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I. 

During t he past dec ·de, the p: .. :tent i ;:.l energy of 111ater in plants has gained wi de ncccp-

tance as a fundamental .11easure a :- pl ant \!later status (Hsiao, 1973). Such acceptance has 

both theoretical and rractical cpplicetions. Water potential gradients can be used t o 

predict the direction of water movement i n the soil, plant or atmosphere. If the liqu id 

and vapor conductivities in this system are known, rates of 111ater movement can be pred-

icted and vice versa ( Nilburn, 1979) . Hater stress of pl ants may be inferred from 

measurement s of li/ater po t ential, c. :::: t' 1is thermodynam i c quantity appears t o be most closely 

related t o the physiolog i cal and b i ochemi cal processes 111hich control plant growth ( Kr amer , 

1969; Begg and Turner, 1976; 1979; Turner and Begg, 1981). Other me thods of 

determin i ng plant water stress i n1;olve soil water potential measurements or rate of 

evapotranspiration. Kramer (1972) points out that such determinations may be misleading. 

He maintains that the only reliable indicators of plant lilater stress are measurements on 

the plants themselves, as they integrate all internal and external factors determining the 

amount of stress at a particular time. The lilater relations of pasture plants have been 

discussed by Rednann (1976) and Brown (1977) and their responses to water deficits by 

Hsiao (1973) and Turner and Begg (1978). Water relations are affected by and affect many 

agricultural practices and occurrences: influences of water on microbial of 

crop residues (Myrold &·, 198l); the effect of fire and the fire regime on grassl and 

plant water relations (Savage , 1980; Savage £!nd Vermeulen, 1983); drought responses of 

crops (Sojka et 81 ., 1979 ) being a fe\ll examples. 

This revi e\!1 d i s cuss es s orne 11f t he problems associated with the field use of in situ 

hygr ol'lete rs for the non-des t ructive measu r ement of s oi 1 and leaf potential, i nc-

lud inq measurement techn i ques associated vith and methods . 
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Spanner (1951) developed a thermocouple psychrometer techn i que for leaf water poten t ial 

measurement of detached material. Richards and Ogata (1958) used a similar instrument, bu t 

IJiith a small silver ring at the junction of the thermocouple, to measure soil 111ater 

potential. A major limitat i on of the field use of soil ·and leaf hygrometers is t he 

temperature dependence of the measurement techniques used for converting measured voltages 

to water potential (Savage, 1982; Savage et al., 1983a; Savage and Cass, l 983a). F.i rst 

attempts at water potential . measurements of intact leaves \0/ere by Lar and van 

Schilgaarde (1965) and Lang and Barrs (1965). In the latter case, • complic, ted 

temperature controller \llas used to eliminate temperature gradients. As c:J r ly as 1: 72, 

Hoffman and Rawlins expressed the view that routine measurement of leaf wate r potential on 

intact pl ants in the field \!/as possible. Ho111ever, to date, very fe w researchers have 

attempted in situ field measurements of leaf water potential (Table I ) large l y because of 

problems as s oc i ated l!l i th fluc t uating tempera t ure and grad i en t s wi t hi n 

hygrometer, sealing of the hygrometer chamber to the leaf , shading of the leaf by r he 

hygrometer, and possible effects of resistance to \!later vapo r diffusion by the cuti cle 

when the stomates are closed (Savage, 1982; Savage et al., 1983c). 

The principle of thermocouple psychrometry was first described by Hill (19 30), who 

aqueous solutions. He claimed that the method had been used by his co-IUorkers s ince 19 13. 

Spanner (1951) s howed t hat it was pos s i b l e t o measure water potential using a t hermocouple 

in vapor equilibrium wi th a leaf sample (psychrometric method). There have, howev e r, bee n 

many modifications to the original Spanner psychrometer 197la,b; ChoiU and de 

Vries, 1973; Campbell and Campbell, 1974; Miller, 1974; Brown, 1976; Brown a nd Johns ton, 

1976; Campbell, 1979; Brown and Collins, 1980). The theory of psychrometry was developed 

by Rawlins (1966) and Peck (1968, 1969). An alternative hygrometric technique that uses 

the same thermocouple, the dewpoint technique, was first proposed by Neumann and Thur t ell 

(1972), and modi fled by Campbell et al. (1973). The psychrometric nnd dewpoint t echn iques 

are currently the most popul a r. Other t e chni ques for water po tent i al Ge asu r eme nt that have 

bee n developed are discussed by Slav i k (1 974). Psych romet r ic and de\!Jpo int tc chn i r: ues 

appear t o provide similar res uJ ts although no f i e l d c or.1pn risons hQve app:1r e ntly been 

attempted . There i;; ::;er·•: •. in licati.nq that th e d('vpoint method resul ts i. n 

f 
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conditions and in many different apulications; Some of the uses of thermocouple 

hygrometers in water relations research have appeared in Wiebe et al. (1971) and Brown and 

van Haveren (1972). Brown (1970) proposed that they could be used to measure the 

infla!TITlability of pasture material. Wiebe (1981) and et al. (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 in cotton roots and leaves. Hater relations of mine dumps and sno\1/ 

packs have been investigated (van Have ren, 1972). Walker et al. (1983) used these 

instruments in a field program to measure total and osmotic \1/ater potential of \!/inter 

\1/heat. \Hlson et al. 0979) determined t he \i/ate r relation characteristics of grasses and 

legumes while Richter (1978) and Ky riakopoulos and Richter (1981) investigated 

pressure-volume curves. Other 111orkers have developed and pioneered the measurement of 

111ater potential in various organs of the plant, such as germinating peas U1anohar, 

l966a,b, c), tree trunks et al., 1970), leaves (Campbell and Campbell, 1974), stems 

(Michel, 1977), pine needles (Robert s , 1977), and roots (Nnyamah and Black, 1977b; Nnyamah 

1978). Hygrometers have also been used to investigate the role of water potential 

in microbial gro\1/th and development of plant di s ease (Cook and Papendick, 1978). 

Apart from water potential measurement on plants, the main application of hygrometry 

has been at measurement of soil water potential. Initially, these measurements \llere per-

formed on small, fragmented soil samples using sample holders in which the thermojunction 

is contained above the soil sample (Richards and Ogata, 1958). r1ore recently, a multiple 

sample chamber, used for soil or leaf potential measurements, has been designed 

(Campbell et al., 1966). However, use of these techniques requires destruction of the soil 

or leaf system and therefore these measurements cannot be regarded as being in situ. 

The use of screen-caged thermocouple psychrometers for measurement of leaf 111ater pot-

entia! requires destruction of the leaf while generally non-destructive meas urement of 

\!later potential is preferred (Walker, Oosterhuis and Savage, 1984). For this reason, there 

is much interest in the i n situ measurement of \!later potential (Brown, 1977). However, 

measurements of pl ant ti ssue umter potential components stil l re quire that detached 

sampl e:J be used (Bo yer, l ?65) . fu situ thermocoupl e leaf hygrome ter s allow c on tinuous 

• I 
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these instruments, it is possible to investi9ate the effect of any induced perturbation of 

the plant on the leaf water potential, in the field, without removal of material from the 

plant. Similarly, use of in situ soil hygrometers avoid the effects of soil desiccation, 

structure destruction and perturbation of the intact root environment l!lhich accompanies 

sampling of the soil for water potential measurements. 

of plant water potential using thermoc·_ uple hygr c,mete rs 1.:1as reviel!led by 

van Haveren and Brown (1972) and Brown (1977) and that ., f soil 111a . er pu l-.':'n tial by Rawlins 

(1976). 

Ill. I5DllEJRMJTY 

Rawlins and Dalton (1967) identified four ways in lllhich temperature effects measurement 

of water potential by thermocouple hygrometry: . 

a. through the Kelvin relationship bet'41een water potential1; and humidity e/e
0 

[1.p 

= (RT /v ) ln(e/e ) where R is the Univ ersal gas constant, T i s t he Kelvin temperature w 0 

and V is the partial molar volume of 
VI 

b. through the temperature dependence of the relationship between ue t -bulb depression and 

relative vapor pressure (Klute and Richards, 1962); 

c. differences in temperature between the reference junction of the thermocouple and the 

sample arising from the presence of a temperature gradient in the sample-hygrometer 

system; 

d. changes of temperature within the cavity formed by the and sample will alter 

the relative humidity of the air in the cavity if water vapor cannot be exchanged with 

the surrounding system nJiebe et al.' 1977). 

The magnitude of the errors in measured water potential introduced by these four 

tempera ture effec ts va r i es. In the case of the temperature dependence of water . potential 

and wet-bulb depressi on on re lative humidi ty , the e r r ors nr e re l ati vely small, being 

0.3 and 2 %/°C r espect i vely (Rawl i ns and Da lt. on , 1967). In a r-'o r e formal analysis, Savage 

et (1983a) fou nd th i s e r r or t o var y v i. t h tempe r a t ure , r ono inq be t ween about 10 nt 0 

°C and 3 % at 40 °C for t he p::; ych rur ''..! r- r l C i.1Cclc ond Jbou t 7 :'.'; :::md l . 5 at 0 and L.!.') °C 

- , •. r ,.. .. r } . 



of the hygr ometer sensitivity (Sections IV.A and IV.B). 

Rawlins and Dalton (1967) stated that because of the effect of temperature changes on 

relative humidity, it had been necessary to control the temperature of the hygrometer 

chamber to within 0.001 °C for accurate \!later potential measurement. This precluded 

measurement of water potential in situ, outside the laboratory. Evidence for this may be 

inferred from the few field studies conducted to date (Table I). Rawlins and Dalton (1967) 

i n a theoretical analysis, showed that suitable design, it was possible to 

reduce the major effects of temperature fluctuation in soil hygrometry. Accordingly, it 

wa.'-1 t.heo ;- ?. tically possible to measure total potential in the field, and they 

constructed a soil hygrometer which Rawlins et al. (1968) used to measure the water 

potent i al of a soil column placed in a greenhouse. 

A more serious source of error arises from the presence of temperature gradients across 

the sensing j unction and sample system. The nature of temperature gradients in 

lea f-atmosphere systems as opposed to soil systems differentiates the response of leaf and 

soil hygrometers in such systems (Sections V and VII respectively). 

A. PSYCHR0C'£TRIC TECHNIQUE 

Peck (1968) showed that at steady state, the voltage following cooling uni quely 

determines the volumetric water potential (Savage, 1978) corresponding to a salt solution 

of known concentration (Lang, 1967; Campbell and Gardner, 1971). In theory, this steady 

state point appears easily determined, but in practice its definition has been one of the 

problems associated thermocouple psychrometry (Bristow and de Jager, 1980). During 

condensation of 'Uater on the thermocouple junction, steady s tate is not r enched within 

abou t 1 s as claimed by Peck (1968) (Fi g. 1) ; the time for a constant voltage ou tput to be 

achieved dur ing cool i ng i s greate r than 60 s . · In prac t i ce, this time pe r iod is t oo long 

and most workers have terminated coollrfJ pri or to attainmen t of steady state (du ring 

condensa t ion ! . C. dur ing evcJpo r at i on, <1 d is- equil ibr i um tt:< i ts a nd vo lbHJe 
I 

•,, r: _ '..;c.-'·. - bu]h .. r:<r\,r'· l on the dur--Itiro ) r ' cno' 1r. ; : 
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water potentials greater than -3 500 kPa or 60 s for lower values (Savage, 1982). 

