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INTRODUCTION 

Evapotranspiration from cropped surfaces is governed not only by 

the meteorological conditions, but also by factors related to the crop 

itself and to the soil physical conditions. In irrigation practice, as 

well as in many hydrological investigations, it is very important to 

determine the actual as well as the potential water use of a crop from 

meteorological data. Particularly for arable crops the practical ap

plication is still partly a matter of speculation, since a number of 

aspects are still more or less unknown. 

During a number of years sprinkling irrigation experiments with 

potatoes were performed at the experimental farm of the Institute. 

The set up of these experiments was not primarily for transpiration 

research, but to obtain information on the increase in yield due to 

sprinkling. The available data of soil moisture conditions and crop de

velopment were given in a number of internal reports of the Institute. 

The recent developments in transpiration research made it valu

able to use the data from these sprinkling experiments in a study of the 

effects of crop development and of moisture conditions on the water 

use by potatoes. 

AVAILABLE DATA 

S o i l t y p e a n d s o i l m o i s t u r e d a t a 

The experiments were performed on a coarse sandy soil with an 

humus content of 6% in the top layer of 30 cm, the mean humus con

tent of the layer from 30 - 60 cm was 2. 5 - 3. 0%. The available 

amount of soil moisture in the top layer of 1 m was 100 mm. About 

72 mm is available from the humous top layer of 40 cm. The coarse 

sand with gravel in the layers below 60 cm do not contribute very much 

to the total amount of available water. The soil moisture character is

tics of the various layers are given in fig. 1. The effective rootzone of 

the potato crop is in fact restricted to the humous top layer of 40 cm. 

During the sprinkling experiments the soil moisture content in the 

various layers was determined periodically by soil sampling. In most 





cases the soil samples were taken from the layers 0 - 2 0 cm, 20 - 40 

cm and 40 - 60 cm. In a few cases also data from the 60 - 80 cm layer 

were present, but these data did hardly show any variation in mois

ture content with time. For this reason the change in water content of 

the profile was in most cases calculated for the top 60 cm. 

In 1964 most of the soil sampling data concern only the top layer of 

0 - 2 0 cm. In order to obtain information concerning the mean mois

ture content in the effective rootzone of the crop and to obtain data of 

the change in soil moisture in the profile the relations shown in fig. 2 

were used to derive from the top layer of 20 cm the required data. 

The absence of soil moisture data from the deeper layers will give 

an overestimate of évapotranspiration using the water balance equation 

when under wet conditions discharge to these deeper layers is present. 

I r r i g a t i o n f r e q u e n c y 

The application of sprinkling irrigation was based on the moisture 

extraction from the top layer of 40 cm. Generally the following mois

ture treatments were present: a. irrigation after 25% of moisture ex

traction; b. after 50% of moisture extraction; c. after 75% of moisture 

extraction and d. a testfield without sprinkling irrigation. The various 

moisture treatments will be indicated as v , , v_, v. and v respec

tively. In 1962, 1965 and 1966 the weather conditions were such that 

only the v , field received additional water by sprinkling irrigation. 

In table 1 the moisture treatments during the various years which are 

used in the present paper are given. 
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Table 1. The soil mo i s tu re t r ea tmen t s during the y e a r s of the ex 

pe r imen t s 

Year I r r iga t ion after a mo i s tu re extract ion of No 
25% 50% 75% i r r iga t ion 

1959 
1961 

1962 

1963 

1964 

1965 

1966 

v3 
v3 
v3 
-

v3 
v3 
v3 

v, v o 
- 1 ) 

v 2 v l v o ' 
v o 

v 2 " v o 
v 2 v l v o 

v o 

l ) An i r r iga t ion gift after flowering 

C r o p d e v e l o p m e n t 

Each year the planting date , the date at which the c rop came up 

and the harves t ing date were given. Pa r t i cu l a r ly during the f i r s t 4 

y e a r s not too much attention was given to the collection of data con

cerning c rop height and soil cover . During these y e a r s only two or 

t h ree data of soil cover or c rop height during growth were given. 

