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1. INTRODUCTION 
The objective of the INTEL-IRRIS project is to use low-cost sensors to monitor the evolution 
of soil water stocks and to provide farmers with recommendations on (i) when to start irrigation 
and (ii) how much water has to be applied. These recommendations will be made by Artificial 
Intelligence (IA) using an algorithm. 

The soil/plant/atmosphere system could mimicked, to the extreme, as a wick immersed in a 
water reservoir. In such a simplified system: 

 

 

-	the	atmospheric	characteristics	determine	the	evaporative	demand	
(transition	from	liquid	water	to	water	vapor)	;	
-	the	surface	in	contact	with	the	atmosphere	and	the	characteristics	of	
the	wick	control	the	flow	of	liquid	water	becoming	water	vapor;	
-	there	must	be	enough	water	in	the	reservoir	for	the	wick	to	plunge	
into	the	water	and	continue	to	ensure	evaporation.	

 

In such a simplified system: 

- the algorithm would only require climatic data to estimate how much water must be added 
daily to maintain the bottom of the wick under the water surface; 

- by looking times to times to the water level and the wick, we could easily check the 
consistency of our calculation and improve the algorithm if necessary. 

  

In the case of recommendations for irrigating cultivated plants in the fields, the system is much 
more complex and producing a relevant algorithm is much more challenging. Several 
additional characteristics have to be considered, for example: 

- the plants are not ‘passive’ wicks but they can actively control the flow of evaporating water; 

- the plant access to the soil water depends on the development of its root system. 

The 2 later characteristics imply that the evaporation of water but plant cannot be directly 
assessed from climatic conditions. 

  

Moreover, the soil largely remains a 'black box': it is difficult to know exactly the total amount 
of water stored in the soil and which amount is available for the plant. This is because: 

1. the soil is an opaque medium, it is impossible what is the root system development in 3D 
for each plant and on a daily basis; 

2. the water content is in constantly but not regularly changing. 
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Indeed, the soil is constantly subject to different incoming and outgoing water flows, and these 
flows occur with very different kinetics and dynamics: 

+ outgoing flows  : 

- the physical process of evaporation of water directly from the soil surface 

- the biological process of transpiration of water from the leaf surface. 

+ incoming flows: 

- mainly rain, which increases the water content on a minute or hourly scale 

- water runoff from upstream (on the surface or sub-surface of the soil) with similar 
temporal dynamics (a few hours to a few days) 

- capillary rise from deep moist horizons or from an underground water table, these 
dynamics are extremely slow (a few centimetres or millimetres per hour if there is one) 
but in certain situation it can represent significant volumes of water when cumulated 
over time these rises. 

Concerning the outgoing flow, in a natural or cultivated environment, the two processes of 
evaporation and transpiration cannot be detangled and a combined under the process of 
‘Evapo-Transpiration (ET) which combines depends on (i) meteorological characteristics 
(especially sunshine) and (ii) plant characteristics (type of plant, stage of development of the 
plant, leaf area index, etc.). These 2 processes having very different temporal dynamic (from 
daily to yearly changes for the meteorological characteristics and progressive evolutions during 
the plant growth) ET present also variable values at different time scales. 

Since these inflows and outflows are controlled by processes with 
very different kinetics (from the minute to the year), it is therefore 
difficult for the farmers to assess: 

- the amount of water present in the soil at a given time, 

- the quantities of water they should supply by irrigation to maintain 
the cultivated plants in an optimal physiological state for maximum 
yield or production. 

Consequently, for centuries it was the farmer's experience that 
made it possible to do this work as correctly as possible. 

  

With the economic and technical constraints, more efficient working procedures had to be 
adopted. During the second half of the 2Oth century, diverse instruments have provided some 
light into the soil black box (neutron probes, TDR, tensiometers, etc.). This made it possible to 
check directly in the soil how much water was available for the plant and minimize the risk of 
insufficient or excessive watering with negative impact on plant production. 

But these instruments are not easily accessible to farmers because of their price and often 
their complexity and the difficulty to interpret the measurements. During the last decade, the 
introduction of electronic sensors sold at very low prices seemed to be an opportunity to collect 
data at lower cost, making them economically more profitable for farmers. However, despite 
lower cost, these sensors still have inconveniences: 
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(i) the interpretation of these data remain complex for farmers. 

(ii) the measurements have to be recorded and monitored manually before automatic 
processing 

(iii) the farmers has still to go to the field to read the measurement. 

  

Finally, in the current situation: 

- if a farmer cannot visit the field to collect the data at a relevant frequency, the irrigation 
decision may come too late and this delayed decision may have consequences on the 
physiology of the plant and therefore possibly on the farmer's yield and income. 

- a wrong interpretation of the data can lead to a wrong decision. For example: irrigating 
while the soil is still sufficiently wet, could result in a waste of water and possible soil 
degradation and finally yield or benefit decrease. 

  

INTEL-IRRIS therefore proposes an original approach which consists of: 

1. collecting data continuously (every 10 minutes for example) from the soil water content 
sensors to send to the farmers daily information or irrigation recommendation (e.g. ‘sufficient 
water content’, ‘irrigation probably needed within 2 days’, ‘irrigate with x L of water’, etc.) or 
warning messages concerning possible problems with irrigation (‘insufficient irrigation’, 
‘sufficient irrigation’, ‘excessive irrigation’, etc.) 

- use a wide range of plant and environmental data to make recommendations as accurate 
and appropriate as possible 

2. continuously comparing between the calculated demand based on weather conditions & the 
plant needs on the one hand, and the current water content on the other hand. This procedure 
will allow a control of the relevance of the irrigation recommendations and will also allow the 
detection of a possible problem. For example: if an irrigation is carried out according to the 
recommendations and the sensors indicate that the soil remains abnormally dry, it will be 
necessary to check if (i) the algorithm is badly designed, (ii) if a change in the environment has 
occurred such as the appearance of a structural crust on the surface of the soil which limits 
the infiltration of water (iii) if the development of the root system is more important than 
indicated in the algorithm and that the water consumption is faster than calculated, etc. 

  

In other words, our algorithm will continuously make a balance between calculated out-going 
flows, and the in-going flows (irrigation and rainfall events)  and check if the data provided by 
the sensors is consistent with these flows. This artificial intelligence system taking into account 
a large range of parameters about the soil, the environment of the field, the instantaneous or 
regional weather conditions, the type of plant and its stage of development, etc., should lead 
to a more efficient use of water, i.e. maintaining or reducing water consumption while 
maintaining or increasing yields. 

In addition, since data acquisition is automatic and recommendations are transmitted remotely, 
the farmer no longer has to travel to monitor his plot on a daily basis. The time saved can be 
devoted to other activities and this can be another benefit of using the Intel-Irris system. 
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In order to build the artificial intelligence algorithm that will make the irrigation 
recommendations, it is therefore necessary to provide to the programmers: 

- a list of the parameters to be taken into account in measuring the current water stock and 
predict its evolution and thus the availability for the cultivated plant ; 

- to indicate on that list of priorities for those parameters, to make irrigations recommendations 
fitting with purposes for the different plant types and farmers’ objectives, with the lowest 
possible number of parameters. 

  

This document will therefore be separated into several sections:  

- The physical determinants of evaporation. 

- The determinants of evaporation by a plant. 

- The soil as a porous medium 

- Water storage in soils. 

- Farmers constraints. 

- Soil-plant-atmosphere continuum 
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2. EVAPORATION: A PHYSICAL PROCESS 
Evaporation begins with the movement of water molecules. Within a mass of liquid water, the 
molecules vibrate and move in a disordered manner and this movement is linked to the 
temperature: the higher the temperature, the more the movement is amplified and the more 
the associated energy is sufficient to allow certain molecules to quite the liquid and enter the 
atmosphere.  

2.1. The meteorological factors involved in the evaporation 
process 

a. Solar radiation (SR) 

Solar radiation is the driving force behind weather and all climatic conditions: temperature, 
wind, air moisture, ... Consequently, the solar radiation directly or indirectly controls the 
evaporation and a large part of the hydrological cycle. 

b. Air and water temperature 

The evaporation rate is an increasing function of the soil water temperature. As the soil water 
temperature varies in the same direction as the air temperature, and it is easier to measure 
the air temperature; therefore, air temperature is used in the evaporation formulas instead of 
water temperature. 

c. Relative and specific humidity of air 

Relative humidity is the ratio of the amount of water contained in an air mass to the maximum 
amount of water that the air mass can hold. Thus, when an air mass cools down, it keeps the 
same amount of water. However, the value of its maximum quantity decreases with 
temperature. This decrease in temperature implies that at same water amount, the air becomes 
saturated. 

d. Wind 

The wind plays an essential role in the evaporation process because it replaces the saturated 
air in the vicinity of the evaporating surface with drier air. Indeed, the air in the vicinity of the 
evaporating surface will become saturated more or less quickly and consequently stop the 
evaporation process. 
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The wind, through its speed but also its vertical structure and turbulence, plays a major role in 
the evaporation process. The turbulence allows the humid air to rise, while the dry air descends 
and is loaded with moisture. 

2.2. The evaporation intensity 
A law expresses the evaporation rate of a body of water as a function of the air saturation 
deficit and the wind speed: 

𝐸	 = 	𝑓(𝑢). (𝑒s - 𝑒a) 

With : 

𝐸	: evaporation rate (or evaporation flux or evaporation velocity), 

𝑒a: effective or actual pressure of water vapour in the air, 

𝑒s: water vapour pressure at saturation at the temperature of the evaporating surface, 

𝑓(𝑢): proportionality constant (with wind speed 𝑢).    

This relationship also expresses that the evaporation process is possible until the 
effective vapor pressure reaches an upper limit: the saturation vapor pressure. In other words: 
evaporation stops as soon as: es = ea. 

Thus, for evaporation to occur, the pressure gradient due to water vapor must be positive and: 

The greater the gradient, the greater the evaporation.  

 

 

 



  INTEL-IRRIS  D1.3a 
  

 

Page 12 of 78 

Which climatic parameters can be used in the algorithm? 

Since evaporation depends on meteorological conditions, knowledge of the geographical 
characteristics of the cultivated plot (longitude, latitude, altitude, distance to a body of water, etc.) 
that determine solar radiation, temperature, wind regime, etc., allows a first assessment of ET. 

  

This estimate can be refined with the help of meteorological measurements made on or near the 
cultivated plot. 

