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FOREWORD 

After the last world war there has been a strong and growing interest in 
supplemental irrigation. Both practical application and scientific knowledge 
have increased considerably during the last decade. This has been the motive 
of Commission VI of the International Society of Soil Science to organize a 
special conference devoted to the subject. The meetings of the conference were 
held from June 30-July 4, 1958 at the Royal Veterinary and Agricultural 
College in Copenhagen. The succesful organization of the conference has been 
made possible through the aid given by several governmental services, private 
companies and individual officials in Denmark. 

In this respect we want to express our gratitude for the help given by: 

Det danske Landbrugsministerium 
Det danske Godnings - Kompagni A/S 
Dansk Andels Godningsforretning 
E. Lunding A/S, Import af Kalisalte 
Norsk Hydros Salgskontor for Danmark A/S 
Dansk Vandings Industri 
Andels - Kartoffelmelsfabrikken „Sonderjylland" 
Det danske Hedeselskab 
Statens Forsogsstationer, Lundgaard and St. Jyndevad 

and 

Mr. FR. HEICK, Director of Statens Forsegsstation, St. Jyndevad 
Mr. A. KR0IGAARD, Adviser of Det danske Hedeselskab 
Mr. Jons. OLESEN, Adviser of Foreningen af jydske Landboforeninger 

This report contains the papers read and the main points of the discussions 
held during the sessions. May the report contribute to a better understanding 
of supplemental irrigation, which is becoming more and more important for all 
countries in semihumid and humid regions. 

H. C. ASLYNG C. VAN DEN BERG 

h.t. Secretary, President, 
Conference on Supplemental Irrigation Commission VI of the I.S.S.S. 
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INTRODUCTION TO THE CONFERENCE 

C . V A N DEN B E R G 

(President, Commission VI, I.S.S.S.) 

From the earlier proceedings of the Vlth Commission of the I.S.S.S. it is 
evident that in these sessions attention was given to many subjects, but the 
relation between soil and water has always been a major aspect. In the special 
sessions of the Vlth Commission these subjects came up for discussion in 
particular. They were mostly related to the amelioration of soils, drainage must 
be specially mentioned in this regard. As is shown by the proceedings of the 
third conference of the Commission, held in Zürich in 1937, supplemental 
irrigation was, however, already extensively discussed before the last war. 

After the war no special meetings of this Commission have been held and 
on the congresses of the I.S.S.S. little has been done concerning supplemental 
irrigation. The reasons for this are perhaps that many distinguished scientists, 
who were experts in the field of supplemental irrigation, are not with us any 
more, and that the subjects of irrigation and drainage have received special 
attention in the sessions of some other international organizations. The „Inter
national Commission on Drainage and Irrigation" in particular, is very active 
in this field. 

In earlier proceedings of Commission VI attention was mostly given to the 
sprinkling with waste water and it is evident that in this context the influence 
on soil fertility, organic matter content, microbiology of the soil, etc., was 
studied. 

Since that time a large increase in the use of sprinkling irrigation has taken 
place. The expansion of supplemental irrigation in the temperate zones of the 
world was caused by the need of enlarging the agricultural production after the 
war. The need of water was accentuated by a number of dry years occurring 
at that time. The nature of the problems involved has changed therefore; the 
use of river- and groundwater has become a normal procedure in supplemental 
irrigation too. 

The problems regarding water supply are at this moment: 
1. the limits of climate and soil, within which additional water supply is 

needed ; 
2. the amounts necessary and the moments when to give artifical rain in accor

dance with climate, soil and crop; 
3. the technical installations; 
4. the economy and the labour problem in agriculture. 

The communications presented at this conference reflect these problems, 
with the exception of the technical installations used in sprinkling irrigation, 
which is anyway of less importance in a gathering of soil scientists. At the end 
of this conference it will be possible to draw up the balance sheet on our 
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knowledge of the field of supplemental irrigation, but already now it can be 
seen from the content of the contributions, that many aspects of water manage
ment are intensively studied everywhere. 

The fundamental research has been expanding to a great extent during the 
past ten years: 
a. Due to the work of THORNTHWAITE, PHNMAN and many others much has 

become known on the relation between climatological factors and evaporation 
of water by crops. 

b. New attention has been given to the research on soil moisture; a starting 
point for this research appears to be the measurement of the water tension 
in the soil. It is perhaps regrettable that no contribution was submitted on 
the measurement of moisture content of the soil by means of tensiometers, 
gypsum blocks or nylon elements. 

c. Biological research has given a greater insight into the water management 
of the plants and has pointed out where the limiting factors in the moisture 
regulation by plants lie. 
It will be profitable for agronomists and soil scientists to follow closely the 
development of this type of biological research. 