More attention to c rop development was given in the l a s t t h ree y e a r s , 

in which both data were given per iodical ly . The re lat ion between 

height and soil cover of the potato c rop der ived f rom these data i s 

p resen ted in fig. 3. This re la t ion i s useful to get additional in forma

tion concerning c rop height or soil cover during the f i r s t four y e a r s . 

The ma tura t ion of the c rop at the end of the growth was desc r ibed 

per iodical ly by the percentage of dead l eaves . 

M e t e o r o l o g i c a l d a t a 

The meteorologica l data r equ i red for the calculation of évapo t rans 

pirat ion, such a s durat ion of br ight sunshine, t empe ra tu r e , humidity, 

wind velocity and precipi ta t ion were mea su r ed daily at the me t eo r o 

logical observat ion field of the exper imenta l f a rm of the Inst i tute . 





CALCULATION OF EVAPOTRANSPIRATION 

Actual évapotranspira t ion can be calculated for p rac t ica l pu rposes 

with a combined aerodynamic and energy balance approach (RIJTEMA, 

1965), talcing into account the p rope r t i e s of the c rop and the soi l . The 

genera l equation i s : 

, re + E T = ^ H n t / L + X { E ' a + f ( z 0 , d) u R ç E ^ 

A + ( T i l + f(zQd) u R c \ 

E = E r e + E = A " n t / ^ * o \ *• a •*• 1 \zo' a/ u ^ M f n\ 
re T I ' 

r e 
where : E r e i s the r ea l évapotranspira t ion, E_, the r e a l t r a n sp i r a 
tion from the c rop , ET the evaporation of the precipi tat ion i n t e rcep t 
ed by the c rop , £*. the slope of the t empera tu re - s a tura ted vapour 
p r e s s u r e cu rve , H . the net radiat ion, L the latent heat of vapo
r izat ion, ){ the p sychromete r constant, E = f(z0d) u ( d - e_), £ 
the sa tura ted vapour p r e s s u r e at a i r t empe ra tu r e , e the actual 

cL 

vapour p r e s s u r e , f(zQ, d) a function depending on the roughness length 

(z ) and the ze ro plane d isplacement (d) of the evaporating sur face , 

u the wind velocity mea su r ed at 2 m height and R c the diffusion r e 

s is tance of the c rop . 

When it i s a s sumed that R c equals z e ro , the max imum possible 

evaporat ion (E ) f rom the surface under considerat ion can be c a l 

culated. Equation (1) t r ans fo rms in that case into: 

E = A H n t / L + % E a (2) 
wet — v 

The evaporat ion t e r m Ej i s difficult to de te rmine exactly, p a r 

t icular ly in pe r iods with much precipi tat ion, when the c rop does not 

become d ry between the success ive showers . The calculated amount 

of in tercept ion i s too high in that c a se . Since the calculated evapo

rat ion (E ) of a wet c rop surface with the same p roper t i e s a s the 

c rop cons idered gives the max imum value, the value of Ej may not 

exceed E 
wet 

Based on this a rgument RIJTEMA (1968) combined the equations 

(1) and (2) which r e su l ted in the following express ion : 





r e -'•• + à' 
E = E l f + ET = . (E - ET) + ET (3) 

A + i : 1 + f(zQ, d)u R c | 

D a t a d e r i v e d f r o m l i t e r a t u r e 

No data of the re la t ion between precipi ta t ion and the amount i n t e r 

cepted by a potato c rop were avai lable. However, an e r r o r in the value 

of E . i s not d i s a s t rous , as the t e rm Ej ope ra tes in equation (3) as a 

co r rec t ion factor, of which the effect on E s trongly depends on the 

value of the ra t io ( A + f) f A + «' j 1 + f(zQ, d )u R c ^1 . F o r th is 

r eason the in tercept ion data of tal l g r a s s given by RIJTEMA (1965) 

were used. 

The value of f(z » d) depends on c rop height and on wind velocity. 