The time dependent psychrometer output voltage (Fig. 1) indicates the temperature 

difference petween the sensing and reference junctions as a function of time, due to the 

sensing junction being cooled for a specified time. The output voltage resulting from this 

temperature difference is given by V = 5 ( T - T.) where 5 is the Seebeck coefficient 
c J c 

T the reference junction temperature and T. the sensing junction temperature. The 
J 

curve AB of Fig. 1 represents the cooling cycle. Wiebe (1983) photographed water 

condensation on Peltier cooled thermocouple psychrometers. His observations show that many 

minute droplets condense on the entire sens i ng t hermocouple within a second of being 

cooled and does not, as is predicted from theoreti ca l arguments, form a uniform film of 

water on the junction. 

At the cessation of the cooling cycle, the junction temperature T. changes abruptly 
J 

(indicated by curve BC of Fig. 1). Evaporation of the droplets on the thermojunction slows 

the rate of approach of the junction temperature T. to the block temperature T, as a 
J 

result of absorption of latent heat energy fr om the thermojunction. The voltage 

corresponding to point E uniquely defines the water potential for a given psychrometer at 

a specified temperature (Savage et al., 198la,c). Theoretically, the line EF should be 

horizontal. The slight slope in the line could be due to the fact that a uniform water 

film does not form, with portions of the sensing junction not in direct contact wl th the 

water droplets (Wiebe, 1983). 

In order to overcome the effects of Joule heating on thermocouple psychrometer water 

potential determination, Slack and Riggle (1980) used a cooling current of 3 to 4 mA for 

15 s with the psychrometer output read 6 s after the cessation of cooling. Hoffman et al. 

(1969), Schimmelpfennig (1972) and Briscoe and Tippetts (1982) developed electronic switch 

systems that displayed or memory stored the voltage some short time after the cessation of 

cooling. 

l · Psychrometer Calibration 

Field mensurr·rent of '.J:"J:.e r po _cn t inl cnn only be ns nccura te ns the calibr8ti cn of the 
• 



g 
Campbell and Gardner, 1971). The leaf or soil hygrometer assembly is allo\l/ed to reach 

vapor and thermal equilibrium with the salt solution. No deflection, ignoring transient 

spikes, when the function switch is rotated from "READ" to "INPUT SHORT" indicates thermal 

equilibrium. This test should be performed prior t o each lllater potential measurement. The 

test for vapor equilibrium is to repeGt a of measurements. If the voltage 
, 

corresponding to the wet-bulb is the for each repeated measurement, then 

vapor equilibrium exists. Some lllorkers hav e cccreased the waiting period between 

consecutive measurements by using t he "1-E:A r - mode c_; vailable on some coovnercially available 

hygrometer microvoltmeters. This 1ode reveL;es the Peltier current causing heating of the 

sensing thermojunction relative to the two r e fe r ence j unctions. However, as Wi ebe (1983) 

points out, the water driven off the sensing t hermojunction condenses on any nearby 

surface such as that of the chamber wall. An y condensed water, which may also result from 

temperature gradients (Wiebe and Drown, 1979 ), wi ll increase the local re l ative humidity 

and cause erroneously high water potential readings. In vie111 of these · problems, it is 

inadvisable to has ten consecutive or repeated r.1easurements by using the "HEAT" mode. 

The voltage-wa te r potential rela tionship for thermocouple psychrometers is temperature 

dependent. · To account for this, Wiebe et .§]_. (1970) used an empirical equation for 

correcting voltages V corresponding to a particular water potential and block temperature 

T to v25 , the output voltage at 25 °C: 

= V/(a + bT). (1) 

The a and b values were determined by measuring the corresponding voltage of a 0.5 

mol/kg Kce solution (f·1eyn and Hhite, 1972) at several temperatures between 4 and 25 °C 

-1 -(Wiebe et al., 1970). Brown (1970) found a = 0.325 and b = 0.027 (DC) • At present the 

most common procedure is to calibrate the ps ychroflleter at a temperature ne a r 25 DC and 

then convert measured voltages at tempe r ature T 25 °C) using Eq. (1 ) with a = 0. 350 and 

-1 b = 0.026 (DC) (Wiebe et 1970; Bristow and de Jager, 1980) to 25 DC. The (nea r ) 25 

DC calibrDtion curve is then use d to obtain the \ll a t e r potenti a l a t 25 °C. nnd 

Rmulins (1972 ) used a si .1 il e r techni( ;ue for correctinq l- o 25 °C, but 



Hovever, \IJ11eeler (1972) found that this was not the case for his empirical data. Wheeler 

avoided extensive regression analysis of his data through the use of graphical calibration 

curves. Wheeler et al. (1972) further state: "the temperature dependence of the 

psychrorneters are themselves temperature dependent and a single bivariate equation could 

not be fitted to the calibration data." 

The common procedure of correcting leaf psychrometer calibration slopes (or vol - ages) 

at temperature T to that at 25 cc using Eq. (1) has the main weakness that these ·,·alues 

cannot be expected to apply to all psychrometers. Savage et al. (198la) ' i ewed 

ca libration data and calculated a and b values for a number of leaf and soil psychrc e ters 

(Table 2). In general, each psychrorneter will possess a unique set of a and b values, as 

is evident from the differing values shown in the table. 

£. Calculation of Error in Water Potential Measurements 

Using Thermocouple Psychrometers 

One of the major limitations of the field use of psychrometers is the temperature 

dependence of the measured voltage and water potential relationehip. The calibration 

models, incorporating temperature dependence, of Savage et al. (198la,c), Brown and Bartos 

(1982) and Savage et al. (1982) are applicable to c"onditions where temperature is 

accurately controlled. Consequently, for field conditions, the calculation of statistical 

confidence limits for measured water potentials is not possible. Recently, however, a 

calibration model applicable to leaf psychrorneters used in field conditions has. been 

proposed (Savage, 1982; Savage and Cass, 1983a; Savage 1983a). One source of error 

in field studies is sample and sensing junction temperature gradients (zero offsets). 

However, leaf psychrometer zero offsets may be substantially reduced by adhering to the 

precautions of Savage et al. (1983d) or Turner et al. (1983). In the case of soil 

psychrometers, and Brown (1979) investigated temperature gradient effects on in si tu 

psychrometer measurements of soil water potential (Section VII.C). 

It has been proposed that the relationship between T vs (V - V whe re V is the 
0 0 

rnensured ou t put voltage cor responding to a water potentia l of 0 kPa , is linea r (Savose et 

• Rl ., The relationship I.'GY be determined for a mtnber of l.!fater .potcntl 2l v<Jlues , 

"Jnd the ..1 .:-·nd ;nterccpt 

c r 

de t ermi ned .,:·.ere. r .: f ... r.-· ' IJ )f;_, -. 
0 



= S(V - V
0

)/(T - I • (2) 

In practice, the parameter V would have to be determined prior to determining the 
0 

voltage-water potential relationship. There is some indicating that V is 
0 

temperature (Calissendorff and Gardner, 1972). The square of relative error in 

tJa t er potential, tfC'f)!"f, may be computed from the sum of squares of Qts)/S, O(V' )/V', 

l('(T)/ ( - I) and 6'0)/(T- I), the error inS, V', T and I respectively (Savage et al., 

l983 o. ). vhere V' = V - V • The subcomponent errors may be cGlculated given <)(S) and 6'"( I), 
0 

· <: r e determined by the calibration (linear) r elstionship of T on (V - V )/V, and 
. 0 

; ( V' ) , '.:lhich is determined by the actual field J.nd {)( T), wh-ich is assumed to 

be +0 . 25 °C. An expression forb(V')/V' has been pr-esented by Savage (1982): 

= [(0.015 dV + 0.0147 T dV)/10.4) 2 
+ (0.05 V') 2 ]! (3) 

,.:.,here the first term \!/as obtai'ned by Bro\!Jn and Ba rtas (1982) for screen-caged thermocouple 

ps ychrometers and the latter by Savage (1982) for leaf psychrometers, assuming that field 

vol tages may be measured to llli thin 0. 05 11V. The subc omponent errors and total error in 

\!later potential for a given thermocouple psychrometer i s sho\!Jn for a range of temperatures 

(Table I!). Of note is the incrense in G CO/(T- I) and G'" (T)/(T- I) as T approaches I, 

generally a negative quantity (T able II). The value of I ranged between about -23 and -8 

°C for data from the literature (Table I!). In general, G'""(S) and 6'"(1)/(T - I) contribute 

significantly to the overall error (Table II). Assuming that zero offsets are small, 

calibration errors contribute significantly to the error in water potential measurement; 

hence the need for accurate calibration. 

B. OH/POINT TECHNI QUE 

Neumann and Thurtell (1972) introduced a technique for meas uring the dewpoint 

temperature depress ion in a sma l l sealed cavity adjacent to a l ea f or soil surfac e . The s e 

shoved t hnt the chamber humidity can be calcul a t ed by measureme n t o f t he 

!·.·! . 
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Consider a hypo the tical thermojunct;ion whose temperature is determined only by latent 

heat energy transfer, that is, evaporation and condensation. If the junction is covered 

with water and is at a temperature rj > Tdp' then water will evaporate from the junction 

until Tj = Tdp (Wescor, undated). If rj < Tdp' then water will condense onto the junction, 

again until T . 
J 

= Tdp• If heat energy transfer i s via latent heat only, then T. will 
J 

converge on Tdp (Campbell et al. , 1973). ents by this technique should be rel-

atively independent of the wettinq characte of the junction and the size and shape 

of the water droplet formed on the j unction tN umann and Thurtell, 1972). 

l• Setting of Dewpoi ] l Cooling Coefficient 

In order to use a hygrometer in the dewpoint mode, it is necessary to eliminate the 

effects of all forms of heat energy transfer other than latent energy. This is achieved 

using a dry atmosphere in the hygrometer ch ;:; :-,ber zmd setting the cooling coefficient II 

(Campbell et El·, 1973) to give a constant volt aCJe output. Under these conditions, II = 

II • An analysis of variance by Savage 09 2) indicated significant differences, for a 
0 

...... 
given de\1/point hygrometer, in II as a functi on of the stationary voltage and voltage 

0 

range used. There also significant II di fferences between hygrometer types (Nerrill 
0 

leaf cutter hygr:ometers, Wescor leaf, soil, and chamber hygrometers). It is recommended 

that only the "0 TO 100" !J.V range be used and that the cooling coefficient be defined as 

that corresponding to a stationary voltage of 25 !J.V for 2 minutes (Savage et al., 198lb; 

Savage, 1982). 

I· Temperature Dependence of the Dewpoint Cooling Coefficient 

Slope and intercept differences in the II vs T relationship between hygrometers are 
0 

significant and probably arise from differences in the electrical resistance between 

hygrometers. As a result of these differences , Savage n al. (l98la,b) and Savage (1902) 

determined II as a function of the in situ temperature range for- each dewpoint 
0 

hy(_)rornete r, but found this to be time-consuming. Instead, 

t empP. r ature uninq : 

I I may be corre c ted for 
0 



II = II (T ) + 0.7 (T- 25) 
0 0 0 

(4) . 

