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Gravimetric vs volumetric soil water content

soils are generally grossly swelling soils (montmorrilonite

clay). These soils have extremely low infiltration rates.
Cultural practices can either improve (increase porosity

and hydraulic conductivity) or degrade soil texture (increase

density). For example, driving a tractor in a wet field can
decrease soil structure and form hardened layers with low

infiltration rates.

Root Zone

The depths to which roots of various mature crops will
extract available water are shown in Table 3.2. The reported

depths in Table 3.2 are 80 % of actual root zone depths

because plants extract most of their water from the upper

portion of the root zone.

A rule of thumb that is applied to root water uptake is that
40 % of plant water uptake is from the upper 25 % of the root

zone, 30 % from the next, 20 % from the next, and 10 %

from the lowest quarter of the root zone (Fig. 3.4).

Soil-Water Relationships

The two most important parameters that describe the status

of water in soil are water content and total water potential.
Water content refers to the fraction of the soil that is

occupied by water and can be measured by mass or volume.

Total water potential refers to the energy of the water in soil
and generally includes matric potential (also called capillary

potential or moisture potential), gravitational potential due

to elevation, and osmotic potential due to salinity.
Water content can be calculated gravimetrically or volu-

metrically. Gravimetric soil water content is the mass of

water divided by the mass of dry soil. It can be measured
by weighing a mass of wet soil, drying the soil for 24 hours

at 105 !C, and then reweighing the sample.

θgrav ¼
mwater

mdry soil
¼ mwet soil # mdry soil

mdry soil
ð3:1Þ

where

θgrav ¼ gravimetric water content, gm/gm
mwater ¼ mass of water, gm.

mdry soil ¼ mass of soil after drying, gm.

mwet soil ¼ mass of soil before drying, gm.

Example 3.1 A soil sample is collected just before irriga-
tion, and another soil sample is collected two days after

irrigation. The soil sample collected before irrigation weighs

1.73 kg, and the soil collected just after irrigation weights
1.94 kg. Both soils are placed in an oven and dried at 100 !C

Fig. 3.3 USDA soil textural triangle (Credit NRCS, National Agron-
omy Manual. Part 504)

Fig. 3.2 Soil particle sizes (Courtesy of Don Post. The University of Arizona)
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Gravimetric soil moisture (weight based)*

* Dry soil: drying in owen for 24h at 105°C

Soil porosity

𝑛 =
𝑉! + 𝑉"
𝑉#

Where

𝑉# = 𝑉! + 𝑉" + 𝑉$

(air+water+mineral)

Relative soil moisture

𝑠 =
𝑉"

𝑉! + 𝑉"
=
𝜃%
𝑛

𝜃% =
𝑉"
𝑉#
=

𝑉"
𝑉! + 𝑉" + 𝑉$

Volumetric soil moisture

Volumetric vs gravimetric

𝜃% =
%!&"&#
%$&"&#

= $!&#
$%&' $()*&"

= 𝜃'(!)
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Example(s)
A soil sample collected before irrigation 
weighs 1.79 kg, and the soil collected just 
after irrigation weights 1.94 kg. Both soils are 
placed in an oven and dried at 100 °C
for 24 hours. After drying, the soil collected 
just before irrigation weighs 1.49 kg and the 
soil collected just after irrigation weighs 1.52 
kg. What are the volumetric water contents 
just before and just after irrigation? 

for 24 hours. After drying, the soil collected just before

irrigation weighs 1.49 kg and the soil collected just after
irrigation weighs 1.52 kg. What are the volumetric water

contents just before and just after irrigation?

Solution:
Gravimetric water content just before irrigation

θgrav ¼
1:79 kg" 1:49 kg

1:49 kg
¼ 0:20 ¼ 20%

Gravimetric water content just after irrigation

θgrav ¼
1:94 kg" 1:52 kg

1:52 kg
¼ 0:27 ¼ 27%

Water content collected two days after irrigation is close to

field capacity because the soil has drained, but there has been

little evaporation after drainage.