The combined effect has been exp res sed for a g r a s s c rop by RIJTEMA 

(1965) a s : Q 

i(z0,d) = g(l). h (u) (4) 

where : g ( ^ ) i s a function of c rop height with the s ame dimensions a s 

f(z , d) and h(u) i s a d imensionless factor, which depends on wind v e 

locity. Calculations of SZEICZ, ENDRODI and TAJCHMAN (1968) for 

a potato c rop r e su l ted in s imi la r values for g(x. ) and h(u) as those 

given by RIJTEMA for the g r a s s cover . Values of g ( / ) and h(u) u sed 

in the p resen t paper a r e given in table 2 in re la t ion to r espect ive ly c rop 

height and wind velocity. 

Table 2. Values of g(< ) in re la t ion to c rop height and values of h(u) 

in re la t ion to wind velocity at 2 m height 

Crop height (cm) 0 2 5 10 20 30 40 50 70 90 

g(l ) 0 .18 0 .23 0.47 0.74 1.00 1.12 1.22 1.32 1.42 1.50 

Wind velocity 

(m. s e c - 1 ) 0 .5 1.0 1.5 2 .0 2 .5 3.0 4 . 0 5 .0 6 .0 7 .0 

h(u) 1.32 1.17 1.05 0.96 0 .90 0.86 0 .79 0 .75 0 .72 0 .69 

The diffusion r e s i s t ance R takes into account the geomet ry of 

the evaporating surface , as soil cover and leaf a r ea , the s tomatal 
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opening under influence of l ight intensity and the t r anspo r t r e s i s 

tances in the liquid flow path. RIJTEMA (1968) a s sumed that the 

combined effect of these fac tors can be given with the express ion: 

/ c U* 
R = R + R + R' / cx 

c c c c (5) 

i 
where : P». i s the diffusion r e s i s t ance t e rm depending on light in ten

sity, R the factor depending on soil cover and R' the factor 

giving the effect of soil mo i s tu re conditions on the value of R . 

RIJTEMA (1965) used the mean radiat ion intensity during the ba

lance per iod as a mea su r e for the light dependent factor, controll ing 
/ 

s tomatal opening under field conditions. The re lat ion between K'~ 
and mean radiat ion intensity during the day- t ime hours i s given in 

table 3. 

Table 3. Values of the diffusion r e s i s t ance R" a.nd mean radiat ion 
c 

intensi ty during the day- t ime hours 

Radiation intensity 0.10 0 .15 0.20 0.25 0 .30 0.38 > 0. 38 

cal . cm" . min"* 

R ^ m m H g . day. 3.77 2 .76 1.94 1.21 0.66 0.0 0 .0 
m m 

RIJTEMA and RYHINER (1968) give some data of RC in re la t ion 

to soil cover for spring wheat. Calculations of FEDDES (1968) of 

values of R in re la t ion to soil cover for spinach and r ed cabbage 

r esu l ted in s imi la r values as those given by RIJTEMA and RYHINER. 

The sca t te r in the data i s r a t he r l a rge which is mainly caused by the 

distr ibution of the precipi tat ion during the exper iments , which ef

fects the evaporation from the ba re soil . The data used in the p r e sen t 

study a r e given in table 4. 





Table 4. Values of the diffusion r e s i s t ance R and soil cover 
c 

Soil cover % 10 20 30 40 50 60 70 80 90 100 

R£ m m Hg. day. mm" 1 2.33 1.72 1.27 0.90 0.60 0.35 0.18 0. 08 0 0 

R e c o n s t r u c t i o n of c r o p d e v e l o p m e n t d a t a 

The re la t ion between c rop height, soil cover and the point of t ime 

within the growing season i s mo re or l e s s fixed by c rops ha rves ted 

once a y e a r . Between the var ious y e a r s a shift in t ime can be p resen t , 

depending on the s tar t ing point of growth in spring t ime . 

The scantily available data and those der ived f rom fig. 3 were 

plotted v e r su s t ime . A curve was drawn through these points . An 

example of the u sed p rocedure for the data of the v , and v fields 

in 1961 i s given in fig. 4. F r o m these cu rves the mean c rop height 

and mean soil cover for each balance per iod could be e s t imated . 