In the practical application of supplemental irrigation the questions of time 
of supply and amount of water to be given have the full interest. The answers 
are often based on the moisture content of the soil. It is not clear, however, 
which soil moisture conditions must be seen as optimal for the various crops. 
Others therefore consider biological characteristics as a guide to ascertain the 
right dosage of water. The submitted contributions on this subject are therefore 
also of great interest. 

Besides the physical-biological questions, agricultural-economic problems are 
asking attention in the field of supplemental irrigation. The supplying of water 
to the crop presents in the temperate zones of the world, a problem less easy to 
solve for the farmer than for example fertilizing does. Sprinkling irrigation has 
a great influence on the economy of farming, on account of the frequently 
changing weather conditions, the investment of capital goods, the relatively 
high yearly costs and the labour supply. Often the application is only remuner
ative if particular crops are grown. 

While the need of supplemental water on various soil types can be more or 
less predicted by physicists and soil scientists, the application of sprinkling 
irrigation demands an insight in the character of each individual farm. 

When seen against this economic background all the problems regarding 
sprinkling are made much more intricate than is the case with so many other 
problems in agricultural research. There are therefore good reasons to make 
this subject the theme of an international conference. 



CLIMATIC ASPECTS 
OF SUPPLEMENTAL IRRIGATION 

H. C. ASLYNG 

( Hydroteknisk Laboratorium, Den kgl. Veterinär- og Landboliojskole, Kobenhavn, Danmark) 

INTRODUCTION 

It is a great honour to be given the privilege of presenting the first lecture. 
At a conference like this we should discuss the present topics and problems. 
Much attention cannot be given to minor details and history. 
In humid regions where the évapotranspiration part of the year exceeds the 

rainfall considerably supplemental irrigation is needed (ASLYNG, 1954) and 
applied more and more, fig. 1. 

The evaporation from a wet surface and the maximum évapotranspiration 
from a crop is primarily determined by weather or climatic conditions. The 
irrigation requirements are then determined by climate and by the capacity 
of available water in the soil. The influence of the crop is almost limited to 
characteristics regarding period of growth and root development. 

During the last ten years much thought has been given to equations for 
estimating evaporation on basis of meteorological data. At this conference we 
have a paper dealing with some of the equations. 

In our work at the climate and water balance station under The Hydro-
technical Laboratory we have used the theory and the formula given by PEN
MAN (1948, 1956). Only in few cases we have applied also the THORNTHWAITE 
(1948) formula for comparison, fig. 2. It is my opinion that equations based 

mm water 
HO 

FIG. 1. 
Average water balance for Den
mark with a humid climate. 
The yearly rainfall is 640 mm. 
and the potential évapotranspi
ration approximately 500 mm. 
The deficit in summer months 
is ca. 150 for a sandy and ca. 50 
mm. for a good clay-loam soil 
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on temperature or on vapour pressure deficit can be of local and practical 
importance but not of universal interest. PENMAN has combined the energy 
and the aerodynamic balance in a theoretical sound and useful form. 

ENERGY BALANCE 

H n - H a - H s 

E„ = ^Q — , where in unit time: 
E„ = evaporation, mm. 
H„ = net gain of radiation energy at the surface, cal/cm'2 

Ha = heat flux into the air, cal/cm2 

Hb = heat flux into into the soil or water, cal/cm2 

59 = cal/cm2 for evaporation of one mm. water, cal/cm2 mm. H2O 

Application of the energy balance method depends on the possibility of 
measuring the different quantities. The surface temperature for a crop is 
especially difficult to obtain. 

AERODYNAMIC B U \ N C 2 

E„ = f(u) (e0 - ea), where 
f(u) = function of the wind velocity profile, mm. h^O/mm. Hg 
e„ = vapour pressure at the surface, mm. Hg 
ea = vapour pressure in the air (2 m. height), mm. Hg 

The difficulties in applying the vapour pressure difference term lies in the 
empirical function f(u) and also in recording the surface temperature. 

Due to the difficulties, equations like E„ = f(es - ea), in which es - ea is the 
saturation deficit at standard height and f a local empirical factor, are often used. 