Gravimetric water content soil samples can be collected
with a shovel or auger because the measurement is not

dependent on the volume of soil. Volumetric water content

is defined as the percent of total soil volume that is occupied
by water and is more difficult to measure than gravimetric

water content because it is based on soil volume. Gravimet-

ric water content is converted to volumetric water content by
multiplying by the soil bulk density.

θv ¼ θgravρb ¼ θgrav
ρb
1
¼ θgrav

ρb
ρw

¼ θgrav ρb ð3:2Þ

where

θv ¼ volumetric water content, cm3/cm3

ρb ¼ soil bulk density, gm/cm3.
ρw ¼ density of water, 1 gm/cm3.

Table 3.2 Depth to which roots of mature crops will extract available water from a deep uniform, well-drained soil under average unrestricted
conditions (depths shown are 80 % of the entire root zone depth). (Credit NRCS NAM 504-4)

Crop Depth (m) Crop Depth (m)

Alfalfa 1.5 Milo 0.6–1.2

Asparagus 1.5 Mustard 0.6

Bananas 1.5 Onions 0.3–0.6

Beans, dry 0.6–0.9 Parsnips 0.6–0.9

Beans, green 0.6–0.9 Peanuts 0.6–0.9

Beets, table 0.6–0.9 Peas 0.6–0.9

Broccoli 0.6 Peppers 0.3–0.6

Berries, blue 1.2–1.5 Potatoes, Irish 0.6–0.9

Berries, cane 1.2–1.5 Potatoes, sweet 0.6–0.9

Brussels sprouts 0.6 Pumpkins 0.9–1.2

Cabbage 0.6 Radishes 0.3

Cantaloupes 0.9 Safflower 1.2

Carrots 0.6 Sorghum 1.2

Cauliflower 0.6 Spinach 0.3–0.6

Celery 0.3–0.6 Squash 0.9–1.2

Chard 0.3–0.6 Strawberries 0.3–0.6

Clover, Ladino 0.6–0.9 Sudan grass 0.9–1.2

Cranberries 0.3 Sugar beets 1.2–1.5

Corn, sweet 0.6–0.9 Sugarcane 1.2–1.5

Corn, grain 0.9–1.2 Sunflower 1.2–1.5

Corn, seed 0.9–1.2 Tobacco 0.9–1.2

Corn, silage 0.9–1.2 Tomato 0.9

Cotton 1.2–1.5 Turnips 0.6– 0.9

Cucumber 0.3–0.6 Watermelon 0.9– 1.2

Eggplant 0.6 Wheat 1.2

Garlic 0.3–0.6 Trees

Grains and flax 0.9–1.2 Fruit 1.2–1.5

Grapes 1.5 Citrus 0.9–1.2

Grass pasture/hay 0.6–1.2 Nut 1.2–1.5

Grass seed 0.9–1.2

Lettuce 0.3–0.6

Melon 0.6–0.9
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The soils described in previous Example have 
bulk density 1.3 g/cm3. Find the volumetric 
water contents and porosity of the two samples. 

The soil bulk density (ρb) is the mass of dry soil divided
by the volume of soil. Specialized soil sampling tools are

used for collection of undisturbed soils for measurement of

bulk density – the soil sample must be collected in a cylinder
of known size, and the soil sample within the cylinder must

be undisturbed. One such device is a bucket auger (cylinder),

with slots at the top and bottom of the cylinder. Knives are
inserted into the slots, and soil is removed above and below

the sample. Then the knives are removed and the soil is

pushed out of the auger into a drying can, which is then
dried in the oven. A second type of bulk density sampling

device is a small metal cylinder that is inserted into the soil

and removed with the soil sample. Excess soil is then
scraped off above and below the cylinder.