S o i l m o i s t u r e c o n d i t i o n s 

The effect of c l imate and soil mo i s tu re conditions on the reduction 

in t r ansp i ra t ion was calculated f rom the re lat ion between the diffusion 

r e s i s t ance R*t and the potential suction <p ,, in the l eaves . Accord

ing to RIJTEMA (1965) this re la t ion can be given by the express ion: 

$ - tin: POU _ , f - p O t 
K = «rp - f |Er(Rpi+ /k) + y) (6) 

where : E™ is the potential t r ansp i ra t ion r a t e , ca lculated with equa

tion (3), a ssuming R ' equals ze ro but taking into account the values 
/ c 

of R .̂ and R ; R , the t r anspor t r e s i s t ance for liquid flow in the 

plant, b a geomet ry factor of the root sys tem depending on rooting 

depth, root intensi ty and root activity, k the capi l la ry conductivity 

at mean suction <i/ in the effective rootzone of the c rop . 

It appears from data given by RYHINER (1969) from exper iments 

with potatoes in 1967 and from calculat ions pe r formed with the 1959 

data that for a full grown potato c rop the value of R_j equals 1 a tm. 

day. mm" and the value of b 3. 10 a tm. The re la t ion between 

R^ and U/? ca lculated from these data i s given in fig. 5. The data 



ï O '"i 



der ived from the i r r iga ted fields show a tendency to give somewhat 

lower va lues , which might be caused possibly by i r r iga t ion l o s s e s . 

These l o s se s give an ove res t ima te of the évapotranspira t ion from the 

water ba lance , which r e su l t s in too low values of R£. 

The re la t ion between the potential ( ^ / ) an<* t^ i e r e a * ( ' / - ' / ) 

suction in the l eaves i s shown in fig. 6. The deviation in the s t ra ight 

l ine given in this figure indicates that reduct ions in t r ansp i ra t ion 

a r e a l ready p re sen t at low suctions in the l eaves . 

M a t u r a t i o n 

In matur ing plant communi t ies a substant ial reduction in t r a n sp i 

ra t ion i s p r e sen t evenjwhen the c rop is we l l - i r r i ga t ed and we l l - f e r t i 

l ized. This i s mainly caused by leafage and the i n c r ea se of the p e r 

centage of dead leaves when matura t ion p roceeds . E s t ima t e s of the 

percentage of dead leaves were used to desc r ibe the course of m a 

turat ion during the growth. 

In the model descr ibing the contribution of the diffusion r e s i s t ance 

of the c rop matura t ion was cons idered to effect the in ternal t r anspo r t 

r e s i s t ance highly. This was based on the a rgument that the dead 

l eaves do not contribute in the t r ansp i ra t ion p r o ce s s , so for a s ame 

flux per unit of surface the in te rna l t r an spo r t pathways a r e d e c r e a s 

ing with increas ing percentage of dead l eaves . 

The data of 1964 were used to ca lculate the effect of the p e r cen 

tage of dead l eaves on the value of R , . The re la t ion between the 

percentage of l eaves which a r e s t i l l alive and the in ternal t r anspo r t 

r e s i s t ance i s given in fig. 7. Though the sca t te r of the data i s r a t he r 

l a r ge , i t will be c l ea r that with a decreas ing percentage of living 

l eaves below 50% the value of R , i n c r e a s e s considerably . The curve 

drawn in this f igure is a lso used in the calculation of évapot ranspi 

ra t ion in the o ther y e a r s . 

RESULTS AND DISCUSSION 

Fo r compar ison the calculated evaporat ion from a continuous wet 

c rop surface (E . ) , the évapotranspira t ion obtained by equation (3) 

(E ) and the der ived one f rom the water balance (E . ) a r e given 
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in fig. 8. Moreover the total amount of precipi ta t ion and sprinkling 

water i s given for each balance per iod exp re s sed as a mean value per 

day, as well as mean suction in the effective rootzone of 40 cm at each 

sampling date. With r e spec t to the r e su l t s a number of a spec ts mus t 

be d i scussed . 

