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Why determining plant water needs?

- planning, e.g. the use of water resources: volume of water

required for irrigation, irrigable areas in relation to resources, etc.

- management of irrigation networks: short-term forecasting

- design of irrigation networks: calculation of the design flow rate of

structures (prediction)



How water is (naturally) removed from soil?

- Direct evaporation

- Extraction from plant activity

Constitutive water (e.g., contained in tissues)

Transpired water (released into the atmosphere)

Average quantity of water (in litres) needed to produce one kg

Coton 5 000 - 25 000

Riz 2 000 - 5 000

Céréales (blé, maïs, etc.) 500 - 2 000

Pommes de terre 100 - 500

Total water consumption =   évapotranspiration ET

I - 4  

 Arbres .................................................... 60% 
 Céréales  ................................................ 75% 
 Plantes fourragères ............................... 80% 
 Légumes ................................................ 90% 
 Fruits.............................................. 90 à 95% 

 
Cette eau qui participe à la composition des tissus végétaux est appelée eau de 
constitution. 
 
b) l'eau de transpiration 
 

L'eau de constitution ne représente qu'une infime partie de l'eau utilisée par les 
plantes qui consomment des quantités d'eau considérables pour assurer leur 
nutrition. L'eau du sol est prélevée par les racines, traverse les plantes et est 
rejetée dans l'atmosphère sous forme de vapeur. Durant son transit à travers les 
végétaux elle leur cède les substances minérales qu'elle véhicule. C'est l'eau de 
transpiration qui représente plus de l00 fois l'eau de constitution. 
 
Ce mouvement continu d'eau, depuis les racines où elle est absorbée jusqu'aux 
feuilles où elle est transpirée, est essentiel à la survie des plantes. 
 
L'évaporation qui se produit essentiellement au niveau du système foliaire est à 
l'origine de la conduction de l'eau à travers la plante car elle provoque une chute 
de potentiel qui se propage tout au long du système hydraulique du végétal pour 
permettre l'ascension de l'eau. 
 
La transpiration végétale dépend non seulement des paramètres qui régissent en 
général l'évaporation, en particulier la différence de pression de vapeur d'eau 
existant entre l'atmosphère et les stomates, mais aussi de facteurs physiologiques 
tels que le degré d'ouverture des stomates. D'autres paramètres peuvent exercer 
une action importante sur la transpiration: 

 

 - intensité du rayonnement: la lumière augmente considérablement la 
transpiration, surtout chez les plantes à chlorophylle, en favorisant 
l'ouverture des stomates 

 

 - état hygrométrique de l'air: la quantité d'eau transpirée est inversement 
proportionnelle à l'humidité de l'air. Des vents secs et chauds peuvent avoir 
un effet évaporant considérable 

 

 - teneur en éléments nutritifs du sol: plus les sols sont riches en matières 
nutritives, plus la transpiration est réduite  

 

 - disponibilité en eau: en cas de manque d'eau, la plante referme ses 
stomates suite à un réflexe d’autodéfense qui a pour effet de limiter la 
transpiration. 

 
La transpiration joue également le rôle de modérateur thermique. Chaque 
gramme d'eau qui s'évapore à la surface des feuilles absorbe environ 2500 kJ qui 
contribuent à maintenir la plante à une température compatible avec un 
développement harmonieux. 
 

On désigne fréquemment par coefficient de transpiration le rapport entre le 
poids de l'eau transpirée et le poids de matière sèche élaborée pendant le même 
temps. Ce coefficient varie avec le climat, la densité de plantation, l'espèce 

Approximative % of constitutive water



Link to blue, green and gray water
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Hoekstra et al., WFP 
assessment Manual, 2011

https://tools.waterfootprint.org/product-gallery/ 

https://tools.waterfootprint.org/product-gallery/


Evapotranspiration
Evapotranspiration ET* is the sum of the volumes of water removed from the

soil over a given time and area by :

ET* = f

- climate

- crop species

- soil

Crop water needs

Part of the requirements can be met by rainfall or water initially stored in the soil.