The most informative meteorological measurements will be 

- solar radiation (it can determine up to 80% of the ET) 

- air temperature and wind speed. 

  

Collecting and updating these parameters 

The geographical coordinates should be entered at the beginning of the process and they can give an 
first approximation of the maximum potential evaporation per unit of time (day or month) 

  

The meteorological characteristics can be collected in databases recording the previous years and 
mean values + standard deviation can be calculated and used for the current year. Due to the current 
climatic change, there is now a high uncertainty in using such data. 

  

The above climatic characteristics are changing along the day, they can be collected every hour and 
global value can be calculated for each day and sent to the algorithm in order: 

- to calculate the daily evaporative need for the plant, 

- to compare the calculated maximum loss of water to what was really lost in the soil (we will see 
later that a large difference between the 2 numbers can be an indicator of different types of problems). 
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IMPORTANT: 
Rainfall amount is expressed in height of water (mm). Therefore it is possible to 
calculate the amount of water for a given surface: 1 mm of rainfall means 

- 1 L / m2 

- with evenly spatially distributed rainfall, this represents 10 000 L/ ha or 10 m3. 

  

Evaporation is also expressed in height of water (mm). Therefore it is possible to 
calculate the amount of water lost from a given surface (1 mm means 1 L per m2 
or 104 L per ha). 

Usually, the evaporation is also expressed referring to a time basis. For 
agriculture, the most common time unit is the day. In the Mediterranean region, 
evaporation is ranging 3 to 5 mm/day. 
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Summary about climatic demand 
  

Needed  
information 

Availability, 
accessibility 

qualititative or 
Quantitative 

Frequency of 
data updating 

Data (& unit) to 
use in the 
algorithm 

          

Geographical 
position 

Regional map, 
Google map, data 

in reports, etc. 

Q Once at the 
beginning (of the 
growing period) 

Use the Long/Lat 
to estimates 

daily/weekly/mont
hly evaporation 
(mm of water) 

          

Meteo statistical 
data 

Data base 
(meteorological 
administration, 

etc.) 

Q (mean value 
+/- sd) 

(solar radiation 
unit? temperature 

°C, 
air moisture %, 

wind speed unit?, 
others?) 

Once at the 
beginning (of the 
growing period) 

Use daily mean 
evaporation (mm) 

& standard 
deviation 

calculated from 
available data 

          

Meteo real time Meteo station Q (solar radiation 
unit? temperature 

°C, 
air moisture %, 

wind speed unit?, 
others?)) 

  
daily 

calculate daily 
evaporation (mm) 

using 
measurements 
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3. TRANSPIRATION: A BIOLOGICAL EVAPORATION 
PROCESS CONTROLLED BY THE PLANTS 

Only a very minor proportion (about 5 to 10%) of the water collected by the roots and that 
moves through the plant will be used for metabolic needs. The majority of the water (90 to 
95%) is used to fulfil the evaporative demand caused by the opening of the stomata[1] in a 
process called transpiration. This first paragraph will present the mechanism at the scale of a 
single stomata. 

3.1. The transpiration process at the scale of a single 
stomata 

3.1.1. Stomata ‘regular’ functioning 

 

The plant ensures its growth through photosynthesis: 
use of sunlight to transform atmospheric carbon dioxide 
(CO2) into sugars that will be sent to the plant to ensure 
cell multiplication and growth. 

Atmospheric	 air	 (and	 therefore	 the	 CO2	 it	 contains)	
enters	the	plant	through	the	stomata,	an	organ	located	at	
the	bottom	of	the	leaves	and	made	up	of	2	stomatal	cells	
(guard	cells),	which	delimit	the	stomatal	orifice	or	ostiole.	
Transpiration	 occurs	 when	 the	 stomata	 are	 opened	 to	
allow	atmospheric	air	to	enter	and	at	the	same	time	water	
from	the	plant	is	released	into	the	atmosphere	in	the	form	
of	water	vapor.	

	

 
[1] this is what we can experience when watering plants in pot at home: even if your daily irrigation represents a 
large amount of water, the plant biomass increase is much smaller than the volume of water added to the pot. 

3.1.2. Stomata closure 
If	 the	 flow	of	water	to	the	 leaf	 is	not	sufficient	to	ensure	the	turgidity	of	 the	guard	cells	of	 the	
stomata,	the	latter	will	progressively	close	to	prevent	the	plant	from	drying	out.	As	the	stomata	
close,	transpiration	is	reduced.	
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Schematical	presentation	of	the	stomata	presenting	the	cell	guards	(left)	and	scanning	electronic	
microscope	indicating	the	scale.		

	

3.2. The transpiration process at the plant level 
3.2.1. Regular functioning 

At the plant level, for given climatic conditions, the maximum possible loss of water by 
evaporation, depends on the total number of stomata and the loss of water for each of them. 
The total number of stomata is controlled by the total surface developed by the leaves or the 
Leaf Area Index (LAI) that estimates the leaf area (m2) compared to the ground area (m2) below 
the plant. LAI depends on the plant development (the younger the plant, the lower the LAI) and 
any factor that can reduce the number of leaves. 

(https://www.gardenwithinsight.com/help100/00000424.htm) 

Consequently, the maximum transpiration is considered as never obtained and is described 
as ‘potential’ transpiration, i.e. the maximum amount of water that would be transpired if 
enough water were available (from precipitation and soil moisture). Actual transpiration is 
limited by the amount of water that is available at the stomata level to full fill the evaporative 
demand. A coefficient (Kc) is used to link both parameters. 
 
Moreover, different plant types also have different use of water. Consequently a coefficient has 
also to be used to take this factor into account. Detailed information can be found for different 
crops on FAO webpages (: https://www.fao.org/3/x0490e/x0490e0a.htm for example). 
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3.2.2. Water stress 

If the amount of water reaching the stomata is insufficient to maintain the turgidity of the guard 
cells, a partial or total closure of some or all of the stomata will reduce the circulation of water 
from the soil to the atmosphere. Such control of the transpiration allows the plant to keep the 
water essential for its metabolism needs and thus for its survival. But even if survival is 
secured, as a stomata closure implies a reduction in the entry of CO2, therefore it also implies 
a reduction in the production of biomass by photosynthesis. This is called a water stress1.	

 

(A)2. When plenty of 
water is available in the 
soil, plants will absorb 
water through its roots. 
This water will be used 
by the plant or released 
through transpiration by 
open stomata in the 
leaves. Photosynthesis 
will also occur normally 
with CO2 and oxygen 
being absorbed and 
released through the 
open stomata. (B). But 
when limited water is 
available in the soil, 

plants try to prevent water loss. Water loss through transpiration can be reduced by closing 
the stomata in the leaves using a substance called ABA. When the stomata is closed 
photosynthesis will decrease because no CO2 can enter through the closed stomata. Less 
photosynthesis means less energy is produced by the plant and the plant stops growing. 

3.3. Cultivated plants and farmers’ economical constrains 
The farmers objective when irrigating a plot is to avoid water stress and thus yield reduction. 
But his final concern is the financial benefit. Consequently, irrigation has also to take into 
account some financial aspects. 

3.3.1. Plants cultivated for their total biomass 

Water use efficiency has also to be taken into account, i.e. the biomass and commercial  
increase for each litre of water added to the plot. Many papers show that the providing only 
80% of the water required to avoid plant stress is the most beneficial practice. 

 
1 Stress in plants refers to external conditions that adversely affect growth, development or productivity of plants. 
2 https://kids.frontiersin.org/articles/10.3389/frym.2017.00058 
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3.3.2. Plants cultivated for only some part 

When the benefit comes from selling only some part of the cultivated plant 

It is important to note that for some plants, the farmers’ benefit come from the sale of only 
some parts of the plant sold on the market (wheat, maize, vegetables, fruits, etc). 
Consequently, water stress must be avoided at the physiological stages that are important to 
determine the development of the part of the plant sold on the market. 

During those stages, irrigation has to be made as carefully as possible to avoid water stress 
and excess of water; out of these periods, there higher ‘flexibility’ is possible (i.e. even if some 
stress occurs it has only negligeable impact on yield).  

 

The figure on the bottom show the demand of water at the different stages of its growth. We 
can see that it varies a lot in relation with its growth and development. 

 
https://www.terre-net.fr/partenaire/guide-technique-abc-du-mais/article/piloter-l-irrigation-des-champs-de-mais-
2902-147847.html 

The same can be observed for wheat, even if the periods during which the plant needs large amount of 
water is not the same as maize. 

 
https://www.terre-net.fr/observatoire-technique-culturale/strategie-technique-culturale/article/bles-un-tour-d-eau-
apres-floraison-reste-encore-efficace-217-148072.html 
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What plant parameters can be used in the algorithm? 

 

Note: evapo-transpiration is the concept combines the two processes mentioned earlier, namely direct 
evaporation of water from the soil and transpiration by plants. On a soil with even vegetation cover, 
exchanges by transpiration are quantitatively more important than exchanges by direct evaporation. 
Moreover, it is extremely difficult to make the differences between the 2 fluxes, thus they are generally 
estimated together. Nevertheless, it is useful to also estimate the climatic water demand as it determines 
the maximum possible transpiration (which is never reach so it is referred to ‘potential’ transpiration or 
evapotranspiration) 

 

The plant characteristics that determine the loss of water by transpiration are: 

- plant type referring to the metabolic functioning, i.e. the Kc parameter  

- Leaf Area Index (m2/m2)  

- the latter can be estimated by the plant development (LAI should be smaller for young plants 
compared to older plants, all other things being equal)  

 

- plant type referring to the plant different commercial outcomes  

+ plants for which it is possible to fulfil only 80% of their need  

+ plant that need careful irrigation at specific stages otherwise there will be a strong impact on 
commercial benefits. 

 

 

Collecting and updating these parameters  

 

Plant type is provided by the farmers at the beginning of the process so that the specific coefficient can 
be applied and information on the amount of water or specific stages on which irrigation must carefully 
be made.  

For the latter, the different stages should be entered in the algorithm. 