Soil bulk density can range from 1 to 2 g/cm3. Typical

clay, loam, and sandy soils have bulk densities equal to 1.3-,
1.5-, and 1.8-g/cm3, respectively. Organic matter or

fossilized shells can cause the bulk density to even be less

than 1 g/cm3, the density of water.
Porosity is the fraction of voids in a soil (air + water). It

can be calculated based on the bulk density of a soil and the

average particle density of soil particles. Average particle
density of mineral soils is 2.65 g/m3.

ϕ ¼ 100" ρb
ρ p

 !

100ð Þ ð3:3Þ

where

ϕ ¼ porosity (fraction of voids), percent

ρp ¼ particle density, 2.65 g/cm3 for mineral soils.

Example 3.2 The soils described in Example 3.1 have bulk

density 1.3 g/cm3. Find the volumetric water contents and
porosity of the two samples.

Solution:
Volumetric water content just before irrigation

θv ¼ θgravρb ¼ 0:20 g=gð Þ 1:3 g=cm3
! "

¼ 0:26 ¼ 26%

Volumetric water content just after irrigation

θv ¼ θgravρb ¼ 0:27 g=gð Þ 1:3 g=cm3
! "

¼ 0:36 ¼ 36%

The bulk density is 1.3 g/cm3 and soil particle density is

2.65 g/cm3.

ϕ ¼ 100" 1:3

2:65

# $
100ð Þ ¼ 51%

This means that 51 % of the soil volume is filled with air or

water.

Fig. 3.4 Typical water uptake
pattern (Credit: NRCS)
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Saturated vs unsaturated soils
Saturated soils*: 
Almost all voids are full of water

Soil moisture (at saturation)=porosity

𝜃#!* = 𝑛

Field capacity: 
Saturated soil freely drained by 
gravity only

*Note: High water content is not desirable because it 
restricts oxygen diffusion from the atmosphere into 
the soil because most of the soil pores are occupied 
by water: oxygen diffusion is approximately 1,000 
times greater in a gas than it is in water. This lack of 
oxygen restricts oxygen uptake by plant roots during 
respiration. 

Soil texture Time to Field 
capacity

Coarse Few hours

Medium 1 day

Fine Several days

Source: Waller & Ytayew, 2017

𝜃#!* 𝜃+, Permanent wilting point: 
Water content at which (a given) 
crop cannot remove water without 
preventing wilting of the stomata

Source: Waller & Ytayew, 2017

Plant water stress

∼-1.5 Mpa = -15 bar
Generically assumed to happen when 

𝜃-.-



Soil Water Potential
Matric (hydraulic) potential energy, elevation (gravitation), and chemical (osmotic), 
are all components of the total energy of water in soils, H*

*Note: thermal energy contributes as well to flow magnitude and direction (through viscosity but is not considered here. Kinetic energy is usually neglected

Three primary water content percentages are generally
considered in irrigation and drainage system designs: satura-

tion (θsat), field capacity (θFC), and permanent wilting point

(θPWP).
Saturated soils have nearly all pore space filled by liquid,

except for a small percentage of pores with trapped air: thus,

saturated water content is approximately equal to porosity.
High water content is not desirable because it restricts oxy-

gen diffusion from the atmosphere into the soil because most

of the soil pores are occupied by water: oxygen diffusion is
approximately 1,000 times greater in a gas than it is in water.

This lack of oxygen restricts oxygen uptake by plant roots

during respiration.
Field capacity (Fig. 3.5) is the amount of water left in the

soil after free drainage by gravity (larger soil pores are

drained by gravity). This takes place quickly in coarse tex-
tured soils (a few hours), less quickly in medium textured

soils (24 hr) and slowly (several days) in fine textured soils.

Field capacity can be estimated in the laboratory by
applying a vacuum. A suction of – 0.01 MPa (!0.1 atm) is

applied to sandy soils and a suction of – 0.03 MPa

(!0.3 atm) is applied to clay soils. Then, the soil is weighed,
dried, and then reweighed in order to calculate gravimetric

water content at field capacity. Volumetric water content at

field capacity can be calculated if porosity and bulk density
of the soil are known.

