3 0.6 0,6

40 N5 2;% ByE 0,4 g.8" g:8

.1.
Only error magnitudes are shown



with errors increasing as voltages decrease towards zero, where tﬁg
major error contribution is from electronic noise. For ease of
comparison, we have chosen a water potential near -1 250 kPa
(Table 2.13). It is evident that generally, errors in calibration
are largest, but for certain conditions such as high temperatures
and large zero offsets, all error types contribute significantly.
At low temperatures, EpZ’ Ep3 and Ep4 are generally significant.
The application of the proposed error model allows for Teaf
psychrometers with large inherent error (associated perhaps
with large I value) to be identified, and hence allows for the
ordering of the units from most accurate to least accurate. It
is recommended that all parameters required for the application of
the model be known a priori, so that when the measured water poten-
tial is determined, the error of this value can be calculated.

2.6 SUMMARY

During condensation, steady state of the thermojunction is not
attained in a short convenient time (Section 2.2.4). Most workers
terminate cooling prior to steady state and this results in a non-
equilibrium situation during evaporation (Fig. 2.3). It is
therefore necessary to use a fixed cooling time of say 20 s if
wv > -3 500 kPa and 60 s for wv < -3 500 kPa.

The common procedure of correcting calibration slopes (or vol-
tages) at temperature T to that at 25 i using Eq. 1.24 and the
previously published a and b values has the main weakness that these
a and b values were determined for a single water potential value
over a range of temperatures and cannot be expected to apply to all
psychrometers; in general, each psychrometer will possess a unique
set of a and b values.

A model (model 1) is devised whereby the thermocouple psychro-
meter calibration slope 1/kT at a given temperature T may be cal-
culated. The input data for the model is the empirical calibra-
tion slope for a number of temperatures. The model is compared
with that proposed by Brown (1970) and Wiebe et al. (1970) using
data found in the Titerature (Table 2.2) and the empirical data
from four Teaf psychrometers (Table 2.1). In all cases, the pro-
posed model is superior (Tables 2.5 to 2.7). Irreqularly shaped
thermojunctions have larger deviations, according to the models



used here (Table 2.7).

If a psychrometer is calibrated at one temperature, then mea-
surement of the junction radius (defined to be the minor axis di-
mension) enables the theoretical values Ay bth’ kzs(theory) and
hence kTo(theory) , to be determined (Fig. 2.7), T, being the cali-
bration temperature (Section 2.4.2). Hence, application of Eq. 2.21
yields the calculated reciprocal calibration slope kT(c)(kPa/uV) as
a function of temperature T. For in situ measurements, knowledge
of the block temperature T enables kT(c) for the given psychrometer
to be determined; for the measured voltage V(Tw) the volumetric
water potential vy, is y, = V(Tw) : kT(c). If the psychrometer has
been calibrated at two temperatures T.(1) and To(2) then the same
procedure is applied for these temperatures using Eq. 2.22 or 2.23.
This model is more accurate than the previous one involving a
single temperature calibration, and also more accurate than pre-
viously used models, for the four leaf psychrometers used in this
study.

It was possible to determine the errors involved in water
potential measurement using thermocouple psychrometers (Section
2.5.2). These errors arose from the variability in the determin-
ation of the slope (S) and intercept (I) of the T vs 1/k; curve
(Eqs 2.26 and 2.27), the error in voltage measurement (which inc-
Tuded zero offset and electronic noise errors) and error in temperature
measurement (Eqs 2.30 and 2.31). Assuming a zero offset of 0,5 uV and an
error. in temperature of 0,25_°C, the total error ranged between
15,6 and 5,5 % (at 0 and 45 ¢ respectively) for the worst psychro-
meter and between 5,9 and 2,2 % for the best (Table 2.13).



. CHAPTER 3 ot

CALIBRATION OF THERMOCOUPLE HYGROMETERS
USING THE DEWPOINT TECHNIQUE

3.1 INTRODUCTION

The essential difference between the thermocouple psychro-
meter and the dewpoint hygrometer is that the former senses the
wet bulb temperature in the measuring chamber of the instrument
whereas the latter senses the dewpoint temperature. Both of
these techniques use identical sensors but different voltmeter cir-
cuitry. In this discussion, thermocouple hygrometer will be used
as a collective term for both thermocoup1e'psychrometers and dew-
point hygrometers.

Until recently, the psychrometric'technique was used almost
exclusively compared to the dewpoint technique, for hygrometric
water potential measurement. However, the dewpoint technique has
recently become increasingly popular, but insufficient knowledge of
calibration techniques necessitates investigation of this important
aspect. = The work reported in this chapter attempts to clarify
~aspects of the calibration of dewpoint hygrometers and presents a
model for the calculation of measurement errors, as a function of
temperature,

&2 DEWPOINT "COOLING COEFFICIENT DETERMINATION

3.2.1 Introduction

In order to calibrate the hygrometer in the dewpoint mode,
it is necessary to eliminate the effect of all forms of heat energy
transfer other than Tatent heat energy transfer. This is achieved
by using a dry atmosphere and setting the cooling coefficient Il to

. give a constant voltage output, at which I = Ho (Section 1.2.3.1,
p 13).

3.2.2 Materials and methods

The dry atmosphere required for correct setting of Moy was

f | :
Based on the papers by Savage et al. (1981a, b, c)
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attained by sealing dry finely ground silica gel (on filter paper)

in the hygrometer, setting an arbitrary value of I, cooling the
thermojunction and observing the voltage output when the function
switch is rotated to "DEWPOINT". If the voltage output increases,
then the junction is being cooled (due to a loss of latent heat
energy) and if the voltage decreases, then there is condensation

(a gain of latent heat energy). The Tl value is altered manually
until the output voltage is constant, indicating no net transfer
of heat energy from the thermojunction. Replacement of the silica
gel by a NaCl solution of water potential wv, followed by cooling
and switching to "DEWPOINT" will cause the output voltage to con-
verge onto the stationary voltage V(po) provided Il and T are un-
altered, where V(po) « wV(Eq. 1.25, p 14). This stationary out-
put voltage reflects changes in latent heat energy transfer only

if T =T, is set correctly. '

Ungar (1977) used standard NaCl solutions ranging in con-
centration from 0,1 to 2,0 mol/kg and a cooling time of 10 s for
calibration of his hygrometers, while Michel (1979) always used
cooling times of between 5 and 6 s when calibrating dewpoint hygro-
meters. The manufacturers (Anonymous, undated) advocate a cool-
ing time of "a couple of seconds". Cooling times of 20 s were
used in this investigation, with calibration performed as a func-
tion of temperature. Merrill leaf cutter type hygrometers, Wes-
cor C-52 (chamber), soil and leaf hygrometers were used. All
leaf hygrometer calibrations were performed in a constant tempera-
ture laboratory and all other hygrometer types in their calibration

chambers were placed in a water bath to facilitate temperature con-
trol.

3.2.2 Results and discussion

3.2.2.1 SavEing of T,

Dewpoint cooling coefficient values for several hygrome-
ters for various stationary voltage outputs and voltage range set-
tings of "0 TO 100" uV and "0 TO 30" uV, for a "dry" system, are
shown (Table 3.1). An anaiysis of variance indicated significant
differences, for a given dewpoint hygrometer, in Ho as a function
of the stationary voltage and voltage range used. There are also
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i
Comparison between the mean of four I values (in the

TABLE 3.1
body of the table with standard error values in brac-
kets), measured at 25 °C, as a function of the 0 to
100 (R1) and 0 to 30 uV (R2)ranges and the stationary
voltage output, for various dewpoint hygrometers
Hygrometer Stationary voltage output (uV)

s 15 20 25 30
Ry R1 - R2 RT R RI - R2 R R2
Leaf 31 71,6 B9.5 70,0 68,4 69,1 67,8 68,6 67,5
cutter (0,2} 0,37 . f0,0F (8,3 wlyt) (0.0 (8o {01
hygro- |32 80,1 78,1 8,2 76,8 77,3 78,0 Fa56 + 75:9
meter (0,2) {02) 1 H{0,2) 90,10  £0,1) (0y1) (0.2} (8,13

33 74,6 73,1 Taxl  Thed 7,1 71yt 71u5, 7ihe
L (0,%) €053 (BT (0h2) - EA.V) (010 BN AE8R%)
S0 '21 64,1 62,5 63,6 62,2 6257 61.8 62,0 61,3
hygro- (0,23 108 V0 Qe 2y (h2) (051 (8.1
meter (22 65,3 63,5 64,7 63,6 E3s% Gk 63,2 62,9
(0,2) (0,2)F (052} (0:2) (0,1} (0,2) «(8,1) (0,1
23 63,4 61,8 B2 6,0 61,5 80,5 61,0 60,1
(0,1) {0.4)  (BL1) €0.3)  0B,4) {02). (B.0) (8.72)
24 58,8 57,0 58,5 573 57,6 57,0 57,00 56,4
L (0,33 (Q8) (0,10 (Ra) 10y2) £0.7)  (0,1) (8.2)
Chamber
hygro- |4 77,3 74,6 18,8 -73.8 v Ve A 74,4 73,2
meter (0,1F OGEY. (G:2) 02) @) (0,1) {Fm2)0.1)
(C-52)

Determined once a day for four consecutive days 1in the absence of
large temperature gradients (less than 0,2 uV)



significant Ho differences between hygrometer types. Besides the57
fact that there may be electronic differences between the two vol-
tage ranges, the reasons for the voltage range differences are not
apparent. The manufacturers (Anonymous, undated) suggest that a
stationary voltage between 15 and 30 pV be used. On the basis of
data presented in Table 3.1, where it is shown that the dewpoint
cooling coefficient is a function of the stationary voltage used,
we suggest that only the "0 TO 100" uV range be used and that the
cooling coefficient be defined as corresponding to a stationary
voltage of 25 uV for 2 minutes.

3.2.2.2 I, as a funetion of temperature

Slope and intercept differences in the I, vs T relation-
ship is shown for the four leaf hygrometers used in Section 2.3
(Table 3.2). The slope and intercept values shown in Table 3.2
differ, mainly as a result of differences in the electrical resis-
tance between hygrometers. The dHO/dT values are statistically
different as the confidence interval for the slopes for each leaf
hygrometer do not overlap except for hygrometer nos 3 and 4 (Table
3.2). For this reason, Ho should be determined as a function of
temperature, for each hygrometer.

The manufacturers (Anonymous, undated) claim that dHO/dT =

(0,7 1 0,1) uV/OC, so that considering means only, we have:
M,(T) = ny(25 °c) + 0,7(T - 25), 3.1

theoretically and experimentally. The theoretical calculation
assumes knowledge of the radius (rj) and electrical resistance (R)
of the sensing junction, as well as the magnitude of the cooling
current from the microvoltmeter. Equation 1.26 (p 15) is then
applied to determine the voltage (defined as II;) corresponding to
this given electrical current (defined by Wescor Inc. as the "nom-
inally optimum cooling current"). The three quantities: cooling
current magnitude, Py and R, required to calculate dHO/dT, vary
between hygrometers (rj and R) and between microvoltmeters (cooling
current).  Assuming the theory to be correct, each hygrometer will
therefore have a unique dll,/dT value for a given microvoltmeter
(Table 3.2).  In the case of hygrometer no. 2, dfl,/dT = 0,55 /%,
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TABLE 3.2 Statistical data for the HO vs T relationship for four

leaf hygrometers

Hygrometer  Slope Intercept r Sy.x No. of deter-
no. (uv/°c) (nv) (uV) minations
of HO
1 0,60 ¥ 0,01 56,74 0,32 10,9924 0,58 29
2 0,55 ¥ 0,02 55,45 = 0,43 0,9909 0,65 29
3 0,66 ¥ 0,01 56,75 = 0,27 0,9975 0,45 29
4 0,65 % 0,02 57,07 % 0,41 10,9933 0,63 31

which is less than the minimum value of the range quoted by Anon, un-
dated. It would also seem possible that certain hygrometers could
have d,/dT values greater than 0,85 uV/OC. Hence deviations of
actual dIl,/dT values from 0,7 uV/°C could be greater than 20 %.

The application of Eq. 3.1 may be generalized to:

My (T) = HO(TO) # 0,7(T =-Ty) 3.7
where T, is any convenient temperature greater than 20 °C at which
Mo(Ty) is determined.  If the hygrometer is to be used under con-

ditions such that T < 15 °C, T, should be determined more accurate-
1y (Section 3.4).

3.3 CALIBRATION DATA AND SLOPE PREDICTION MODELJr

3.3.1 Introduction

Following the approach employed for thermocouple psychro-
meters (Section 2.4.2, p 38) it would be convenient if the dew-

point calibration slope could be predicted, as a function of tem-
perature.

3.3.2 Results and discussion

The dewpoint curves (V(po) VS wv) are near linear, devia-

F
Based on the paper by Savage et al. (1982)
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ting only at about -3 500 kPa. Generally, with an increase in

block temperature T, the output voltage corresponding to by, = 0 kPa
increases from 0,5 to 1,0 uV. This indicates that the dewpoint
technique is not entirely independent of the junction wetting char-
acteristics (Section 1.2.3.2, p 15).

Calibration data (Table 3.3) reveal differences between the
leaf hygrometers used. The calibration characteristic that will
be used in this discussion 1is Sd(T) (with unit kPa/uV), the measured
reciprocal slope of the dewpoint calibration curve at temperature T
(Table 3.3,p 61).The theoretical reciprocal slope Sd(theory; TO)
may be calculated using:

1/Sd(theory : TO) g dV(po)/dtpV = —SeoVw/RTB. 5.3
Using the temperature dependent constants of Table 1.4 (p-11ds

103/Sd(theory; T ) = -(6,30211 + 0,04462 T) 3.4

0
where 0 °C < T < 45 °C. The regression parameters of 1/Sd(theory; Ty
against T are: r = 0,9996, the standard error of the intercept
(-6,30211 x 107° pV/kPa) is ¥0,01207 x 107 pV/kPa and that of the
stope (-0,04462 x 107° uv kPa~™* °C71) is £ 0,00045 x 107 1V kPa~?
Oc-1.  The standard error of the estimate of 1/Sd(theory; To) on

T is ¥ 0,02054 x 107> uV/kPa. Values of 1/S,(theory; T,) and 1/5(T)

differ over the temperature range 15 to 35 °C for the leaf hy-
grometers used (Table 3.3). For this reason, there is no substitute
for empirical calibration, but this requirement is less exacting
than that for thermocouple psychrometers. Baughn (1974) regarded
the good agreement between Sd(theory; TO) and Sd(T) as fortuitous
and calibrated his hygrometers over a wide temperature range. How-
ever, calibration at a number of temperatures is tedious and re-
quires good temperature control in the Taboratory. A simplified
technique would therefore be useful. We assume that a calculated
value, Sd(c),may be determined using

Sd(c) < Sd(theory; T).Sd(T)/Sd(theory; Fy) 3.5

where Sd(theory; T) and Sd(theory; To) are the reciprocal calibra-
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tion slopes at temperatures T and To respectively (cf. Eq. 2.19,

p 39). Then

S .(c) = -103.Sd(To)/{Sd(theory; TO).(6,30211 + 0,04462 T)}

d
3.6

applying Eq. 3.4, where Sd(theory; T,) may be calculated also using
Ery. 3.4,

For the hygrometers used in this study, a comparison between
Sd(c) using Eq. 3.4 (based on Sd(To) being the sensitivity at or
near 25 °C) and the empirically measured values at the same temper-
ature yield a viD?/(n - T) value of = 1,5 % (Table 3.4). The mag-
nitude of the error relative to the measured value at that temper-
ature, |D|, never exceeded 4 % (Table 3.4). The use of Eg. 3.6
does not circumvent determining 1, as a function of temperature s
For a measured output V(po) at temperature T,

b, (T) = V(T4 ). S4(c) 3.7

only if Il = HO(T) is the correct dewpoint cooling coefficient.