S o i l c o v e r 

The curve used for the determinat ion of the effect of soil cover on 
t r ansp i ra t ion was der ived f rom exper iments pe r formed under no rma l 
weather conditions, without preventing evaporat ion from the b a r e soi l . 
The r e su l t s will be c o r r e c t as a consequence, when no ex t r eme s i tu
ations in the distr ibution of precipi tat ion a r e p resen t . It means that 
sys temat ic deviations will occur under e i ther ex t remely d ry or ex
t r eme ly wet conditions. Under ex t remely dry conditions the ca lcu
lated values of E will be higher than those der ived from the water 

r e ö 

balance when a pa r t ia l soil cover i s p resen t . This i s demons t ra ted in 

the r e su l t s obtained from the v fields in 1959, when during the f i r s t 

balance per iods hard ly no precipi tat ion was p resen t . 

The opposite si tuation was p resen t in 1963, when during the f i r s t 

two balance per iods the d is tr ibution of precipi ta t ion was ve ry r egu l a r 

ly with a l a rge number of smal l showers , which affected the evaporation 

from the ba re soil in a favourable way. In these s i tuations the data de 

r ived f rom the water balance approach the calculated value of E .. 

A more or l e s s s imi la r situation was p r e sen t in 1965. 

In the other y ea r s the d is tr ibution of precipi ta t ion was in such a 

way, that a r easonable approach during the f i r s t s tages of growth was 

obtained. 

M o i s t u r e c o n d i t i o n s 

The calculated values of E and the data f rom the water balance 
r e 

ag ree reasonably well. It shows that the actual t r ansp i ra t ion r a te can 

be calculated under p rac t ica l conditions when the given re la t ion b e 

tween diffusion r e s i s t ance and {P y i s u sed . 

The d is tr ibution of p recipi ta t ion as well as the t ime of i r r iga t ion 

within the balance per iods might affect the soil mo i s tu re conditions in 

such a way, that the r e a l mean suction in the rootzone is much sma l l e r 





than the mean value ca lculated from the soil mo i s tu re data at the b e 

ginning and at the end of the balance per iod. This si tuation can be 

p r e sen t pa r t i cu la r ly on the i r r i ga t ed field, as sprinkling was applied 

v e ry often one or two days after sampling, resul t ing in a s ha rp de 

c r e a s e in suction, d i rec t ly after sampling. Due to this the calculated 

values of E a r e too low at the i r r i ga t ed f ields. This effect in-r e 
c r e a s e s with increas ing i r r iga t ion frequency, as i s c lear ly shown in 

data of I964 in pa r t i cu la r . In addition to th is , a smal l d ra inage to the 

deeper l aye r s might be p resen t , resul t ing in an ove res t ima te of the 

water balance data. The values der ived f rom the water balance ex

ceed the calculated E . data under ex t remely wet conditions, show

ing that d i scharge mus t be p r e sen t during these pe r iods . 

M a t u r a t i o n 

The re la t ion between the in ternal plant r e s i s t ance R . and the 

amount of living l eaves , given in fig. 7, as descr ipt ion of matura t ion , 

did give acceptable r e su l t s in all the o ther y e a r s when due to the p r o 

ceeding of matura t ion l a rge reduct ions in t r ansp i ra t ion were p resen t . 

It means that a fa ir ly good approach for the effect of matura t ion can 

be obtained by increas ing the value of R , in the calculation model . 

C o m p a r i s o n w i t h o t h e r d a t a 

GARDNER and EHLIG (1963) give the re la t ion between the re la t ive 

t r ansp i ra t ion r a t e 1 (E™ ) . (E?, ) ,; and the mean suction in the 

l eaves for va r ious c r op s . The suction, at which the t r ansp i ra t ion r a te 

s t a r t s to r educe , v a r i e s f rom 4 b a r s for a pepper c rop to 12 b a r s for 

cotton. 

The re la t ive t r ansp i ra t ion r a te of the potato c rop in the p resen t 

study i s plotted in fig. 9 v e r s u s the mean suction in the l e aves . The 

figure i s given for t h ree c l a s s e s of soil cover . The ra t io d e c r e a s e s 

mo r e slowly under conditions of a low soil cover than under conditions 

of a complete soil cover . This i s mainly due to the fact that under 

conditions of a pa r t i a l soil cover the calculated values of E ~, a r e 

much lower than for a full cover c rop , so the effect of suction on 

t r ansp i ra t ion becomes l e s s . 