The wilting point (Fig. 3.6) is the water content at which a

crop cannot remove water from the soil quickly enough to
prevent wilting and tissue damage. This point varies for

different crops and varies with evapotranspiration demand

because the process of water moving to the root is time
dependent. Permanent wilting point (PWP) is generally

defined as a soil water potential equal to !1.5 MPa

(!15 atm). In the laboratory, permanent wilting point is
measured by placing the soil in a cylinder on a porous

plate, applying a positive pressure of 1.5 MPa (15 atm),

and pushing the water from the soil through the porous plate.
Theoretical field capacities and permanent wilting points

for various soils can be calculated with the Soil Water

Characteristics Calculator.
The total energy of water in soils is generally negative

due to capillary suction. It becomes more negative when the

soils have high salinity because the salts hold the water by
osmotic potential. Thus, saline soils have less water avail-

able to the plant than nonsaline soils.

Chemical (osmotic), elevation (gravitation), and matric
(hydraulic) potential energy are all components of the total

energy of water in soils, H. Thermal energy can also influ-

ence the direction of water flow, although it is not included
in soil water calculations in this text. Water velocity is

extremely slow in soils so kinetic energy is not a significant

component of water energy in soils. Thus, the total potential
of water in soils is expressed as follows:

H ¼ P

ρg
þ zþ ψ s ¼ ψ p þ zþ ψ s ð3:4Þ

where

ψs ¼ osmotic potential, m
ψp ¼ capillary or hydraulic (pressure) potential (also equal

to hc in Eq. 3.4), m

z ¼ elevation, m
P ¼ pressure, N/m2

ρ ¼ density of water, kg/m3

g ¼ gravity, 9.8 m/sec2

Fig. 3.5 Field capacity (Courtesy of Don Post. The University of
Arizona)

Fig. 3.6 Permanent wilting point (Courtesy of Don Post. The Univer-
sity of Arizona)
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Water cohesion and evaporation energy
Water cohesion* is an important water property in soils 
and plants since water must flow from the soil to the plant 
root and then upward in the plant at extremely negative 
water potentials. 

In the liquid state, water demonstrates cohesion up 
to a suction of approximately 30 MPa or 30,000 kPa 
(300 atmospheres or ca. 300 bar) 

Water cohesion is the force of attraction due to polarity 
of the water molecule and has several names: hydrogen 
bonds, Van der Waal’s force, or electrostatic attraction. 

The energy in hydrogen bonds between water molecules is 
approximately 20 kJ/mole of water or 1100 kJ/kg; 

The energy required to evaporate water, the latent heat of 
vaporization, is 2,450 kJ/kg. Thus, significant part of the energy 
used to evaporate water is used to break hydrogen bonds. 

Source: Waller & Ytayew, 2017

A rule of thumb that is applied to root water 
uptake is that 40 % of plant water uptake is 
from the upper 25 % of the root zone, 30 % 
from the next, 20 % from the next, and 10 % 
from the lowest quarter of the root zone 

* Cohesion: attraction vs same material

   Adhesion: attraction vs other materials



Plant root depth-to-water extraction 
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La réserve R disponible dans le sol au début de la période considérée est donc 
une fraction x de la RFU: 
 
 R  =  x  RFU           (0 < x < 1) 
 
On peut l'estimer par des mesures d'humidité ou en calculant les besoins sur 
toute l'année, ce qui fait ressortir la valeur de la réserve à la fin de chaque 
période. 
 
La profondeur des racines varie avec le type de plante et le stade de 
développement végétatif. Elle dépend également de la texture et de la structure 
du sol, de la présence d'éventuelles couches infranchissables, des conditions 
d'humidité, de la profondeur de la nappe et de la disponibilité en éléments nutritifs. 
Il est donc extrêmement difficile de fournir des chiffres précis. Tout au plus peut-
on citer des valeurs indicatives de la profondeur des racines de cultures arrivées à 
maturité dans le cas où aucune limitation ne vient entraver leur développement. 
 