\l/here II is the cooling coefficient at temperature T, and II (T ) is the value at 
0 0 0 

temperature T greater than 20 °C. Wescor (undated) suggest a value of 25 °C for T • This 
0 0 

0 relationship (Eq. 4) is not particularly accurate belo\!1 15 C, and Savage et al. (198lb) 

recommend accurate determination of II at low temperatures. 
0 

l· Dewpoint Hygrometer Calibration 

T0e dry atmosphere necessary for the determination of the dewpoint coefficent, is 

substituted by a piece of filter paper saturated \l/ith salt solution of known 

concentration. The voltage-111ater potential relationship should be determined for each 

hygrometer as there appears to be considerable variability bet111een hygrometers 

and Wiebe, 1981). Other 111orkers have also calibrated dewpoint hygrometers 

individually (Baughn, 1974; Savage et al., 198lb, 1982). The calibration 

rela tionship is not as temperature dependent as the psychrometric (Sec tion V.F), so that 

there is little increase in measurement accuracy if they are calibrated over a range of 

Savage et 2l· (1982) presented a method for temperature correcting dewpoint 

hygrometer calibration slopes. 

AI though the dewpoint technique is less temperature dependent, there is variability 

between individual units (Baughn, 1974; Durand-Campero and 1981; Savage et al., 

198la), suggesting that the technique is not independent of junction (dry and IJJet) 

characteristics. This variability necessitates individual calibration for accurate 

measurement of water potential. Comparison of theoretical with empirical calibration curve 

slopes for a number of deiJJpoint hygrometers at different temperatures indicated that these 

instruments need only be calibrated at, eg. 25 °C, if the calibration slopes are corrected 

for temperature (Savage et al., 1982). These workers used the follo \l/ing equation to 

calculate the dewpoint hygrometer calibration slope, S d(c) (kPa/jJ.V), at <my t empe rature T: 

= -S (T )xl03 T ) (6.30211 + 0.04462 T)] 
d 0 , J 0 

T 
0 

and S fth co :-y; 
d 

(5 ) 

T 
0 
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calibration slope at temperature T calculated set'.:_i;-,g T = T in the equation: 
0 0 

Sd(theory; T) = -1000/[6.30211 + 0.04462 T]. (6) 

A comparison between Sd(c), based on S (T ) where T = 25 °C, and the empirically measured 
d 0 0 

values at the same temperature yielded mean diffe rences of ± 1 %. The magnitude of the 

relative to the measured value at that temperature, never exceeded 4 %. 

4. Calculation of Error i n Hate r Po t ential 

A method for the estimation of the standard error in measured \!later potential, as a 

function of T, for hygrome t ers employed in the dewpoint mode has been proposed (Savage, 

1982; Savage and Cass, l983a; Savage et al ., 1983a). The approach employed is conceptually 

similar to the error analysis for the psychrome tr ic t echnique (Section IV.A.2). Five main 

sources of error identified: 

a. calibrat i on error at temperature T; 

b. error due to predicting the value of the calibration slope at temperature T = T ; 
0 

c. error due to incorrectly setting the dewpoint cooling coefficient II at a value II · o' 

d. error in dewpoint voltage measurement; 

e. error in temperature measurement. 

Savage et al. (1983a) developed suitable mathematical expressions for each error term. 

The error arising from an incorrect setting of II has a number of subcomponents and is 
0 

the component of the total error in measured water potential. This error is 

determined by the multiplicative : factor K /S - 1 whP.re K cHiC: S are the respective 
p d p d 

and de\!Jpoint values for the slope of the voltage water potential curve for a 

given temperature T. Savage et al. (1983a) found that 

K /5 = A(T - 1)8 
p d 

( 7) 

• :1:1rJ 0 on' 1:r:·fJ i r i c::J l ihir; ind i cates the. in t e rre l 8 tions hi p 

·- ·. r· 



temperatures, T approaches I ( Table II) with resultant i ncrease in Kp/ Sd (Eq. 7) and hence 

the major component of the total error increases (Table III). Therefore at low 

temperatures, the dewpoint technique has little advantage over the psychrometric technique 

in terms of measurement error. In particular, the dewpoint error is more sensitive to zero 

drift error as it affects the dewpoint vol t age V d directly as well as indirectly via a 

change in correct _setting of the dewpoint coe fficient 

All parameters required for the applic , t ion of _:le of Savage et al. (1983a) 

should be kno\!Jn priori in order to camp t c the er: or value associated \ilith a measured 

\!later potential value. The model has been «pplied to leaf nygrometer measurements but is 

also valid_ for screen-cage soil hygrometer 

C. BECAL IBRA TI ON OF THE P.r·lOCOUPLE HYGR Oi·IE TE RS 

Field use of screen-caged thermocouple for soil water potential 

measurement has been discussed by Brown and Johnston (1976). Contamination of the 

thermocouple sensing junction during field use may necessitate recalibration of the 

hygrometer at some stage, ei ther during use er at the -d of the experiment. A decision on 

the recalibration of a given thermocouple hygrometer should be based on the outcome of a 

statistical test. In the case of a given thermocouple psychrometer, the original 

regression line was constructed by plotting T vs (V - (Eq. 2). Approximate 

confidence (Snedecor and Cochran, 1980) limits for this linear relationship may be 

obtained from: 

e,(V'foul + (t S /S)[l + 1/n + e (V'/VJ/(sum(V'/1j-e(V 1/1j)f)] ! , , r y.x (8) 

where e (V I /1.f} is the estima ted V I I"Y value at temperature T (using the regression line 

equotion), t is the Student 1 s t vol ue \!/ ith n - 2 deg rees of freedom, n is the nu 111ber of 

dato points of the regression line, S is t he stondnrd e rrcr of T on V '/lf' for the . y.x 

regression line, and S is the slope value (Eq. 2). It is then rclo tively easy to determ i ne 

or not the fo r the new data point li es \Jithin the confirlcnce interval 

llf-



de\!Jpoln t hygrometer calibration curve slope or the relationship between the de\.: c•o int 

cooling coefficient (II ) and temperature T, for a given dewpoint hygrometer, has al t ered 
0 

since the last calibration process. 

, .• TEMPERAl . RE AND INSULATION 

A major problem . Jsociated vi th :.ne field use of thermocouple leaf hygromete r s is 

fluctuating thermal vi thin the apparatus under variable radiation and 11 ind 

conditions. These cause tempera ture differences, between the measuring thermojunction and 

the leaf surface, which preclude an acceptable level of precision in the water potential 

determination. In order to d2np rapid temperature fluctuations and reduce internal 

temperature gradients, Neumann and Thurtell (1972) placed a 12 rrm layer of styrofoam 

insulation covered with mylar tape around their hygrometer. Hoffman and Ra\!/lins 

(1972 ) placed a 25 mm layer of styrofoam on their units. Campbell and Campbell (1974) 

designed a hygrometer 7 similar t o t hat of Neumann and Thurtell (1972), that cove red both 

leaf surfaces (unlike that of Ho ffman and RaUilins, 1972). This hygrometer, constructed 

2 2 from aluminium, covered an area of less than 3 cm and less than 1 cm of leaf was sealed 

in the chamber. The thermal conductivity of aluminium ensures that leaf and chamber 

air temperature are nearly the same . In a field experiment, Bro\:Jn and Tanner (1981) 111ere 

able to reduce zero offsets, a measure of hygrometer temperature gradients, to less than 

0.3 lJ.V in magnitude using a 10 mm layer of styrofoam insulation covered Ulith heavy 

aluminium foil 'Uhich 111as painted · 111hite. hoUiever will not reflect radiation of 

wavelengths greater than about 700 nm. Pallas et al. (1979) used leaf hygrometers in the 

field with small aluminium umbrellas to minimize thermal gradients . Hith shading, 

they found tha t zero offsets t:Jc re less than 1 lJ.V in magnitude. If the umbrellas are too 

small, they need continual r epos itioning ss the sun alters its position, but if too large, 

they nhade a greater area of the leaf. Savage et al. (1983d) covered all surfac en of the 

hy <J rot.lete r aluminium hcu ti ing \!/i th thermal i nsulc:Jtion (Scotch mount t ape, 4009 by 3M, 

f:::>c:; . 0 i ' . . A of 
I 

12 nm of insu l at icn nrd:c d ;d •vds npp l ied t o the 

r · 
-:- \1 ,-. l.!. i .-fr:J ·c ( (". l .\ 
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2 of Fig. l_a). This arrangement minimized l eaf shading, covering only 6 cm of the leaf. The 

insulation material was covered \1/ith highly reflective aluminium foil. In cases when t he 

abaxial leaf surface faced up\1/ards, \1/hich resulted in exposure of the hygrometer lead \!lire 

to incoming solar radiation, they taped aluminium foil over the \!lire in order to reduce 

heat conduction to the hygrometer piston (Fig. ;tb). Turner et (1983) modified their 

hygrometers "by replac i ng the .: l urninl um block of rectangular cross section \1/ ith a 

cylindrical block of s i . ilar mate i fll er-:, ; size \1/hich could be more easily insulated ." 

In a field experime, .t , Savage e t .§l. (1983d) measured zero offsets of between - 0 .1 and 

0.6 for leaf hygrorr · t ers. Max vnl ues occurred when direct solar radiation ente red 

the slit area, striking t he hygroc c te r pi ::.ton. Direct shorting of the binding posts of the 

hygrometer mic r ovoltmete r using a short piece of copper -wire indicated meter zero offsets 

that ranged between 0.1 to 0.2 Heasured zero offsets should therefore be reduced by 

this amount (G. s. Campbell, 1983, pe rs . comm.). 

Savage rt al. (1983d) noted tha t t heir aluminium and thermal insulation t ended t o 

accumul2tc static charge causing 1or ge zero offset voltages, which could be confus ed wi t h 

large l e af and sensing junction temperature differences. They dissipated the charge 

by connecting the hygr ooe te r earth lead l!lire to their chart recorde r- ear th 

connect ion. 

B. HOOIFICATION CF H£ LEAF ENVIROM·ENT BY LEAf HYGROf·lE TERS 

Hygrometric techniques have become the standard method for \!later potential measurement 

(Boyer, 1966; Ike et &·, . 1978). The basic premise of in situ leaf 111ater potential 

measurements is that the energy of \!later in equilibrium 111ith the attached leaf gives a 

measure of that in the conducting of the stem xylem (Slatyer, 1966, 1967 p 153). 

If only a part of the leaf is enclosed by hygrometer, it is assumed that the leaf 

water potentia l of the enclosed area ia in equilibrium with the mo re OI' l ess unchanged 

l!latei' potential of the res t o f the leaf (Slavik, 1974 p 63). Enclos i ng s egments of leaves 

substantially modi fies the lea f envi ronnent, possi bl y al t e r i ng s tomatal ape rture, 

transpirat i on .nnd '.!la ter potential. It is l i ke ly t hat t he local wa t e r poten tia l wi l l be. 

t ha t of the vhich t r rl'l e r:-;e t he l e f 8fCCJ covered by the ·I DY di ffei' 



of t he leaf surface enclosed by the hygrometer should be as small as possible (Squire et 

al., 1981). Since each stomate acts independently of all others (Lange et .§!!_., 1971), 

covering part of the leaf should not affect the stomates of the uncovered leaf portion. 