 

Plant development and/or LAI and/or the occurrence of some specific physiological stages have to be 
updated on a regular basis (this information must be provided to the algorithm by a technician or, if 
possible, by the farmer himself).  
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Summary about plant parameters 
 

 

Needed  
information  

Availability, 
accessibility 

qualitative or 
Quantitative 

Frequency of 
data updating 

Data (& unit) for 
the algorithm 

     
Plant type 
(metabolism)  

Farmer / 
technician 

q Once at the 
beginning 

Scientific name  
Kc 

     
Plant type 
(commercial 
constraints) 

Farmer / 
technician 

q Once at the 
beginning  

name 
 

     
     
Plant development Farmer / 

technician 
q Regular but 

variable 
depending on 
the plant type 

Leaf number 
Etc… 

     
 
LAI (Leaf Area 
Index) 

 
technician 

Q 
(mean +/- sd ) 

Regular but 
variable 

depending on 
the plant type 

m2/m2 
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4. THE SOIL AS A POROUS MEDIUM. RESULTING FROM 
THE PILING MINERAL CONSTITUENTS < 2MM 

Soil is a porous material; its porosity contains 2 fluids: air and water but the pore characteristics 
and their filling by water are changing fast in both space and time. 
  
Soil porosity is not made up of 'tubes' that would run through a continuous mineral medium, 
but porosity results from the packing and assembly of elementary mineral particles which sizes 
are ranging from 10-3 to 10-6 m. These particles leave a space between them, the space is 
frequently called ‘void’ even if it occupied by air and water. 
  
We will see how knowledge on the particles size distribution or granulometry can provide a 
first estimate of the soil pore volume that can be used in our algorithm. 
  
This chapter will: 

- explain the origin of the soil mineral constituents 
- present the important concept of soil texture 
- explain how the soil pore volume can be estimated from its texture. 

 

4.1. Origin of soil solid constituents 
The mineral constituents of the soil result from the impact of the climate on a rock during 
geological periods, i.e. slow processes occurring during millions of years far above human 
perception. 

Two different elementary mechanisms give rise to constituents that differ in size, 
mineralogical nature and properties: physical fractioning and chemical alteration.  

4.1.1. Physical fractionation of rocks 

This process produces fragments of mineral particles (i) ranging in size from 10 metres to some 
micrometres (101 to 10-6 m) and (ii) whose mineralogical characteristics remain identical to 
those of the rocks. The large fragments (> 2 mm) are called the 'coarse' elements (boulders, 
pebbles and gravel) and the fine elements (< 2 mm) constitute the mineral constituents of soils.   

 
Fig 1. physical fractionation of rocks. 
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The mineral fragments resulting from physical processes are separated in 2 main classes 
according to their diameter: 
- sand when diameter is ranging 2 to 0.05 mm (2 000 to 50 micrometers) 
- silt when diameter is ranging 0.05 to 0.002 mm (50 to 2 micrometers) 

 

If there were only fractions larger 
than a millimeter, the water would 
flow and the continental landscape 
would look like this picture.  

 

 

 

 

 

But a pile of mineral constituents <1 mm does no more allow free water drainage under 
the effect of gravity.  It is slowing down the infiltration movement of water due to 
capillary forces. And when the capillary forces become greater than the gravity (pores 
<0.01 mm approximately), then water retention occurs between the mineral 
constituents.  

	
	

4.1.2. Chemical alteration of soil mineral constituents 

Due	to	the	water	retention,	and	continuous	contact	with	water,	chemical	alteration	of	the	
mineral	is	occurring	at	geological	time	scales	(105	to	107	years).	
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Alteration	 produces	 new	 minerals	 known	 as	 'clays'	 distinguished	 from	 their	 parent	
minerals	by:	
-	their	size:	<	0.002	mm	(<	2	micrometers);	
-	 their	 composition:	when	original	minerals	contain	diverse	elements	 (K,	Na,	Mg,	etc.),	
clays	 mainly	 contain	 silicon	 (Si)	 and	 aluminium	 (Al)	 connected	 by	 oxygen	 (O)	 and	
hydroxyl	(OH)	atoms.	
-	their	shape:	when	sand	and	silts	are	fragments	of	the	parent	rocks,	clay	have	a	lamellar	
with	 a	 lateral	 extension	 of	 about	 10-6	m	 (1	micrometre)	 and	 a	 thickness	 of	 10-9	m	 (1	
nanometre).	
		

Due	to	the	nanometric	thickness	of	the	layers	which	is	close	to	the	size	of	mineral	crystals,	
surface	charges	become	significant.	They	are	different	clay	types	with	different	surfaces	
charges	characteristics.		

	

This	 figure[1]	 shows	 the	
organization	of	the	2	main	
type	 of	 clays:	 TO	 (also	
called	 1:1)	 on	 the	 top	 left	
and	TOT	 (also	 called	2:1).	
Note	 the	 thickness	 of	 the	
layers:	 0.7	 and	 0.95	 nm	
respectively:	if	the	cations	
(purple	 beads)	 are	
represented	 at	 the	 same	
scale	as	the	clay	thickness,	
the	 lateral	 extension	 is	
much	 reduced	 compared	
to	the	reality.	

The	smectite	is	the	type	of	
clay	 that	 gives	 shrinking	
and	 welling	 properties	 to	

the	soil	and	produces	the	visible	cracks	in	the	field	during	dry	periods.	

	

	
[1]	 In:	 Tournassat,	 C.,	 Bourg,	 I.C.,	 Steefel,	 C.I.,	 Bergaya,	 F.,	 2015.	 Surface	 properties	 of	 clay	minerals,	 in:	
Developments	in	Clay	Science.,	pp.	5–31.	
The	picture	hereunder	were	taken	with	a	scanning	electronic	microscope	(SEM,	left	side)	
and	transmitted	electronic	microscope	(TEM,	bottom	right).	
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Top-left:	1:1	clay	type	with	large	crystals.	
	
	
	
	
	
	
	
	
	
	
Bottom:	2:1	clay	type	(smectites)	observed	at	
different	 scales	 to	 show	 the	 association	 of	
layers	and	the	swelling	behavior.	

	
		

4.2. Soil texture and particle size distribution (or 
granulometry) 

The	previous	paragraphs	have	explained,	that,	by	definition,	soils	are	made	up	of	particles	
<	 2	 mm	 (the	 larger	 particles	 are	 called	 the	 coarse	 elements)	 and	 these	 mineral	
constituents	are	separated	in	3	fractions:		sand	(2	mm	à	0.050	mm),	silt	50	to	2	microns)	
and	 clay	 (<	 2	 microns).	 It	 is	 important	 to	 note	 that	 the	 grain	 size	 is	 measured	 after	
destruction	of	organic	matter	and	any	carbonates.  

 

The proportion of sand, silt and clay sized particles is refered as the soil texture. 
  
A soil texture triangle is used to classify the texture class of a soil. The sides of the soil texture 
triangle are scaled for the percentages of sand, silt, and clay. - Textural classes are defined 
empirically and there are therefore a large number of texture triangles, each of which refers to 
a particular region and context. 
  
Here is an example of triangle and an explanation of how to read it[1]: 
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Clay percentages are read from left 
to right across the triangle (dashed 
lines). Silt is read from the upper 
right to lower left (light, dotted lines). 
Sand from lower right towards the 
upper left portion of the triangle 
(bold, solid lines). The soil texture 
classes are highlighted using 
different colours. The intersection of 
the three sizes on the triangle give 
the texture class. For instance, if you 
have a soil with 20% clay, 25% silt, 
and 55% sand it falls in the "sandy 
clay loam" class. 
 

 

 

4.3. Soil textural porosity 
4.3.1. Qualitative approach 

only one soil characteristic was available, it would be necessary to choose the texture as it 
provides information on the proportion of the three fractions and thus it allows an estimation of 
the soil porosity[2]. 
  
If we consider the 2 extreme fractions, i.e. sand and clay: 

 

 
[1] 
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiu7Pfxg875AhUIWBoKHcR
gBa8QFnoECD8QAw&url=https%3A%2F%2Fextension.usu.edu%2Futahnatureexplorers%2Ffiles%2Fgeneralnat
ure%2Fsoilinvestigations%2FSoil-Investigations.pdf&usg=AOvVaw2BJubtOW4lepvjJwkHNsa5 

 

[2] Indeed, the soil texture is strongly correlated with several soil functions. Therefore, a soil analysis or its in situ 
behavior cannot be correctly interpreted without knowing the soil texture and especially the clay content. 

 

- the sand fraction is made of ‘large’ (from 2 to 0.05 mm) mineral fragments. A given volume 
of sand will be made of large mineral fragments with few visible large voids. Consequently, a 
volume of sandy soil is mainly made of mineral and despite the large visible voids, its porosity 
is low. 
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- the clay fraction is made of ‘tiny’ (< 0.002 mm) mineral. A given volume of clay will be made 
of tiny minerals with a countless number of tiny voids invisible with our eyes. Consequently, a 
volume clayey soil is mainly made of extremely small voids invisible with our eye and its 
porosity is much larger than for sandy soil. 

Influence	of	soil	texture	on	the	total	pore	volume		

SANDY		

CLAYEY		

Top	left:	a	cube	1	cm3	filled	with	sands	particles.	
Bottom	left:	a	cube	1	cm3	 filled	with	clayey	aggregates	which	are	made	by	an	association	of	clay	
particles	(see	the	later	in	the	document).	

Right:	schematic	representation	showing	the	respective	proportion	of	the	volumes	occupied	by	the	
solid	mineral	(in	black)	and	the	porosity	(in	white).	This	illustrates	the	fact	that	sandy	soils	have	a	
lower	porosity	compared	to	clayey	soils		
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4.3.2. Quantitative approach 

Most of the rocks whose fractionation and alteration have given rise to soils have a density 
close to 2.65 g m-3 .  Clays also have a density close to 2.65 g m-3 .  The density of this solid 
fraction of soils is called the particle density (density reel in French, or Dr). 
By weighing the mass of a known volume of soil, we can determine its bulk density (Bd) 

Soil bulk density (g/cm3) = oven dry weight of soil / volume of soil 
Soil porosity (%) = 1 – (soil bulk density / 2.65 ) 

For example, if the bulk density is 1.32 g/cm3 ; the porosity will be 50%. 
 

Relation	between	soil	bulk	density	and	soil	porosity  

 
Fig : approximate bulk density in relation with the soil texture; the cubes provide an image of 
the proportion of solid and pore volume for the different types of texture.  