The dewpoint and psychrometric techniques are compared by
evaluating the ratios of the calibration curve reciprocal slopes,
kT/Sd(T) {Table 3.3).  Values of kT were previously determined
(Table 2.4, p 34). In general, at 15 O, 1/Sd(T) is approximately
double 1/kT. The dewpoint technique is not as temperature sen-
sitive as the psychrometric, but the relatively favourable temper-
ature characteristics of the former diminish somewhat with an in-
crease in temperature, up to 35 9 (Table 3.3).

3.4 STATISTICAL ASSESSMENT OF ERRORS IN DEWPOINT HYGROMETER
WATER POTENTIAL MEASUREMENT+

3.4.1 Introduction

The calculation of error inherent in hygrometric water poten-
tial measurement has apparently received scant attention. The aim
of this section is to present a method for estimating the standard

" Based on the paper by Savage ot al. (1983) submitted for publica-
tion to Crop Scrence
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TABLE 3.3 Statistical data’ for three leaf hygrometers. The
calibration slopes for an ideal hygrometer is also
shown together with the kT/Sd(T) ratio for each hygr-
ometer, as a function of temperature

-
Hygrometer no. Tempfgggure T 1?u63¢£§% ln%:;gﬁpt r No.pggni:ta kp/S4(T) ?{ﬁﬁ)
2 15,0 -6,863 ¥ 0,023 -0,4% 7,7 0,9999 1 2,89 14,8
22,0 -7,176 % 0,055 13,8 L 17,7 0,9997 11 2,24 34,2
24,8 -7,294 % 0,043 53,9 14,2 0,9998 1 2,06 26,9
35,4 -7,565 * 0,068 103,3 £ 22,7 0,999 1 1,58 42,5
3 15,0 -6,960 * 0,068 2,6 ¥ 22,3 0,9996 11 2,64 43,1
22,0 7,043 % 0,07 62,8 £ 23,7 0,9995 1" 2,00 44,9
24,8 -7,104 * 0,087 119,6 % 29,7 0,9993 11 1,83 55,3
35,4 -7,595 % 0,076 102,6 ¥ 25,0 0,9996 11 1,45 46,9
4 15,0 -6,875 % 0,075 -83,2 * 23,9 0,9995 10 2,84 47,6
22,0 -7,072 % 0,081 41,4 * 27,0 0,9994 10 2,12 51,5
24,8 -7,276 * 0,076 38,2 ¥ 24,9 0,9995 10 1,96 47,6
35,4 -7,669 % 0,076 100,3 * 24,8 0,9996 10 1,50 46,6
Ideal hygrometer 15,0 -6,158
22,0 -6,439
24,8 -6,544
35,4 -6,962

T Excluding the point corresponding to 1,0 mol/kg

TABLE 3.4 Comparison of the measured (l/Sd(T)) and the calcula-
ted (1/Sd(c)) calibration slopes at various tempera-
tures for three dewpoint hygrometers. Values of Sd(c)
are based on the measured slope at 24,8 °C. The error
between the measured and calculated slopes (D) is rela-
tive to Sd(T) at the particular temperature

Leaf hygrometer number
2 3 4
7 103/sd(T) 103/5,4¢) O 103/54T)  10%5,6e) D s 180 D
(%) (uV/kpPa) (uv/kPa) (%) (uv/kPa) (uv/kPa) (%) (uv/kPa) (uV/kPa) (%)

15,0 -6,863 -6,864 0.0 -6,960 -6,689 3,9 -6,875 -6,847 0,3
22,0 -7,176 -7, 0,8 -7,043 -6,98° 0,8 -7,072 -7,153 -1,1
24,8 -7,294 -7,294 0.0  -7,109 -7,909 0,0 -7,276 -1,276 0,0

35,4 -7,565 7,760  -2,6  -1,595 STEER . B4 <Tuabh 280 0.9




error of measured water potential, as a function of temperature, 62

for leaf psychrometers. The approach employed is similar, concep-
tually, to that of the psychrometric technique (Section 2.5, p 43).

3.4.2 Theory
Bk

Equation 3.5 may be written in the form ( where Vd = V(Tdp

- 103 a :
v, 10 .Vd.Sd(To)/{Sd(theory, To)(6,30211 + 0,04462 T)} 3.8

where it is assumed that the dewpoint cooling coefficient 1 is set
at its correct value HO (Campbell et al., 1973) and the extrapola-
tion of Sd(To) to Sd(T) involves no error. Five sources of error
therefore arise: 1. the calibration error (Ed1) at temperature
TO; 2. the error (Edz) due to extrapolating the calibration curve
slope at a reference temperature T, to that at temperature T;
3. the error (Ed3) due to incorrectly setting the dewpoint cooling
coefficient (Ho) at a value II; 4. error in dewpoint voltage mea-
surement (Ed4); 5. error in temperature measurement (Ed5).

The value of Ed1 is defined, for a given hygrometer, by the
coefficient of variation for an estimate of wv from a measured V

using the appropriate calibration relationship:

d’

Eqp = Sy.x(wv Vs Vd)/wV 3.9

Yy.X' TV
from Vd and ¥, is the mean water potential of the range of values

used for calibration.

where S (. vs Vd) is the standard error of an estimate of wv

The error resulting from extrapolation of the calibration
curve slope, E oo has been calculated (Table 3.4) for a number of
temperatures. A value of 1,5 %1Was therefore used for Ed2’ inde-
pendent of temperature.

The third source of error, Ed3’ is given by
Ed3 = —{kT/Sd(T) b 1}{1-no/H} T

(Campbell et al., 1973).

The error in dewpoint voltage measurement, Ed4’ is given by

+ .
The mean error magnitude for the hygrometers used (Table 3.4) is

0,9 %, but the variability is large. The value of 1,5 % is between

§2$V2ean and maximum values and was therefore regarded as represent-
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(1/UQ)(3wv/avd)'0(vd) (Eq. 2.24, p 44). Hence, from Eq. 3.8,

= F
Ed4 = O(Vd)/Vd.
This error component includes the influence of electronic noise
and zero offsets on the measured voltage output Vd’ discussed in
Section 2.5.4, p 49 and 50.
Similarly, the error in temperature, Ed5’ is given by

Ed5 = 0,04462.0(T)/(6,30211 + 0,04462 T), 3.1
applying Eq. 3.8.
The total error for the dewpoint technique is therefore

3.4.3 Results and discussion

The advantage of the presented theory is that it is possible
to evaluate the error associated with a measured water potential
for any hygrometer used in the dewpoint mode. These errors can be
converted into measured water potential confidence intervals (Eq.
2.28, p 45) by substituting Vy for Vp.

The contribution by each of the component errors (Ed1’ Ed2’
Ed3’ Ed4’ Ed5) to the total error differs considerably. The cali-
bration error Ed1 is usually within + 1 % and the extrapolation
error Ed2 within + 4 % but averaged + 1,5 % (Table 3.4).

The major component of the total error arises from the dif-
ficulty in setting T to its correct value T (Ed3)(Tab1e 3.5). The
multiplicative factor kT/Sd(T) - 1 together with 1 - HO/H define
the error Ed3 (Eg. 3.10). The main reason for the large value of
Ed3 is because of the magnitude of the multiplicative factor
kp/S4(T)-1 (Eq. 3.10).As the temperature T decreases, the ratio
kT/Sd(T) increases because 1/kT approaches zero more rapidly than
does 1/Sd(T). Consequently, Ed3 increases to infinity at T = I
(Fig. 3.1) where I is defined in Section 2.3.2, p 30. The temper-
ature dependence of kT/Sd(T) has the form:
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TABLE 3.5 Dewpoint hygrometer error components, subcomponentg

and kT/Sd as a function of temperature (Egqs 3.9 to
3.16). A gap in the table implies a temperature
independent error. A zero offset of 0,5 uV is assumed

- Uew- ]

point T Total kT/Sd Component errors (%) T

hygro- error

meter Ed Egr Ea2 Ed3™Ea3o~"Fa3s Eqa~Faa1 "Eaaz Eas

no. (°C) (%)

0 5,6 LGt i S0 88 0.5 0,7 08 O i

10 3,3 3,7 B 4,7 ‘G2 D 9.7
1A 20 2,7 2,7 1,4 8,8 0.2 06 0%
30 2,5 2,1 0,9 G0 3 DaE 02
40 2,4 1,7 0,6 0,7 0,4 -‘G,68 0.

0 4,6 4353, 048 1.8 1 G0 G467 Wy 48 B

10 3,1 3,3 1:% 0,6 5t 06 4.2
5A 20 2,5 2,5 1,6 0.6 0,2 D602
30 2,2 2,0 1l U6 D7 006707
40 2,1 1,7 Vel 0,8 04 D6 0,1

0 5,1 b6 Iy 1.5 @y B;%F "6.4. 0,7 0.) 5,7 07

10 3,5 3,4 £i3 8 1 - 6 0572
/A 20 3,0 2,5 1,4 0,6 &2 06 0,2
36 2,8 2,0 v, P 0,6 9,3 6 B,
40 2,2 1,6 BB 6 ;4 KS G4

0 89 6,5 1,6 1,5 8,4 1,5 0.4 0,7 0,1 g7

10 5,0 3,8 4,2 U6 Bt O6 0,0
2 2@ 3,8 2,7 2,6 g,6 02 0.6 8.2
g0 3,3 2,2 1.8 0,6 B3 0,6 0.4
40 3,1 1,8 T b5 0.4 0,8 0,9

The error at low temperatures for hygrometer no. 1A is due to the
large kT/S (T) value whereas no. 2A has a slightly smaller kT/Sd(T)
value but Q larger Ed32 value, at low temperatures

Only error magnitudes are shown
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FIG. 3.1 Calculated error, E;, in measured water potential for
the best (no. 5A) and the worst (no. 2A) dewpoint hygro-

meters, as a function of temperature (cf. Fig. 2.9, p 49)

B 3.14
ke/S4(T) = A(T - 1)

for a given hygrometer where I has been defined previously, and A
and B are empirical constants. For example, for leaf hygrometer no.
2, k/S,(T) = 40,76 (T - 9,94) " " (Flgs 3.2) witha ¢ vAlueiof
0,988 (total degrees of freedom of 27). For the leaf hygrometers
used in this study, A ranged between 36,0 and 46,6 and B between
-0,86 and -0,78 and r between 0,976 and 0,998 (Table 3.6).

In considering the factors which affect the setting of I at its
correct value, it should be noted that: I, is temperature depen-
dent (Campbell et al., 1973); there is random error associated
with this temperature dependence determination; there is a physi-
cal limitation in setting e to its predetermined, temperature-
corrected value. Each of these error subcomponents has an assoc-
iated value, Ed31’ Ed32 and Ed33 respectively.

If the temperature dependence of y 1s accounted for, then Ed31
is zero (Campbell et al., 1973). The random error associated with
the T:j vs T relationship, may be defined by:
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FIG. 3.2 kT/Sd(T) as a function of T - I for hygrometer no. 2
For this hygrometer, I = -9,941 °c (Table 3.6). Each
point represents a voltage measurement for a given

water potential at a measured temperature

TABLE 3.6  Parameters associated with dewpoint error calculation,
for a few hygrometers (Table 3.5)

Hygrometer number

1A 5A 7A 2A
I + SE(I) (OC) -8,02:0,695 -15,7640,820 -12,26:0,602 -9,94+0,685
A (Eq. 3.14) 35,98 46,64 46,05 40,76
B (Eq. 3.14) -0,783 -0,818 -0,840 -0,797
r (kT/Sd vs T-1) 0,9904 0,9936 10,9973 0,9877
Total error range 5,6 to 4.6 to 5,1 to 8,9 to
from 0 to 40 °C 2,4 7.4 b 3,1

(Table 3.5)
(%)
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(T vs T)/H0 3.15

¥
where Sy.x(H0 vs T) is the standard error of an estimate of I, from
T and ﬁo is the mean HO value for the temperature range used.
Values of Ed32 for the hygrometers under consider%tion did not ex-
ceed + 1,5 % over the temperature range 15 to 35 "C (Table 3.5).
For the analogue readout microvoltmeter used in this study, there
is a physical limitation imposed on the setting of I to its pre-
determined value (error Ed33)’ influenced by the electronic resis-
tor that is used to set I, and a temperature limitation arising
from changes in the reference junction temperature (zero drift).
As in the case of the psychrometric mode, the zero drift error is
difficult to enumerate. However, this is expected to be greater
for the dewpoint compared to the psychrometric technique. In ad-
dition, the zero drift error will result in the originally correct
Ho value changing to an incorrect value. Since dHO/dT = 0,7 uV/OC
(Anonymous, undated), a change in temperature of 1 R during mea-
surement will result in a HO error of £ 0,7 uV. However, unlike
soil psychrometers, it is easier to insulate leaf hygrometers to
dampen temperature fluctuations. In order to reduce the magni-
tude of Ed33’ the analogue readout unit should be supplemented by
a digital display and the HO resistor used should be one that
has a lesser effect on T;. Without these changes, generally, it
was not possible to set I, to within 0,25 uV of its predetermined
value, assuming no reference junction temperature changes. We
therefore define E 55 as 0,25/T;, where T, was assumed to have the
value of 70,5 pV (a temperature average value for all leaf dew-
point hygrometers).

Combining these three subcomponent errors, it was possible to
calculate 1-T, /1 from:

1
2

_ 2 2 2
1—no/n = (Ed31 + Ed32 + Ed33 I 3.16

the results of which are summarized in Table 3.5. The total error
arising from the difficulty in setting hy (Ed33) was usually with-
in £ 0,5 %, which is much Tower than the value of + 2 % suggested
by Campbell et al. (1973). If it is only possible to set Il to
within 2 % of o> the errors shown in Table 3.5 will be greater,
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depending on the ratio kT/Sd(T).

The major error component of voltage (Vd) measurement arises
from the presence of large zero offset values. The other subcom-
ponent error (electronic noise) is discussed in Section 2.5.4 (p 49
and 50). Only Michel (1979) appears to have investigated the effect of
offsets on the dewpoint voltage measurement. Failing better in-
formation, we assume that Ed4 = o(Vd)/Vd is identical to that for
the psychrometric technique (Eq. 2.30), which incorporates the electronic
noise error and the zero offset error equation obtained by Brown &
Bartos (1982).