 Cultures maraîchères, en général ...................  0.3 à 0.6 m 
 Pommes de terre .............................................  0.3 à 0.7 m 
 Carottes ...........................................................  0.5 à 1.0 m 
 Tomates ..........................................................  0.7 à 1.3 m 
 
 Herbe ..............................................................  0.4 à 0.6 m 
 
 Céréales, en général .......................................  0.6 à 1.5 m 
 Maïs ................................................................  0.8 à 1.6 m 
 Orge ................................................................  1.0 à 1.5 m 
 Riz ...................................................................  0.5 à 0.7 m 
 
 Coton ...............................................................  0.75 à 1.7 m 
 Betterave à sucre ............................................  0.6 à 1.2 m 
 Canne à sucre .................................................  0.8 à 1.8 m 
 Tabac ..............................................................  0.5 à 0.9 m 
 Vigne ...............................................................  1 à 2.0 m 
 Arbres fruitiers .................................................  1 à 2.0 m 
 
 
Pour les besoins de l'irrigation, la distribution des racines dans le sol est un 
paramètre tout aussi significatif que la profondeur totale. La densité radiculaire 
décroît rapidement en profondeur et généralement une très forte proportion de 
racines se trouve près de la surface. Un schéma de distribution souvent admis 
prétend que 40% de l'absorption d'eau se produit dans le premier quart de la 
hauteur totale d'enracinement, 30% dans le deuxième, 20% dans le troisième et 
10% dans le quatrième.  
 
Ce sont donc essentiellement les couches superficielles qui alimentent en eau les 
plantes, si bien que l'on peut réduire quelque peu les chiffres cités précédemment, 

From Musy et al (book) 



Total available water and Depletion

Water is strongly attracted to negatively charged clay
surfaces. This attraction to other materials is called adhesion.

The closer water molecules are to clay surfaces, the more
negative is their potential energy and the more difficult it is

to remove them from the soil.

The energy of water in air is even more negative than
energy of water in soils. Thus, water flows from the rela-

tively higher energy in the soil to the lower energy in the

atmosphere. The plant acts as a passive conduit for the water
as it flows from the soil to the atmosphere. The plant

maintains positive hydraulic pressure during this process

by having negative osmotic potential due to high sugar
concentration in cells.

The relationship between matric potential (moisture

potential) and water content for typical soils is shown in
Fig. 3.9. The moisture potential axis has a log scale: mois-

ture potential drops by 2 orders of magnitude in Fig. 3.9

between saturation and field capacity and then between field
capacity and permanent wilting point.

In general, soil water content should remain above the

30 % depletion line (MAD ¼ 30 %) for drought sensitive
crops and above 50 % depletion for drought tolerant crops in

order to avoid yield reduction.

The water content – moisture potential relationship varies
dramatically between soils. Soils with medium texture have

the most water availability. Clay soils have a large fraction

of small, flat pores, and much of the water in clays is
unavailable to the plant because plants cannot develop a

negative enough osmotic potential to extract water from

small pores. One the other hand, large pores in sand drain
quickly after rainfall before plants can utilize the water.

The difference between field capacity and permanent

wilting point is called available water capacity. AWC is the
fraction of soil volume between field capacity and permanent

wilting point.

AWC ¼ θFC " θPWP ð3:7Þ

where

AWC ¼ available water capacity, fraction or percent.

The soil water holding capacity (SWHC) is the depth of

water in the soil available for plant growth. SWHC is also
known as total available water (TAW)

SWHC ¼ TAW ¼ AWCð Þ zð Þ ð3:8Þ

where

SWHC or TAW ¼ soil water holding capacity or total

available water, m
z ¼ root zone depth, m

Example 3.4 The root depth of an orange tree is 1.5 m. The

soil has 56 % solid particles, and 44 % voids. After drainage,
the 50 % of the void volume contains water and 50 % holds

air. At the wilting point, the void volume is 25 % water.

What is the soil water holding capacity (SWHC).