 

4.3.3. Mixture of different fractions 

Note that between these two granulometric extremes that are sand + silt and clay, the pore 
volume does not evolve in a linear way, see the pictures below[1]. 
Consequently, it is not simple to calculate a the bulk density on texture triangle. Thus, Rawls 
(1983) used more than 2 000 analytical results to make that relation (seen next page) 
  
When we take a volume of coarse (left beaker) and fine (right beaker) sand grains, this 
represents 2 volumes of sand. 
If we pour the fine grains on the coarse grains, then we mix them (top right) and put them back 
in the beaker, the final volume is < 2 beakers (bottom); thus the porosity of the mixture is lower 
than the original porosity of the fine and coarse sand, in other words the bulk density of the 
mixture is higher than the mean porosity of both separated fractions. 
  

 

 
[1] https://amaco.org/remplir-les-vides/ 
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Distribution of bulk density values among the texture triangle 

 

 

 

The final porosity of the mixture will depend on the shape of the grains, the history of the 
mixture, the dispersion in the size of the particles, etc. 
 
Rawls (1983)[1] has measured the bulk density for >2 700 soils with different texture and 
obtained the triangle presented next page. This triangle shows that soils with low clay content 
and high sand content have the lowest porosity (as in the example above, the fine particles 
are infilling the porosity between the larger particles). 

 

 
[1] Rawls, W. J. 1983. Estimating bulk density from particle size analysis and organic matter 
content. Soil Sci. 135: 123–125.) 

 

 

 

 

  



  INTEL-IRRIS  D1.3a 
  

 

Page 30 of 78 

What textural parameters can be used in the algorithm? 
  

The soil texture (relative proportion of sand, silt & clays) provide an indication on the soil pore volume: 
- clayey soils have the highest porosity 
- sandy soils have the lowest porosity 
- in between it is important to look at Rawls ((1983) triangle. 
  
Collecting and updating these parameters 
  
Soil texture can be measured in the laboratory or it can be roughly estimated in the field by soil scientist 
or people trained to identify soil texture. 
 
 
 Summary about soil texture 
  
Needed  
information 

Availability, 
accessibility 

qualitative or 
Quantitative 

Frequency of 
data updating 

Data (& unit) for 
the algorithm 

          

Textural classes Reports 
Observations 

made by 
technicians in the 

field. 

q beginning Use the local 
triangle of texture 

(if it exist) as it 
should indicated 
classes that are 
related to local 
soil behaviour. 

          

Particle size 
distribution 

Reports 
Lab analyses 

Q Beginning Sand, silt, clay in 
%, textural 

classes can be 
assessed from 

these data. 

          

Bulk density See next chapter 
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5. THE ASSEMBLAGE OF INDIVIDUAL CONSTITUENTS AT 
THE ORIGIN OF SOIL STRUCTURE AND STRUCTURAL 
POROSITY 

Soils are not made by a pile of separated particles or constituents. Indeed the individual 
constituent particles form clusters or aggregates, individual particles being associated by 
different types of bonds, providing more or less cohesion and being more or less stable in the 
natural environment and in cultivated lands. 
The way the individual particles of sand, silt, and clay are assembled is called the soil 
structure. When assembled, individual particles, including sands, appear as larger volumes 
of solids called ‘aggregates’. Aggregation of soil particles can occur in different patterns, 
resulting in different soil structures. 
  
It is noteworthy that to understand (i) the process of assemblages and aggregates 
development, (ii) soil cohesion and (iii) soil stability, it is necessary to consider also 
- the amount and type of organic matter,   
- the soil macrofauna activity and root development, 
- the tillage practices. 
Whatever the processes, a major consequence of these assemblages and aggregates, 
is the development or larger pores, resulting in an increase in the total pore volume. 
  
This chapter presents: 
- the main characteristics of the assemblages and aggregates as a function of the constituent’s 
type: clay on one side and silt + sand on the other side; 
- the impact of organic constituents on porosity characteristics; 
- the impact of soil macrofauna activity and root development on porosity characteristics; 
- the impact of the tillage practices; 

 

5.1. The possible assemblages of mineral constituents 
5.1.1. Clay constituents (micrometer particles) 

Clay constituents always have a lamellar shape and width is <1 micrometer and thickness is < 
1 nanometer. Due to these specific shape and size, clay have specific characteristics and 
behaviour in the field: 
- they develop large surfaces that are negatively charged, 
- due to the important capillary forces, water is always observed between layers, 
- water in the soil is never pure but it always contains cations[1] which can consequently be 
adsorbed on the negative surface charges. 
  

 
[1] This is why ‘soil solution’ is generally used instead of ‘soil water’ 
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Microaggregates which diameter is some hundreds of microns can be created by the edge-
face associations of clay particles. The cohesion of such microaggregate is weak and their 
stability depends the cation observed in the soil solution: 
- divalent cations (Ca2+, Mg2+, Al3+) are increasing the cohesion and the stability; 
- mono valent cations (K+, Na+) are decreasing the cohesion and causing dispersion (the 
opposite of aggregation). 
  
The next figure presents different types of presenting the assemblage of clay particles in 3D 
(top) and 2 D (bottom). 

 

  

 

Schematic presentation of clays (each clay particle represents 1 micron approximately). 
Top left: view of the clay charges and the impact of particle assemblage. Top right: clay 
layers can also be assembled by capillary water between layer (see further in the report).  
Bottom: schematic view of different types of micro-aggregation in 2D. 
  

 

5.1.2. Clay + silt/sand constituents (micro to larger particles with 
different shapes) 

Soils generally contain a mixture of clay particles with silt and sand, the latter being mineral 
fragments without surface charges. In the field, it is observed that clay can bond the silt and 
sand particles as presented on the next figure. 
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Clay/sand+silt relations: aggregate development 

          

 

Top: Top: due to their specific characteristics, clay particles can create a bond between silt and 
sand particles. On this figure, the clay particles have a size of approx. 1 micron, this the non-clay 
particles are small silt which size is some microns. The figure on the top right highlights the fact 
that water capillary bridges can also be a bond between silt particles as it is the case for clay 
particles (top left). 

Bottom: in the field, the elementary processes of bonding result in the development of 
aggregates of some hundreds of micrometers to some millimeters in which sand and silts 
can be partly or totally embedded. For sandy textured soil, the clay content is much lower 
and make some bridges as on the top figures. 
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5.2. Organic polymers: a glue aggregating clay particles 
Plants develop their root systems in 
the depth of soil to collect water. 
During their development the plant 
produce polysaccharides. These 
long polymer molecules will act like 
a glue between the clay particles, 
facilitating the development of 
micro-aggregates aggregates (see 
figure on the left). Indeed, different 
types of soil organisms produce 
similar polymers as a waste 
product of their metabolism and 
also facilitate clay aggregation.  

 
Plants also produce debris that are 
chemically transformed in humus 
by diverse and complementary soil 
organisms (from centimetric 
earthworms to micrometric 
bacteria). The humic substances 

can also facilitate the development of micro to macroaggregates (some hundred micrometres 
to millimetres). 
  
Note that the impact of organic polymers on aggregating silt and sand particles is negligeable 
due to (i) their surface is much lower than the surfaces developed by the clay layers and (ii) 
they have no surface charges that can reinforce such bonding. 
 

5.3. Galleries created by large soil organisms  
Earthworms as well as roots are creating galleries inside the soil. Galleries have generally a 
large size and a high continuity. The next 2 photos show some extreme situations that can be 
observed: 

-    A low number of large earthworm galleries that have a limited impact on the total 
pore but will have a dramatic impact on water infiltration (see next chapters) 

-   A high number of some root galleries that probably have a large impact on both 
porosity and water infiltration. 

  
https://www.channel.com/en-us/agronomy/impact-of-earthworms-on-crop-production-and-
management-to-sustai.html 
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Root galleries are especially important because they can have simultaneously several positive 
impact as presented on the next figure: producing polymers which improve soil aggregation, 
increase the volume represented by large and continuous pores, store carbon in deep layers 
after the plant death and also facilitate water infiltration of root galleries are not destroyed after 
harvesting. 
The next figure[1] highlights the importance of root not only in increasing the volume of 
galleries in the soil, but also their importance on creating stable aggregates of various sizes 
(micro, meso and macro) due to polymers exudates. 

 
[1] Root-soil physical and biotic interactions with a focus on tree root systems: A review - October 
2017Applied Soil Ecology 123 
  

 The impact of roots on soil structure: different mechanisms are involved 
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The	root	system	has	a	tremendous	impact	on	soil	structure,	due	to	polymer	exudates	and	
at	the	same	time	the	radial	growth	can	significantly	enlarge	the	pores	in	which	the	apex	
can	enter/explore.		

5.4. Tillage and ploughing to improve the soil structure 
Agriculture started not only with plant domestication but also with soil ploughing and tillage. 
They mechanical action of separating the soil in large clods needs a tremendous amount of 
energy resulting from human, animal or machines, but it has the benefit of increasing the total 
soil porosity, thus increasing water infiltration and root development. 

Note	that	tillage	is	sometimes	done	mainly	to	control	the	weeds	which	could	compete	with	
cultivated	plants	for	water	and	mineral	nutrients. 

 

5.5. Soil horizons and soil profile 
Soils are often observed from the 
surface or through the tilled layer. 
Indeed, it is necessary to take into 
account the fact that a significant 
layering can also exist below the tilled 
layer with a possible impact on water 
infiltration and root system 
development. Layering does not only 
results from tillage but can also be 
inherited from the different processes of 
soil formation. 

The photos on the left[1] show the Ap 
(= tilled layers) above layers of different 
colors and possibly different other 
characteristics. 
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To describe the layers resulting from soil formation processes, soil scientist and agronomist 
speak about soil horizons (layers more or less parallel to the soil surface with physical, 

chemical and biological characteristics 
that differ from the layers above and 
beneath). 
The succession of soil horizons is 
called a soil profile. 
In cultivated soils, the cultivated layer 
and soil profile can have characteristics 
very different from original soil ones.[1]	

 
[1] Janssen & Lennartz, 2006 Soil and Tillage 
Research · May 2007 -DOI: 
10.1016/j.still.2006.07.010 

 

5.6. Structural stability 
Unlike soil texture that is extremely stable in time, the soil structure is generally unstable: the 
general trend is the destruction of aggregates and the development of a continuous layer. 
  
This can result from: 
- disaggregation, i.e. destruction of the aggregates due the removal of the bonding agents 
(organic matter for example) or the impact of saline soil solution that result in clay dispersion, 
- compaction: even if the aggregates remain unchanged, they are packed in a closer way (see 
below). 

They are especially sensitive to 
mechanical compaction as 
presented in this figure[1]. 