Irrigation water amount is calculated on the basis of a water balance

• Plants
• Direct evaporation from bare soil

* ET in m3/m2 for a given period (mm/d, mm/month, etc.)



Calculus of net water need from irrigation

Based on a water balance in the root zone over a given period (day, decade, month).

A comparison is made between the amount of water naturally available to plants and the water taken by

the same plants under optimum water supply conditions (irrigated crops).

Available water: - fraction of precipitation reaching the root zone: Pe
(effective rainfall)

- possible reserve R* (i.e. remaining from previous period)

Consumption and losses : - maximum evapotranspiration ETM

Net water need Bn :   Bn = ETM - Pe - R

* Any water reserves available in the soil at the start of the period for which water needs are calculated.



Estimate of plant water consumption

In view of the large number of parameters likely to influence evapotranspiration, conceptual models

have been introduced to estimate water abstraction by plants in the root zone and the evaporation at

the soil surface. Such models build on the following key quantities

- reference evapotranspiration ET0

- maximum evapo-transpiration for specific plants, ETM



Reference evapotranspiration ET0

*ETo depends on climate, essentially

Definition

ET0 represents the maximum quantity of water consumed by a reference

crop (turf grass) covering the entire soil and having a uniform height of a 

few centimetres, under the dual hypothesis :

• maximum stage of vegetative development
• soil with sufficient water content (retention capacity)

Calculus of ET0*

• Formula of Blaney Criddle
• Formula of Thornthwaite
• Formula of Turc
• Formula of Penman
• Formula of Doorenbos et Pruitt
• Formula of Brochet-Gerbier
• Formula of Priestley-Taylor
• Formula of Penman-Monteith, etc.

ET0



Examples of formulas to calculate ET0
Blaney-Criddle’s formula

( )oET 8.13 0.46 t p= +

ETo : reference evapotranspiration, in 
mm/month

t : mean monthly temperature, 
in oC

p : clear-sky percentage, f 
(latitude)

( )o s
tET 0.4 R 50

t 15
= +

+

Rs : radiation globale, en cal/cm2 j

Turc’s formula

If Rs is unknown:

s a
nR R 0.18 0.62
N

æ ö= +ç ÷
è ø

Ra : extra-terrestrial radiation, in cal/cm2 j
N : possible astronomical sunshine 

duration (h/month)
n : effective sunshine duration (h/month)
Ra et N : function of location and latitude, only



Clear-sky percentage (Blaney-Criddle’s formula)

Latitude Nord

Latitude Sud

Jan.

Juil.

Fév.

Août

Mars

Sept.

Avr.

Oct.

Mai

Nov.

Juin

Déc.

Juil.

Jan.

Août

Fév.

Sept.

Mars

Oct.

Avr.

Nov.

Mai

Déc.

Juin

60° 0.15 0.20 0.26 0.32 0.38 0.41 0.40 0.34 0.28 0.22 0.17 0.13

58° 0.16 0.21 0.26 0.32 0.37 0.40 0.39 0.34 0.28 0.23 0.18 0.15
56° 0.17 0.21 0.26 0.32 0.36 0.39 0.38 0.33 0.28 0.23 0.18 0.16
54° 0.18 0.22 0.26 0.31 0.36 0.38 0.37 0.33 0.28 0.23 0.19 0.17
52° 0.19 0.22 0.27 0.31 0.35 0.37 0.36 0.33 0.28 0.24 0.20 0.17
50° 0.19 0.23 0.27 0.31 0.34 0.36 0.35 0.32 0.28 0.24 0.20 0.18
48° 0.20 0.23 0.27 0.31 0.34 0.36 0.35 0.32 0.28 0.24 0.21 0.19
46° 0.20 0.23 0.27 0.30 0.34 0.35 0.34 0.32 0.28 0.24 0.21 0.20
44° 0.21 0.24 0.27 0.30 0.33 0.35 0.34 0.31 0.28 0.25 0.22 0.20
42° 0.21 0.24 0.27 0.30 0.33 0.34 0.33 0.31 0.28 0.25 0.22 0.21
40° 0.22 0.24 0.27 0.30 0.32 0.34 0.33 0.31 0.28 0.25 0.22 0.21