Boyer (1972b) states that the thermocouple psychrometer probably indicates a spatial 

average . for leaf tissue which implies that cells which are well belo111 the tissue surface 

contribute to the net vapor flux density at the sensing thermojunction. 

Some of the early l!lorkers enclosed whole leaves in their attempts at measuring lea -

\'JUter potential in situ (Lambert and van Schil fgaarde, 1965; Lang and Barrs, 1965 : 

nanohe1r, l966a,b,c). This interferes 111ith normal transpiration, and therefore probabl ' 

changes the \!later potential of the leaf. Using dewpoint hygrometers that covered 25 cm2 o f 

t he leaf (Table I), Neumann et al. (1973) claimed that their water potential measurements 

\!/ere not significantly different from values in adjacent exposed portions of 

\!/heat and sunflower. Their hygrometer covered most of the soybean leaflet and the measured 

probably represented the water potential at the point 111here the petiolules of the 

three leaflets connected. Other workers used leaf hygrometers that covered a smaller 

fraction of the total leaf area: Hoffman and Splinter (l968a) used a unit t hat covered 2.9 

2 cm of the leaf; the silver foil hygrometer of Hoffman and Ral!llins (1972) covered about 

2 
1.4 cm of only one side of the leaf; the double-sided unit of Campbell and Campbell 

(1974) covered about 3 cm2• Heat of respiration errors were overcome by heat-sinking the 

leaf. The unit of Campbell and Campbell (1974) was designed to achieve rapid uniform ther-

mal equilibrium. Other, smaller designs, do not achieve this goal (Wiebe and Prosser, 

1977; Savage et al., 1983d). 

C. EFFECTS or CUTICULAR RESISTANCE ON f'£ASURED LEAF 

POTENTIAL 

Cuticular resistance to water vapor diffusion between the substomatal cavity and the 

sensing junction is a problem unique to leaf hygrometry. This resistance is not 

encountered in soil or solution hygrometry (Savage et al., 1983c ) . Ral!llins (1964) 

sugges ted t h2t i f vapor diffusion be tl!l een the sample and the chamber air is obst ructed by 
• 

a barri e !:' .J:J t he epide ::-tis , ob,...ervations of water potential c <Jn be i n qrror a:; .-: 
c 



sinks for water vapor are present in the chamber. However , Barrs (1965a,b) found good 

agreement between data collected using a Spanner psychrometer and a wet-loop psychrometer 

and argued that cuticular resistance did not cause error in the wet-loop device. Within 

the dark hygrometer chamber, the carbon dioxide concentration may be high so that the 

diffusion resistance of the cuticle-stomate system may delay equilibrium. 

Znns tra and Hagenzieker (1977) found that leaf diffusion resistance may lower in situ 

voter potential values obtained using silver-foil psychromet ers claiming that this not 

the c 2s e if the instruments were employed in the de0poin t mode, but presented no data in 

3uppc r t of their claim. 

Peck (1969) appears to be t he first worker to have s uggested that one method of 

r educ i ng the equilibrium time 1:1ould be to "slash" the l eaf sample. He cautioned that 

excessive use of such a treatment \Uould affect the water potential of plant tissue by the 

l'ele <Js e of cell turgor pressure. Neumann and Thurtell (1972) were the first workers to 

Gc t ual ly attempt to reduce leaf cuticle resist8nce by di s solving the cuticle with xylene 

( Table I). Leaves treated in this way and left i n hyg r ometers for periods of up to a 

no visible damage in the treated area when the hygrometers were reopened. Neumann 

e t al. (1974) compared water potentials measured using t vo hygrometers placed 100 mm apart 

on opposite sides of the midrib of a maize leaf, one pre-treated with xylene and the other 

pre-abraded with a razor blade. They found that potentials measured after these 

pre-treatments differed slightly over their range of measurements (> -800 kPa), part-

icularly in their dry range. 

As an alternative method for reducing the leaf diffusion resistance, Brown and f-1c 

Donough (1977) used a thermocouple psychrometer, sealed on the abaxial leaf surface, with 

a cavity through the lower portion of the psychrometer which allowed radiation on to the 

adaxial leaf surface. Illumination of the hygrometer cavity section was first performed by 

Neumann and Thurtell (1972) who cons tructed a glass hygrometer so that the enclosed leaf 

section could be illuminated to open the stomates. They found rapid equilibration between 

t he substomatal and hygrometer cav i ties was achieved. Bo t h t hese techniques, 

enhanced t he t emperature gr adients the lea f and the hygrome t er sens ing j unction, 

'-.hcrt!by introduci .-: t] la r !"}c c r ron r.he ne ::-I s urcd val ues· S"'ction I ll ) • 
• 

e . 
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cotton bud and a slurry composed of non-ionic detergen t and carborundum 600 which consis ts 

of 40 IJll1 particles (Brown and Tanner, -1981); gently rubbing t he leaf with a mixture of 

detergent and 11800 emery grit (Baughn and Tanner, 1976) or lf-600 emery Qrit (Ike et &·, 

1978); rubbing the leaf gently for 30 or 60 s \!lith t he i ndex finger and a cotton cloth 

previously dipped in a slurry of distilled water, non-ionic and carborundum 400 

(60 or 600 (40 r< it or oxide sieved through 

a 75 \liT1 sieve (Savage, 1982; Savage et l ·, 1983c ) ; cur e fully rubbing the epidermis 

exposed to the hygrometer chamber with 500_ (50 \liT1 pe :- ti c l es) grit carborundum (Turner et 

al., 1983). All these techniques scar! fy L a epiderm :..: l cu ticle, allo\!ling increased \!later 

vapor diffusion. The type of abrasive, if used, and t he me t hod employed to apply it \!l i ll 

depend. on the nature of the leaf. 

In a field experiment, Savage rt .§.!. (1983c) compar ed di fferent ab r asion treatments by 

sealing pairs of psychrometers on either s ide of the ;-;-dd ri b of Citrus ja!'1bhiri pl an t s. 

They found that the severity of abrasion affected the shape of the output voltage curve 

from the thermocouple psychr ometer and that this shape r::a y be used to indicate \!lhether or 

not leaf diffusive resistance is affecting the me e1s ured water potential. They also 

obtained scanning electron mi c r ographs of leaf areas abraded using cotton bud abras i on, 30 

s (light) and 60 s (intensive light) abrasion and a coarse abrasion. The 30 and 60 s 

abrasion treatments resulted in greater surface damage than cotton bud abrasion. The 60 s 

treatment gave best comparison with pressure chamber measurements over the water potentia l 

range 0 to -3 000 kPa. Coarse abrasion produced f cl.!ler surface scratches but isolated 

cavities were observed where the epidermal layer was exposed (Fig. 3). Savage et al. 

(1983c) also measured the diffusive resistance of the abraded and adjacent unabraded 

under dark conditions. Intensive light abrasion reduce d this resistance from 65.1 to 11 . 1 

s/cm for moderately stressed plant with a leaf wate r poten t ial of -1 600 kPa. 

The time requi r ed for vapor in t he hygrometer cavity to reach wi th t ha t i n 

the subst omatal cavity depends on the state of the s t oma t a pr i or t o s ea ling the hyQrome te r 

against the leaf. In the case of well \!la tered c it r us pl ants, t his time cnn be l ess than 15 

min on cloudles s days (Savage, 1982, unpubli shed data) but as l arge as 60 min unde r 

labo ratory lighti ng con(ii tions for cb r 0dcd ( Savorje rt .Qj_., l9D3c) . H. H. \-licbe 
• 

(1982 , pers . cor.m . ) s Jqqested if i:- r-r of the hygronc tc r cav)ty '<: .C' 



factor affecting measured water Since the resistance of leaf tissue t o cede 

water to the thermocouple junction is likely to increase in plants subjected to variable 

drying periods, Durand-Campero and \hebe (1981) (in a controlled environment experiment) 

used longer cooling periods to obtain leaf psychrometric measurements of plants under 

water stress. 

D. PRACTICAL FIELD ASPECTS 

There are a number of details that have to be adhered to IJJhen usinC] thermocou ·lE: 

hygrometers for field \:later potential measurements. Some of these, namely leaf a br asion 

and isothermali ty, have already been mentioned (Sections V. A and V.C respectively). 

Another important aspect is cleanliness of the hygrometer cavity. The effec t s of 

contaminants on the thermocouple junction include reduc t ion of voltage sensitL .ity t o 

water potential as well as an increased difficulty in "plateau" identification in t he case 

of the psychrometric method. Campbell (1972) discussed t he s e problems and devised a simp le 

test for chamber and sensing junction contamination. 

f".aterial, used to seal the hygrometer to the leaf s urface, that has ente red t he 

hygrometer chamber should be removed using a toothpick or washing in petrol (petroleum ). 

Following this, the hygrometer cavity is immersed in boiling distilled water, i mmediately 

\!lashed in acetone and 4 mol/kg atm1onium hydroxide (Campbell and Carnpbell, 1974; Savage et 

&·, 1983d), and finally cleaned with a jet of steam (H.H. Wiebe 1982, pers. comm. ) . Some 

commercially available hygrometers are difficult to clean as they have a protective s creen 

covering the sensing thermojunction. A beeswax-lanolin mixture can be used to oe ol the 

hygrometer piston against the leaf (Campbell and Campbell, 1974). The relative amount of 

each constituent determines the rheological properties of the mixture. One of t hes e 

properties, the t empe r ature at which the mixture softens (T i n °C) is rel a t e d to t he 
s 

vol ume ratio of lanolin to beeswa x ( R) by the approximate relationshi p : R = 0 . 43 

T s (Sav age Ql_. , l 983d) Generally , a mi xture that has a softening tempP.r nture 2 °C 

fJ renter than the e xpected da ily r.1axirnum bloc k temperature should be used . Sn'JGfJC £t_ _1.• 

(198 3dj foun d thnt tt··i .... di d no t penetro t.e i n to the ,lco f tissue rJf £. l af"lbhi ri ove r 

• e n ·J;:c ·• :_.- • · · ··• · • t • , 1 f"t"", :· _, ,. -. 



the hygrometer against the leaf. In such cases a Para film ( trade name) ring, \1/hich is 

solid belo\11 50 °C, may be used as an alternative sealant (Bro\!/n and t·1cDonough, 1977). 

Various other materials have been used for sealing hygrometers to leaves: -silicon 

stopcock grease (Lambert and van Schi1 fgaarde, 1965); apiezon Q vacuum grease (Lang and 

Barrs, 1965); t \ilo epoxy components mixed and applied during the dough stage to the 

psychrom ·te r (Hoffman and Splinter, l968a); \1/ater proof adhesive and petroleum jelly 

mixture and Gardner, 1972); si1ver-impresna t8d , ya ter-based conductive 

coating (Ho f f m;_; ;; and Ra\111ins, 1972); apiezon M grease (Neuncnn nnd Thurtell, 1972); a 

Parafilm gasket lightly coated on both surfaces with petrolatum (Wiebe and Presser, 1977); 

anhydrous 0lue f or applying silver foil psychrometers to one side of the leaf (Zanstra and 

Hagenzieker, 1977); lanolin (Pall as and t·lichel, 1978); 90 % lanolin and 10 beeswax 

(Pallas et ol ., 1979); 40 \!lax and 60% lanolin (Bro\!/n and Tanner, 1981); 50% 

paraffin ... and 50 % anhydrous lanolin (Turner et al., 1983). 