Solution:

Field capacity ¼ 0:44ð Þ 0:5ð Þ ¼ 0:22 ¼ 22%
Permanent wilting point ¼ 0:44ð Þ 0:25ð Þ ¼ 0:11 ¼ 11%
AWC ¼ θFC " θPWP ¼ 0:22" 0:11 ¼ 0:11
TAW ¼ SWHC ¼ AWCð Þ zð Þ ¼ 0:11 1:5 mð Þ

¼ 0:165 m ¼ 16:5cm:

Note: Only about half of the SWHC or TAW (total available

water) is available to the plant so only about 8 cm of water

would be available between irrigation events. This means
that if the evapotranspiration rate was 1 cm/day, then the

field would need to be irrigated every 8 days.

Depletion is the depth of water removed from the soil

(after the soil reaches field capacity by gravity drainage) by
evapotranspiration. Percent depletion is percent of the TAW

that is removed by evapotranspiration. Percent depletion is

0 % at field capacity and 100 % at permanent wilting point.
Depletion and percent depletion are calculated as follows.

Depletion ¼ Dr ¼ θFC " θð Þz

%Dep ¼ Dr

TAW
*100 ¼ θFC " θð Þ

θFC " θPWPð Þ
100ð Þ ð3:9Þ

Example 3.5 The soil described in Example 3.2 has a

permanent wilting point equal to 20 % (volumetric water

content). Calculate the percent depletion in the soil sample
in Example 3.2 taken just before irrigation. If the root zone is

1 m deep, then what is the depth of depletion?

Fig. 3.9 Depletion percentages for different soils versus soil water
potential (Credit NRCS)

40 3 Soil PhysicsThe difference between field capacity and permanent 
wilting point is called available water capacity 

𝐴𝑊𝐶 = 𝜃+, − 𝜃-.-

The Soil Water Holding Capacity (SWHC) or Total 
Available Water (TAW) is the depth of water in the soil 
available for growth   

𝑆𝑊𝐻𝐶 = 𝑇𝐴𝑊 = (𝜃+, − 𝜃-.-)𝑧/*

*zR is the root zone depth

Depletion is the depth of water removed from the 
soil by evapotranspiration (starting from 𝜃+,)

𝐷( = (𝜃+, − 𝜃)𝑧/

Percent Depletion %Dep

%𝐷𝑒𝑝 = 0&
12.

∗ 100 = (4+,54) 
(4+,54-"-)

*100



Management Allowable Depletion and Readily Available Water 

In general, soil water content should remain above the 
30 % depletion line (MAD 1⁄4 30 %) for drought 
sensitive crops and above 50 % depletion for drought 
tolerant crops in order to avoid yield reduction. 

Percent depletion with no yield reduction for specific 
crop is called Management Allowable Depletion (MAD)

The Readily Available Water (RAW) is the depth of water 
available to the plant between irrigation events 

𝑅𝐴𝑊 = 𝑇𝐴𝑊 ∗ 𝑀𝐴𝐷

Solution:
Find the percent depletion

%Dep ¼ θFC " θð Þ
θFC " θPWPð Þ 100ð Þ ¼ 0:36" 0:26ð Þ

0:36" 0:2ð Þ 100ð Þ

¼ 63%

Find the total available water in order to find the depth of

depletion.

AWC ¼ θFC " θPWP ¼ 0:36" 0:2 ¼ 0:16
TAW ¼ SWHC ¼ AWCð Þ zð Þ ¼ 0:16 1 mð Þ

¼ 0:16 m ¼ 16 cm

Find the depth of depletion

%Dep

100
TAW ¼ Dr ¼

63

100
16 cmð Þ ¼ 10 cm

The percent depletion with no yield reduction for specific

crops is called the management allowed depletion (MAD).
The MAD value for many crops changes with growth stage

(Table 3.3) and is based on the crop sensitivity to water
stress at that stage. The MAD value for a drought tolerant

crop is approximately 0.5 and the MAD value for a drought

sensitive crop is approximately 0.2.
The readily available water (RAW) is the depth of water

available to the plant between irrigation events.