The soil is especially sensitive to 
compaction when it is wet and when 
it contains high clay content. 

Compaction	can	also	be	observed	
below	the	tilled	layer	(see	figure	in	
a	further	chapter).	
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[1]https://sol.environnement.wallonie.be/home/sols/autres-menaces/compaction.html 
 	

Negative	impact	of	soil	tillage	

	

	

	

Top:	when	tillage	is	made	in	wet	conditions,	different	type	of	soil	degradation	can	be	
observed.		These	degradations	have	visible	impact	on	root	development	and	often	
they	also	water	infiltration,	even	if	it	is	less	easy	to	observe.	

	

5.7. Measuring bulk density to calculate soil porosity 
It is possible to quite easily measure the soil bulk density in the field and then calculate the 
total pore volume of a soil. 
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5.7.1. Measuring bulk density 

It is necessary to use a hollow cylinder of a known volume (generally 100 cm3 and sometimes 
250 cm3), push the cylinder in the soil, carefully cut and eliminate the soil exceeding on both 
sides soil to get a soil cylinder of known volume. 

 

Collecting soil samples to measure bulk density 

 
The soil must be dried at 105°C to obtain the dry weight of soil. 
 
The bulk density is calculated as follows: 

Soil bulk density (g/cm3) = oven dry weight of soil / volume of soil 

 

5.7.2. Calculating soil porosity (%) 

Soil porosity (%) = 1 – (soil bulk density g/cm3 / 2.65 g/cm3) 
  
Important: when the soil contains stones and rock, it is necessary to weight the rock, measure 
their volume (using Archimedes principle) and recalculate the bulk density of only the soil, not 
the mixture of sol with stones/rocks. 
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What parameters related to soil structure can be used in the algorithm? 
  
The previous paragraphs have shown that: 
- in addition to the textural porosity, there can be a significant volume of structural porosity resulting 
from assemblage/aggregations of the soil constituents at very different and complementary scales. Thus, 
the total porosity measured in the field can be much higher compared to the porosity estimated when 
only taking the texture into account. 
- soil porosity can be roughly estimated by roughly describing soil structure: development of aggregates, 
root and biological activity galleries, presence of compacted layers or ploughing layers, etc… 
- this increase in total porosity that results from increase in structural porosity can have a significant 
impact on the water infiltration, the root development and thus to the plant access to the water stored in 
the soil (see further in this document). Being able to measure the soil bulk density and calculate the 
porosity can reduce some uncertainties and have a positive impact on the quality of our 
recommendations. 
- a lot of efforts and energy has to be spent by farmers to create a significant volume of structural 
porosity. But soil structure is very fragile and easily be destroyed (compaction due to heavy loading or 
machine passing in wet plots, or the use of saline water or excessive amount of chemical fertilizers 
containing monovalent cations). Consequently, even if the bulk density was measured at planting stage, 
it can be necessary to measure it later again compaction is suspected. In compacted or dispersed layer, 
the total porosity will generally correspond to the textural porosity. 
  
Collecting and updating these parameters 
- bulk density or porosity data can be found in some reports and will be related to organic matter content, 
biological activity, root development of previous crop, etc… 
- measuring bulk density only needs some metallic cylinders, a balance, an oven, it is therefore 
recommended to ask a technician to measure when possible. 
- measurement must be done after planting and should be conducted again if soil compaction or 
dispersion is suspected… 
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Summary about soil structure 
  
Needed  
information 

Availability, 
accessibility 

qualitative or 
Quantitative 

Frequency of 
data updating 

Data (& unit) for 
the algorithm 

Structural classes In reports. 
Can be provided 

by field 
technicians. 

q Beginning 
+ regular 
updating 

+ in case a 
problem is 
detected 

Approximation of 
the Available 

Water Capacity 
(AWC) 

Bulk density 
measurement 

In reports. 
Can be provided 

by field 
technicians. 

Q beginning Approximation of 
the AWC) 

Factors affecting 
structural stability: 

        

Organic matter Reports 
Lab analysis 

Q Beginning 
  

% carbon/organic 
matter; g C/kg soil 

Soil/water salinity Reports 
Lab analysis 

Q Beginning 
+ regular 
updating 

+ in case a 
problem is 
detected 

  

Soil: Na+ 
(exchangeable) 
mmol/100g (?) 

  
Water: Electrical 

conductivity 
 (dS m-1) 

 

Soil/water salinity Farmers 
Field technician 

q Beginning 
+ regular 
updating 

+ in case a 
problem is 
detected 

  

Salinity classes 

Biological activity Farmers 
Field technician 

q Beginning 
  

Rough estimation 
(put a note; like A, 

B, C,.. ) 

Biological activity Researchers Q Monitoring CO2 emission 
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6. THE SOIL AS A WATER RESERVOIR 
In a previous chapter presenting the origin of the soil constituent it was indicated that mineral 
fragments < 1 mm retained water by capillary forces. At our macroscopic scale, it is gravity 
that determines behaviour of water in our everyday life.  But in the absence of gravity or at 
smaller scales, it is the water surface tension that determines its behaviour 

 
Water behaviour resulting from its interface tension on earth and in space. 

 
In this chapter we will firstly describe a water behaviour specific to the micrometric scale that 
is the capillary rise, then it will detail the different consequences for soil water retention in a 
soil seen from only a physical point of view. 

 

6.1. The mechanism of capillary rise 
At the small scales: adhesion and cohesion of water molecules explain capillary rise. 
If a glass plate is plunged in water, at small scales (< mm) adhesion explain the rise of water 
along the glass plates. If we bring the glass plates closer together, we observe the 
development of a meniscus, and if we continue to bring the plates closer, a rise in water level 
in observed: the closer the plates, the higher the rise. 
All other factors being identical, the height of the liquid is controlled by the distance between 
the 2 plates (Jurin-Laplace law). In capillary tubes, the same capillary rise is observed. 

 
According to the Jurin-Laplace law it possible to make a direct relation between the diameter 
of a capillary tube and the rising height of the water. 
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Relation between the pore diameter and height of capillary rise 

 

 

 

The capillary force is a suction, the 
contrary of a pressure.  
Consequently, if we apply the right air 
pressure inside a capillary tube, it is 
possible to ‘push down’ the water until it 
reaches the level of the ‘free’ water. 
The figure on the left shows, for different 
tube diameters, the pressure that needs to 
be applied to lower the water column, i.e. 
bring the meniscus at the level of free 
water. 

On this figure the pressure was indicated 
in 2 different units as several units are still 
commonly used. The next table makes a 
correspondence between the pore 
diameter and the pressure. Due to the 
wide range of capillary forces, a 
logarithmic scale is often used in 

agronomy and in soil science. To refer to the pH (that is also logarithmic), the term pF (potential 
Force) was used: is it the log of absolute value of the capillary force in hPa, or in cbar, or the 
height of water rise in cm. 
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Note that the table presents the pressure that has to be used to bring down the capillary water; 
consequently, the pressure INSIDE the capillary tube is NEGATIVE. 

 

If we capillary tubes of several diameters are filled with water (left) and then a rising pressure 
is used to empty the tube, it is possible to know: 

-       The diameter of the tube as it is a function of the pressure 
-       The volume of water contained in the tube. 

  
These tubes represent the solid soil matrix with pores of different sizes; when plunged in the water (left) 
the water is rising in the tubes, when increasing pressure is used to empty the tubes, it is possible to 
determine (i) the capillary force and diameter of each pore and (ii) the volume of water stored in each 
pore class. 

 

 

 

6.2. Capillary rise in a soil 
If a block of dry soil is put on a wet towel, the rise of water inside the soil is visualized by the 
darker colour. These pictures also show that soil wetting is not instantaneous but has quite a 
low dynamic. 
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The soil behaves as a bundle of capillary tubes: 

The figure on the left shows a set of capillary pores and to show 
the different magnitudes of capillary forces the tubes were 
presented with different lengths. In a soil, pores are not long and 
are not regular. 
Even if the pores are short, the capillary force is the same as if 
the pores were long and the same magnitude of pressure is 
necessary to empty short or long pores.  
Note that if the solid matrix is not rigid (made with low cohesion 
sand grains for example), the capillary forces can reorganize the 
solid matrix (shrinking process). 

As the pores are not regular, the concept of equivalent pores is 
generally used and is presented in the next section. 

 

 

6.3. The concept of equivalent pore 
Modelling the water flow and retention through the interparticle interstices of real soil is often 
based on the concept of presenting porous media as a bundle of capillary columns/tubes. This 
concept has proved to be very useful because irregular-shaped interstitial pores are not 
straight cylinders, the porous space has to been modelled using an effective hydraulic radius. 
In soil science, the equivalent capillary of a given radius is single capillary tube that retains 
similar amount of water than the uncountable interparticle pore spaces of a similar size. 
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The magnitude of the total potential (|ψt|) depends on the sum of : 

- the matrix potential (|ψm|) which depends on the distances between solid particles—the width 
of the menisci (also capillary action and differing Pa at ends of the capillary) 

- and the osmotic potential (|ψo|) which depends on the chemical composition of the soil 
solution (negligible if the amount of solutes is low, increasing linearly with salt concentration).  

Thus in case of saline water, one need to be cautious with the concept of equivalent pore which 
would seem to have smaller radius compared to the reality. 

 

6.4. Impact of the soil texture 
If the same experiment is conducted with a real soil, the amount of water rising in the sample 
will depend on the soil texture: in the clayey soil more water is rising compared to the sandy 
soil see the figure below). 

This difference is firstly the result of higher pore volume in clayey soil compared to sandy soils. 

 
But another important difference between the 2 texture is the pore size distribution. 
Pore size distribution is established in the laboratory using pressure plates. 
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6.5. Measuring water retention curve 
To measure water retention curves it is necessary to collect an undisturbed soil sample (keep 
the structure). The most common method is to use a soil cylinder of 100 cm3. 

The sample is saturated with water and put on a saturated ceramic plate, the 
plate is closed and pressure is applied with increasing level. 
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The samples is weighted after each pressure increase so that the water content. 
The results are presented as water retention curves. These curves are specific of the different 
soil types and mainly depend on the soil texture. 
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Water retention curves for different soil textures 

 
The above figure shows for 3 different textures (sandy, silty, loamy) the evolution of water 
content as a function of the pressure (hPa) applied to the soil. Note that at the beginning of the 
measurement the soil has been saturated and it is continuously in contact with a water 
reservoir. Consequently, for a given pressure 

-    Pores < then the diameter corresponding to that pressure are still containing water 
(as their suction is > than the applied pressure) 

-   Pores >  then the diameter corresponding to that pressure don’t contain water 
anymore but are containing air. 