As in the psychrometric technique, we assume that o(T) = + 0,25
°C so that Ed5 for the dewpoint technique is as presented in Eq.
3.12.

A calculation of the total error associated with the dewpoint
technique (incorporating Egs 3.9 to 3.12 and Edz), shows that in
spite of the dewpoint technique calibration curve slopes being less
temperature sensitive than psychrometric counterparts, the measure-
ment error in water potential can be greater, particularly at Tow
temperatures (Table 3.5, Fig. 3.1). This is attributable to the
difficulty in setting Iy accurately. The error curve presented
by Campbell et al. (1973) appears to account for the error invol-

o (Egzq)-
The values they show were calculated using a theoretically calcu-
lated kT/Sd(T) value and the Sd(25 °C) value, uncorrected for temp-
erature deviations from 25 °C.  These authors claim that typical
errors are equivalent to II being within + 2 % of I'o- If This is

ved in not allowing for the temperature dependence of I

the case, the total error Ed 15 Typically = 12 % at 0 % and + 6 % at
15 OC, using measured kT/Sd(T) values and incorporating the other
error components (Ed1’ Ed2 and Ed32)' The errors shown in Table

3.5 should be regarded as minimum values for two main reasons.
Firstly, the slope extrapolation error was assumed to be 1,5 % on
average but can be as high as 4 % (Table 3.4). Secondly, the zero
drift error, which also affects the setting of Ho, has been neglected.
For these reasons, it is not meaningful to compare the psychro-

metric errors shown in Table 2.13 (p 51) with those in Table 3.5,
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3.5 SUMMARY

Because of differences between dewpoint hygrometers, each
hygrometer should be individually calibrated. However, it is
not necessary to calibrate dewpoint hygrometers at several differ-
ent temperatures, as is required for thermocouple psychrometers.

It is possible to calculate the slope of the calibration curve at
any given temperature, using appropriate theory (Eq. 3.5). Errors
of magnitude less than 4 % occur using this procedure (Table 3.4),
provided the dewpoint cooling coefficient HO(T) is set accurately
for the given temperature.

In spite of the fact that dewpoint hygrometers appear to be
much less temperature sensitive than thermocouple psychrometers
(Table 3.3), the correct voltage measured depends on an accurate
setting of N (T).  This is particularly true for temperatures
T <15 9C. It is shown that the setting of HO(T) may be subjec-
tive (Table 3.1). Furthermore, the relationship between M, and T
between hygrometers is different (Table 3.2). Hence N,(T) should
be determined for the <n situ temperature range, for each hygro-
meter.

A statistical analysis showed that the magnitudes of the error
in dewpoint water potential was critically dependent on the dew-
point cooling coefficient M, (Table 3.5). Provided this coeffi-
cient is a known function of temperature, can be determined accu-
rately at a given temperature and can then be set within * 0,25 pV
of this predetermined temperature corrected value when performing
field measurements, these errors are generally within + 4 % at 15

C, and + 8 % at 0 °C. At low temperatures, the dewpoint tech-

nigue often has little advantage over the psychrometric technique
in terms of the magnitude of the error.



CHAPTER 4

LABORATORY MEASUREMENT OF LEAF WATER POTENTIAL USING
THERMOCOUPLE PSYCHROMETERS, A SCHOLANDER PRESSURE

CHAMBER AND A J-14 HYDRAULIC PRESSJr

4.1 INTRODUCTION

Two accurate but destructive methods for the measurement of
plant leaf water potential involve the use of the Scholander pres-
sure chamber (Scholander, Hammel, Bradstreet & Hemmingsen, 1965;
Ritchie & Hinckley, 1975) and the thermocouple psychrometer.
Recently however, a new technique using a hydraulic press has been
introduced for measurement of leaf water and osmotic potential
(Campbell, Papendick, Rabie & Shayo-Ngowi, 1979; Shayo-Ngowi &
Campbell, 1980). Very few comparative measurements of total water
potential, using the hydraulic press and thermocouple psychrometer
or pressure chamber, have been performed. Yegappan & Mainstone
(1981) compared field measured cocoa leaf water potentials using
the press and the pressure chamber,

The hydraulic press is simple, fast and can be used for soft
tissue but requires comparison against either the pressure chamber
or the thermocouple psychrometer, for each plant species investi-
gated. The endpoint being somewhat subjective, requires exact
definition.

This section involves comparison of leaf water potential

measured using the pressure chamber, hydraulic press and chamber
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type psychrometer. These measurements employ destructive sampling.

Commercially available soil psychrometers sealed in stainless steel
chambers enable much larger leaf areas to be used compared to using
in situ leaf psychrometers (Chapter 5).  Furthermore, cost limits
the number of leaf psychrometers.

4.2 LITERATURE REVIEW

Barrs & Kramer (1969) found that a cut lTeaf size of 70 mm by
20 mm was large enough to avoid error due to metabolic changes

+
Adapted from the paper by Grant, Savage & Lea (1981)
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which occur in leaf tissue immediately following excision (Macnicol,

1976), in that a piece of size 70 mm by 40 mm yielded the same
water potential. However Talbot, Tyree & Dainty (1975) calculated
from the data of Barrs & Kramer (1969) that if the ratio of the cut
surface area (A) to the volume (V) of leaf material was between
0,07 and 0,12 mm2/mm®*, then the water potential of these different
sized cut leaf slices were not significantly different. The rea-
son for the lower limit of 0,07 mm?/mm® is not clear. So for
example, a 20 mm by 20 mm Teaf section, with cuts on all four sides,has
an A/V value of 0,20 mm2/mm®*. Consequently, the measured leaf
water potential of this segment cannot be expected to represent the
true leaf water potential prior to excision (according to Talbot _
et al., 1975). Ungar (1977) used leaf discs with A/V = 0,60 mma/'
mm* and sealed these in a Wescor C-52 chamber psychrometer. Meta-
bolic changes must be accelerated in a leaf segment having an A/V
value of this magnitude and consequently, as noted by Feyen, Bel-
mans & Hillel (1980), water potential values are not representa-
tive of the plant.

A minimum time of 1 h for vapour and temperature equilibration
has been reported by Phillips (1981) and 2 h by Johnson & Brown
(1977) and Brown & Collins (1980) for leaf segments sealed in a
psychrometer chamber.  Some workers have used times of at least
20 h (Talbot et al., 1975) and others 10 h (Redmann, 1976), but
then presumably metabolic changes result in non-representative
tissue water potentials (Oertli, Aceves-Navarro & Stolzy, 1975).
Walker (1981) found that an equilibration time of 4 h was suffic-
ient for wheat Teaves and filter paper material if y > - 2 500 kPa.

Factors affecting accuracy of leaf water potent¥a1 measure-
ment using the pressure chamber include:

1. leaf desiccation effects (Boyer, 1967; Puritch & Turner, 1973;
Wenkert, Lemon & Sinclair, 1978);

2. rate of increasing pressure (Slavik, 1974, p 71);

3. the increase in leaf water potential following excision (Chap-
ter 5).

The effects of the first factor can be avoided by lining the pres-
sure chamber with wet tissue paper and by covering the leaf prior

to excision.  Waring & Cleary (1967) suggested a constant pressure
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rate increase less than 70 kPa/s. Other factors affecting accuracy

are discussed by Turner (1981).

Increasing attention is being paid to leaf osmotic potential
measurements in plant water relations research (Acevedo, Fereres,
Hsiao & Henderson, 1979; Oosterhuis & Walker, 1982; Walker & Oos-
terhuis, 1982). The leaf moisture desorption curve was originally
derived using the pressure-volume technique (Tyree & Hammel, 1972;
Cheung, Tyree & Dainty, 1975; Wilson, Fisher, Schulze, Dolby &
Ludlow, 1979) through sequential measurement of cell sap volume
obtained by incremental increase in pressure applied to a leaf.
The pressure-volume technique has been adapted by others (Talbot
et al., 1975; Richter, 1978; Richter, Duhme, Glatzel, Hinckley &
Karlic, 1980; Kyriakopoulos & Richter, 1981).

The basic relationship between osmotic potential and volume
of solution (Richter et al., 1980), as derived from the Van't Hoff
equation is:

¥ (osmotic). V = constant. 4.1
More specifically,
1/P = (V- V,)/(RTn_ - £(V)) 4.2

where P is the balance pressure, Vo the original symplasmic volume,
Ve the total volume of cell sap expressed, R the universal gas
constant, T the absolute temperature, N the amount of solute
substance and f(V) the volume averaged turgor (Cheung et al., 1975;
Ritchie & Hinckley, 1975). At zero turgor potential,

1/P = (Vo - Ve)/RTnS 4.3
and, if there is no change in ng during the desiccation process,
Ve is proportional to the relative saturation def1c1t+, RSD:

_ turgid mass - sample mass
RSD = =
turgid mass - dry mass

x 100. 4.4

RSD is referred to as water saturation deficit by Richter (1978)



A change in ng is unlikely in the absence of sunlight (Acevedo et
al., 1979).

The point of incipient plasmolysis occurs at the intersection
of the line representing the regression of the reciprocal of total
potential on RSD and the line representing the regression of the
reciprocal of osmotic potential on RSD (Tyree & Hammel, 1972). At
Tower RSD, the vertical distance between these two curves is related
to the magnitude of the turgor component. At higher RSD the two
curves are concurrent, and over this range the total leaf water
potential is equal to osmotic plus matric potential (zero turgor)
(Campbell et al., 1979).

4.3 MATERIALS AND METHODS

The experiment was conducted in a constant temperature (25 )
laboratory. Newly mature, field-grown soybean trifoliates (Glyecine
max (L) Merr. (cv. Oribi)) were cut and placed in an enclosed glass
container with their petioles in distilled water. The following
morning the turgid trifoliates were surface dried and their mass
determined (turgid mass). The trifoliate mass was again deter-
mined after the leaf material was allowed to dry out on tissue
paper for time periods ranging from 0 to 240 min. This mass will
be referred to as the sample mass. The trifoliates were then
immediately subsampled for total water potential determinations
using a thermocouple psychrometer, a pressure chamber+, and a hy-
draulic preserJr (Fig. 4.1). Leaf material was then dried at
100 °c overnight for the dry mass determination.

T had previously been indi-
vidually calibrated (20 s cooling time) in metal chambers’ T
(Brown & Collins, 1980; Fig. 2.2) equipped with rubber 0-ring seals.
Filter paper (Whatman no. 41) of 20 mm width was rolled around a

5 mm diameter metal rod and inserted into the chamber. The filter

Metal screen scil psychrometers

Available from PMS Instrument Co., Corvallis, Oregon, U.S.A.
Campbell Scientific Inc., P.0. Box 551, Logan Utah 84321, U.S.A.

Merrill Speciality Equipment, P.0. Box 140A, Logan Utah 84321,

U.S.A.; Model no. PSY-200
e

t
tHt

South African Instrumentation, 18 Harvey Road, Durban, South
Africa 4001; Swagelok SS1010-C and SS400-R10
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Remainder of the trifoliate
was placed in the pressure

chamber

Subsample sealed in the

Subsample placed psychrometer chamber

in the J-14 press

FIG. 4.1 Diagrammatic representation of a soybean trifoliate. The
procedure for the leaf subsampling is indicated

paper was saturated with one of a range of NaCl (AR) salt solu-
tions of known water potential. The metal chambers were placed
in an insulated chamber to further dampen temperature variations.
Subsequent to this study, an insulated water bath was always used.
At least 4 h was allowed for temperature and vapour equilibration.
The psychrometer output voltage was recorded using a chart re-
corder.

The 4 h equilibration time used here is a compromise between
the previously used times but has recently been confirmed as ade-
quate for wheat (Walker & Oosterhuis, 1982). Equilibration times
of less than 2 h caused inaccurate results, especially when using
leaf material whose water potential was less than about -1 200 kPa,
as measured using the pressure chamber.

Leaf samples for the psychrometers were cut parallel to the
midrib (Fig. 4.1) and were approximately 50 mm long and less than
20 mm wide. The ratio of the cut surface area to volume of leaf
material varied between 0,05 and 0,10 mm2/mm® and hence error in
wv due to Teaf excision was apparently minimal.

When using the pressure chamber, standard procedures were fol-
lowed (Scholander et al., 1965) with pressure being increased at a
rate of 100 kPa per 6 to 8 s.

Leaf samples for the hydraulic press were cut across the dis-

tal end of the leaf in order to reduce capacitance and metabolic

effects (Macnicol, 1976). Samples were placed on absorptive fil-

ter paper to clarify endpoints, this being defined as the pressure
at which water along the cut edge of the interveinal tissue first
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appears (Heathcote, Etherington & Woodward, 1979). Appearance of

moist spots around cut ends of the vascular system was not used as
the endpoint (defined as endpoint A by Yegappan & Mainstone, 1981).
A11 endpoints were observed on the abaxial side only.

In this experiment, individual measurements were made on
different trifoliates at varying degrees of desiccation to avoid
measurement technique effects upon subsequent observations.

4.4 RESULTS AND DISCUSSION

4.4.1 Leaf water potential comparisons

Total leaf water potential, measured with the thermocouple
psychrometer, is linearly correlated with that measured using the
pressure chamber (Fig. 4.2) and the hydraulic press (Fig. 4.3).
Statistical data for the linear regression analyses (Table 4.1,p 77)
show that in both cases r is greater than 0,94. The slope of the
Tinear relationship between pressure chamber and psychrometer water
potentials (Fig. 4.2) is close to unity but less than unity in the
case of hydraulic press and psychrometer water potential (Fig. 4.3).
A Tinear relationship with a slope of unity was established by
Shayo-Ngowi & Campbell (1980) for the pressure chamber and the
hydraulic press using previously frozen wheat and maize leaves.
Bristow, van Zyl & de Jager (1981) found a curvilinear relationship
between hydraulic press and pressure chamber measurements compared
to the Tinear relation presented here (Fig.4.4, p 77). Also, for a
given leaf water potential measured using the psychrometer or the
pressure chamber, water potentials obtained using the hydraulic

press were lower (more negative) than those of Bristow et al. (1981).
Two reasons for this are postulated:

1. samples used in this study generally had one cut surface and
the cut surface area to volume ratio was within the 1limits
suggested by Talbot et aZ. (1975);

2. the endpoint in this study did not include water emergence from
severed vascular tissue, but only from mesophyll tissue. Dis-
tinction between these two water emergence sources was not made
by Bristow et aZ. (1981) (possibly because of the difficulty in

doing so with monocotyledonous tissue) nor by Heathcote et al.
(1979).
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FIG. 4.2 Relationship between total leaf water potential measured

using the pressure chamber against that measured using the
thermocouple psychrometric technique
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FIG. 4.3 Relationship between total leaf water potential measured

using the hydraulic press against that measured using
the psychrometric technique
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TABLE 4.1 Statistical data for the various psychrometer, pressure cham-

ber and press water potential comparisons (Figs 4.2 to 4.4)

SE(estimate

. Intercept ) SE(intercept)
Figure Slope r of y on x) SE(slope
E (kPa) (kpa) (kPa)
4.2 (Pressure
chamber and
psychrometer; 0,940 -31 0,975 133,8 0,0312 45,7
nt o= 49)
4.3 (Press and
psychrometer; 0,742 27 0,964 125,8 0,0330 45,8
n = 40W
4.4 (Press and
pressure chamber; 0,776 33 0,938 175,9 0,0299 47,6
n = 94)7

+n is the number of data points

PRESS WATER POTENTIAL (kPa)

B RN i G
CHAMBER WATER POTENTIAL (kPa)

FIG. 4.4 Relationship between total leaf water potential measured

using the hydraulic press against that measured using
the pressure chamber

T More recent work indicates that the inability of the hydraulic
press to estimate low water potentials of cotton is a serious limi-
tation of this instrument (Radulovich, Phene, Davis & Brownell, 1982)
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A slope of less than unity for the hydraulic press and psy-

chrometer comparison (Fig. 4.3) also indicates the importance of
standardizing the endpoint for the press, for each plant species.
Yegappan & Mainstone (1981) point out that the accuracy of the
press can be improved by restricting operation to one person. Fur-
thermore, they considered the press to be unsuitable for monocoty-
Tedonous leaves which generally have close parallel veination and
also dicotyledonous leaves that are intermediately hardened.