FIG. 3. Part of the climate and water balance station. In front instruments for radiation 
recording and in the background a 12 m.2 free water surface. To the right a screened 
evaporimeter and besides that an anemometer and evapotranspirometers (the dark 
plot). Other instruments are also seen 

COMBINED ENERGY AND AERODYNAMIC BALANCI 

0.5f(u2)(e s-e a) 
E„ = 

Hn x d 
+ where -o 

d 
u> 
0.5 
f(u2) == 0.0146(0.5 + 0.54 u->), mm. H-_>0/mm. Hg 

59 (0.5 + d) ' 0.5 + d 
= slope of the saturation vapour pressure curve, mm. Hg C 
= wind velocity at 2 m. height, m/sec 
= psychrometer constant, mm. Hg, ( 

The minimum meteorological observations are: hours of sunshine, wind 
speed, temperature and dewpoint temperature at standard heights. MAKKINK 
(1957) found, however, that there can be a considerable difference between net 
gain of energy estimated on basis of hours of sunshine and recorded incoming 
radiation. Energy for photosynthesis and heat flux into the soil is neglected if 
it is not known. 

We have recorded incoming radiation at the climate and water balance station 
(20 km. west of Copenhagen) and reflection (since 1953) with KIPP & ZONEN 
solarimeters, Go (fig. 3). The heat flux into the soil is determined by use of 
thermistors to seven m. depth, (KRISTENSEN, 1958). Back radiation has been 
estimated by use of the formula (PENMAN, 1956): 

cT4 (0.56 - 0.09 V e J (0.1 - 0.9 n/N), where 
sT 4 = black-body radiation at mean (air) temperature, cal/em-' 
n/N = ratio of actual/possible hours of sunshine 

For the last two years we have also used thermopiles or radiometers for 
direct recording of net gain of radiation energy. There are, however, still some 
problems concerning calibration so the results have not yet been applied. 

The „energy part" of the combined equation yields in summer months a 



much larger quantity than the „aerodynamic par t" . It is therefore not too 
serious that the wind factor is semi-empirical. 

P O T E N T I A L É V A P O T R A N S P I R A T I O N , E P 

Potential évapotranspiration (Ep) can be defined as the amount of water 
evaporated in unit time from a short uniform green crop, actively growing, 
covering an extended surface and never short of water. 

E,, is generally smaller than E0 which mainly is due to closure of the s tomata 
at night, but also to diffusion resistance in the stomata. PENMAN (1948) suggested 
a reduction factor (f) varying from 0.6 to 0.8 according to season or day-length. 
Instead of f he later (1953) gave a stomatal (S) and day-length (D) factor. In 
our work we have not found significant differences between f and SD. MAKKINK 
(1957) found a factor of 0.73. 

When the surface or the crop is wet, which in Denmark often occurs late in 
the summer and in the fall, Ep approaches E0. We have found it satisfactory 
to use a constant factor of 0.8 throughout the year. Still Ep seems to be under
estimated in periods or months with frequent rainfall. In relatively dry periods 
when it is most important to estimate the potential évapotranspiration for 
guidance regarding irrigation the results obtained are satisfactory. 

In the combined equation 

EP = 
H„ x d 0.5 f(u,) (es - ea) 0.8 

59 (0.5 + d) 0.5 + d 

the energy part amounts to less for a green surface as for a water surface due 
to about 20 per cent reflection of incoming energy compared to only about 5 per 
cent for the water surface. On the contrary the aerodynamic quantity differs in 
the opposite direction due to larger vapour pressure deficit above a crop than 
above a large water surface at the same climatic conditions. 

A C T U A L / P O T E N T I A L É V A P O T R A N S P I R A T I O N , E a /Ep 

The actual évapotranspiration (Ea) falls below the potential évapotranspi
ration (Ep) when the transpiration is checked by lack of water. Generally it is 
assumed that about half of the available water in the root zone can be utilized 
before Ea is appreciably lower than Ep. MAKKINK and VAN HEEMST (1956) state 
that it also depends upon the transpiration intensity when Ea < Ep. It is also 
known that it is influenced by the root intensity. 

When plants are grown in closed containers (pots or lysimeters) and the 
roots have completely penetrated into all parts of the soil and the transpiration 
intensity at the same time is low it may be possible to utilize almost all the 
available water before the transpiration and growth are checked like VEIH-
MEYER et al. (1927, 1955) have found. 