Important: as the pressure is represented along a log scale, the pore diameter are also 
represented along a log scale. 
  
It is also possible to present the same data in a different way, i.e. presenting the volume 
occupied by the different classes of pore. The next figure shows the volume occupied by pores 
>300, 300-30, 30-3, 3-0.3, 0.3-0.03 and < 0.03 microns. It highlights the fact that pore size 
distribution is strongly affected by the soil texture. 
 

Pore size distribution for different soil textures 

 

Sandy 

 



  INTEL-IRRIS  D1.3a 
  

 

Page 50 of 78 

Silty 

 

Clayey 

 

 

These figures highlight the fact that: 
- sandy soils have less total porosity than clayey soils: the pore volume in clayey soils is 
approximately2 times higher than sandy soil (approx.. 0.6 compared to approx. 0.25 cm3/cm3); 
- in sandy soils most of the pore volume consist in large pores (>30) and the volume of pores 
< 3 microns is extremely marginal; 
- il silty soils, pores of all classes exist with a clear mode for 30-3 micron; 
- in clayey soils, the volume occupied by large pores is negligeable and most of the porosity 
results from pores < 3 microns. 
  
These results are consistent with the size of soil mineral constituents: 
- between the large mineral fractions of sand and of silt, the pores remain large and the volume 
occupied by micrometric pores is negligeable. 
- on the contrary, clay particle have a thickness of 1 nanometer and a size < 1 micrometer, 
consequently a large volume is occupied by pores significantly <1 micron. 
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What parameters related to the soil as a water reservoir can be used in the algorithm? 
  
The water contained in a soil is hold kind to capillary forces which depend on the size of the 
pore, i. e. the distance between 2 solid elements. The concept of soil water potential is widely 
used to describe the characteristics of water in association with the total water content 
(gravimetric or volumetric). 

The soil textural porosity (that is resulting from the packing of individual solid particles) consist 
in micrometric pores. In such pores, water cannot flow under the effect of gravity but it is 
retained by capillary forces. These forces are similar to a pressure (force/ surface) but have a 
negative value (i.e. it is a suction). The use of several units for pressure (and thus for suction) 
and the fact that values a negative, provides some confusion when comparing different papers, 
reports, etc…  

There is a physical law that links the diameter of a pore with the water  holding capillary force 
(Jurin-Laplace law). Consequently, when a pore is filled with water, if we apply an increasing 
pressure on the top of the pore, the water will be drained out when the pressure corresponding 
to the soil suction will be reached. Using the Laplace -Jurin law, it is possible to calculate the 
equivalent pore diameter.  

In a real soil, there is large range of pores with very different pore diameters. By applying 
increasing pressure on a saturated undisturbed soil sample and by collecting the water drain 
out of the sample, we can estimate the volume occupied by each class of pores and draw the 
water retention curve of the soil sample.  

The soil texture roughly determines the type of water retention curve but each water retention 
curve is characteristic of a given soil (like finger prints or i.d. number).  

 

Summary about soil structure 
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7. WATER MOVEMENTS AT THE FIELD SCALE  
The previous chapter we have seen the rise of water to understand the concept of capillary 
forces and to determine the evaluate the size of pores in the soil. But in the cultivated fields, 
the water is coming from the surface (rainfall event or irrigation) and is circulating down (from 
the soil surface to depth), this called infiltration. This section will present the characteristics of 
water infiltration and present more generally the different type of movement that can be 
observed, as well as the concept of water potential.  

7.1. Water infiltration in a laboratory experiment 
In the same way as we did for capillary rise, we can use a large amount of water that is poured 
on transparent cylinders containing a clayey soil (on the left of the figure) and a sandy soil (on 
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the right side). The water front (the limit between wet and dry soil) will go from the top to the 
bottom of the soil cylinders. When reaching the bottom, the water will drain out of the soil.  
In the sandy soil, the process is much faster than in the clayey soil: in the latter it will be 
necessary to wait for one or two days before the drainage is becoming negligeable. 
After those 2 days, we observe more water in the container below the sandy soils compared 
to clayey soils.: 
- when pouring the water, most of the pore volume is filled with water, whatever the pore 
diameter. 
- for the pores > 500 micron approximately, there is no capillary force and the water will very 
quickly drain out under the effect of gravity; 
- for pores ranging 500 to 10 microns approximately, there is a capillary forces able to partly 
balance the gravity; consequently the water will drain out, but the water movement will be 
slower; 
- for pores ranging 10 to 1 microns approximately; the downward movement will be extremely 
slow and can be considered as negligeable; 
- for pores < 1 micron, the capillary force is much greater than the gravity and this water will 
not drain out of the soil cylinder. 
 

 

The same amount of water (enough to saturate the 
soil) was poured on the 2 cylinders which contains 
soils with different textures: clayey on the left and 
sandy on the right. 

The cylinders are left at rest for 2 days. 
  

After 2 days, the water collected in the test tubes 
below the soil cylinders indicate that water has 
drained through the soil under the effect of gravity, 
but not all the water, some water was retrained in the 
soil (by capillary forces). As the initial amount of 
water was the same for both claye and sandy soils, a 
lower amount collected in the test tube under the 
clayey soil indicates that more water was retained 
and less water has drained compare to the sandy soil 
cylinder. 
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7.2. Water infiltration in the field: the field capacity concept 
The same experiment can be done in the field: 
-water is poured on soils with different texture until all the pores are filled with water (saturation) 
- then soil is then left during 2 days to allow the water to drain down under the effect of 
gravity. 
- after 2 days, samples are collected in the different fields and dried in the oven to 
measure the remaining water content. 
  
This water content is called the field capacity (FC), i.e. the amount of water that a soil is 
able to retain when submitted to drainage for 2 days after having been saturated. 
  
The next figures present the water content (Y axis) as a function of the texture (X axis, with 
sandy texture on the left silty/loamy textures in the middle and clayey texture on the right side). 
This figure shows that: 
- FC largely depends on soil texture 
- FC is the lowest for sandy soil 
- FC can increase from sandy, to silty to clayey soils. 

 

Field	capacity	for	different	soil	textures 

 
 

Field capacity is the water remaining in a soil after it has been saturated by water and allowed 
to drain, usually for two days. The water that remains in the soil is retained in pores small 
enough to develop capillary forces. 
 



  INTEL-IRRIS  D1.3a 
  

 

Page 55 of 78 

The different soil textures can also be represented as follows for sandy, silty and clayey soils 
from the left to the right: 
 

The impact of soil structure on field capacity (FC) 
i.e. water storage under capillary froces 

SANDY                  LOAMY (SILTY)                    CLAYEY  

 
Top: the volume occupied by the solid (black) and the pore volume (white) for the 3 main 
textures. 
Bottom: the volume of the solid phase (black), the volume of water at field capacity (blue) and 
the volume of air at field capacity. 

 

Field capacity (FC) corresponds to a water potential  around pF= 2.5 

By comparing the water content at FC and the pF at that water content it appears that FC 
corresponds to pF=2.5 approximately. 
 
For Laplace-Jurin Law we can make a link between capillary force and pore size. It 
appeats that at FC: 

- Pores >  10 µm contain air (no more water)  
- Pores < 10 µm contain water. 

  
This information can be put on a water retention curve or on the block diagram presenting the 
pore size distribution: 
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Water retention curves for different soil textures 

 
 

We observe that: 

- in sandy soils a large part of the pore volume consists in large pores > 10 µm, explaining the 
fast drainage, and low water retention,  

- in clayey soils a part of the pore volume consists in small pores < 10 µm, explaining that 
water drainage was slow, but water storage was higher than in sandy soils. 
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7.3. Water movements in the soil/plant/atmosphere  
In the previous section we have seen the simplified situation of water draining down a simplified 
soil column. In the field, the situation is a more complicate: 

- All the water arriving at the soil surface will not infiltrate in the soil, some of this 
water can stop on the soil surface and move laterally: this is the run-off process. A 
structural degradation occurring at the soil surface is name ‘crusting’ and consist in 
destruction of the aggregates under the effect of the cinetic energy of rain drops or 
dispersing effect of the saline water, both result in a continuous layer of clay 
embedding larger silt and sand grain if any. The infiltrability of such crusts is 
extremely and can be lower than the flux of water arriving by the rain of irrigation. 
The water that cannot prenetrate the soil profile will move laterally, creating the run 
off (which can lead to erosion).  

- All the water that infiltrates the soil, will not be stored in the layer where the roots of 
the plant are located, some of this water can be stored by capillary forces below the 
root system or even reach an underground water table. 

- Finally, some of the water in the underground table, can again rise to the soil 
surface due to capillary rise. 

 

The following figures shows a simplified water cycle and the different flows of water with their 
schematical direction.    
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To have a global understanding of the driver of the water movement, it is necessary to mention 
the concept of water potential (noted with the Greek letter ψ) that will be presented in detail in 
the next section.   

7.4. The concept of water potential (ψ)  
Knowing the soil water content is useful for irrigation management, but there is another variable 
which is equally important to understanding soil water processes, called soil water potential. 
Potential energy is (i) energy that a substance or object has by virtue of its location or internal 
condition, and (ii) it is always defined relative to some reference condition.  

[For example, a book resting on a table has less potential energy than the same book would 
have if you held it in the air above the table. If you release the book, it will spontaneously fall 
back down to the table due to the force of gravity. In this case, the increased potential energy 
came from raising the book upward against the Earth’s gravitational field, and the book’s 
spontaneous fall when released illustrates the general tendency of things to move from 
locations of higher to lower potential energy. 

 
Thus, potential energy of water entrapped in a soil (ψ) is the potential energy of the soil 
water relative to that of water in standard reference state.  

- by convention, that state of reference for which ψ = 0 is defined by pure water located 
at the soil surface.  