In the case of the pressure chamber there is no contact be-
tween the leaf and any other surface (except at the rubber stopper
surrounding the petiole), and the leaf as a whole is subjected to
uniform pressures whereas in the hydraulic press there is contact
between the perspex and most of the leaf surface on the upper side
and contact with the filter paper on the underside. Water may
appear in areas surrounding large veins or the midrib due to pres-
sure exerted by the perspex top on sealing a leaf strip in the
press.

The press may be suitable for demarcating broad levels of
stress but may not be adequate for physiological investigations
which entail examination of pre-dawn and early post-dawn water
potentials (Yegappan & Mainstone, 1981).

4.4.2 Pressure-volume curve

In order to compare the accuracy of the psychrometric, pres-
sure chamber and hydraulic press leaf water potential measurements,
analyses of variance for the regression of reciprocal leaf water
potential on RSD values above the point of incipient plasmolysis,
were performed. Only leaf water potentials for which RSD > 25 % is
included” (corresponding to the region where the total and osmotic
potential curves are concurrent). The statistical details for
these analyses are shown (Table 4.2). For each curve, the x-
intercept, an extrapolated value (corresponding to a very large
negative leaf water potential), was very nearly 100 % (Figs 4.5 to
4.7). At this point, sample mass = dry mass (EG. 4.3} The
x-intercept of slightly less than 100 % is attributed to the non-
ideal nature of the solutes. The F and r values for the curves of

T e
Richter (1978) seems to indicate that RSD > 20 % would be adequate
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TABLE 4.2 Statistical data for linear regressions of reciprocal
total leaf water potential measurements (from the three
instruments) on relative saturation deficit, RSD (> 25 %)

Instrument F value F(0,01) r x-intercept ¢ (RSD = 25 %)+
(%) vV (kPa)

Thermocouple
psychrometer 333 7,6 0,748 91,8
(Fig. 4.5; n = 28)

i+
+

7,6 =1466 £ 1¥3

Pressure chamber 56,5 7,2 0,722 104,71 = 5,0 -1 470 = 124
(Fig. 4.6; n = 54)
Hydraulic press 61,7 7,2 0,727 96,2 + 7,4 -1 065 + 96

(Fig. 4.7; n = 57)

+If a quantity x has a mean x and standard error a(x) (so that

x = x =0 (x)), then a function of x, f(x), has a mean f(X) and a
standard error o(f(x)) = f'(X). ol{x), so that f(x) = f(X) £ f (%).0(x)
(adapted from Barford, 1967). In the case here, 1/y s plotted
against RSD and the mean and SE of ¢_(RSD = 25 %) is'required from
the statistical data. Using previols notation, f(x) = 1/x so that
f(x) = f(X) + (-1/x2)o(x). This method was used to calculate the
values shown in the above table. The assumptions in the method are
that the Taylor series expansion of f(x) about f(X) has insignifi-
cant higher order terms and that f(x) and f'(x) are continuous about
o g,

~25

100 208 / WATER POTENTIAL (/kPa)

..125251 A " n It . A " L4l5[ " . . 1 . A M .ﬁ
RELATIVE SATURATION DEFICIT ()

FIG. 4.5 Linear portion of a pressure volume curve as obtained us-
ing thermocouple psychrometers
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Figs 4.5 to 4.7 indicate the degree of Tinear correlation in each

case (Table 4.2). Some of the scatter in the data is probably due
to errors in the determination of RSD, arising mainly from errors
in weighing.+ These errors can be about * 10 % of the estimated
RSD value for RSD < 10 % and about * 3 to + 5 % if RSD > 15 % (Sla-
vik, 1974, p 149). The lower F value for the psychrometer (Fig.
4.5) is attributable to the fact that there were fewer sample points
(n = 28 compared to n > 50 for the pressure chamber and the hydrau-
lic press). Also, six different psychrometers were used whereas
the pressure chamber and hydraulic press measurements were more
consistent in that only one instrument was used in each case.
Defining the point of incipient plasmolysis as the total
water potential y, (RSD = 25 %) value for which RSD = 25 %, it is
possible to compare these points for the various instruments
(Table 4.2). It is apparent that the Iy (RSD = 25 %) values for
the psychrometer and the pressure chamber overlap (-1 446 and
-1 470 kPa respectively) but not with that for the hydraulic press
(-1 065 kPa). The ratio of the Iy (RSD = 25 %) value for hyd-
raulic press to that for psychrometer or pressure chamber is app-
roximately 0, 73.

4.5 SUMMARY

Using newly mature trifoliates from field-grown soybean, sig-
nificant Tinear correlations between leaf water potential measured
using psychrometers, a pressure chamber and hydraulic press, were
obtained (Figs 4.2 to 4.4). In each case, the water potential
measured using the one instrument plotted as a function of that
using another, yielded intercepts statistically indistinguishable
from 0 kPa.  The slopes obtained were 0,940 for the chamber and
psychrometer comparisons, 0,742 for the press and psychrometer, and
0,776 for the press and chamber. The latter two values, being
much less than unity, indicate that the press would have to be

calibrated for each plant species and the endpoint carefully de-
fined.

Also, individual measurements were performed on different 1

_ ndiv E eaves.
This may indicate that while Egs 4.1 to 4.3 may apply to a single
Teaf left to dry, the equations do not accurately apply when measure-
ments on different leaves are used to define the l/wv vs RSD curve



The leaf pressure-volume curve technique further validated the
use of the three instruments for newly mature soybean leaves (Figs
4.5 to 4.7), for two reasons. Firstly, the x-intercept for each
method is nearly 100 #. Secondly, the water potential correspon-
ding to the point of incipient plasmolysis was statistically simi-
lar for the psychrometer and the pressure chamber but much greater
for the hydraulic press (Table 4.2). This again emphasizes the
need for calibrating the endpoint defined using the press against
one of the more standard techniques. These disadvantages will
probably 1imit the use of the press to applications where standard
techniques are impossible, for example, plant water relations
studies at remote locations.

82



CHAPTER 5 83

IN SITU FIELD MEASUREMENT OF LEAF WATER POTENTIAL

USING THERMOCOUPLE PSYCHROMETERS

5.1 INTRODUCTION'

Spanner (1951) developed a thermocouple psychrometer technique
for leaf water potential measurement of detached material and this
was refined fifteen years later by Brown (1976) and Brown & Johnston
(1976). Estimates of in situ water potential have been obtained
using water potential determinations on detached material and com-
parisons with pressure chamber measurements performed (Chapter 4)
with correlations ranging from poor to good (Duniway, 1971; West &
Gaff, 1971; Ritchie & Hinckley, 1975; Walker, 1981). However, very
few research workers have attempted non-destructive field measure-
ment of leaf water potential using psychrometric and/or dewpoint
methods (Table 5.1). The reason for this is possibly attributable
to the presence of large temperature gradients in the field, the
diffusion resistance to water vapour offered by the leaf cuticle,
the difficulty in affecting a durable seal between Teaf and psychro-
meter cavity and inadequate attention to thermocouple psychrometer
calibration procedures and errors involved (Chapter 2).

Large temperature gradients between the leaf and the sensing
Junctions, which are indicated by large zero offset values between
“READ" and "INPUT SHORT" of the microvoltmeter, have generally not
been eliminated (Table 5.1). These can cause serious errors in leaf
(and soil) water potential determinations when using in situ thermo-
couple hygrometers (Rawlins & Dalton, 1967; Wiebe, Brown & Barker,
1977; Campbell, 1979; Wiebe & Brown, 1979; Brown & Bartos, 1982).

Hoffman & Splinter (1968) postulated that the stomates covered
by the psychrometer may have been closed and hence there could be a
time Tag between measured and actual leaf water potential values
(Rawlins, 1964). Zanstra & Hagenzieker (1977) claimed that leaf
diffusion resistances may lower in situ water potential values ob-
tained using silver-foil psychrometers (designed by Hoffman & Raw-

.I. .
Based on the paper by Savage, Oosterhuis & Cass (1983)
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TABLE 5.1 Relevant details from various literature sources
on the use of ¢n situ thermocouple leaf hygro-
meters for non-destructive measurement of water
potential (X = no; v = yes). Some of the early
workers enclosed entire leaves
- or ? implies no information or uncertain in-

formation
P - - -]

Dewpoint  Field use Com- Magni tude Tem~ Removal Air tem-
(D) or (F) or parison of zero perature of peratur:
Authors psychro- growth with offsets insulation cuticular {26
metric(P) chamber pressure (uV) wax
me thod (G) chamber
Lambert & van Schilfgaarde

(1965) P G X Small v X 2. =)
Lang & Barrs (1965) P G X Small v/ X 24 to 29
Barrs (1965) P G X - X X -
Hoffman & Splinter (1968) P G X - X X -
Hof fman & Rawlins (1972) P F X - V(<25 nen) X 17 to 32
Neumann & Thurtell (1972) D G X Small /{12 mm) % 20 to 24
Beadle, Stevenson, Neumann 27 4+ 2

Thurtell & King (1973) D G X - - ? 27 + 2
Chow & de Vries (1973) P G X - X X Various buf

constant
Neumann, Thurtell & Steven-

san (1973) D G v - v % 22 + 0,5
Baughn (1974); Baughn &

Tanner (1974) D G v Small X v 20 to 25
Campbell & Campbell (1974) D F and G v <}0,3](?) X -
Neumann, Thurtell, Stevenson

27 + 2

& Beadle (1974) D G X E ' v 22 + 2
Brown & McDonough (1977) p F X - X -
Herkelrath, Miller &

Gardner (1977) D G X - ? ? 25 + 0,5
Wiebe & Prosser (1977) P and D 6 <|0,3] X X ggﬁgg
lanstra & Hagenzieker (1977) P G X - X X 22
Ike, Thurtell & Stevenson

(1978) D G X Small v % gggﬁz

/
Liu, Wenkert, Allen &

Lemon (1978) P G Y - X =
Nulsen & Thurtell (1978) D G X - X X g; - gggg
Pallas & Michel (1978) D 6 X <1,0] X X 25(D)

20(N)
Richter (1978) D G X - X % 20
Pallas, Stansell & Koske 1,0lon

(1979) D F X :n]:cz’xsion X s
Feyen et al. (1980) P G X - X 21
Brown & Tanner (1981) D F 4 v . <|0,3] /(10 mm) % -
Durand-Campero (1981 ccasio-

Ike & Thurzell §1981; P a;d i 2 n;1 Sm- p §§§S§
all v /
Balesky, Wilkinson & 26(N)

Pallas (1982) P G X _ - X 22(D)

15(N)




lins, 1972). They also claimed, but presented no supporting evi- 85
dence, that diffusion resistances did not affect water potentials
determined using the dewpoint technique and implied that accurate
measurements using the psychrometric technique were not possible.

The objectives of this chapter are as follows:

1. investigate the effect of cuticle abrasion on field
measured psychrometer water potential;

2. compare these measurements with Scholander pressure
chamber (Scholander et al., 1965) measurements on

adjacent Tleaves;

3. investigate the time response of thermocouple psychro-
meters to leaf water potential changes following exci-

sion.

5.2 EFFECT OF CUTICLE ABRASION ON FIELD MEASURED WATER POTENTIAL
USING ¥ SITU THERMOCOUPLE PSYCHROMETERS+

5.2.1 Introduction

One of the main problems associated with non-destructive
measurement of leaf water potential using thermocouple psychrom-
eters is that the substomatal vapour has to diffuse through the
leaf cuticle due to presumed stomatal closure under the dark cham-
ber conditions. Thus, Teaf diffusion resistances could substan-
tially alter the measured water potential when the psychrometric
technique is used (Zanstra & Hagenzieker, 1977).

A common method of reducing cuticular resistance to vapour
movement from the substomatal cavity to the psychrometer chamber is
to partially perforate the leaf cuticle by abrasion (Neumann & Thur-
tell, 1972). Apparently only one published work reports on the
effect of leaf abrasion (Table 5.1) on the measured water potential
(Neumann et al., 1974) after which potential measurements were com-
pared by mounting two dewpoint hygrometers on two sides of a maize
leaf, one pretreated with xylene and the other preabraided with a
razor blade. They found that potentials measured after these

£
i

Based on the paper by Savage, Wiebe & Cass (1983a) submitted for
publication to J. exp Bot.
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cuticle pretreatments differed slightly over their range of mea-

surements (-800 to nearly 0 kPa), particularly in the dry range.
However, they made no comparisons with pressure chamber measure-
ments nor did they indicate for how long it was possible to ob-
tain reliable measurements from the same leaf.

ITlumination of the leaf material contained within the cav-
ity has been attempted ( Neumann & Thurtell, 1972; Brown & McDonough,
1977) but this causes undesirable temperature gradients within the
psychrometer chamber.

The use of in situ psychrometric technique for the non-
destructive measurement of leaf water potential in field situations
has apparently been Timited (Table 5.1). The psychrometric tech-
nique used under controlled temperature conditions resulted in a
large scatter in psychrometric measurements compared to pressure
chamber measurements (Liu et al., 1978). The varﬁabi]ity may have
been due to leaf diffusion resistance affecting psychrometric water
potential. This study shows that accurate <n situ measurement of
water potential using thermocouple psychrometers is possible pro-
vided certain of the abovementioned problems are eliminated.

5.2.2 Materials and methods

Leaf psychrometers (Wescor L-51 and L-51A) were calibrated
using 0,1; 0,2; 0,3 and 0,5 mol/kg NaCl solutions at three temper-
atures (20, 25 and 31 °C). Calibration equations relating water
potential to psychrometer voltage output and psychrometer tempera-
ture were determined (Section 2.3.2, p 28). Because solar radia-
tion, clouds and winds induced marked thermal gradients in the psSy-
chrometer block, it was necessary to insulate the psychrometer block
(Campbell & Campbell, 1974) with double coated foam tapeT covered
on the outside with reflective aluminium foil tapeH (Section 5.3.2).
A mixture of beeswax and lanolin was used to seal the psychrometer
piston (or 1ip) against the leaf surface (Section 5.3.2).