35° 0.23 0.25 0.27 0.29 0.31 0.32 0.32 0.30 0.28 0.25 0.23 0.22

30° 0.24 0.25 0.27 0.29 0.31 0.32 0.31 0.30 0.28 0.26 0.24 0.23
25° 0.24 0.26 0.27 0.29 0.30 0.31 0.31 0.29 0.28 0.26 0.25 0.24
20° 0.25 0.26 0.27 0.28 0.29 0.30 0.30 0.29 0.28 0.26 0.25 0.25
15° 0.26 0.26 0.27 0.28 0.29 0.29 0.29 0.28 0.28 0.27 0.26 0.25
10° 0.26 0.27 0.27 0.28 0.28 0.29 0.29 0.28 0.28 0.27 0.26 0.26
5° 0.27 0.27 0.27 0.28 0.28 0.28 0.28 0.28 0.28 0.27 0.27 0.27

0° 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27

Mean daily percentage values, p, of clear-sky

e.g., Latitude Lausanne: 46o30

Note: for monthly calculations, multiply the values in the table by 

the number of days in the month in question.



Penman’s formula

Required data:

Net radiation
Air temperature
Vapour pressure
Wind speed

ET0 : reference evapotranspiration(mm d-1)
D : slope of vapour pressure curve, at mean air temperature (mbar oC-1)
Rn : net radiation, expressed as equivalent evaporation (mm d-1)
G : soil heat flux (mm d-1); often neglected
g : psychrometric constant (0.66 mbar oC-1)
es : saturation vapour pressure at mean air temperature (mbar)
ea : vapour pressure in air, at 2 m height (mbar)

For a cultivated area in our region: f (U2) = 0.26 (1 + 0.54 U2)

U2 : average wind speed at 2 m height (m s-1)

( ) ( ) ( )o n s a 2ET R G 1 e e f Uæ öD D
= - + - -ç ÷D + g D + gè ø



Estimate of ET0 from PAN evaporimeter

ET0 = kp ETPAN



Maximal evapotranspiration ETM

Actual evapotranspiration depends on many factors (type of crop, vegetative stage, state of

health, water availability, soil fertility, etc.).

When it comes to irrigation, the aim is to place plants in optimum production conditions, and

irrigation is based on the value of maximum evapotranspiration (ETM).

The ETM characterises the evapotranspiration of a given crop, at different stages of growth,

when : • water is not a limiting factor

• agronomic conditions are optimal (good soil fertility, sufficient fertiliser
inputs, good health, etc.)

c oETM K ET=



Correction factor for crop evapotranspiration (FAO method)

Standard 
conditions

Non-standard 
conditions

Reference 
conditions

(here ETM)



Crop coefficient Kc
 

Cultures Amplitude totale Période de pointe 

Céréales(blé, avoine, 
orge, maïs, mil, sorgho) 

0.2 - 1.2 1.05 - 1.2 

Luzerne, trèfle, fourrage 0.3 - 1.25 1.05 - 1.25 

Riz 0.95 - 1.35 1.05 - 1.35 

Coton 0.2 - 1.25 1.05 - 1.25 

Betteraves à sucre 0.2 - 1.2 1.05 - 1.2 

Carottes, céleris,  
pommes de terre 

0.2 - 1.15 1.0 - 1.15 

Melons, épinards 0.2 - 1.05 0.55 - 1.05 

Oignons, crucifères 0.2 - 1.1 0.95 - 1.1 

Tomates 0.2 - 1.25 1.05 - 1.25 

 

Variation de Kc durant le cycle végétatif





Typical range values of kc





Determination of the effective precipitation

• heavy rainfall can lead to significant runoff

• very light rainfall (less than 5 or 10 mm) does little to replenish the soil

• part of the rain may percolate deep into the soil (macropores or retention capacity exceeded)

The abatement coefficient 𝜶 can be estimated on the basis of a frequency study of rainfall compared

with the initial moisture content of the soil and its hydrodynamic properties (infiltration capacity,

storage capacity of the root zone, etc.).