- in unsaturated soils, the water potential is always negative (ψ < 0) 
- the water potential is the sum of several contributing factors, mainly: matric, 

gravitational, osmotic and pressure potentials, which can be noted as: 
ψTotal = ψm + ψz + ψo  

Matric potential (ψm) is the decrease in the water potential due to capillarity forces; ψm is the 
factor having the highest influence on ψT.  
Gravitational potential (ψz) is related to the depth (z) of water below the soil surface. The 
deeper below the reference level (i.e. the soil surface), the more negative it becomes. As we 
are interested only on soil surface, ψz can be considered negligeable in the above equation, 
but it explains that the water in going from the soil surface (ψz.=0) to the underground (ψz < 0). 
Osmotic potential (ψo) is the decrease in the water potential which is due to the presence of 
solutes, i.e. dissolved salts. When the salt content is low, ψo is close to 0 and thus negligeable. 
In case of water evaporation (close to the soil surface), the salt concentration can significantly 
increase so that ψo becomes more and more negative, finally having a significant contribution 
to ψT. This also happens when already saline water is used for irrigation. 

 
Indeed, ψo is proportional to the salt concentration and the temperature. A useful 
approximation which may be used to estimate ψo (in kPa) from electrical conductivity of the 
soil solution at saturation (ECS in dS m-1) is: 

ψo = -36 ECS  
[Warrick, A.W., 2001. Soil Physics Companion. CRC Press, eq. 3.16 and 3.17, p62] 

ψo can become a barrier to plant production in the Mediterranean climatic conditions if farmers 
use slightly saline irrigation water and/or use drip irrigation without having a possibility of 
draining the salt out of the profile by using gravimetric irrigation. 
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Differences in soil water potential cause water in soil to flow in the soil profile from 
regions of higher water potential to regions of lower water potential. When the water 
potential is equal throughout a certain volume of soil, then that volume has reached a condition 
called equilibrium. At equilibrium, there is no water flow (what rarely or only temporally occurs 
at the scale of cultivated soil layer or a profile the field). The flow velocity largely depends on 
the pore size according to Poiseuille’s law (the smaller the pore, the smaller the velocity it is 
inversely proportional to the power 4 of the pore radius, i.e.1/r4). 
 

The soil water potentials can be expressed in several units, the most common in soil and plant 
sciences are (i) energy per unit of volume or (ii) energy per unit of weight: 

 
As Pascal (Pa) represents a very small amount compared to the potential of water in the soil; 
thus it is more common to use hPa, kPa, or MPa, i.e. 102, 103 and 106 Pa, respectively. The 
correspondence between energy/volume (Pa) and energy/weight (m) is presented in a table 
next page. 

 

Water potential is negative that makes it sometimes difficult to handle. In order to make it more 
easy to handle, it is common to take the absolute value (|ψ|) and speak about the ‘water 
tension’ or the ‘soil suction’ which are then positive values. 

 

As there is a large range of potentials or suctions, thus it is also common to use a decimal log 
of |ψ| expressed in hPa or in cm; which is called pF (potential force, as a reference to the pH, 
i.e. potential hydrogen). 

The correspondence between the different units is presented in a table next page. 

 

Water movements will depend on the water potential which is counter-intuitive as we usually 
see water following gravity. 
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What parameters concerning water movements in the soil can be used in the algorithm? 
  
The water contained in a soil is hold kind to capillary forces which depend on the size of the 
pore, i. e. the distance between 2 solid elements. The concept of soil water potential is widely 
used to describe the characteristics of water in association with the total water content 
(gravimetric or volumetric). 

This document has already presented the soil porosity and the capillary forces that explain the 
water retention in the soil porosity, this can be called ‘hydro-static’. But in the field, the water 
is not static, it is continuously in movement. 

Firstly, the water arrives as the soil surface due to rainfall events or irrigation practices, then it 
drains down through the soil profile. In the context of irrigation and thus in the context of our 
project, the concept of water content at field capacity (FC) is probably the most important one. 
It is the content of water after the soil has been saturated and allowed to drain during 2 days. 
After those 2 days, the water contained in large pores has drained down deeper in the profile 
under the effect of gravity and the remaining water is stored in the soil under the effect of 
capillary forces. This water represents the maximum amount of water that can be used by the 
plants.  

It is important to observe that soil crusting can limit the water infiltration and limit the refill of 
the soil water reservoir. 

Moreover, once in the soil, the water is generally in movement, even if very slow movement, 
in relation to the water potential. This wil not be considered in our algorithm but this concept 
and process could be useful to understand some discrepancies between predictions of our 
model and the reality in the field.  
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8. THE USE OF THE SOIL WATER BY THE CULTIVATED 
PLANTS 

8.1. Mechanism of plant water up-take 
We have seen that plant can be compared to a wick as they have capillary that that transport 
the water contained in the soil from the root system to the leaves were stomata are located. 
And the process of water uptake is the same as in a wick.  

 

Evaporation occurs at the 
stomatal surface. This water 
is contained in the ostiole 
(the gap between the gard 
cells) which corresponds to a 
capillary tube of 0.01 micron, 
i.e. a capillary force of 3 MPa. 

It is important to note that 
inside the plant, there is a 
continuous column of water 
from the root at the bottom to 
the leaves at the top of the 
plant. This water column is 
under tension (as if it was a 
rope) as the leaves are 
pulling upward and the soil 
pores ‘apply’ a capillary 
forces that tends to maintain 
the water inside the pore. 
 
 
 

8.2. All soil water is not available for plants 
The previous chapter presented the concept of field capacity: al the water falling at the soil 
surface is not retained in the soil porosity, some water is draining down because they are large 
pores. Consequently, all the soil pore volume is not filled with water: the pores with the largest 
diameter contain air and the pores with the smallest diameter contains water. The concept of 
‘water content at field capacity’ allows to calculate the maximum volume of water that can be 
retained by capillarity.  
Knowing the volume of available water is sufficient to manage cultivated plant irrigation. To 
evaluate the water of water available for the plants, it is necessary to take out the volume of 
water stored at pF >4.2 that is called the wilting point. The next figure present this available 
water content for different categories of texture. 
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The impact of soil TEXTURE on AVAILABLE water 

 
As it is possible to make a link between water potential and the size of the pores we can use 
the water retention curve and the block diagram of pore size distribution to have a rough 
estimate of the amount of water that is available and in which pore the water is located. 
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It appears that available water is located in a quite limited range of pores: the pores having a 
diameter smaller than 10-20 microns and larger than 0.2 microns. 

 

8.3. ‘Easily’ available water 
The 2nd chapter indicated that evaporation is occurring at the level of the stomata and this 
process can be considered as instantaneous. If the air is hot and/or if there is wind and/or the 
air moisture is high or low, the amount of water waper will decrease more of less rapidly but 
this can still be considered as nearly instantly. 
The cells around the stomata are like a sponge impregnated of water. As soon as the amount 
of water vapor has decreased in the stomata cavity (ostiole) there is again a pull to the water 
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in the surrounding stomata. This pull will create a tension on the continuous water column that 
links the stomata to the water in the soil porosity. 
This tension will extract the water out of the soil pores (until a limit at pF=4.2, i.e. until the water 
is located only in pores <0.2 microns). But water movement in the soil are slow (unlike 
evaporation that can a nearly instantaneous change from liquid to vapor); and smaller are the 
pores, slower are the water movements. 
When the flow of water is insufficient to fulfil the water climatic demand, the stomata will start 
to close, thus the photosynthesis will decrease and plant growth as well as biomass production 
will be reduced. 
  

In	the	case	of	irrigated	cultivated	plants,	to	obtain	the	minimal	water	stress	(and	this	the	
minimal	decrease	in	plant	growth),	it	is	thus	necessary	to	have	water	stored	in	pores	with	
diameter	of	10-20	to	1	micron	in	which	movement	is	fast	enough	to	fulfil	the	plant	climatic	
demand.		

This	 figure	 shows	 the	
volume	 of	 water	 stored	 in	
these	pores;	 it	appears	 that	
the	 risk	 of	 water	 stress	 is	
strongly	 controlled	 by	 the	
soil	texture:	

-	Sandy	soils	have	a	 limited	
amount	 of	 available	 water	
so	 that	 irrigation	 has	 to	 be	
made	 frequently	 to	 avoid	
water	stress;	
-	 Silty	 (loamy)	 soils	 have	 a	
higher	reservoir	than	sandy	
soils	 and	 a	 significant	 is	
made	 of	 the	 large	 pores	
(>1microns);	
-	 Clayey	 soils	 also	 have	 a	
large	 water	 reservoir	 but	
the	smallest	pores	represent	
a	 larger	proportion:	 for	 the	
same	 amount	 of	 stored	
water,	 the	 risk	 of	 water	
stress	 higher	 compared	 to	
silty	soils	(especially	in	case	

of	high	climatic	demand,	i.e.	windy	conditions	and/or	very	low	air	moisture).		
50	%	of	RFU.	
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8.4. Structural porosity and water accessibility 
8.4.1. Rooting depth 

Water	is	extracted	from	the	soil	by	the	root	system.	But	it	is	not	the	visible	part	of	the	root	
system	that	is	able	to	collect	the	water.	Water	can	be	collected	only	by	root	hairs	that	are	
generally	not	visible	because	too	small:	and	these	root	hairs	are	located	behind	the	apex,	
and	area	that	is	constantly	changing	in	relation	with	the	root	extension	and	growth.		

	

   
Morphology	of	the	root	system:	(left)	the	soil	water	is	collected	by	the	root	hairs	located	
behind	the	root	apex;	(right)	the	root	hairs	are	constantly	renewed	and	their	location	in	
the	sol	is	changing	in	relation	with	root	extension. 

 

http://tpevegetaletviefixee.unblog.fr/2016/01/16/les-racines/	

https://www.pdfprof.com/PDF_Image.php?idt=56716&t=18 

 
The tremendous surface developed by root hairs is then sufficient to collect water for the plants, even if 
most of the root length is unable to fulfil that function.  
The root hairs have a size of approximately 10 microns:  their optimal development consequently also 
needs pores equal to or larger then 10 microns, i.e. textural pores. But the root hairs are supported by 
the roots themselves which have a diameter from one to several millimeters; an optimal root 
development needs large structural pores. 

 
https://slideplayer.fr/slide/10631846/ 
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The belowground root system is generally growing at a similar speed compared to the aboveground 
part. But: 
- In case of excessive irrigation, the development of the root system is decreased (the plant allocates 
the carbon resources to the shoot) and located mainly close to the surface. In case of water shortage, 
the risk of water stress in than increased. 
- The previous section has clearly shown that water is mainly located in pores <20 microns, but it is also 
important that the soil present large structural pores to allow an optimal root development (as well as 
fast water infiltration). 
 