Several abrasion treatments were applied to reduce citrus
leaf cuticular resistance to water vapour diffusion and consequent

.1_
Scotch mount tape, 4009 by 3M, Industrial Tape Division, St.
Paul, MN, U.S.A.

+t “
Aluminium foil tape, Y434 by 3M
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Tag of the measured water potential behind the true water potential

(Table 5.2). The method of abrasion was similar to that used by
Brown & Tanner (1981) except that different abrasive materials were
used and a single layer of cotton cloth held against the index fin-
ger was used to perform the abrasion, in addition to employing their
abrasion treatment using cotton buds. The Teaf was first cleaned
with distilled water. The area to be abra?ded was marked by a
piece of Parafﬂm+ wax paper folded around the edge of the leaf and
having a punched hole with a diameter slightly larger than that of
the psychrometer chamber. The leaf area exposed by the punched
hole was marked with the abrasive slurry, and after removal of the
wax paper, the marked leaf area was carefully abravded (circular
motion) using the index finger covered with thin cotton cloth using
the index finger of the other hand as a support. iThe abrasive
slurry was formulated from non-ionic detergent, water and abrasive
powder (Table 5.2) as suggested by Brown & Tanner (1981). After
abrasion, the leaf was again cleaned with distilled water and gently
blotted dry with paper towel. Various abrasion treatments were
compared (Table 5.2) by sealing pairs of psychrometers on either
side of the midrib of a leaf. Sealing was usually performed in
the Tate afternoon, but not if dew was noted on the leaf surface.

Leaf water potential measurements using the pressure chamber
were made on adjacent leaves whenever psychrometer measurements
were made.  Prior to excision, the leaf was covered with a slightly
moistened rectangular piece of cotton cloth folded over the leaf
and then covered with adhering plastic wrap (Allen, Nell, Joiner
& Albrigo, 1980). Some leaf tissue was trimmed away from the
petiole as needed to lengthen it and facilitate insertion into the
chamber rubber stopper. Pressure was increased at a rate of about
10 kPa/s, to improve endpoint accuracy.

The plants used in this study were Citrus jambhiri seedlings
grown in various sized pots holding from 5 to 15 £ soil. The
heights of the plants varied from about 1 to 3 m. Where more than
one psychrometer was sealed on the same leaf, the leaves chosen had
a leaf area of about 60 cm2. In all other cases, leaf area varied
from 30 to 60 cm?®.  Plants were allowed to equilibrate with the

 American Can Company, Greenwich, CT, U.S.A.



TABLE 5.2 Abrasion treatments used in this investigation 88

Treatment Description

No abrasion Control treatment
Cotton bud abrasion As described by Brown & Tanner (1981),
but for 30 s
Light abrasion Gentle leaf abrasion (rotating motion)
with a 400 grit carborundum powder
(particle size approximately 60 um) for 30 s

Intensive light Identical to light abrasion but performed
abrasion for 60 s
Coarse abrasion Gentle leaf abrasion using calcined aluminium

oxide, that had been wet-sieved through a
75 um sieve, for 30 s

natural field environment for 2 weeks prior to measurement.

In order to evaluate the physical effect of leaf abrasion,
segments that were cut from abraided leaf areas were fixed, criti-
cal point dried, coated with gold and viewed under a scanning elec-
tron microscope with an accelerating voltage of 15 kV.

5.2.3 Results and discussion

The time required for water vapour in the psychrometer cham-
ber to reach equilibrium with that in the substomatal cavity is
influenced by the abrasion treatments. This time is typically 1 h
for an abra#ded cuticle but in excess of 5 h for an unabra?ded
cuticle (Fig. 5.1) for psychrometers mounted on the same leaf. At
the end of the psychrometer measurements, water potential of
adjacent leaves was measured using the pressure chamber. Results
indicated that the abrasion treatment yielded comparable values to
those obtained with the pressure chamber (-589 and -620 kPa respec-
tively) but the unabra#ded treatment measurements were substantially
lower (-825 kPa). The latter treatment apparently had not allowed
for equilibrium between leaf substomatal cavity and psychrometer
chamber even after the 5 h period of measurement.

The shape of the voltage output vs time curve obtained from
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sealing for the no abrasion and intensive light abra-
sion treatments. Both psychrometers were mounted on
the same leaf for these laboratory measurements

Teaf psychrometers were influenced by the magnitude of the diffusion
resistance to water vapour across the leaf boundary. Typical ex-
amples from the collected data will illustrate this. Voltage out-
put curves shown in Fig. 5.2 indicate that there is a rapid change
in the sensing junction temperature during evaporation, in the
absence of abrasion (Fig. 5.2a) compared to the 1ight abrasion treatment
(Fig. 5.2b). This difference presumably arises from the water flux
difference towards the psychrometer sensing junction during cooling.
The net effect of this difference is that it is more difficult to
determine the maximum point of inflection in the psychrometer out-
put curve as defined by point E of Fig. 2.3 (p 24). These measure-
ments were taken at 14h30 (South African Standard Time, SAST) under
almost cloudless conditions. At the time, the abraided treatment
water potential had passed the daily minimum and was increasing in
time.  Presumably the non-abrasion treatment measurements were
still converging on the minimum value. Pressure chamber measure-
ments of adjacent Tleaves were -750, -800 and -850 kPa, which
compared favourably with -844 kPa measured over the 1ight abrasion



80

C@) ()
FIG. 5.2
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FIG. 5.2 Voltage output curves for two psychrometers sealed on the
same leaf; The output for (a) is for a no abrasion treat-
ment and that for (b) a 1ight abrasion

FIG. 5.3 Voltage output curves for two psychrometers sealed on the
same leaf. The output for (a) is for a light abrasion
treatment and that for (b) a coarse abrasion

FIG. 5.4 Voltage output curves for two psychrometers sealed on
different leaves of the same citrus plant. Treatments
used in both cases was an intensive light abrasion

Water potential values for Figs 5.2 to 5.4 are indicated in
Table 5.3
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treatment (Table 5.3). Control treatment water potential values

were always greater in the morning but lower in the afternoon
compared to pressure chamber measurements.

As available soil water decreased, it became evident that even
Tight abrasion for 30 s was insufficient to reduce water vapour
diffusion resistance to acceptable levels (Fig. 5.3). We there-
fore found it necessary to intensify the abrasion treatment by
applying the light abrasion for 60 s (Table 5.2). In the example
shown in Fig. 5.3, the pressure chamber measurements were -1 700,
-1 740 and -1 820 kPa for adjacent Teaves (Table 5.3).

The coarse abrasion treatment generally resulted in more vari-
able potential values compared to pressure chamber measurements,
than did the intensive light abrasion. Furthermore, the intensive
Tight abrasion treatment yielded satisfactory voltage output curves
even in the low leaf water potential range (Fig. 5.4). In this
case, pressure chamber measurements were -2 860 and -2 910 kPa
(average value of -2 885 kPa) compared to an average of -2 765 kPa
for the psychrometric measurements (Table 5.3).

Scanning electron microscope photographs (Plate 5.1) were

TABLE 5.3  Comparison of citrus leaf water potential using thermo-
couple psychrometers (various abrasion treatments for
units on the same leaf) and pressure chamber (mean
values only from adjacent leaves)

Pressure chamber

Psychrometer measurements (kPa) measurements (kPa)

Study
No- Light In?ﬁgilve Coar§e
abrasion abrasion ahFREinh abrasion
Equilibrium -825 -589 -620
time
[1 122 -844 -800
Voltage output
-1 388 -1 841 -1 753
curve shape
L -2 115 -2 885
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taken of areas abraided using the various abrasion treatments
(Table 5.2). Cotton bud abrasion, which yielded unsatisfactory
potential values (compared to the pressuie chamber apparatus) made
lTittle impression on the thick leaf cuticle of citrus (Plate 5.1c
and d}). Close examination of the plate is necessary. The 30
and 60 s abrasion treatments resulted in greater surface penetra-
tion (Plate 5.1e to 5.1h), but the 60 s abrasion resulted in good
water potential comparisons with the pressure chamber method over
the -3 000 to 0 kPa range. Occasionally, this treatment resulted
in small cavities through the epidermal cavity (Plate 5.1g, upper
right). In the case of the coarse abrasion treatment, there were
very few surface scratches due to the non-angular nature of alumin-
ium oxide compared to the carborundum powder used (Plate 5.11) but
cavities through the epidermal layer were observed (Plate 5.1j).
These cavities (Plate 5.1j), or the lack therecf, could explain the
apparent variability in psychrometer water potentials as compared
to pressure chamber measurements (neighbouring leaves) for this
abrasion treatment. Also, it is clear from Plate 5.1h and 5.1j,
aside from the cavities observed, that the depth of abrasion
scratches were only confined to the surface of the thick citrus
Teaf cuticle. For this reason, we felt that scanning a cross-
section of the Teaf was not necessary.

Qea NON-DESTRUCTIVE FIELD MEASUREMENT OF LEAF WATER POTENTIAL
USING THERMOCOUPLE PSYCHROMETERS

5.3.1 Introduction

Lambert & van Schilfgaarde (1965) and Lang & Barrs (1965)
were the first to attempt water potential measurement of intact
leaves. The latter used a complex temperature control device to
eliminate temperature gradients. These early workers and Manchar
(1966b, c, d) enclosed an intact whole leaf in the psychrometer
chamber but this technique probably changes the water potential of
the leaf being measured. Hoffman & Splinter (1968) and Hoffman &

B
1

Based on the paper by Savage, Wiebe & Cass (1983b) submitted for
pubTication to Plant Physiol.
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Herkelrath (1969) were the first to attach miniature psychrometers

to plant leaves and monitored water potential changes under strict-
1y controlled temperature environments. By 1972, routine measure-
ment of leaf water potential on intact plants in the field appeared
feasible (Hoffman & Rawlins, 1972; Neumann & Thurtell, 1972; Camp-
bell et al., 1973; Campbeil & Campbell, 1974) although earlier
successes using a beta gauge were published (Rawlins, Gardner &
Dalton, 1968). Some workers regard the psychrometric technique as the
absolute or primary technique (Boyer, 1966; lke et al., 1978) but few
workers have reported in eitu field measurements of leaf water
potential (Table 5.1). Yet we know from personal communications
that many have tried, but with only limited success. A major
problem is fluctuating thermal gradients (Calissendorff & Gardner,
1972) within the apparatus under variable radiation and wind con-
ditions. These lead to temperature gradients between the measur-
ing thermojunction and the leaf surface which preclude an accept-
able level of precision in the determination (+ 200 kPa in one
study (Calissendorff & Gardner, 1972) due to temperature gradients).
In addition, the diffusion resistance of the cuticle-stomate system
may delay equilibrium especially when the resistance is high (Hoff-
man & Splinter, 1968) as it is 1ikely to be in the dark psychro-
meter chamber with elevated carbon dioxide concentration levels.
The psychrometer should not influence the water potential of the
leaf at the point of measurement (Calissendorff & Gardner, 1972);
this may be checked using comparative measurements using the pres-
sure chamber. Apparently, only Campbell & Campbell (1974) and
Brown & Tanner (1981) have performed in situ field comparisons for
leaves (Table 5.1), and these comparisons involved the dewpoint
technique described by Campbell et al. (1973), and Roberts (1977)
performed comparisons using pine needles. Campbell & Campbell
(1974) applied no temperature corrections to their data.

The basic premise of 7n situ water potential measurements is
that the energy of water in equilibrium with the attached leaf
gives a measure of that in the conducting elements of the stem
xylem (Slatyer, 1966; 1967, p 153). If only a part of the leaf
is enclosed by the psychrometer, it may be assumed that the enclosed
leaf water potential must be in equilibrium with the more or less

unchanged water potential of the rest of the 1eaf+(S1av1k, 1974,
—

) Also, every stomate acts independently of every other stomate (Lange,
Losch, Schulze & Kappen, 1971)



p 63). Enclosing a portion of a leaf substantially modifies the 96
local leaf environment by local shading and reduced air movement.
This may alter stomatal aperture, transpiration and water potential.
It is 1ikely that the Tocal water potential will be that of the
leaf veins which traverse the psychrometer area; it may differ from
the mesophyll or substomatal cavity water potential, probably being
somewhat higher. Hence the enclosed area should be as small as
possible (Squire, Black & Gregory, 1981). Boyer (1972b) states
that the thermocouple psychrometer probably indicates an average
for Teaf tissue which approximates a distance average and which
requires thaf cells that are well below the tissue surface contri-
bute to the net vapour flux density at the sensing thermojunction.

The objective of this investigation was to improve non-
destructive techniques for measuring leaf water potential in the
field using Zn situ thermocouple psychrometers and to compare these
measurements with pressure chamber measurements.

5.3.2 Materials and methodsJr

Eleven leaf psychrometers, calibrated according to previous
methods (Sections 2.3.2 and 2.4.2), and juvenile plants (Citrus
Jambhiri) grown in 5 to 15 £ pots were used in this investigation
(Section 5.2.2).

In order to use leaf psychrometers for <n situ field measure-
ment of leaf water potential, it was necessary to reduce the large
temperature gradients associated with exposure of the aluminium
block to direct solar radiation and wind. This was done by cover-
ing all surfaces of the aluminium housing of a commercial psychro-
meter with thermal insulation material. Polystyrene covered with
aluminium foil tape proved less satisfactory than Scotch mount
double coated foam tape (Fig. 5.5a). About 12 mm thick insulation
was applied to the top and bottom of the housing and about 6 mm to
all sides except the non-slit side (Fig. 5.5a, side A), which was
9 mm thick. This arrangement minimized leaf shading.  The insu-
lation material was covered with highly reflective aluminium foil
tape ensuring that radiation of all wavelengths is reflected. A

T Partly based on the paper by Oosterhuis, Walker & Savage (1983)
but mostly on that by Savage et a7z. (1983b)
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cylindrical, narrow bore plastic tube was glued to the piston top

in order to extend its length, accommodating the increased depth
resulting from the insulation material around the psychrometer
(Fig. 5.5a).

Cleaning of the leaf psychrometer chamber is important. A
toothpick was used to carefully remove any sealant that had entered
the psychrometer chamber. The lower piston was then soaked in
boiling distilled water, immediately washed in acetone followed by
4 mol/kg ammonium hydroxide, cleaned with a jet of steam and
finally rinsed in distilled water. Merrill psychrometers were
more difficult to clean if sealant entered the chamber, due to the
protective wire screen covering the sensing junction.

The effect of abrasion on the measured leaf water potential
was investigated using no abrasion, light partic]elabrasion and
coarse abrasion treatments (Table 5.2). The abrasion technique
was similar to that of Brown & Tanner (1981) except that 400 grit
(particle diameter of about 60 um) carborundum powder was used for
a light abrasion treatment and calcined aluminium oxide (wet sieved
through a 75 um sieve) for a coarse abrasion treatment. The
method of abrasion is discussed in Section 5.2.2.

A beeswax-Tanolin mixture was used to seal the psychrometer
piston against the leaf. The relative amounts of each wax deter-
mines the rheological properties of the mixture. The softening
temperature is defined as the temperature at which no beeswax-
lanolin mixture flowed off a thermometer dipped into the heated
mixture+. Generally a mixture was used that had a softening tem-
perature 2 % greater than the expected 14h00 block temperature.