Our results from lysimeter investigations (ASLYNG and KRISTENSEN, 1953 and 
1958) where the transpiration intensity most of the time was rather high, show 
a gradual reduction of Ea as the soil moisture content was reduced below field 
capacity. Results from our field experiments 1953 t o ' 57 indicate, however, that 
Ea and Ep (calculated by use of the equation given above) for the total summer 
were of almost the same order of magnitude provided the soil moisture deficit 
did not exceed 75 to 100 mm., fig. 4 and 5. The maximum root depth was 100 to 
150 cm. and for that depth the soil capacity for available water was 150 to 
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with oats yielding resp. 38, 51 and 57 hkg. grain per ha. Rainfall from spring to the 
middle of November, when field capacity is reached, equals the evaporation in that 
period. The water consumption is the same, independent of yield (ASLYNG and 
KRISTENSEN, 1953) 
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200 mm. That also means that roughly half of the available water was utilized 
before limitation occurred. 

The potential évapotranspiration concept seems to work well also for extended 
areas with uniform tall green and dense crops. For small areas with a tall crop 
extremely exposed to weather conditions, Ea may be considerably larger than 
Ep, e.g. a crop in lysimeters not having sufficient buffer area and crop around 
them. 

For determining time and quantity of water for irrigation it is important to 
have knowledge of rainfall, soil capacity for available water, depth of rooting, 
potential évapotranspiration and the soil moisture deficit which can be tolerated 
before Ea is appreciably less than Ep and growth is checked. Runoff and 
capillary rise of water can often be neglected for periods and areas where 
surface supplemental irrigation is needed. The soil moisture deficit then equals 
the évapotranspiration minus rainfall. 

D I R E C T DETERMINATIONSOF E 0 AND Ep AT THE CLIMATE AND WATER 
BALANCE STATION 

We are recording the evaporation from a 12 m.2 free water surface 8 cm below 
i he rim of a one metre deep circular concrete tank in the ground. The water 
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FIG. 6. Screened evaporimeter with an outside connected pipe, basing a hook for water level 
control, and a resistance thermometer. Also a raingauge and an anemometer 

surface is level with the grass-covered area around it, fig. 3. Rainfall is measured 
with gauges placed in the ground. 

Evaporation from evaporimeters similar to the YOUNG (1954) screened tank 
is also measured, fig. 6. The water surface is one third square metre. The tank 
of metal is circular and one metre deep. The water surface is here also 8 cm. 
below the rim and level with the surrounding grass-covered ground. The screen 
is made of galvanized wire netting with 0.6 cm. mesh (or 15 meshes per 10 cm.) 
and suspended horizontally in the tank midway between the rim and the normal 
water surface. The water level is regulated three times weekly. A hook in the 
outside connected pipe indicates the normal position. 

We have found that the evaporation in mm. water from a screened evapori
meter tank is about 80 per cent of the evaporation from the 12 m.2 free water 
surface or of the same order of magnitude as the potential évapotranspiration. 
Results are given in fig. 7. On each of eighteen State Experimental Stations in 
Denmark are now installed two screened evaporimeters. The two differ in 
degree of shelter as they are placed at different distances from shelter hedges. 
The amounts of wind and rainfall are recorded also. 

We determine the potential évapotranspiration by use of six evapotranspiro-
meters each having a grass-covered area of 4 square metres (2 x 2), (MATHER, 
1954). They are constructed of concrete and are complete under the soil surface, 
fig. 3. The depth of soil is about 60 cm. and the ground water level is maintained 
at a depth of 45 cm. Supply and run-off are recorded. Until now three of them 
have got only the ground water supply whereas three are also surface-irrigated 
once every week with the same water depth as the net evaporation from the 
screened tanks described above. The surface-irrigation could not quite cover 



ffl.71 £p 

tOOr 

ftSt and 1957. Ciummtr) 
o ptr wttk 
O par m on f h 

(' Panman, f-0.77 > 

£B' U * 0.77 C. 

*> 16 X 40 SÖ K> 70 ÏÖ 90 tÓO 110 UÖ mm £0 ftfm'J 

FIG. 7. Evaporation from screened evaporimeter and calculated according to PF.NMAN, 
compared with evaporation from 12m. 2 free water surface 

the évapotranspiration in dry periods. This could be due to evaporation during 
the application of the water. 