RAW ¼ TAWð Þ MADð Þ ð3:10Þ

where

MAD ¼ management allowed depletion, fraction

RAW ¼ readily available water, m.

Example 3.6 Use the soil described in Example 3.5. A crop

has an MAD value of 0.4 and a root zone depth of 1 m. What
is the RAW? The depth of evapotranspiration is 1 cm/day.

How often would the field need to be irrigated?

Solution:

RAW ¼ TAWð Þ MADð Þ ¼ 16 cmð Þ 0:43ð Þ ¼ 7 cm:

Thus, if the evapotranspiration rate was 1 cm/day, then the

field would need to be irrigated once per week.

In order to find the preferred volumetric water content at

which the next irrigation should take place, subtract AWC
(MAD) from the field capacity.

Example 3.7 Use the soil described in Example 3.5. Find
the preferred water content at which irrigation should be take

place for a plant with 40 % MAD.

Solution:

Water content at next irrigation ¼ FC" AWCð Þ MADð Þ
¼ FC" FC" PWPð Þ MADð Þ
¼ 0:36ð Þ " 0:36" 0:20ð Þ 0:40ð Þ

¼ 0:30 ¼ 30%

Note: 30 % is a higher water content than the soil water
content taken just before irrigation in Example 3.2. Thus, a

plant with a 0.4 MAD would have been overly stressed

before irrigation.

With infrequent irrigation, such as with orchard sprinkler
systems or surface irrigation systems, irrigation should

replace the RAW. Frequent irrigation with drip or center

pivots keeps the soil moist and does not approach the MAD.

Table 3.3 Recommended Management Allowed Depletion (MAD)
values for loamy soils (Credit NRCS)

Establishment Vegetative Flowering Ripening

Alfalfa hay 50 50 50 50

Alfalfa seed 50 60 50 80

Beans, green 40 40 40 40

Beans, dry 40 40 40 40

Citrus 50 50 50 50

Corn, grain 50 50 50 50

Corn, seed 50 50 50 50

Corn, sweet 50 40 40 40

Cotton 50 50 50 50

Cranberries 40 50 40 40

Garlic 30 30 30 30

Grains, small 50 50 40 60

Grapes 40 40 40 50

Grass
pasture/hay

40 50 50 50

Grass seed 50 50 50 50

Lettuce 40 50 40 20

Milo 50 50 50 50

Mint 40 40 40 50

Nursery stock 50 50 50 50

Onions 40 30 30 30

Orchard, fruit 50 50 50 50

Peas 50 50 50 50

Peanuts 40 50 50 50

Potatoes 35 35 35 504/

Safflower 50 50 50 50

Sorghum,
grain

50 50 50 50

Spinach 25 25 25 25

Sugar beets 50 50 50 50

Sunflower 50 50 50 50

Vegetables

30–60 cm
root depth

35 30 30 35

90–120 cm
root depth

35 40 40 40
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Example
The root depth of an orange tree is zR =1.5 m. The soil 
has 56 % solid particles, and 44 % voids. After drainage, 
the 50 % of the void volume contains water and 50 % 
holds air. At the wilting point, the void volume is 25 % 
water. What is the soil water holding capacity (SWHC)? 

Solution
𝜃+, = 0.44 ∗ 0.5 = 0.22 → 22%

𝜃-.- = 0.44 ∗ 0.25 = 0.11 → 11%

𝐴𝑊𝐶 = 𝜃+,- 𝜃-.- = 0.22 − 0.11 = 0.11

𝑇𝐴𝑊 = 𝑆𝐻𝑊𝐶 = 𝐴𝑊𝐶 ∗ 𝑧/ = 0.11 ∗ 1.5 = 0.165 m*

*Note: Actually, only about half of the SWHC or TAW (total 
available water) is available to the plant so only about 8 cm of 
water would be available between irrigation events. This means 
that if the evapotranspiration rate was 1 cm/day, then the field 
would need to be irrigated every 8 day 