No infiltration of this mixture into the leaf was noted even after
a week with temperatures exceeding 35 i ol

The insulated aluminium psychrometer housing supported by metal
retort stands and laboratory clamps were positioned so that the
abraided areas of the respective leaves fit without stress into the
psychrometer s1it. Sealant was applied to the edge of the psychro-
¥ If TS is the softening temperature and R the volume ratio of
lanolin to beeswax, then R = 20,76 - 0,43 Ts for the waxes used
(with total degrees of freedom of 7, r = 0,987 and Sy.x = illy5d)



100

meter piston which was then pushed firmly against the leaf surface
and secured with a brass set screw (Fig. 5.5a). A screw driver
with a long shaft was used to tighten this screw ensuring minimal
disturbance to the plant. Psychrometers were usually attached in
the late afternoon some 10 min after abrasion, but not if dew was
noted on the leaf surface.

For the crops used in this study, psychrometers were always
sealed on abaxial leaf surfaces. The leaf angle of citrus changes
with water stress and it was necessary to occasionally alter the
psychrometer position if measurements continued for extended time
periods. When the abaxial leaf surface faced upwards, the plas-
tic rod and lead wire were exposed to incoming solar radiation.

In such cases, aluminium foil was taped over the plastic rod (Fig.
5.5b) to reduce heat conduction to the piston. The tape was not
used as an umbrella (Pallas et al., 1979), casting'minima1 shade on
the leaf. The psychrometer slit was positioned towards north (or
south in the Northern Hemisphere) in order to minimize leaf shading.

It was possible to check whether the psychrometers were success-
fully sealed against the leaf within 5 min after sealing. A 30 s
cool followed by switching to read indicated that the chamber was
approaching equilibrium with the substomatal cavity if the output
voltage was less than about 15 uV. If not, the brass screw was
released and pressure applied between the psychrometer piston top
and the Teaf with the piston rotated slightly to improve the vapour
seal. The screw was then retightened. Two hours was generally
sufficient for vapour equilibration between the substomatal cavity
and the psychrometer chamber for the abrasion treatment used; temp-
erature gradients between the leaf and the sensing thermojunction
generally diminished within 20 min.

When all psychrometers were sealed, the corresponding stem or
branch was tied to the metal support rod and neighbouring stems or
branches to reduce the possibility of wind induced stresses break-
ing the seal. The support rod was also pushed into the soil of
potted plants when feasible.

The microvoltmeter 1id was covered with aluminium foil tape
(Fig. 5.5c) and the inside of the 1id filled with polystyrene to

reduce sudden temperature changes in the electronic circuit and con-

sequent spurious voltage fluctuations. In particular, the 1id of
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the microvoltmeter was never fully opened whenever connecting wires

or operating the function switch, thus preventing radiation from
directly entering the unit. Heating of the psychrometer lead
wires was prevented by mounting a polystyrene block covered with
aluminium foil tape to the side of the microvoltmeter (Fig. 5.5c).
This reduced heat energy flow to the sensor connecting copper posts
of the microvoltmeter, and eliminated the apparent temperature
gradients and fluctuating zero offsets (Brown & Tanner, 1981).

A rechargeable power supply was substituted for that supplied
by the manufacturers. This consisted of six rechargeable batter-
ies (Yuasa, Japan) each 6 V and 6 A h housed in a plastic box
covered with aluminium foil tape (Fig. 5.5d) to reduce radiant
heating of the batteries in the field. The capacity of the battery
pack was sufficient for the microvoltmeter to be kept on continuous
power throughout the investigation (after a week, trickle recharg-
ing was necessary). The 10 to 15 min drift, on turning the meter
on (Brown & Tanner, 1981), was prevented by this procedure.

A mains chart recorder was used to record thermocouple psychro-
meter output with a Keithley multimeter connected to the Wescor
microvoltmeter as a cross-check. For more remote sites, recharge-
able battery chart recorders would be necessary.

On a few occasions, the aluminium covering and the thermal
insulation resulted in static charge accumulation. This resulted
in large apparent zero offset voltages, normally associated with
large Teaf and sensing junction temperature differences. The
accumulation of charge was dissipated by connecting the psychro-
meter earth lead wire to the chart recorder earth connection.

Generally, psychrometer measurements only commenced at about
09h00 (SAST). Winter dew frequently occurred and pre-dawn measure-
ments were often not possible in windy conditions as droplets of
water entered or moved out of the slit area. This water movement
often caused large leaf (cavity) and sensing junction temperature
differences and also zero drift errors (Section 2.5.4, p 46) during
measurement of the wet bulb temperature. Early morning post dawn
measurements were also often not possible due to the water movement
from the s1it area, in particular from the piston. This resulted in
large temperature differences (zero offsets) particularly in windy

conditions or when the Teaf was partially exposed to solar radiation,
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5.3.3 Results and discussion

In the field experiment, measured block temperatures ranged
between 12 and 29 °C and the zero offsets associated with tempera-
ture gradients between the referenceland sensing junctions, were
never greater than 0,6 uV (Fig. 5.6). This maximum value was
measured when direct solar radiation entered the slit area, strik-
ing the psychrometer piston. Previous comparisons of measurements
obtained from Merrill leaf psychrometers indicated that the Wescor
L-51 (wide aperture) and L-51A (narrow aperture) leaf psychrometers
exhibited smaller temperature gradients under similar conditions
of high energy load than did Merrill psychrcmeters. Consequently,
the Tatter were not used in the field.

Zero offsets measured during the investigation ranged be-
tween -0,1 and 0,6 uV (Fig. 5.6). The zero offsets accepted by
Brown & Tanner (1981) were less than 0,3 pV but their psychrometer
shaded more of the leaf than ours (9 cm?® compared to our 6 cm?).
Some workers (Pallas & Michel, 1978) have accepted less than 1 uV.
The error analysis of Section 2.5 indicates that zero offset magni-
tudes Tess than or equal to 0,5 uV do not result in excessive error
in water potential measurement compared to other error components
(Table 2.12, p 47).

Agreement between psychrometer and pressure chamber measure-
ments was poor unless the leaves were abraided prior to psychrometer
measurements (Figs 5.7 to 5.9). If leaves were not abraided prior
to psychrometric measurement, the readings were excessively dry
compared to pressure chamber values (Fig. 5.7) and the "plateaus”
were poorly developed (Fig. 5.2). The discrepancies became worse
with Tower (drier) leaf water potentials, wtot' In the case of
the no abrasion treatment, the wide aperture psychrometer measure-
ments compared more favourably with pressure chamber measurements
on neighbouring leaves, compared to the narrow aperture psychro-
meter measurements (Fig. 5.7). Presumably, diffusion resistances
affected narrow aperture leaf water potential measurements than did
wide aperture measurements: compare Figs 5.7 and 5.10.

The coarse abrasion treatment resulted in more variable leaf
water potential measurements Compared to light abrasion (Figs 5.8, S

T We assumed that the reference junction and leaf temepratures were

equal. Zero offsets were obtained by comparing dry psychrometer and
input short measurements
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FIG. 5.6 Histogram plot of the percentage occurrence of the
various psychrometer temperature gradients occurring
in the field situation where block temperature varied
between 12 and 29 °C
Zero offset measurements are as important as the meas-—
ured voltages corresponding to the wet bulb temperature.
During this experiment, a total of 243 zero offset meas-—
urements were collected. These measurements were obtain—
ed using the "0 TO 10" uV range on the HR-33T micro-
voltmeter and the output recorded on a chart recorder.
This enabled voltages to be measured to within *+ 0,025
uv (+ 25 nV). Generally, negative zero offset values were
measured during the night. Most measurements were obtain-
ed during hot and dry environmental conditions
onurLLny VUL Lhne Two poLes O] The HH=54L gives an instrument O
meter zero of about 0,1 to 0,2 wV which is close to the averag

zero offset shown



104
2
L °
- '*o:" o
—lm: + ..x"'o
0 9%po

+
+
o

o

PSYCHROMETER WATER POTENTIAL (kPa)

_%. i " a 1 s " A .—lém. 3 PR Y 1 " s M E B
CHAMBER WATER POTENTIAL (kPa)

IG. 5.7 Comparison between psychrometer (no abrésion) and press-

-

ure chamber measurements of citrus leaf water potential.
Each point represents an average of 2 to 3 pressure cham-
ber measurements using adjacent Tleaves (+ indicates
wide aperture psychrometer measurements and o narrow)

R R (5 oA R Rk a0 AL SRR AT A LR O

..illlglnlillL‘..lAL‘.l..LL
-2008 -1088 8
CHAMBER WATER POTENTIAL (kPa)
Comparison between psychrometer (coarse abrasion) and press-
ure chamber measurements of citrus leaf water potential (2
to 3 measurements in each case, from the same plant)

f

PSYCHROMETER WATER POTENTIAL (kPa)

F

—

g. 3.8



L-51A WATER POTENTIAL (kPa)

PSYCHROMETER WATER POTENTIAL (kPa)

-n

IG.

+
_%LLLLAAIlllLllllllllllllLllLl
- -2008 -1608 8

FIG.

- EETOR ) T LM UEL) O (st P P T i i G N | T TR LR (et (SN L S P
amggﬂﬂﬂ ~2008 -1084 8

105

"Ter‘lllrI[lFIT‘['IIYTIIVT

+

Ty

+

- |

CHAMBER WATER POTENTIAL (kPa)
5.9 Comparison between psychrometer (1ight ébrasion) and press-
ure chamber measurements of citrus leaf water potential (2
to 3 measurements in each case, from the same plant)

==

- *+
+

! +

- + +

[ v i

5 *

- +

o + +

t +

=

- #

9

s +

L +

-

+
[+ *

L-51 WATER POTENTIAL (kPa)

5.10 Comparison between psychrometer measurements (intensive
light abrasion) using wide aperture unit and those using
narrow aperture unit. Individual measurements were per-
formed using the same leaf



TABLE 5.4
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Associated statistical parameters for the linear regres-
sion curves shown in Figs 5.8 and 5.9 (psychrometric vs
pressure chamber measurements) and Fig. 5.10 (narrow
aperture psychrometer measurements vs wide aperture)

over leaf areas that were pretreated (light abrasion)'II

Statistical parameter

Figure number

5.8 5.9 5.10
(Coarse abrasion) (Light abrasion) (L-51 vs L-51A)
Slope 1,106 1,004 0,996
SE slope 0,0431 0,0159 0,0284
Intercept (kPa) 126 -18 -15
SE intercept (kPa) 76,7 1,6 40,8
r 0,976 0,984 0,982
Sy.x (kPa) 179,8 100,0 148,3
Number of points 38 66 ; 44
STope unity t value' 2,451(ns) " 0,235(hs) -1,194(s)
Intercept zero t value -1,659(s) 0,862(hs) 0,374(hs)
ns = non-significant (at 95 % confidence level), s = significant
at 95 % and hs = significant at 99 %
TABLE 5.5 Comparison of total leaf water potential wtot(kPa) and
psychrometric measurements using the slope and intercept
parameters of Table 5.4
LIGHT ABRASION COARSE ABRASION
Ytot ¥pc Ypsy Ypsy" Ypsy Upsy"
(kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
- 300 - 262 - 281+21,4 - 231 - 163+ 77,9 =~ 17
- 500 - 462 - 482+22,3 - 432 - 384+ 79,8 - 328
- 750 -712 - 732+24,0 - 682 - 660+ 83,3 - 605
-1 000 - 962 - 983+26,2 - 933 - 936+ 88,1 - 881
-1 250 -1 212 -1 234+28,8 -1 184 -1 213+ 93,8 -1 158
-1 500 -1 462 -1 485+31,7 -1 435 -1 489+100,4 -1 434
-1 750 -1 712 -1 736+34,8 -1 686 -1 766+107,6 -1 710
-2 000 -1 962 -1 987+38,0 =1 937 -2 042+115,4 -1 987
-2 250 -2 212 -2 238+41.4 -2 188 -2 318+123,7 -2 263
-2 500 -2 462 -2 489+44 .9 -2 439 -2 595+132,2 -2 539
-2 750 -2 662 -2 740+48,4 -2 690 -2 871£141,2 -2 816

Intensive 1light abrasion treatment was used (Table 5.2)
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Tables 5.4, 5.5). The coarse abrasion treatment gave psychro-

metric water potential values, wPSY(CA), greater than the pressure
chamber measurements wPC’ for wtot > -1 250 kPa, but for drier
values the reverse was true (Table 5.5). The slope interval does
not overlap with unity at a 95 % confidence level (Table 5.4).

The variability of these data may be due to the severity of the
abrasion treatment. We found that with this abrasion treatment,
damage to the epidermal tissue was more severe, compared to light
abrasion (Plate 5.1j) which may account for the Tower (drier)
psychrometric water potentials for Yenp < -1 750 kPa. The wtot
values of Table 5.5 are pressure chamber measurement§ (wPC) corrected
for the osmotic potential of exuded sap; wPSY(LA) and wPSY(CA) are
the respective light and coarse abrasion values calculated from

Upes wPSYW(LA) and wPSYW(CA) are the wPSY(LA) and wPSY(CA) values
corrected for the apparent effect of "xylem tension relaxation” fol-
lowing petiole excision (Section 5.5.3). We assume that the effect
"xylem tension relaxation” increases the actual leaf water potential

by 50 kPa.

Light abrasion (60 s) psychrometric water potentials, wPSY(LA),
were not statistically different from measured pressure chamber
values (Fig. 5.9, Tables 5.4 and 5.5) for -2 700 kPa < Uiot < -300
kPa.

Environmental conditions varied widely with measured block tem-
perature ranging between 12 and 29 °C.  Brown & Tanner (1981)
measured leaf water potential on the same leaf using dewpoint and
pressure chamber techniques and found no significant differences
between the two. We used adjacent Teaves for pressure chamber
measurements and hence some of the scatter in our data could arise
from spatial separation between psychrometer and pressure chamber
Teaves (Ritchie & Hinckley, 1975). Also, the pressure chamber
water potentials of Table 5.4 and Figs 5.7 to 5.9 were not correc-
ted for the osmotic potential of the exuded sap. The mean osmotic
potential of the exuded citrus sap from 28 measurements was -38,0
kPa with a standard error of = 3,6 kPa (Section 5.4.3). If all
pressure chamber potentials are corrected for sap potential, then
the psychrometer water potential is closer to the total water
potential than to the pressure chamber potential (Table 5.5). The
total water potential values shown in this table were calculated
from pressure chamber and exuded sap water potential measurements.
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Water potential values for the light abrasion treatment were greater

than the corrected pressure chamber measurements by approximately
20 kPa, on average. Therefore, the increase of leaf water poten-
tial caused by shading the Teaf with the psychrometer was small in
our case. If however, excision of the leaf releases the'"xylem
tension"sufficiently to cause a measured increase in pressure cham-
ber water potential (Section 5.5.3), the difference ascribed to
shading would be greater than the 20 kPa reported here. If petiole
excision increases pressure chamber leaf potential by perhaps 50
kPa, then psychrometric measurements would be greater than the total
leaf water potential by about 70 kPa.