As shown in fig. 2 and 7 reasonable good agreement is found between the 
évapotranspiration determined by use of PENMAN'S theory, screened evapori-
meters and evapotranspirometers. The relation to evaporation from the free 
water surface is most firm for the results from screened evaporimeters, fig. 7. 

Further investigations are desired, but on basis of the results obtained we 
recommend to use the screened evaporimeters for experimental and practical 
irrigation purposes. The screen prevents interference from large animals. 
Placed in a field with grass which should be irrigated, one could in theory in a 
dry period apply the same quantity of water in mm. to the field as to the tank 
to maintain the water level. It is not even necessary to measure rainfall as it 
can be taken to be the same for the evaporimeter and for the field. 

The evaporimeter is much cheaper and much less work is required to use it 
than to use e.g. tensiometers, gypsum blocks or meteorological estimations of 
potential évapotranspiration. It is important also that a balance easily can 
be made with short intervals. 

A fairly large area can be served by one single evaporimeter, but then it is 
necessary to know the local rainfall. The variation in rainfall is far much 
greater than in potential évapotranspiration. 

In practical irrigation it is difficult to distribute the water even and there may 
be a considerable evaporation during the spraying, therefore we recommend 
to use a quantity 25 per cent higher than required for the evaporimeter. 
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FIG. 8. 
Per cent of total wind from 
west directions and per cent 
shelter. The shelter causes a 
temperature increase at day 
hours and a decrease at night 
hours 

Often it is enough to regulate the water height in the evaporimeter once a 
week. Maximum evaporation we have had in one week is 30 mm. In case of 
rainfall above 30 mm. in a short period it is desirable to regulate immediately. 
Rainfall in excess of the soil moisture deficit must be considered as a loss like 
run-off in general. 

POSSIBILITIES OF LIMITING IRRIGATION REQUIREMENTS 

A little may be gained by growing deep rooted crops and crops having the 
main period of growth at a time when the évapotranspiration intensity is rela
tively low. In Denmark e.g. the conditions are much more suitable for growing 
root crops than grass. 

It is also important to aim at soil conditions which stimulate deep rooting; 
drainage, subsoiling, mixing of stratified soil profiles, etc. A deep rooted lucerne 
crop may „open" the subsoil for roots of subsequent crops. 

Another possibility is reduction of potential évapotranspiration by change of 
climatic conditions. By shelter investigations (ASLYNG, 1958) it was found that 
decrease in wind speed in general increased day and decreased night temperature, 
which increased day and decreased night saturation deficit, fig. 8 and 9. 

The decrease in wind speed or amount reduced évapotranspiration more 
than it was increased due to change in vapour pressure deficit. 

Evaporation from screened evaporimeters was measured and the climatic 
factors were recorded so potential évapotranspiration could be estimated by 
use of the PENMAN formula. The two methods agreed very well. For the two 
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summers 1955 and 1956 the potential évapotranspiration was reduced by one 
third to one half as much per cent as the wind speed was reduced. 

Western wind is prevailing (fig. 8) and a 2.5 m. high shelter screen North-
South with 45 per cent openings could in average reduce the amount of wind 
by 40 per cent at a distance of 4 h to the East, when h is the height of the screen. 
That reduced potential évapotranspiration to 20 per cent or about 20 mm. per 
month in the most critical period, fig. 1. 

The reduction in évapotranspiration by shelter was relatively larger in 1956 
with a lower temperature than 1955. 

The results also indicate that it is important that attention is given not only 
to energy supply, but also to the wind and saturation deficit factor in a formula 
for calculating potential évapotranspiration. 

SUMMARY 

Since 1953 the potential évapotranspiration has been estimated on basis of PENMAN'S 
theory; recorded incoming and reflected energy; estimated back radiation and recorded wind 
speed, temperature and dewpoint temperature. Heat flux into the soil was determined. 

Evaporation from a 12 m.2 free water surface in a circular one metre deep ground tank, 
from screened evaporimeters and from potential evapotranspirometers with a four square 
metre grass covered surface has been determined 1956 and '57. 

Meteorological estimation, evaporimeters and evapotranspirometers gave results of the 
same order of magnitude and about 80 per cent of the evaporation from the large free water 
surface. 

The one metre deep screened evaporimeter with the rim 8 cm. high, the water surface level 
with the ground and the screen of wire netting suspended midway between rim and water 
surface is recommended for obtaining information on potential évapotranspiration for 
experimental and practical supplemental surface irrigation. 
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