 

8.4.2. Soil salinity 

As indicated on p44-45, soil salinity has an impact on the total matric potential and can decrease 
significantly, consequently decreasing the water availability for the plant. 
Moreover, saline soil solution induce clay dispersion and thus structural collapse that results in a 
decrease of the structural porosity (i.e. the large pores that facilitate water infiltration and root 
development). In case of severe salinity, the structural degradation can be irreversible.  
When the soi profile starts to be saline, gravity irrigation must be used to drain the salts as deep as 
possible in the soil profile. 
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What soil water available for plant parameters can be used in the algorithm? 
  
As the water is hold in a soil with capillary forces and the plants have a limited suction force, 
this means that all the water present in the soil cannot be used by the plants. 
If only the water content is determined, it is indeed impossible to estimate the amount that is 
available for the plants. Having information on the texture is a first way to make an estimation. 
  

• The process of water up take by the plants is triggered by the difference in the water 
potential (𝜓) in the air (around -100 MPa) and in the soil (between -10-2 to -100 MPa) 
as in a physical system the direction of the flux is always from the highest to the lowest 
potential. 

• There is a limit beyond which the plant can no longer extract water at 𝜓 = -16 MPa 
(pF=4.2) called the permanent wilting point. 

• For a given field, the amount of available water for the plant is the water content at field 
capacity minus the water content at the permanent wilting point.  

•  Farmers are not interested in the plant survival but in its maximum productivity. To 
secure the maximum productivity, water stress must be avoided and the water potential 
must be maintained at much higher values (i.e. closer to 0 MPa). As a rough estimation 
of the easily available water content (for which the water stress is negligeable) can be 
made considering ½ of the available water. 

• Water available for the  plant is stored in pores smaller than approximately 20 microns, 
but larger pore are necessary for water infiltration during rainfall and irrigations event, 
but also to facilitate a deep root development with a maximum lateral extension.  

• A deep extension of the root system and thus an access to deep water storage is 
necessary to avoid water stress in case of water shortage. Consequently, the irrigation 
practices must also stimulate a development in depth of the root system.  
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Summary about soil structure 
  
Needed  
information 

Availability, 
accessibility 

qualitative or 
Quantitative 

Frequency of 
data updating 

Data (& unit) for 
the algorithm 

Wilting point Reports. 
Publications 

Lab measures 

Q Beginning 
  

Water content 
(g/g) 

Rooting depth Field 
observations. 

Q Regular interval Depth (cm) 

          

Soil salinity Reports 
Lab analysis 

Q Beginning 
+ regular 
updating 
in case a 

problem is 
detected 

  

Soil: Na+ 
(exchangeable) 
mmol/100g (?) 

  
Electrical 

conductivity 
 (dS m-1) 
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9. SOIL-PLANT-ATMOSPHERE CONTINUUM, 
THE RELEVANT PARAMETERS FOR AN ALGORITHMS, 
RECOMMENDING IRRIGATION MANAGEMENT 

This document detailed the complexity of the functioning of the soil-plant-atmosphere 
continuum, complexity which is increased by the technical and agronomical constraints of the 
farmers. 
To address this difficulty and begin drafting an algorithm we suggest to use a simplified model, 
i.e. a wick that dips in water. 

 
In real life make relevant recommendations it is necessary: 

- to estimate the current plant need and predict its need during the next days 
- evaluate the water that will be contained in the soil at a given moment to decide when 

and how much it will be necessary to irrigate. 
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9.1. The atmosphere: evaporative demand 
The atmospheric condition is the driver that pulls up the water from the soil to the leaves: 

-    the evaporative demand is high when solar radiation, temperature, wind are high 
and the relative air moisture is low: 

  
 

-  the evaporative demand is low when the sky is cloudy and solar radiation decreased, 
the temperature and wind are low and when the relative air moisture is high, i.e. the 
air is nearly satured by water vapor. 

 
In the first situation it is necessary to anticipate a water evaporative demand that can go up to 
5 or 6 mm/day. 
  
In the second situation de demand can be significantly decreased and be < 1mm/day. 
  
Anyway, in both situation, the evaporative demand represents a maximum value of water 
use. 
  
The above characteristics have to be measured or estimated on a daily basis as they can 
change from one day to the next day. 
  

9.2. The plant: controlling the real evaporation 
The plant characteristics are also changing day to day, but when climatic conditions can 
change in anyway (from warm to cold as well as cold to warm), the plant changes are related 
to its development and are consequently more predictable (the leaf area, LAI,  index can only 
increase or remain stable, it can decrease only in case of an accident like plant disease). What 
is hardly predictable is the timing and intensity of changes. 
   
To fulfil the climatic demand, the water that will really be lost by the plant will depend on; 

-  The plant development and the LAI that control the number of stomata = the more 
developed is a plant, the higher the number of stomata are present and the higher 
the potential evaporation. 
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-   if the evaporative demand is not fulfilled, the plant will be water stressed and close 
some or all the stomata, reducing the exchange with the atmosphere, i.e. reducing 
H2O evaporation (as well as CO2 absorption), resulting in a real evaporation 
generally < potential evaporation. 

 

 

Young plant Grown plant Grown plant 

No water stress No water stress Water stress 

 
Compared to the potential loss, a coefficient has to be applied, depending on the plant type, 
plant age, and water stress in order to evaluate the amount of water that is really used every 
day. 
The real evaporation has to be recalculated on a daily basis. 
Indeed, as the soil evaporation cannot be detangled for plant transpiration, the data that can 
be found in the literature is the evapo-transpiration. 
  

 

9.3. The soil: an invisible water reservoir 
The soil is a ‘black box’: it is not possible to have a direct 
observation of its porosity, water content, available water 
content and daily use by the plant or daily refilling by irrigation. 

But it is possible to make estimation on the different amount 
or fluxes, each one with more or less uncertainty. 

 

 

The total pore volume is strongly controlled by: 
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-  firstly the soil texture can be roughly estimated in the field  or measured (granulometry) in 
the laboratory ;  secondly textural porosity can be estimated using data available in the 
literature.  
- the structural porosity that results (i) from soil aggregation and consists in the pore volume 
between the aggregates (ii) soil biological activities that creates large galleries.  
 
The bulk density can be calculated from using undisturbed samples collected in the field (using 
hollow cylinders of known volume) and dried and weighted in the laboratory. 

 
 

But some part of this pore volume will consist in pores too large to retain water with water. 
These large pores are convenient for the root development and water infiltration but not to 
water storage. To evaluate the amount of water that can be retained by capillary pores, it is 
necessary to measure the field capacity (FC) for each field that will be equipped. If measuring 
the FC is not possible, an estimation can be made (1/2 to 2/3 of the total porosity). 

 
 

All the water retained at field capacity is not available for the plants, some of that water is 
retained strongly in small pores with capillary forces greater than the plant capillary suction 
and is consequently not available for plant growth. The water not available for the plants has 
to be measured in the laboratory (water retention curves, pf=4.2). 
  
The available water content (AWC) has to be calculated from the previous data or can be 
estimated (1/2 of field capacity). 
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This figure illustrates the fact that sandy soils contain less available water compared to the 
other textures. Consequently, irrigation has to be made more frequently in sandy soil compared 
to the other textures. Moreover, in sandy soil there is a risk of water loss in depth due to fast 
water infiltration in the large macropores.  
  
The figure here under shows that pore size distribution (and thus water fluxes) largely depend 
on the soil texture: 
- sandy soils have the largest pores but their volume is very 
- silty soils have also have large pores occupying a significant volume of the porosity and are 
consequently the most favorable situation. 
- clayey soils have a large volume of available water but most of this water is contained in small 
pores with consequently water movements that can be too slow to fulfil the plant need, 
especially in case of adult plants (high LAI) in very demanding climatic conditions. In this case, 
even if the soil seems wet, water stress can affect the plant; 
 

 
 

9.4. The need of water depends on what part of the plant will 
be harvested   
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Irrigation has to be decided (amount and timing) in relation with the plant needs and the 
farmers’ economical objectives: 
  
- if the farmer is interested in a total biomass, water has to be provided on a regular basis to 
reach the maximum possible plant biomass. 
  
- if the farmer is interested in selling only some part of the plant, irrigation must be carefully 
scheduled on the development stages that determine the plant economical yield. Because 
even a small water stress during these period can have a high negative impact on the plant 
yield every time there is a water stress on a physiologically determining period, there is a 
decrease in the maximum production that can potentially be obtained.  
 
Farmers’ irrigation decision are largely determined by the final economical objective. 
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10. GENERAL CONCLUSION  
 
The 2 main objectives of this document were (i) to show the complexity of the interactions 
between soils, plants and climatic characteristics in the determination of soil water content at 
a given time; (ii) to propose a limited number of quantitative parameters that can be measured 
to create algorithm proposing optimal irrigation decisions. These parameters have been listed: 
soil texture, water content at the field capacity and at the permanent wilting point, soil and 
water salinity, plant type, leaf area index (LAI), air temperature and humidity, wind velocity, 
etc… 
 
However, farmers' decisions are not taken according to all the data listed in our documents but 
rather from their experience, i.e. knowledge acquired through (i) transmission by previous 
farmers (often parents, family, neighbours, etc.), (ii) technical and/or scientific knowledge 
possibly acquired in the school system or thanks to agricultural advisors or commercial 
companies, and finally (iii) their own daily practice of agriculture and irrigation. 
 
Decisions that farmers can make based on such empirical knowledge will not necessarily be 
the most efficient (in terms of yield and/or water management) so the recommendations made 
by INTEL-IRRIS could help them to make their practices more efficient if they wish. On the 
other hand, other farmers will take into account elements that are particularly important in a 
given environment or can be quickly changing (salinity, compaction, etc.) and that can affect 
the irrigation decision; in that case, it is INTEL-IRRIS that should adapt its algorithms to take 
into account those unexpected parameters to increase their importance in the algorithms. 
  
As a general conclusion of our detailed presentation, we recommend to implement the water 
content sensors as soon as possible in the farmers’ field and to record not only the data of the 
sensors, but also, the characteristics of the environment (soil, plant, climate) in order (i) to 
compare the irrigations practices among different farmers, and/or diversity of soil or plant, 
climate, water quality and availability, etc… (ii) and to compare the recommendations INTEL-
IRRIS would make with the farmers’ practices. 
 
 

------------- 
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