Further evidence for the success of the 60 s Tight abrasion
treatment is indicated in Fig. 5.10. Leaf water potential was
measured using narrow and wide aperture leaf psychrometers on the
same citrus Teaf. The good agreement between these measurement
values presumably would not be possible if resistance to water
vapour diffusion were limiting as the diffusion resistance is
double for the narrow aperture psychrometer. There are however,
slight differences between these measurements. At Tow Teaf water
potentials, say less than -2 500 kPa as measured by the wide aper-
ture psychrometer, the narrow aperture measurements were greater
by 70 kPa (calculation based on data from Table 5.4). There was
also more variability between these two measurements for water
potentials less than about -1 500 kPa (Fig. 5.10). At high leaf
water potentials, the narrow aperture psychrometer measurements
were lower than their wide aperture counterparts.

5.4 TIME RESPONSE OF THERMOCOUPLE PSYCHROMETERS TO LEAF WATER
POTENTIAL CHANGES FOLLOWING EXCISION T

5.4.1 Introduction

The time response of thermocouple psychrometers for dynamic
measurement of <n situ leaf water potential is an aspect of field
psychrometry that needs investigation. At present, the response
time of these instruments is not known owing to a lack of research
in this direction. Lambert & van Schilfgaarde (1965) thought that
their psychrometer could respond to leaf water potential changes

within 5 min, but chose a time interval of 20 min between measure-

~ Based on the paper by Savage & Cass (1983) submitted for publica-
tion to Plant Physiol.
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ments. They maintained that there was a time Tag between dynamic

changes in water potential of the test leaf and the psychrometer
output, but presented no supporting data. Hoffman (1966), cited
by Hoffman & Splinter (1968), calculated that this lag would be
about 10 s for tobacco if the stomates were open and longer if the
stomates were closed. Campbell & Campbell (1974) found that the
in situ leaf hygrometer appeared to respond to plant water poten-
tial changes in less than 30 min and compared dewpoint hygrometer
measurements with pressure chamber water potential values.

Baughn & Tanner (1976) monitored changes in water potential after
leaf excision with a response time of a few minutes. However,
their technique introduced thermal gradients that subsided in about

10 min. They measured a 10 to 15 min"wetting transient”of about
10 kPa, but could not separate tissue and thermai effects. Boyer

(1972b) altered the water potential of a salt solution sealed in a
thermocouple psychrometer cavity by injecting a salt solution of
different concentration. He found that the psychrometer reacted
to the change in water potential with a response time of 20 s (- he
quoted a half Tife of 30 s). However, it is difficult to separate
psychrometer responses from delay in attaining the new water poten-
tial because of the finite but unknown diffusion rate of the ionic
constituents, with this technique. Neumann & Thurtell (1972)
measured the time response of their dewpoint hygrometer measure-
ments by cutting the leaf base in water, and reported a time con-
stant of 110 s. It is possible that the uptake of water by leaves
under such conditions is not instantaneous so that this time con-
stant value may reflect internal leaf water and hygrometer responses.
The aim of the work reported here was to investigate the
time response of thermocouple psychrometers, particularly short
time responses less than about 3 min, as well as the effect of leaf
excision on water potential changes under conditions of both high
and Tow atmospheric demand. Whenever possible, psychrometer
measurements were compared with pressure chamber measurements.

5.4.2 Materials and methods

Calibration procedures of the eleven leaf psychrometers used
in this investigation and other details have previously been des-
cribed (Section 2.2.3, p 21) modified only by reducing cooling
times to 2, 5 and 10 s. A1l psychrometer measurements obtained
were done so using in situ leaf psychrometers,
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5.4.2.1 Laboratory investigation

Potted citrus plants (Citrus jambhiri) were equilibrated
under laboratory conditions for two days. Leaves were abraided
to remove cuticular wax prior to psychrometer sealing (Neumann &
Thurtell, 1972; Brown & Tanner, 1981; Section 5.3.2). A commercial
psychrometer was modified in order to reduce possible thermal
gradients (Section 5.3.2). The psychrometer chamber generally
attained water vapour equilibrium with the substomatal cavity with-
in an hour of sealing and measurements were taken after this. A
chart recorder was used to record all psychrometer voltage curves.
Pressure chamber measurements involved the same techniques outlined
previously (Section 5.2.2).

Prior to petiole excision, psychrometric measurements were
performed to ensure that measured water potentials were in fact
constant.+ After petiole excision, psychrometer and leaf were care-
fully moved to positions which minimized 1leaf shading. In one
experiment involving uniform citrus leaves from the same plant,
such relocation ensured similar rates of water loss from the
leaves without inducing temperature gradients within the psychro-
meter chamber, nor affecting vapour equilibrium.

In an initial investigation, the potential of exuded leaf
sap was measured by over-pressurizing a compound citrus leaf 100 to
200 kPa beyond the pressure chamber endpoint. The sap was collec-
ted on a double layer filter paper disc (Whatman no. 541) of dia-
meter 6 mm. The sap potential was then measured using a Wescor
C-52 chamber psychrometer.

5.4.2.2 Field investigation

Procedures similar to those described for the laboratory
investigation were followed. Psychrometer leaves were excised in
one of two ways: at the petiole or along the midrib leaving the
petiole intact during periods with high and Tow evaporative
demands (Table 5.6) with the psychrometer monitoring water potential
changes on the detached leaf portion. In the latter case, move-
ment of the psychrometer containing the cut Teaf portion was avoided.
The midrib excisions were about 100 to 150 mm Tong and made with a

pair of scissors to avoid pulling the leaf. Leaves were allowed

.r.
We therefore assume that the leaf water potential was constant
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TABLE 5.6 Leaf excision details for the field measurements and

the prevailing climatic conditions

Date and local Type Block Class A Wind

Leaf time of of Temperature pan speed
excision excision {“E) (mm)Jr (m/s)

A 10 Sept.'82, 11h58 Petiole 32,8 3,86 U

B 10 Sept.'82, 11h12 Petiole 231 3,86 0,3

C 31 Aug. '82, 14h27 Petiole 370 4,38 2,8

D 1 Sept.'82, 10h44 Petiole 24,0 e s 0,1

E 1 Sept.'82, 11h14 Midrib 26,8 2 SR 0,6

F 1 Sept.'82, 15h03 Midrib 24 ,b Bl L

G 1 Sept.'82, 15h21 Midrib 2. 202 2,0

T Dajly total

to dry out in the position in which they were prior to excision.
Two to four pressure chamber measurements on neighbouring leaves
were performed to compare with pre-excision psychrometer measure-
ments. Pre-excision psychrometer measurements, as in the labora-
tory experiment, were performed to determine if the measured leaf
water potentials were constant. Post-excision psychrometer measure-
ments were compared with pressure chamber measurements by cutting
the leaf petiole, waiting 60 s, cooling the sensing thermojunction
for 5 s, monitoring voltage for 55 s (during which time the wet
bulb temperature was measured) and then removing the leaf from the
psychrometer, and preparing for the pressure chamber measurement.
In some cases, the 55 s waiting period was increased. The 5 s
cooling time ensured that the sensing junction reached the wet
bulb temperature corresponding to the chamber water potential with-
n:65 s,

In other experiments where leaf water potential was high, the
leaf was excised and psychrometer water potential monitored at
1 min intervals. In these cases, a cooling time of 2 s was used
to ensure that there was no water on the sensing junction at the
beginning of the next cooling cycle. As the water potentials
decreased during excision, it was sometimes necessary to increase
the cooling time from 2 to 5 s. That repetitive cooling of the ther-
mojunetion had no effect on the leaf water potential determinations
made at 1 min intervals, was confirmed by performing these opera-
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tions for a leaf that had not been excised in order to ensure that

this procedure did not affect the leaf or measured psychrometric

water potential.
5:4.3 Results and discussion

5.4.3.1 Laboratory investigation

The time response of a thermocouple psychrometerfwas com-
pared with simultaneous pressure chamber measurements using citrus
leaves of nearly uniform size, colour, and angle. Psychrometer
output was monitored every 10 min up to 50 min after leaf excision.
Pressure chamber and psychrometer measurements compared fwithin 100
kPa) at all times (Fig. 5.11). We conclude that the in situ psy-
chrometer response was such that the psychrometer could detect rapid
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water potential changes resulting from desiccation. Pressure

chamber measurements were not corrected for exuded sap potential.
The mean value from 28 sap water pdtentia] measurements was -38 kPa
with a standard deviation of 19  kPa (standard error of + 4 kPa).

A similar investigation involved various plants and eleven Teaf
psychrometers. Leaves were excised and left to dry for various
times ranging from 2 to 200 min. At a set time after excision,
psychrometric measurement was made followed by transfer of the leaf
from the psychrometer to a pressure chamber and xylem water poten-
tial measurement. A total cf 24 measurements indicated that the
relationship between psychrometer and pressure chamber leaf water
potential was linear with a slope of unity and an intercept 0 kPa
(Fig. 5.12, Table 5.7). The best fit curve indicates that the
psychrometer measurements are generally higher (wetter) than those
of the pressure chamber. This could be because of the time

delay between psychrometer and pressure chamber measurements (per-

rrr|yrrryrrryrprrirrtr e

PSYCHROMETER WATER POTENTIAL (kPa)

CHAMBER WATER POTENTIAL (kPa)

FIG. 5.12  The relationship between pressure chamber and leaf psychro-

meter measurement for citrus leaves excised in the laborato-

ry. Measurements were performed 2 to 200 min after petiole
excision
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TABLE 5.7 Associated statistical data for the pressure chamber-

psychrometer curves shown in Figs 5.12 and 5.13

Laboratory data Field data
(Flg-5.12) (Elg.= 6
Number of points 24 23
Slope and standard error 0,983 + 0,034 0,912 + 0,054
Intercept and standard
Sa et A He 2 -26,8 + 65,7
error (kPa)
r 0,9869 0,9651
Sy.x (kPa) 107,66 87,1
Slope confidence interval
(95 %) (0,911; 1,054) . (0,799; 1,024)
Intercept confidence interval
(95 %) (kPa) (-86,5; 148,6) (-163,4; 109,9)
formed some 1 to 2 min later) on the same leaf. During pressure

chamber measurement therefore, greater pressures are required to
force sap to the cut. Presumably the effect of "xylem tension
removal" (Section 5.5) affected pressure chamber and psychrometer
measurements similarly as both these measurements were performed
after leaf excision. The two points of Fig. 5.12 with the high-
est corresponding leaf water potential were measured about 2 to

3 min after leaf excision indicating that under these laboratory
conditions, the time response of the psychrometer is even better
than this.

The physical effect of scissors touching the leaf may have
induced temperature gradients and hence caused apparent changes in
measured leaf water potential. This was investigated by holding
a pair of scissors against a leaf without performing a cut while
monitoring psychrometric water potential over a 3 min period.

There was no detectable change in water potential during this period
provided leaf movement was minimized.
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5.4.3.2 Field investigation

In the field study, water potential in the psychrometer
chamber was usually monitored at 1 min intervals after leaf exci-
sion. It is possible that this measurement rate could have affec-
ted the water potential due to cyclic desiccation and rewetting of
the chamber. Control measurements (no excision) were performed to
check this. Typically, over a time period of 5 min, water poten-
tials of -708, -734, -708, -721 and -708 kPa at 0, 2, 3, 4 and 5
min respectively after the first cooling cycle (5 s) were measured.
The effect of the technique was therefore insignificant in relation
to the water potential change induced by leaf excision, in this case.

Comparisons were made between psychrometer and pressure
chamber measurements on neighbouring leaves in order to determine
the accuracy of the pre-excision psychrometer measyrements (Table
5.8). In general, there was a very good correlation over this
narrow water potential range. Brown & Tanner (1981) found good
~correlation using the dewpoint technique (Campbell et al., 1973)
for the same alfalfa leaf placed in the pressure chamber apparatus.

Following leaf excision, psychrometric measurements were
performed prior to pressure chamber measurements as the same leaf
was used for both measurements. An attempt was therefore made
to correct for this. Assuming that psychrometer leaf water poten-
tial change is a linear function of time after petiole excision it
was possible to predict from measurements made before and 1 min
after excision, what the psychrometer potentials would have been
at the same time as the pressure chamber measurement (Fig. 5.13,
Table 5.8). In the case of psychrometer nos 1 and 6, the
times were 3 and 5 min after excision respectively, instead of
1 min.  The time delay between the psychrometer and corresponding
pressure chamber measurement was approximately 1 min. In spite
of correcting psychrometer measurements, predicted psychrometer
values are slightly greater than the pressure chamber values
(Fig. 5.13) under the conditions of a high evaporative demand
experienced during the experiment (Table 5.6). Over the measured
leaf water potential range (Fig 5.13), the psychrometer measure-
ments are greater (wetter) than the corresponding pressure chamber
measurements.  This is a similar trend to that found in the

Taboratory experiments. However, psychrometer measurements do not
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TABLE 5.8 Water potential values (kPa) measured using psychro-
metric and pressure chamber methods and also values
corrected for the time lapse (1 min) between psychro-
meter and pressure chamber measurements. Measurements
were performed in the field under high atmospheric
demand conditions using citrus plants

s Predicted
Initial pressure Time of Time of  psychrometer
Psy- psychro- i sicd and final measurement
chro- metric measure- final psy- Bressire: Akl
meter  reasure- ment chrometric ~ chamber oF Pipd
no. ment (adjacent measurement measurement pressure
leaves) (same leaf) chamber
measurement
| 4
1 - 857 - 848+ 67 -1 595 -1 960 -1 841
1 2
2 - 861 - 848+ 67 -986 -1 200 -1 1M
1 2
3 -1 093 -1 081+ 81 -1 344 -1 650 ~] 535
1 2
4 - 951 -1 087 81 -1 126 -1 500 -1 301
5 6
6 - 739 - 763124 =1 516 -1 900 -1 671
1 2
7 - 796 - 763+124 -949 -1 200 -1 102
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G. 5.13 The relationship between pressure chamber and predicted

Jeaf psychrometer measurements (extrapolated to the same

time as the former) for various citrus leaves excised
the field. Field measurements were usually within the
first two minutes after excision

appear to lag behind the true water potential change, in the first
minute after excision, as judged by pressure chamber measurements
(Fig. 5.13). Because of the rapid response of the psychrometer,
it was possible to monitor changes in leaf water potential at 15 s
intervals following excision (Fig. 5.14). For both leaves, there

is evidence of a transient increase in leaf water potential, immed-

in

iately following excision (36 kPa for Teaf A and 48 kPa for leaf B).