10 
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The shape of these cu rves ag r ee s well with those found by GARDNER 

and EHlilG. However, the reduction in the t r ansp i ra t ion s t a r t s a l 

ready at 1 a tm. suction, which value i s much lower than the c o r r e s 

ponding values for the c rops given by GARDNER and EHLIG. The main 

r eason might be the way in which the potential t r ansp i ra t ion r a te was 

de te rmined. GARDNER and EHLIG did the i r exper iment under con

t ro l led constant c l imatic conditions and they de te rmined the potential 

t r ansp i ra t ion r a te when the c rop was well supplied with water . In fig. 

9 the potential t r ansp i ra t ion r a t e was calculated with equation (3) a s 

suming that the influence of the r e s i s t ances in the liquid path could be 

neglected. In the exper iments from GARDNER and EHLIG the effect of 

in te rna l r e s i s t ances under conditions of opt imum water supply was au

tomat ical ly taken into account, which r e su l t s in a higher suction in the 

l eaves when the reduction in t r ansp i ra t ion s t a r t s . 

SZEICZ, ENDRÔDI and TAJCHMAN (1968) calculated f rom expe

r imenta l data with potatoes in Germany (TAJCHMAN, 1967) the mean 

monthly surface r e s i s t ance s from the ra t io of monthly to tals of evapo

rat ion (LE) and the available net energy (H . - G), using an empe r i -

cal re la t ion given by MONTEITH (1965). This emper ica l express ion 

gives the re lat ion between surface r e s i s t ance r g in the range 

0. 25 < r s < 10. 0 sec cm" , and the ra t io t r ansp i ra t ion over available 

energy a s : 

log 1 0 r s = 1 . 4 0 - - ^ ^ - (7) 
H n t "G 

The surface r e s i s t ance s der ived by these authors with equation (7) 

f rom the data in 1965 in Germany a re given in fig. 10 in re la t ion to the 

t ime of the yea r . The c rop r e s i s t ance of potatoes in the p r e sen t study 

was ca lculated according to soil cover , l ight intensity and soil m o i s 

ture conditions in the rootzone. These data calculated for 1965 a re 

a lso p resen ted in fig. 10. The data from both p laces deviate s t rongly 

during the ea r ly s tages of growth, which is mainly due to the ve ry wet 

conditions in Germany when the c rop was s t i l l par t ly covering the soi l . 

The water balance data and those calculated, as p resen ted in fig. 8, 

for 1965 did show a l a rge deviation due to the wet conditions in th is 

y ea r . When the c rop i s completely covering the soil at both locations 

11 
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ident ical values of th is surface r e s i s t ance were found. This r e su l t 

shows that the p rocedure followed in the p r e sen t study leads to very-

acceptable values of the surface r e s i s t ance , when taking into account 

soil cover , radiat ion intensi ty, mo i s tu re conditions and matura t ion . 

SUMMARY 

Data from sprinkling i r r iga t ion exper iments with potatoes were 

u sed to calculate the actual and potential évapotranspi ra t ion from the 

c rop during the growing season, using s tandard meteorologica l data. 

During the exper iments the mo i s tu re extract ion from the effective 

rootzone was de te rmined by soil sampling to get the t ime of sprinkling 

i r r iga t ion for the fields with different mo i s tu re t r e a tmen t s . 

The water use by the c rop for the different per iods was a lso der ived 

from the water balance and the compar ison with the calculated va lues 

did give a good ag reement in per iods without ex t r eme conditions of 

p recipi ta t ion. This showed that the der ived re la t ionships between c rop 

height and surface roughness , between soil cover , l ight in tensi ty, c rop , 

a s well as soil c h a r a c t e r i s t i c s and diffusion r e s i s t ance and between m a 

turat ion and in ternal plant r e s i s t ance were reasonably es tabl ished. 

12 
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