Suddeh tempe rature changes withfn the measuremen t system and spurious voltage 

fluctuat iJns in the electronic circuitry are serious problems i n fi e ld experiments (Brown 

and Tannf! r 1 1981). These fluctuations can be reduced or elimim1 ted by covering the 

hygrometer lid with aluminium foil tape and the inside of the lid \!/ith styrofoam (Savage 

1983d). The hinged cover of the meter should not be opened fully wires 

are connected or the function switch operated, thus preventing direct radiation from 

entering the unit. Conduction of heat along the hygrometer lead 111ires to the meter 

reduced by mounting a polystyrene block covered with aluminium foil tape to the side of 

the meter. This eliminated the apparent temperature gradients and fluctuating zero 

offsets. 

\Hnd may cause the seal bet\1/een leaf and hygrometer to be broken. To avoid this, 

Savage et Ql. (1983d) secured the stem or branch to the metal rod s upporting the 

thermocouple hygrometer. The leaf angle of s oybean changes ao water stress increases and 

it is necessary to occasionally alter the position of the hygromete r to accommoda te these 

movemcntn (Oosterhuis et al., 1903). The leaves of succulent plants often become th i nner 

;1nd na y s lip out of the hygrome ter on drying (Durand-Cnmpero and Hi ebe , 1901). These 

• vork2 rs t he hy1 r ooc t ers on nei shbouring leaves thi s 



drift Savage et al. (1983d} could not obtain accurate pre-da\!Jn leaf wa t er 

potential measurements under such conditions. Their first measurements on any day 

commenced after 09h00 when all dew had evaporated. 

E. VALID ITY OF HYGROf·ETER \·lATER POTENTIAL t·£ASURUIENTS 

With the d(, ·. e lopment 1f hy ':_:r ometry came the need to compare measured potential values 

\llith a suitablt.- standard f. cchn.ique , usually the Scholander pressure chamber (Scholander et 

al., 1965}. premise c f such comparisons (sUMJarised in Table IV} is t hat U-:a leaf i•yg-

rometer should not influence the 111ater potential of the leaf at the point of 

In the field, a variety of factors may effect the measured water poten t ial: the 

temperature dependence of the psychrometric or dewpoint techni ques, seal ing the hygrometer 

against the leaf , gradients, percentage of t he l eaf shaded by t he hygrometer 

and inadequate calibrat i cn procedures. Furthermore, .leaf abrasion may be t oo severe, 

resulting in measured \:12 t 2r potential being influenced by the osmotic pot enti2l o f the 

ce ll fluid. Al terna tivel y, abrasion may not have reduced t he leaf diffusi ve :res i s tance 

sufficiently for the hygro8e tric technique employed. 

Using the de\!Jpoint techni que in a controlled evironment experiment, Ike rt al. (1978} 

showed that some of the variation between pressure chamber and dewpoint hygrome t er water 

potential measurements in cassava can be accounted for by t he length of petiole outside 

the pressure chamber. Thi s illus t rates one of the many fac tors that can affect xylem uater 

potential measurements and hence the relationship between comparative measurements. 

Furthermore, different leaves are often used when comparing measurements. Different leaves 

may have different potentia ls due to spatial variation (Ritchie and Hinckley, 1975}. Other 

problems associated with xylem potential measurements i nc l ude the use of too high a 

pressure increase rate instead of a rate between 10 to 20 kP a/s (Brown and Tanner, 1981) 

and inadequa te covering of the selected leaf to reduce dessication ( Turner and Long, 

1980). 

The rel ationship between xyl em and wa t e r hygromet r i c potential, for va r i ous l abora tory 

or f i eld studies, i s in Table IV. Of note is th3 t stud ies pe formed in t he 



for whole and excised leaves, using thermocouple hygrometers (Boyer (1968) used an 

isopiestic psychrometer). Also included is a comparison of dewpoint and psychrometric 

measurements using two types of commercially available thermocouple hygrometers 

(Durand-Campero and l.Jiebe, 1981). Many of the species used by Turner et al. (1903) showed 

a linear relationship between total (psychrometric) and xylem water potential 

measurements. However, the in situ psychrometers underestimated the leaf wate r potential 

in the Helianthus species at low water potentials and overestimated the water i r. 

G. hirsutum and .£. avellana (Table IV). The degree of over-estimation was shm:m t o result 

from water potential differences across the leaf. They concluded that in situ 

psychrometers require calibration against pressure chamber measurement s before 

psychrometer measurements can . be used as an absolute measure of leaf water potential. 

These workers used similar abrasion treatments for all species. 

In a field experiment, Brown and Tanner (1981) found that xylem and total (dewpoint) 

\!later potential measurements on alfalfa compared favourably. They used the same leaf in 

their measurement comparisons. However, when sampling comparisons were made on different 

plants, the water potential measured using the hygrometer wee nlways greater than that 

measured using the pressure chamber. They claimed that this lilas due to the hygrometer 

covering one leaflet of the alfalfa leaf and decreasing leaf transpiration. Their 

2 hygrometer covered 9 cm of the leaf. 

Using the psychrometric in a field situation, Savage et al. (198Jd) found no 

difference between xylem and total (psychrometric) water potential measurements for potted 

£. jambhiri trees for total leaf water potentials greater than -3 000 kPa. These workers 

used different leaves for these comparisons. Oosterhuis et al. (1983) found that in situ 

psychrometers overestimated the leaf water potential in their field study using soybeons. 

They did not at tempt to abrade the soybean leaf surface so that their psychrome ter 

measurements may have been affected by high leaf diffusive resistances . 

Wiebe and Prosser (1977) found that the silver foil of Hof fman and Ra\!llins 

(1972) yielded more vari able water potential data compared to the pressure chamber or the 

leaf hygrome ter of Cnmpbell and Campbel l (1974). These workers presumed t ha t thi s w<Js 

of the lover tcmper<1ture uniformity in t he silver f oil systcn nnd 
. I 

lnr ',:: ;- ze r o offse t Th :::;c t:nits ·1cre al s o :1ore difficult t o s eal to l:e(.wes , for 
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Some workers compared leaf -and soil water potential meas ur ements by allo\!/ing plants to 

equilibrate under dark conditions for at least 8 h. The hypothesis of such comparisons is 

that the leaf water potential should approach the soil \1/ater potential, assuming that 

evapotranspiration is small (Brunini and Thurtell, 1982). These workers found that the 

di f f erence in water potential (dewpoint technique) observed between leaf and soil after 

,_he pL:.n t had been left several hours in the da r k, appeared to be related to uneven 

distribution in the pots used. Furthermore , th e plant appeared to be responding 

t o the average soil water potential. Using the rmocouple psychrometers in a gro\!/th chamber 

::;xper incnt, Bro..:Jn and (1974) found that soil <-o. nd leaf water potential never 

reached equality even when their plants (Populus t r er.1uloi des Michx.) were under little 

stress. 

F. COI-lPARISON Of PSYCHROf-ETRIC AND OCUPOIN T TECHNI QUES 

The advantages of theJdewpoint technique compa r ed to the psychrometric are (Neumann and 

Thurtell, 1972): 

a. dewpoint measurements are relatively independent of t he wetting characteristics of the 

thermocouple junction as well as the size and shape of the \!later droplet formed on the 

j unction; 

b. in the dewpoint mode, no net water exchange occurs at the wet junction, allowing the 

measurement to be made without disturbing the vapor equilibrium in the chamber; 

c. the dewpoint calibration relationship has a larger sensitivity (-270 compared to -143 

at 25 °C for the psychrometric method 198la); 

d. the temperature sensitivity of the dewpoint calibration is smaller (0.85 compared to 

10.14 °C) (Savage, 1982); 

e. in a temperature gradient , t he temperature difference between the sample and the vapor 

in the chamber t heo r e t icall y does not i nfluence the measurement since the vapo r 

presGure i n the chamber in determined by t he temperature of t he s ample and t he dclllpoin t 

tempe r atu re ls dependent on thi s vDpo r pressure onl y. 

l!cvcvcr , : e;;; __ !Jrl'd U8i r f1 the dcvpoint • are critically 

"--':- '1 :-•.:--:uLr l y -1 t tcv 
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plant lllater deficit increased, the coefficient for in leaf hygrometers 

required downward adjustment by 1, 2 or greater to ensure that the sensing 

thermojunction maintained the de111point temperature. This suggests that changes in the 

cooling coefficient are necessary lllhen the thermocouple is \!Jet, compared to when it is 

dry. 

Contrary to the opinion of Neumann and Thurtell (1972), t e t echni que appears 

to be dependent on thermocouple junction characteristics · Section I . 8 . 3). Variability 

between individual de\llpoint hygrometer units is reflected i; ; differences in i:. he value of 

the de\!/point cooling coefficient (Savage et al., 1982) anc_ the voltu]e-watc r potential 

calibration curve (Durand-Campero and 1981). In the case of len f 'J.mter potential 

measurements, these workers concluded that under conditions of high leaf resistance and 

small sampling area, the de\!/point method is preferable to the psychrometric for 

measurements of total leaf water potential. They r'ound that in such c 2::;esf psychrometric 

measurements overestimate the leaf 111ater potential and overe:;timation becomes 

progressively greater at high leaf diffusive resistances. These lllorkers did not abrade 

leaf surfaces (Table IV). 

Using perforated metal plates of kno\!/n resistance bet...,een the evaporating surface 

(filter paper discs) and sensing j unction, H. H. vliebe (1983, pers. comm.) found that: 

a. an increase in diffusion resistance above about 10 s/cm caused the psychrometric 

voltage to increase (l!lith corresponding water potential decrease); 

b. an increase in diffusion resistance above about 5 s/cm caused the dewpoint voltage to 

increase (with corresponding water potential decrease); 

c. de\!/point measurements appeared to be more variable than the corresponding psychrometric 

measurements for a given diffusion resistance. 

Wiebe's data therefore indicates that the de\!/point technique is more sensitive to diff-

usion resistance compared to the psychrometric technique. The resistance values measured 

by Savage ll &· (l983c) following abrasion of citrus leaves \ .:tere just greater than 11 

s/cm under completely dark conditions. They obtained excellent fi eld correspondence 

between xyl em ond psychrometric -tJater potential which is confirmat ion of the resistance 

limit vnluc (10 s/cm) obtained by \·liebe . Neur.w nn nnd Thu rte ll ( 197f) were unnble to 

measu r e t c . f recistnnces for Zea pl an ts pl;:;ccd 1n .. llbor<>tory . Follov.i.nq trP<l f_"Pnt 

af '1 !.' 



amples fr o · the l iterature where workers had obtained satisfactory water poter.tial U 
measurement s (psychrometric technique) using leaf material with cuticular resistance 

values greater than 20 s/cm. 

G. SENSITIVITY Of THERNOCOUPLE HYGROt·ETERS 

The use of thermocouple hygrometers for continuous monitoring of in situ leaf \!later 

potent ial is an aspect of field hygrometry that has not yet received much attention 

(Savage and Cass, l983b). Hygrometer sensitivity is of importance in such applications. 