This observation is in conflict with Barrs & Kramer (1969) and
Boyer (1968; 1972a) who apparently found that petiole excision
itself did not cause an increase in leaf water potential. Barrs
& Kramer (1969) postulated that following slicing of leaf tissue,
there is passive movement of water from damaged to intact cells.
This movement results in an increase in cell volume and correspon-
ding pressure and hence an increase in leaf water potential. In-

creases in leaf water potential seconds after excision were never
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time after petiole excision for two leaves from the
same citrus plant. The Scholander pressure chamber
measurements (SPC) at 90 and 120 s are shown as well

as the time predicted psychrometer measurements for
these times, respectively

greater than 80 kPa. However, these water potential increases
were offset by water potential decreases due to desiccation (Fig.
5.14). Again, there does not appear to be any lag between leaf
water potehtia] and that value measured by the psychrometer.
Over a longer period of time, leaf water potential decreases
were largely dependent on the climatic conditions. Leaf water
potential decreases of 250 to 700 kPa in the first minute after
excision were measured (Fig. 5.15; leaves E and C respectively).
Under Tess demanding atmospheric conditions (ambient temperature
of 24 °C with scattered cloud, Table 5.6) the decrease in psychro-
meter water potential was nearly linear in the first 5 min (leaves
D, F and G). The effect of transient cloud cover is shown
(Fig. 5.15; leaf D). A neighbouring leaf (leaf E) from the same
tree was excised along the midrib and the water potential changes
of the detached smaller portion monitored about 30 min after leaf D
measurements.  There does not appear to be any difference in the
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FIG. 5.15 The decrease in citrus leaf water potential following
field excision for leaf F and G (low evaporative dem-
and conditions and from the same plant), Teaf C (high
evaporation) and leaf D and E (low evaporation and
from the same plant

initial water potential decrease (Fig. 5.15; leaf E and D) per unit
time, within the first 5 min.

The decrease in psychrometer water potential for two leaves
excised along the midrib within 20 min of each other, from the
same tree under highevaporative demand conditions is shown (Fig.
5.14 and Table 5.6). Both leaves were on the north side of the
tree and a vertical distance of about 150 mm apart. The lower of
the two leaves (leaf A) was in a more shaded environment.

5.5 EFFECT OF EXCISION ON LEAF WATER POTENTIALT

5.5.1 Introduction

In view of the excellent time response of in situ psychro-
meters (Section 5.4), this instrument appears ideal for monitoring
changes in leaf water potential due to excision to at least within

15 s, provided the resistance to water vapour diffusion is not

Based on the paper by Savage, Cass & Wiebe (1983 i
J exp Bot for pug1?cat1gn 2 # wiebe: | » submitted to

28
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significant (Section 5.2). The relevance of this aspect is that

all pressure chamber measurements (Section 5.3) were performed after
leaf excision, with comparisons being made between these measure-
ments and Teaf psychrometer measurements on whole leaves. 31
therefore necessary to investigate the effect of excising a Teaf
petiole on the leaf water potential, assuming that the psychrometer
measures the true leaf water potential. The work by Manohar
(1966a) and Barrs & Kramer (1969) éhow,that various types of exci-
-sion cause increases in leaf water potential.  Although Manohar
(1966a) warns of the danger of using leaf slices placed in chamber
type psychrometers for the measurement of leaf water potential, the
cuts he used were rather drastic and are not commonly used in per-
forming such measurements except when using small chamber psychro-
meters used by Ungar (1977) and Cutler, Shahan & Steponkus (1979).
For example, Barrs & Kramer (1969) found that 72 mm by 22 mm and
72 mm by 44 mm leaf slices from the same leaf yielded the same
measured leaf water potential. Also, Boyer (1968, 1972a) claimed
that petiole excision, as measured using an isopiestic psychrometer,
did not cause an increase in sunflower leaf water potential,

5.5.2 - Materials and methods

Psychrometric and dewpoint hygrometer measurements were
performed in a constant temperature laboratory. Dewpoint cooling
coefficients (Section 3.2.2, p 54) were determined immediately prior
to sealing hygrometers to Citrus jambhiri leaves.

A11 measurements were performed on citrus plants in the
laboratory under dark (25 °C) conditions, but unlike the experiment
of Baughn & Tanner (1976), leaves were not always covered with
a1um1n1um_f011 to prevent water loss. Petiole cuts were performed
using a razor blade and midrib cuts using a pair of scissors.
Cooling times ranged between 1 and 3 s and plants were equilibrated
for 2 days and watered some 12 h before psychrometer measurements.

~Abrasion treatment applied to the leaf was the intensive 1ight
abrasion treatment (Table 5.2).



5.5.3 Results and discussion

The effect of continuously condensing and evaporating
water (every 30 s or so) in the psychrometer chamber was investi-
gated (Fig. 5.16). Generally there was no consistent increase
or decrease in measured water potential for up to 3 min after the
first measurement, using a 1 s cooling time. The measured water
potential was always within 3 % of the time zero leaf water poten-
tial. The effect of evaporating and condensing water was there-
fore ignored. However, it is noted that Teaf water potential
measurements are only accurate to within 3 %, presumably because
of the sensing junction not being allowed to dry completely before
 the next cooling cycle. .

' Petiole excision (uncovered leaf) results in immediate
(within 15 to 30 s) increase in leaf water potential that can
typically amount to more than 60 kPa (Fig. 5.17; leaf €). The
reason for this value being a general lower limit is because of
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the obvious decrease in leaf water potential some 45 s after petiole

excision, indicating a loss.of water by the uncovered leaf even
-520

~-548
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FIG. 5.16 The effect of continuously condensing and evaporating psy-

chrometer chamber water on the measured water potential

Stmtlar measurements were performed on a number of ecitrus

plants; typical results are shown. For the one curve
shown, the maximum deviation is 2,9 % relative to the

time zero measured-lea; water potential
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FIG. 5.17 Measured water potential as a function of time for three

Sea

uncovered leaves excised under dark conditions. P indicates

a petiole excision and M a midrib excision

Further "petiole excisions" involved cutting across the

midrib, whereas all midrib exeisions were parallel to the

the midrib axis. Cuts subsequent to the first cut often

resulted in. smaller increases in measured water potential,

compared to the initial cut

under the dark laboratory conditions. A midrib excision on the
side opposite the psychrometer, some 3 min after the petiole exci-
sion,also resulted in temporary leaf water potential increases
that were not as great as the first cut (Fig. 5.17; leaf ). The

distance between the petiole cut and the psychrometer sensing area

was usually about 100 mm. It is apparent therefore that the rate

of change of measured leaf water potential per unit distance is

‘typically of the order 60 Pa mm 5-1, for a petiole cut, assum-

ing that the 60 kPa change in water potential is propagated within
10 s.  Presumably, this could be greater if there was some lag
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between actual and measured leaf water potentials. Boyer .(1968)

found that leaf water potentials of intact and petiole excised
Teaves agreed to within 30 kPa. His (isopiestic) <n situ chamber
type psychrometer had a time response of 30 s and he used different
psychrometers for pre- and post-excision measurements. Our results
are therefore difficult to reconcile with his.

The experiment was repeated but with a midrib cut on the same
side as the psychrometer (Fig. 5.17; leaf B). This typical curve
shows that some 100 s is required to attain the peak water poten-
tial compared to about 15 to 30 s for a petiole cut (leaf A). The
reason for this 100 s period could be that more cells are damaged
than a petiole cut, so that a longer time period is required for
the water movement through the leaf. There is also a greater
quantity of water that is moving passively. The difference bet-
ween the pre-cut and the 100 s leaf water potential is about 40 kPa,
but presumably a significant amount of water had transpired in
addition to evaporation from the cut edge during this time period.
The type midrib cut performed here is typical of the cut performed
when attempting to measure water potential of leaf slices placed
in chamber type psychrometers. The size of the leaf slice was
about 80 mm by 30 mm. This indicates that even though Barrs &
Kramer (1969) found no difference in water potential between leaf
slices of 72 mm by 22 mm and 72 mm by 44 mm, there may be differ-
ences when water potential of these slices and the potential of the
intact leaf prior to excision are compared.

Cuts that were performed after the initial cut generally had
peaks that were not as large as the initial one and sometimes did
not have peaks but rather a slowing down in the leaf water potential
decreases (Fig. 5.17; Tleaf C). In general though, with every type
of cut there was a wetting of the leaf that occurred within about
30 s after cutting (leaves A, B and C).

The experiment was repeated using the dewpoint technique but
using covered leaves with plants maintained under dark conditions
24 h prior to and during the experiment. Initially we covered leaves
with aluminium foil, but this proved unsatisfactory. If contact
with the aluminium foil was made when the petiole was cut, electrical
charge conduction resulted in significant shifts in the measured out-

put voltage. Leaves were therefore covered with plastic sheeting.



Using the dewpoint cooling coefficient determined immediately prior
to sealing hygrometers to Teaves, it was possible to monitor water
potential for periods exceeding 30 min, but not in the case of Tow
water potentials (< -2 200 kPa). In the Tow water potential case,
the output voltage decreased to zero a few minutes after attaining
a steady value. This could be due to insufficient available water
for the maintenance of the dewpoint temperature, partly because of
the Tow water potential but possibly also because of the diffusion
resistance. The dewpoint measurements confirm the results shown

in Fig. 5.17; the change in water potential following excision,

as expected by J. L. Pallus (in his comments on the paper by Boyer,
1972b) is in fact an increase in measured water potential about 30 s
after petiole excision, for Citrus jambhiri. The increase varied
between about 20 and 80 kPa for plant water potentials ranging bet-
ween -2 200 to -300 kPa. From our Timited data, increase in meas-

124

ured water potentials appeared to be independent of actual leaf water

potentials measured prior to excision.
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Leaf abrasion resulted in decreased diffusion resistance to
water vapour movement between the substomatal cavity and
reduced the time for the psychrometer water potential to
approach the true water potential as defined by the pressure
chamber (Fig. 5.1).

The extent of abrasion affected the shape of the output volt-
age curve from thermocouple psychrometers. The shape of the
output voltage curve may therefore be used to indicate
whether or not leaf diffusion resistance is affecting the
water potential measured (Figs 5.2 to 5.4). This is not
possible using the dewpoint technique.

Pressure chamber measurements on adjacent leaves always
compared favourably with psychrometer measurements in the
case of citrus if an intensive abrasion treatment was used
(Table 5.3). Initial tests should be conducted to determine
the extent of abrasion necessary for true water potential
measurement using thermocouple psychrometers.

In situ psychrometer Teaf water potential measured on abrafded
citrus leaves agrees well with that measured on adjacent
leaves using the Scholander pressure chamber (Figs 5.8 and
5.9, Tables 5.4 and 5.5).

Light abrasion of the Teaf resulted in Tesser variability in
measured water potential values than coarse abrasion. Further-
more, the coarse abrasion psychrometric values measured were
greater (wetter) than the pressure chamber counterpart (uncor-
rected for exuded sap osmotic water potential) for o > -1 250

kPa but smaller (drier) for ¥, < -1 250 kPa (Fig. 5.9, Tables
5.4 and 5.5).

The light abrasion treatment gave psychrometric water poten-
tial values that were statistically identical to the pressure
chamber values (99 % level of significance), uncorrected for
the osmotic potential of exuded sap and the apparent effect of
"xylem tension relaxation" following petiole excision (Fig.
5.9, Table 5.4). For this abrasion treatment, water poten-

tial measured using a wide aperture psychrometer were typic-
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ally 70 kPa greater than those measured using a narrow aper- 126

ture (at -2 500 kPa), both instruments being sealed on the
same leaf (Fig. 5.9, Table 5.4).

If pressure chamber measurements are corrected for the osmotic
potential of exuded sap for increases in leaf water potential
following excision, the psychrometer pcotentials are greater
than the corrected pressure chamber measurements (Table 5.5)
by about 70 kPa. This effect may be due to local shading of
the Teaf by the psychrometer.

Post-excision psychrometer field measurements within a minute
after cutting the petiole appear to be slightly greater (wet-
ter) than pressure chamber measurements performed on the same
leaves 2 min after cutting (Fig. 5.13). In spite of this,
the psychrometric technique appears to be more responsive
than hitherto thought (Figs 5.14 and 5.15).

Petiole excision results in rapid decrease in leaf water pot-
ential (as high as 700 kPa in the first minute) for well
watered field plants with open stomata (Fig. 5.15). This
suggests that large errors will result when using chamber
type psychrometers and tissue slices. It is therefore imper-
ative to cover leaves properly prior to excision when perfor-
ming pressure chamber measurements in order to prevent such
rapid decreases.

The decrease in water potential under field conditions is

generally linear with time after excision, within the first
5 min (Figs 5.14 and 5.15).

The favourable response time, elimination of temperature
gradients and diffusion resistance to water vapour movement
and the non-destructive nature of the psychrometric technique
suggest that it is ideally suited for general environmental

monitoring of dynamic water potential changes in both control-
led and field situations.

Petiole excision resulted in increases in measured water pot-
entials (dewpoint and psychrometric) of between 20 and 80 kpa
some 15 s after excision, for Citwus Jambhirt,
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GENERAL DISCUSSION

This work has concentrated on the measurement of leaf water pot-
ential using in situ thermocouple psychrometers. In general, psychro-
metric measurements of leaf water potential on excised samples should
be avoided if other, more reliable, methods are possible (Baughn &
Tanner, 1976). Attention to the calibration of thermocouple hygro-
meters is a first step towards accurate measurement of water poten=
tial. If such units are only used in the laboratory, then calibration
at a single constant temperature using a range of salt solution con-
centrations is adequate. If hygrometers are used in the field, it
is best to calibrate units under cloudless and calm field conditions.
This would ensure that the calibration conditions are as nearly simi-
lar to measurement conditions as possible. The method for obtaining
the calibration curves for thermocouple psychrometers used in the
field is described in Section 2.5.4 (p 46) and the calculated error
in water potential on p 49 to 52. Alternative temperature calibration
models were described and tested (Section 2.3.3, p 31; Section 2.4.2,
p 38). The error calculation for the dewpoint hygrometer is similar
to that for psychrometers and is described in Section 3.4.3 (p 63).

Leaf abrasion techniques (Section 5.2.2, p 86) are necessary
for accurate citrus leaf water potential measurements using ;5 sity
thermocouple psychrometers (Fig. 5.9, Table 5.4). Through experience,
the abrasion technique used resulted in different psychrometers sealed
on the same leaf yielding comparable measured water potential (Fig.
5.4, p 90). The extent of tissue damage following abrasion was found
to be surface localized (Plate 5.1h, p 93). Provided psychrometric
water potentials were corrected for the osmotic potential of exuded
sap (Section 5.3.3, p 107) and the increase in water potential due
to excision (Section 5.5.3, p 121), psychrometer measurements compared
favourably with pressure chamber measurements (Table 5.5, p 106). For
these comparisons, it was necessary to insulate the psychrometer and
the microvoltmeter from sudden temperature changes (Fig. 5.5, p 98).

A compromise was reached between the thickness of the insulation mat-
erial (Fig. 5.5, p 98) and the field measured zero offset values (Fig.
5.6, p 103) for a variety of environmental conditions. To determine

the time response of thermocouple hygrometers, we induced sudden leaf

water potential changes by excising leaves. We showed that hygrometers
respond rapidly and certainly within 15 s,
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In spite of the artificial situation whereby it is necessary to
abrafd leaf surfaces and clamp thermocouple psychrometers to Teaves,
these instruments can be used to measure dynamic changes in leaf water
potential non-destructively, with an accuracy that compares favourably

with that of the pressure chamber.
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