Normally, it is considered:      0.5  < 𝜶 <  0.8

Pe = 𝜶 P



Estimation of the reserve, R

The reserve, R, is the amoint of water in the soil (moisture) that may be available to plants at the start

of the period for which water requirements are calculated.

Estimating R is tricky because it depends on many factors (rainfall regime, soil type, root depth, etc.).

Different approaches are possible :

• Calculate the water balances starting at a period when the reserve

can be reasonably estimated (e.g. late summer, when it can often be

considered negligible).

• Adopt a pessimistic hypothesis (zero reserve), which will lead to a

slight oversizing of the network

• Adopt a plausible assumption, if sufficient data are available, often is

R= f RAW       (0 < f < 1)



zr= rooting depth [mm]

TAW: Total Available Water [mm]

RAW: Readable Usable Water [mm]

θfc: retention capacity (field capacity)
θtwp : temporary wilting point 
θpwp : permanent wilting point [m3 m-3] 

Empirical assumptions in the 
absence of measured data

TAW= (θfc- θpwp) * zr= AWC * zr

RAW= (θfc- θtwp) * zr= RAWC * zr

Moisture
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θpwp = 0.55 * θfc

RAWC = 0.66 * AWC

RAWC



Estimation of net water need from irrigation

Bn = ETM – Pe – R

Bn = Kc ETo – 𝜶 P – R

Bn: net irrigation water requirements

ETM: maximum evapotranspiration

Pe: effective precipitation

R: reserve available at the start of the calculation period

Kc: crop coefficient

ET0: reference evapotranspiration

𝜶 : rainfall reduction coefficient

P: total rainfallET0 also from PAN 
evaporimeter (see notes)



Prediction1 of net water needs from irrigation

•On the basis of a record of historical data (acquired in the past), the needs that have arisen in the past

and for which the necessary data are available are calculated.

• The series of values for past needs (statistical sample) is used to predetermine future needs by means

of a frequency analysis (be careful to non-stationary effects, e.g. climate change!).

• This sample is then linked to a statistical model (frequency model) which provides information on all

possible values of requirements with a certain probability of occurrence. The frequency model can be

used to determine the probability of occurrence of a given event2.

• The value of requirements corresponding to a given frequency or return time can be deduced from

this.

1 used for dimensioning structures or planning developments
2 greater than or less than a specified value or between any 2 values



Return period (basic notions)

Irrigation projects are designed on the basis of water requirements associated with a probable

frequency of occurrence.

For example, we want to determine the probability F(xi) that requirements are < than a given value xi :

i n iF(x ) P(B x )= £

F(xi) : cumulative distribution function = probability of not being exceeded

1 – F(xi)  : probability of being exceeded or frequency of occurrence

The return period T of an event is the inverse of the frequency of

occurrence of the event (at the chosen time unit) :

i

1T
1 F(x )

=
-

Water needs with a return time T will only be exceeded, on average, once every T years..

Cumulative Distribution Function (CDF) of net 
requirements in a given place and for a given period

xi



Example of calculus

Exemple de calculs des besoins en eau en vue d'une analyse fréquentielle

n c oB K ET P R= - a -

This is valid for a given crop 
and a given month.

The Return period will 
therefore be in years and 
referring to that specific 
month



Example of comparison with a gaussian statistical model

Example of comparing monthly net irrigation needs to a normal distribution

Q - Q graph: graphical representation of the tested

variable plotted on the ordinate (observed

quantiles of the sample) versus the inverse function

of the statistical model being tested (theoretical

quantiles of the law under consideration). If the

points are aligned on a straight line, we can accept

that the data comes from the model being tested.

Theoretical quantiles: values of the inverse

distribution model tested for the experimental

frequency under consideration.

Quantiles-Quantiles chart of net requirement values