Lambert and van Schi1 fgaarde · (1965) thought that their psychrometer could respond to 

changes i n psych r onetric potential to \llithin 5 min but chose a time interval of 20 

min bet\!/ een r.1easurements. They maintained that there was a time 1ag between dynamic 

changes i n \IJate r poten t ial of the test leaf and the psychrometer output. Hoffman (1966, 

cited by Hoff man and Splinter, 1968b), calculated this lag to be about 10 s for tabacco i f 

the stomates we re open but greater if the stomates were closed. Assuming little \!.lat e r 

absorpt i on uithi n the psychrometer cavity, Peck (1969) obtained an expression for the 

equilibrium time : 

(r V/A) ln[(RT/U I> Hh. - h )]. e w 1 s 
(9) 

r is the leaf resi s tance to water vapor diffusion, V the psychrometer volume, A the 

sample s urface area (within the chamber), R the universal aas constant, T the chamber 

temperature, V the partial molar volume of water, b the desired difference between 
w 

cha.-nber and sample water potential, h the sample relative humidity and h. the initial 
s 1 

chamber relative humidity (prior to sealing). Peck (1969) calculated that for re = 1 000 

s/cm, a leaf psychrome ter with V/A = 30 rrm, T = 20 °C, b = 50 kPa, h = 50%, and h. = 
s 1 

99.36 the equilibrium , time is greater than 60 to this theory, 

commercially available Hesoor hygrometers have equil i briur.1 time vnl ues l ess than 10 s , 

assuming r = 10 s/cm, V/A = 1 mm and = 10 kPa . 

CL!mpbcl l and Conpbcll (19 74 ) found t hn t th e i n l ea f dc1i1 poin t hygrone tcr appe ared 



potential, . caused b y excising a test leaf, \llith a sensitivity of a fclll minut es. Boyer 2.: 
(1972a) altered the \!later potential of a ·salt solution sealed in a t hermocouple 

psychrometer cavity by injecting a salt solution of different concentration. He found that 

the psychrometer (isopiestic technique) reacted to the change in lllater potential with a . 

time constant of 30 s (the time required to respond to 63 of the water potential 

change : . Boyer ' s technique did not separate psychrometer responses from the delay in 

attaiP ng the m ; potential arising from the finite but unknmun mixing rate of the 

added :.... 3lt solu·_ion. Tu r ner et al. (1983) investigated the response o f i n situ leaf 

psychr ::1eters t c chnn "cs in leaf hydration in a controlled env i ronrnent. They concluded 

that i " situ are suitable for measuring dynamic changes .in t o t d l leaf \!later 

potentials since the inst ruments vere sensitive to llJater potential changes occurring every 

7 min. 

In a field Savage and Cass (1983b) measured psych r ometric vater potential 

changes before l 11 in after excision o f c i C.rus lenves. Simul.tnneous xylem and total 

lllater potential :ne as urements lllere performed · on adjacent leaves prior t o the time of 

excision and then en the psychrometer leaf about 2 min after excision. Their data indicate 

that \lli t hin the f' rs t 2 min after excision, these measurements were linear ly correlated (r 

= 0.97). For uncovered leaves they measured total (psychrometric ) potential 

decreases of 250 to 700 kPa in 1 min after excision for high evaporative demand 

conditions. Their results shollJ ed that the thermocouple psychrometer can be used as a 

dynamic and non-destructive field technique for moni taring total UJater potential. In a 

related experiment, they measured an increase in f. jambhiri l!later potentia l within 15 s 

after petiole excision or parallel or longitudinal midrib incision. Such increases ranged 

between 20 to 80 kPa (average of 50 and were noted in light and dark conditions, but 

persisted for longer time periods in the latter case al., 1983b). 

A. HATER POTENTIAL r£ASUREHH JT IN TREES 

\J i ebe ':! t :Jl_. (l 'J7J ) u8cd n in iu b rt.! ( 20 r:lM l on!J) cup ps ychrume te rs to rT.casure 

t;: n f ; . · : ;;t i.nc l udc d vnr i ablP,:; ter.pcr (l tt. · '" r\ U 

d 



olive and maple trees. Trunk installations we re as follows: holes were dri l led t hrough t he 

bark to a depth of about 10 mm under the cambium. Branch installations made in the 

angle between two branches (at least 20 mm in diameter). Each hole containing a 

psychrometer was immediately covered with an asphalt compound or graft i ng wax to prevent 

drying. These workers used polyurethane foam in sheets and as a spray t o i nsul ate the stem 

in the vicinity of the implanted psychrometer and thus temper ;:;t urc ch3nges caused 

by intermittent direct sunlight. To test the reliability of the L 8e potential 

measurements, l,/iebe (1970) simultaneously determined . Jig and potentials 

using other methods and psychrometrie soil water potential The highest water 

potentials were recorded in the soil installations, 0nd in each cosc decreased 

progressively up to tree trunk to the branches and leaves. transpiration was reduced, 

at night or on a rainy day, the water potential of the twigs and branches increased, and 

the overall gradient decreased. The data obtained from the i mplanted 3 tcm psychrometers 

were always in good agreement l!lith data ob t ained from pressure chati l(] Cf' and laboratory 

psychrometer chamber measurements l!lhen adjus ted for the gradient throuc;h the trees. Leaf 

water potential determinations never gave higher values th an the t \U i g \Ja t er potential 

determinations with the pressure chamber. 

B. STEH POTENTIAL f·£ASUREf·IENTS 

Michel (1977) has pointed out that knowledge of root permeability to water movement was 

limited by lack of continuous records of water potential at the base of an intact plant 

stem. To overcome this deficiency, Michel (1977) and Pallas and Michel (1978) devised a 

technique for attaching dewpoint hygrometers to the secondary xylem vessels at the base of 

plant hypocotyls. Some difficulty encountered during measurements because of 

thermocouple contamina t ion by fungal growth and t emperature gradients (Michel, 1979). In 

spi t e of these prob l ems , cont inuous monitor ing of wate r potent ia l was achieved for soybean 

Uli che l 1975, 1977 ) and peanuts (Pall as nnd f-li chel , 1978; Pa ll ;-1<" .s?..t _Q_l_. , 1979). In a 

con trolled exper i ment , Pa l l as and Michel (1978) compnred re sult s f r om 

hyc:Jror·ctrr:. ntbched t.o t he leaves and stem of peanu t plants . · fhc0c 11o r vc rs found that 

\!./ith1f1 ' ' :n ;Jfter t hei r controlled cmlironfilent , the· s ten dcvpo.int 
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contrast, only one f:f t heir four leof dewpoint hygrometers detected any oscillation in 

leaf \1/ater potentiaL They found that the amplitudes of cycles in stem water potential 

detected \!/ere several hundreds of a kilopascal greater than those detected by the leaf 

Their study indicated that leaf hygrometers on peanut and soybean leaves with 

intact cuticles were less sensitive to dynamic changes in the plants water potential than 

embedded stem hygrometers. vlhen the plant's water potential changes \!/ere not rapid, leaf 

measurements agreed closely with stem hygrometer measurements. 

C. ROOT WATER POTENTIAL I·£ASUREr-IENTS 

techniques used in root water uptake experiments prior to 1977 have been 

by (HerkelrCJ t h et _&., 1977). Since then, field ·measurements of root water 

potential have been performed (Nnyamah and Black, 1977a,b; Nnyamah rt al., 1978), using 

the technique. Root hygrometers were installed by exposing the root, removing all 

soil. A slanting incision vas made into the root xylem tissue and extended to form a lip. 

The exposed inner sur f ace l;:os lined l!lith dry gypsum po\!/der, a porous cup soil hygrometer 

was placed axial ly against Lhe xylem beneath the lip and sealed by three layers of elec-

trician tape ond a coat ing of Dol!l Corning 781 silicone rubber. Soil was replaced around 

the root and 24 h \:/ere for equilibration (Nnyamah and Black, 1977a). As a check on 

the performance of the root hygrometers, root xylem pressure potential was measured using 

the pressure chamber apparatus (Table IV). The roots were 1.5 to 2 mm in diameter and 150 

mm long at a depth of 150 to 200 mm. These workers concluded that their technique of 

measuring root \Uater potential had some advantages over other techniques reported in the 

literature because meosurements were made directly and continuously in the path of water 

movement (Nnyamah et al., 1978). Brunini (1979), cited by Orunini and Thurtell (1902), 

also measu red root water potential directly using dewpoint hygrometers. 

VII. SDJl.. tnUBEYUtS 

A. CONSTRUCTION 

r.: ccr. :!·.•·:chcn of the soil hjgron:c t r and the shape , 
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of cor:1ponents and lead · wire gouge diameter affects the performance of the instrum: .. t. At 

present, these factors are the subject of considerable research and no clear op tima l 

specifications have yet emerged. The consequences that arise from hygrometer construction 

are discussed in Section VII.C. 

Soil hygrometer sensors for in situ measurement of water potential have been 

constructed from a variety of materials. The basic elements of a soil hygrometer consist 

of a body into l!lh eh the 1· :1d 11i.ro pass and lllhich attach to the thermocouple sensing 

junction. This junr :-. ion is ei ·closed nnd protected by a porous barrier which allovs 1:1ater 

vapor equilibration tl 1e the rmocouple cavity and soil. 

The body of the hygrometer i s u_ually constructed from a teflon plug and coated 

epoxy (Hoffman and Splinter, 1968a; Brollln, 1970; Hiebe et Q!_., 1971) or inserted into en 

acrylic (Rnwlins and Dalton, 1967) or metal body. Various metals have been used for this 

purpose including brass (Cam_ bell, 1979), copper UlcAneney et nl., 1979; Brunini and 

Thur tell, 1982) and stainless steel (some commercial models). Copper heat sinks have been 

employed in the body for therr.:·1l stability (Rawlins and Dalton, 1967). 

The interior of the chamber should be constructed from materia l that dces 

not adsorb large quantities of water. Campbell (1972) investigated the adsorption 

properties of a range of materials and found vaseline to adsorb least IJJater, followed by 

brass, stainless steel, nickle, polythene, teflon and paraffin lllax. Tygon, axle grease and 

rubber cement IJJere found to be unsuitable. Some users coated the interior of the 

hygrometer chamber with resolidified wax just prior to use (Baughn, 1974; McAneney et al., 

1979). 

The porous barrier bet\J/een the thermocouple cavity and the soil serves to protect the 

sensor from contamination and provides an equilibration path for water vapor. Materials 

used for construction include (RaiJJlins and Dalton, 1967) which usually has an air 

entry pressure of about lOO kPa, but McAneney et &· (1979) used a cernmic plug with an 

air entry pressure of 1500 kPn. Ingvalson (1970) incorporated a 1500 kPn plug in a 

lOO kPa ceramic bulb for meoJuring both osmotic ond water potential . Long (1968) wos the 

first to replace the ceramic bulb with a cylindrical stainless s teel wire mesh cage (100 

mesh ). Oro\!/n (1970) U!.>ed o stainless steel menh nunbe r of 200 r; i t ll openin!JS of 74 !J10 · 

Oro'm Collinr; des igned J double screen cnge (.inne r 40(; ncst"t, . cute r 200 mesh) to 



also provided with an additional copper lead to measure temperature at the junction. 

Brunini and Thurtell (1982) introduced the use of a porous silver membrane llli th an air 

entry pressure of 1500 kPa. 

The shape of soil hygrometers varies from porous spherical ceramic bulbs to cylindrical 

ceramic or stainless steel mesh cups or solid cylindrical bodies with porous end \1/indo\:/s 

et 21_., 1977). Porous disc-shaped units have also been designed (C:Jmpbell, 1979; 

Brunini and Thurtell, 1982). 

The diffusion resistance of the ceramic barrier will effect the respon . . e time o l the 

hygrometer. Ra\!llins and Dalton (1967) calculated the conductivity require{, to maint2.i n a 

potential difference of less than 10 kPa bet\Ueen the thermocouple cavity ar J the soil <md 

concluded that it was about one-sixth the conductivity of ceramic utith an air ent ry 

pressure of lOO kPa. 

Bro\lln (1970) investigated the water vapor equilibrium time for junctions that were 

enclosed in ceramic cups, stainless steel mesh and a bare junction. The bare junci'.1. c n 

reached vapor equilibrium in about the same time (20 min) as temperature, but the 

screen-cage required 33 min and the ceramic cup 170 min. Ex tended periods of time in s oi l 

would tend to reduce the conductivity of the ceramic cup Giore than steel mesh owing to 

microbial in the finer ceramic pores (about 3 j.UTl) compared to the coarser mesh 

apertures (about 74 

f'lcAneney et 21_. (1979), using a 1500 kPa ceramic plug, did not identify vapor diffusion 

resistance of their instruments as a major limitation. However, they did conclude that 

their sensor was unsuitable for monitoring rapid changes in osmotic potential because of 

the high diffusion resistance of the ceramic to solutes. A similar limitation may apply to 

diffusion of water vapor. Brunini and Thurtell (1982) replaced the ceramic cup 111ith a 

silver membrane with an air entry pressure of 1500 kPa and determined that the solute 

equilibration time of their device was 2- h as opposed to the equilibration time of 23 h 

required by et al. (1979). 

Poor contact between soil and hygrometer porous barrier may contribute to dif fus ion 

resistance. Coarse-grained soils, which have a preponderence of particles in the 200 to 

2000 diameter cl ass, (_J enerally offer a large res istance to liquid flo\:1 ccros 8 t he 

so i l - ceran ic i nterface of the limited nunber of liquid films.that oc tu t1 ll y touch 
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( Tovner, 1900), but it is likely to be ' jreatc r i n hygrometry \!/here measurements are ma'ae 

at lo\ller potentials than tensiometry. and Rawlins (1972) drew attention to the 

possibility of a high contact resistance developing in swelling soils as shrinkage causes 

soil to be drawn a\llay from the hygrometer. Ceramic cups are likely to be more adversely 

affected than steel mesh cylinders because of the difference in the mode of operation 

between these materials. Ceramic cups are in liquid contact with soil water and the 

surface \!/here measurements are made is the interior of the cup. Screen cages,. ho\llever, 

probably have a lesser liquid conducting role tind the recessing surface is probably the 

soil-water interface against the mesh . 

B. CALIBRJH I ON 

The procedures for calibration of soil hygrometers follow the general method discussed 

in Section IV. However, certain details of the procedure differ from leaf hygrometer 

calibration because of the presence of large and persistent, temperature gradients in soil 

and because soil hygrometers cannot be calibrated in situ. For this reason, meticulous 

attention to the temperature dependence of t he calibration sensitivity is necessary. In 

addition the chamber geometry during calibration must be identical to that of the in situ 

geometry. 

Soil hygrometers may be calibrated in the psychrometric or de\llpoint mode. There appear 

to be certain advantages in selecting the dewpoint mode (Section V. E), but few rigorous 

comparisons have been conducted to confirm this . However, Nnyamah and Black (1977a) found 

that dewpoint and psychrometer measurementn of water potential in the field \llere 

comparable to \l/ithin 30 kPa over the range -1200 to -300 kPa. 

Calibration of screen-caged and ceramic hygrometers differs because the evaporation 

surface of the former is at the screen and soil-\l/ater interface system and at the interior 

of the ceramic surface for the latter. The ceramic cup acts as continuation of the soil 

pore system and must be in liquid equilibrium with the soil water. For this reason, the 

vet-bulb depression con be assumed to be the difference in temperature betveen the inner 

ce ramic su rface tcnperature and the wet-bulb tempe ra tu re (Campbell, 1979) • 

• Brovn f t9 70) c.h::::cr Lbcd tht:! eo Libration of screen psychr_ometers· u:Ji ng J ted. 
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placed so as to be surrounded by filter paper, t he test tube sealed a r ubber stopper 

and i1m1ersed in a constant temperature water bath. Subsequently, Brown and Collins (1980.) 

introduced a stainless steel chamber that could be sealed using rubber 0-rings with a 

small cavity that could be entirely lined filter paper. The chambers a r e immersed in 

an isothermal water bath with about 350 mm of lead wire to pre vent heat ener9y flow along 

the wires from reaching the chambers. Brmm and Collins 1 0 ) 80) descr· i be n double mesh 

screen-cage hygrometer (inner 400- and outer 200-mesh stainl ·.ss steel t hat could 

be immersed in salt solution for calibration purposes. 

Ceramic cup hygrometers are usually calibrated by imrner . i on of hygrcn:eter in a 

s mall container of calibrating colution which is the placed in an isotherm<:1l waterbath 

(Wiebe et al., 1971). Two concentrically arranged glass test tubes have a lso been used to 

facilitate good thermal contact between bath and calibrating solution (Os t er et al., 

1969). \th1eeler et &· (1972) found that immersion of psychrometers ir: su lt solutions 

resulted in leakage of salt into the sensor ch2rnber causing ;Jbout 30 ·· o f t he units to 

malfunction. Greater success was obtained by us ing alternate methods s uch as a vibrating 

bath \:/hich splashed calibrating solution on to t he exterior of the cerar:Ji c bulb. After 

calibrating, t he sensors should be thorough ly \:lashed in several changes of deionised 

\:later. 

Neither of these techniques simula te the geometry surrounding t he hygror:1ete r in 

position in the soil. The error \:/hich this introduces is not known but i s generally 

assumed to be negligible. In some cases, only the thermocouple j unction l.:.tas calibrated in 

ceramic cups permanently affixed in calibrating chambers and then transfe rred to different 

ceramic cups for placement in soil. This practice was, however, identi f ied as a possible 

source of error in psychrometr ic \!later potential measurement because it displ aced the · 

calibration intercept (Rawlins and Dalton, 1967). 

C. TEMPERATURE EFFECTS 

Fluctuoting temperatures are a major source of error in the nens tlrCQcnt of the wet -bulb 

I f the dry-bulb tempera tu re is not equa l to t he o.::t:-p £: tenr c r ntu r e (c c r nr:li c 
• 
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to the difference bebueell in te rnal instrument zero and the voltage measured \!/hen both 

sensing and reference junct ions are dry (zero offset voltage). 

Because temperature gradients are an unavoidable feature of soil hygrometry, it is 

necessary to adopt precautions to reduce the associated measurement errors. At present it 

is thought that this reduction may be achieved by either using high thermal conductivity 

materials for construction (Neumann and Thurtell, 1972; Campbell, 1979) and/or by careful 

attention to design 80 that vapor and heat paths are identical (Rawlins and Dalton, 

1967; et al., 1977) .. 

Other hygrometer modi ficati ons such as double junction thermocouples (Hsieh and 

Hungate, 1970) and two t hermocouples of opposite polarity (Hsieh and Hungate, 1970; 

Calissendorff and Gardner, 1971; r·1c:Aneney et al., 1979) have not served to solve the 

problem of measureli1ent errors in temperature gradients, although they may have served 

other purposes (Hiebe et Q.!.., 1977) • 

. Early hygrometers vere ve r y sensitive to temperature gradients and precise temperature 

control was necessary cc). Introduction of a spherical ceramic cup by Rawlins and 

Dalton (1967) folloved by many subsequent modifications, improved but did not 

eliminate temperature sens i t i vi ty. Further intensive research on the effect of soil 

hygrometer design on temperature gradient errors has been conducted by \.Jiebe et al. 

(1977), Campbell (1979) and Wiebe and Brown (1979). 

Wiebe et al. (1977) used several types of hygrometers in their investigation (spherical 

and cylindrical ceramic, stainless steel mesh and stainless steel a mesh end 

The design which was least sensitive to temperature gradients was a stainless steel mesh 

cylinder the thermocouple located near the distal end of the chamber. Campbell (1979) 

tested several brass hygrometers with ceramic barriers for thermal stability in 

temperature gradients of 0.05 to 0.1 °C/mm. Errors in measuring the at the 

sensing junction were negligible compared to measurement of l!let-bulb depression. The 

design that gave the lowest terr.perature gradient error was symme trical, small bross 

hygrometer with a symmetrical ceramic side-window. 

In order t o ensure t hat t he dry j unction temperature is equal to t ha t of the ceramic 

surf:1cc , t he the rr.10couple sensing j unc tion be s yrnr::etri c;, lly placed i n re l a tion t o the 
• 

r:t::-i'_,c: uf t!1e c2r<w1i c . fn adc!i t i nn , re:; !: conc!uc'ti on ulc.nq the t o the 
c 
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this ideal, while et al. (1977) were able to demonstrate that some of the 

cylindrical cup psychrometers also approached this ideal. Campbell (1979) showed that the 

junction temperature could be maintained at chamber air temperature by ensuring that the 

length of the thermocouple was at least 3 mm, if wire diameter of 25 was used. 

Campbell (1979) indicated that an additional source of error aris ing from temperature 

gradients is drift in the zero setting amplifier circuit. This can ; _·ise from ,:hangcs in " 

thermal vol tages at contacts or Within the microval tmeter and f ·am chang: ' S in the 

reference junction temperature during cooling, as may happen when . !lere is Si. CJni f i cant 

flux of heat energy along connecting wires. 

Campbell (1979) concluded that zero offset values and temperature differences between 

the evaporating (ceramic) surface and the sensing junction were minimi sed by constructing 

the hygrometer body from materials with a high thermal conductivity (brass, st<Jinless 

steel, aluminium). The largest errors in \!later potential meaSurement arose from e ffect 

of the hygrometer an the l!later and heat flal!l patterns in a temperature grad i r: nt: . This 

manifests itself as a change in sail water potential 3dj acent to the hygrometer . '.H th the 

use of sui table materials and a symmetrical design, Campbell (1979) showed t h:1t it l!las 

possible to minimise the perturbation of water and heat flow and reduce zero offse t values 

to one-tenth and measurement variability to one-third that far a commercial ceramic 

hygrometer. 

Wiebe et al. (1979) sha\1/ed that variability in measurements from several types of 

hygrometer was minimised by reducing the size of the hygrometer and by using non-metallic 

materials for construction. This conclusion differs from that of Campbell (1979) who 

identified clear advantages in using metallic hygrometers to reduce the temperature 

gradient within the hygrometer chamber. Wiebe and. Brown (1979) shmued that while metal 

hygrometers reduced temperature gradients within the hygrometer, gradients in soil outside 

the hygrometer were very much steeper. These steep gradients appear to enhance water vapor 

flux in the vicinity of the hygrometer. The movement of water vapor and occunulation or 

loss of liquid water ot surface and within the chamber of t he hygrome ter in troduces 

further error in measurement. Hiebe and Ora\!Jn (1979) found tha t cylindricnl, r.1eta l 

hyCJrOI.le t ern 1;1 i t h o ce tal screen cnd-windoiU trapped large mnoun ts of \later i n so il ndjoccnt 
• 

t o 'the oute r ::IG ve ll ns inside the hyrJrorc tcr. The re son or t h:1t 

.-, I· ,_r .. : 



bridge a smaller total temperature change in the temperature gradient, 
s£ 

caused less 

perturbation to the pattern of water movement. Hygrometers that provide the best 

coincidence of heat and vnpor path\!/ays ns well as lo\!1 temperature gradient in the 

hygrometer body appear to be screen c age units. Ho\!lever neither Carnpbell (1979) nor Hiebe 

and Brown (1979) tested thes e 

D. FI ELD ; 'E ASUREf'IENTS 

Relatively fe\!1 comprehenc .i. ve field of \!later potential have been conducted. 

\·.tlere field measurements hnve been carr ied out, fe\!1 precautions have been ndopted to 

reduce the effects of temperature gradients and \!later condensation on hygrometers. No 

appear to have been made to ass ess the errors arising from these effects. 

The first successful ntt empt to l.!.] C hyg rometry for large-scale soil water potential 

'!InS carried out by Rallllins et al. (1968), using the spherical cernmic 

psychrometer of Rawlins and Dalton (1967). Measurements \!/ere carried out in a lm·ge 

acrylic con t ainer 111rapped i n alumini um foil and placed in a greenhouse. Hoffman and 

Splinter (1968b), Lang (1968) and Herkelrath et al. (1977) performed similar measurements 

in controlled environments in \!/hich temperature was kept constant. 

and Rawlins (1972) described the long term use of a large number of 

psychrometers for monitoring soil water potential in the root zone of field plots 

irrigated with saline water. Psychromete rs were initially installed vertically but 

and Rawlins (1972) observed that the diurnal variation on psychrometer output could be 

reduced by horizontal placement of the sensors. furthermore, 50 to lOO mm of lead wire 

adjacent to the psychrometer was placed horizontally. Hiebe and Orown (1979) also 

suggested that water potential measured could be obtnined when the surface net radiation 

is low (that is, near sunset or sunrise) ensuring that zero offsets are a minimum. 

and Rawlins (1972) measur ed soil temperatures which we re us e d to correct for 

the temperature dependence of the thermocouple output. A and constructed 

automatic data scanning system \!/as used. A distance of over 100 m between the field 

e xper i ment and the data loggers necessitated several specia l prec au t. ions to ach ieve the 

des ired l eve l of pr..;c· in the fl.'l o .. ype s o f used, a 
c 
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s i nk and a commercial ceramic type without a heat sink. The former sensors showed smaller 

diurnal variation in output, possibly because the presence of the heat sinks promoted 

better thermal stability. However, the commercial psychrometers displayed greater 

calibration stability. Any deterioration in calibration sensitivity could be restored by 

the thermocouple junction in hot 10 % alcoholic KOH solution. 

t·'i:Jore and Cald\!Jell (1972) constructed soil sensors by lilounting psychrometers in 

stainless steel tubes which \:/ere perforated at the level of the sensor. These were 

ins tall ed by driving them to the required depth. Other hygrometers were installed using 

t he technique of the time, that is by forming an access hole by driving a 

metal :::-od to the required depth, inserting the psychrometer vertically and back-filling 

soil. Temperature gradients large, for example, about 0.13 °C/mm at the 150 to 

300 mm depth interval and fluctuations of 1 000 to 2 000 kPa l!lere observed in the \!later 

pot enti<Jl measured under those conditions. \·.tleeler et al. (1972) used the latter technique 

t o install psychrometers in the field but encased the lead \!/ires in polyethylene tubing. 

Easte r and Sosebee (1974) used teflon end \!lindow double junction psychrometers to monitor 

soi l wate r potential in t\!lo field plots, one irrigated to monitor a \!la te e potential of 

-lOO k?a, the other not irrigated. Results of the study are obscure but temperature 

gradient and \!later vapor flux error \!/ere probably very large. It \!/as the experience gained 

by these and other pioneering efforts that revealed the magnitude of error arising from 

field temperature gradients. 

Brown and Johnston (1976) report on the durability of end psychrometers during 

extended periods of field use (2 to 40 months). Generally the changes in calibration 

sensitivity during these periods \!/as small ( < 5 %) and little evidence of thermocouple 

junction damage l!las observed. 

The only case in l!lhich the de\!lpoint mode has been used in the field lllas reported by 

Nnyamah and Black (1977a ,b). The sensors used \!/ere Hescor Pt 51-10 cerami c hygromete rs 

calibrated in both dewpoint and psychrome tr ic modes , \Ill t h mean de\!lpo i nt sens itivity of 

-133 (at 25 °C) and 3 % coefficient of var i ation amongst t hirty hygrometers. The 

hygrome ters i nstal l ed i n t he fie ld by exc avating t r enches to depths os g r eat as 750 

• mm , and dri vinCJ fJ 'nr.l stee l rod 300 mm hor izontally into the lila l b o f the trenches ::.t 

7 ( 
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refilled at 100 mm intervals. The stated advantages of this method are that the 

hygrometers are inserted into undisturbed soil and the lead wires are oriented 

perpendicular to the temperature gradient. Nnyamah and Black (1977a) do not mention taking 

any precautions to ensure that the plane of the thermocouple was placed horizontally. The 

hygrometers performed l!lell over a period of three months with only one unit in thirty 

malfunctioning during this time. Soil water potential values obtained in the field using 

the hygrometers \:Jere co1:1pared \:/i th similar values obtained from neutron water meter 

measurements and direct sa8pling in conjunction with a laboratory-determined water 

retention curve. Over the r 2nge -1 200 to -200 kPa, agreement was linear and within 30 kPa 

with r = 0.99 (Table IV). Similar results were obtained from comparison of field-measured 

dewpoint and psychrometric water potential. This suggests that temperature gradients were 

not a serious problem in their field experiments and that there does not appear to be any 

particular advantage in the de\l!point mode as is suggested by the temperature 

sensitivity of this technique . In addition to these comparisons, these workers were able 

to measure simultaneous soi l lilater potentials and root xylem potential of Douglas fir 

trees over a period of 2 months . Features of this comparison were that root xylem 

potential was all!lays lol!ler than soil l!later potential and the former responded more rapidly 

to rainfall. Although, Nnyaw.ah and Black (1977a) interpreted this as uptake of water by 

roots close to the surface, before water had penetrated to the depth of measurement, the 

possiblity that the equilibration time of the ceramic hygrometer could have lagged root 

uptake of water cannot be excluded. Nnyamah and Black (1977b) reported the use of field 

hygrometers, tensiometers and a neutron water meter for characterising the unsaturated 

hydraulic conductivity of soil over the range 0.001 to 10 mm/day. Using this information, 

together with computed evapotranspiration rates (Bol!len ratio/energy balance method), they 

were able to measure the flux of water through their field site. This experiment 

represents the most sophisticated use of soil hygrometers in the field recorded thus far. 

In summary, the essential requirements for successful fi eld soil hygrometry must 

include the following precautions to minimise the effects of fluc t ua ting diurnal tempera- · 

tures and temperature gradients: 

a. hy<J rore t(; r size : the size of the hygrorne ter rr;us t be snail • i n order to a smalle r 

I I I 



b. hygrometer shape: the geometry must .be concentric the thermocouple 

centrally or distally located in the chamber (Rawlins and Dalton, 1967; Campbell, 1972; 

Hiebe et al., 1977); 

c. thermocouple junction: single junction, allo\!/ing terr.perature measurement along the 

sensor (Wiebe et al., 1977), junction leng t h at least 3 mm long and constructed of fine 

wire (25 diameter) to reduce flux of from he bo' iy of the hygrometer to the 

junction (Campbell, 1972); 

d. construction material: controversy exists the for construction of 

the body of the hygrometer (Campbell, · 1979) but from available 

evidence it appears that the optimal material is low conductivity material for the body 

and a cylindrical stainless steel mesh. Ce ramic cups, although they appear suitable, 

may have sufficiently high diffusion resistance to limit their usefulness in soil; 

e. field placement: hygrometers shotJld be installed in L'!dis t urbed soil I!Jith as much lead 

wire. buried horizontally as possible (Herrill and \:;Jvlins , 1972). The plane of the 

thermocouple junction should be orientated at right .c:n(]les to the temperature gradient 

nJiebe et al., 1977); 

f. measurement times: measurement s could be performed a t times of day 111hen the soil heat 

energy flux is close to zero (P.. 8. Briscoe, 1981, pers. comm.), 111ith resultant zero 

offsets being comparatively small. In practice, such times are around sunset and 

sunrise. Hith the use of microprocessor systems (Briscoe and Tippetts, 1982), such 

measurements are practical, on a day to day basis. 

The accuracy of non-destructive soil and leaf 111ater potential measurements using 

thermocouple hygrometers is dictated by the calibration method. In the case of lea f 

hygrometers used in the field, it is best to calibrate under cloudless and calm 

field conditions ensuring that there are virtually no thermal gradients 111ithin the 

instrument. At present, it is not possible to accur atel y ca l ib r ate soil hygrome t e rs i n the 

field . 

In the of i.eaf po tcnti:;l the cuticu lar 

, ··\.; ...... 
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abrasion used, if necessary, is determined by the cuticular resistance of the leaf. There 

is some · evidence indicating that both psychrometric and techniques may be 

affected by cuticular resistance. Available evidence suggests that the former is affected 

if resistances are greater than about 15 s/cm and the latter if greater than about 10 

s/cm. situ fi eld comparisons with pressure chamber measurements are presented for a 

whole range of c rops. Practical aspects associated with such hygrometric measurements are 

detai led both l eaf and soil water potential. 

_,; . 
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FIGURE CAPTIONS 

f ig. 1. Measured thermocouple psychrometer output voltage as a function of time (20 s 

time and water potential of -1757 kPa at 25 °C). After Savage et al. (198la); 

ncc l ished with permission from publishers. 

FIC. 2. :Diagrammatic representation of an i n situ leaf psychrometer covered 111ith 

t hermal insulation and reflective aluminium foil. Four layers of insulation material (each 

3 rrm thick) at the base of the psychrometer lliere used with two layers on all sides to 

leaf shading (except the non-slit side 111hich had three layers). Total shaded area 

of the leaf was at least 8 of the total leaf area. 

(a) Cut-away view showing the narrow bore plastic tube and brass securing screw; 

(b) Aluminium foil cover over the piston top and lead ou tlet. 

After Savage et al., 1983d; published with permission from publishers. 

FIC. :J. Scanning electron micrographs of an abraded jambhir i leaf surface area. 

There are a few surface scratches due to the non-angular nature of the carborundum powder 

used for abrasion. However, abrasion ruptured the cuticle and walls of occasional 

epidermal cells, exposing cell lumina which appear as empty cavities on the micrographs. 

These would be filled with cell in living leaves. 

c 

S{ 

. . . . .. · 