If the soil water content is 𝜃=0.18, then  

𝐷( = 𝜃+, − 𝜃 ∗ 𝑧/ = 0.22 − 0.18 ∗ 1.5 = 0.06 m

and

%𝐷𝑒𝑝 =
(𝜃+, − 𝜃) 

(𝜃+, − 𝜃-.-)
∗100 = 54.5%

If the crop has a MAD=0.4, then 

𝑅𝐴𝑊 = 𝑇𝐴𝑊 ∗ 𝑀𝐴𝐷 = 0.165 ∗ 0.3 = 0.049 m

= 4.9 cm



Quality of the water used for irrigation purposes

Physical quality
• Sediment content and vegetation particles and debris

• Temperature

• pH, etc. 

Chemical quality
• Concentration of dissolved substances (CE, SAR) 

• Ions potentially toxic at high concentrations (B, Cl, Na, HCO3, etc.) 

• Other substances possibly leading to precipitates (carbonates, Fe and 

Mn oxydes, sulfures, etc.) 

Bacteriological quality
• Algaes, bacteria, fungi, spores, etc.



Presence of dissolved solutes

The presence of solutes (e.g., salt) dissolved in water causes several drawbacks  

• increased osmotic pressure, making it harder for plants to mobilise water

• toxicity of certain ions to plants (B, Cl, Na, etc.)

• soil degradation (changes in structural state, reduced hydraulic conductivity, etc.)

• Freshwater < 0.5 g/l

• Saline water from 0.5  to 1 g/l

• Very saline water from 1 to 3 g/l

• Brackish water > 3 g/l

Waters can be classified on the basis of the solutes concentration alone : 

(Sea water ranges between 33-37 g/l)

𝐶7" = 𝐸𝐶7" E 640

Water and Salinity Stress 4

Continually applying salt-laden irrigation water to soils can
lead to soil salinization because plants leave most of the salts

behind as they uptake water. Osmotic potential energy in

saline soils is negative and resists the movement of water
toward plant roots. According to the FAO, approximately

3 ha per minute are lost to soil salinization in the world, and

80 million ha have already been lost to soil salinization.
Salinity management practices such as leaching water

below the root zone are needed to prevent salt accumulation

in the root zone. Leaching takes place when irrigation is
increased beyond the evapotranspiration requirement. On

the other hand, excess water in the soil restricts the move-

ment of oxygen into the soil. Plants require oxygen for the
roots as the conduct respiration at night. Insufficient water

reduces crop evapotranspiration, and there is generally a

linear relationship between percent depletion beyond the
management allowed depletion and yield reduction. Crop

yield reduction due to water or salt stresses can be quantified

by plant stress coefficients, which reflect the plant sensitivity
to stress. Water and salinity stress coefficients as well as

methods to measure and control salinity are described in this

chapter.

Salinity Units

Salts, in the solid phase, are composed of a metal and a ligind

joined together by an ionic bond: for example, sodium (Na+)

and chloride (Cl!). Because of differences in electronega-
tivity, the metal loses one or more electrons and becomes a

positively charged ion (cation), and the ligind gains one or

more electrons and becomes a negatively charged ion
(anion) when salts are dissolved. Common cations and

anions in irrigation water are listed in Table 4.1. The equiv-

alent mass of an ion is the molecular mass divided by the
valence: the mass of substance required to form one mole of

charge when dissolved in water.

Because ions carry electric charge, electrical conductivity
of water increases with salinity. Thus, salinity can be

measured with an electrical conductivity meter. Common

units are decisiemens/meter (dS/m) and mmhos/cm, which
equal each other. The conductivity measurement, dS/m, is

multiplied by 640 in order to obtain ppm or mg/L of salts in

solution. Depending on the proportion of different salts in
water, the constant 640 varies from region to region.

Ciw ¼ ECiw*640 ð4:1Þ

where

Ciw ¼ total salinity of water, mg/L

ECiw ¼ electrical conductivity of the irrigation water, dS/m.

Saturated paste extract salinity, ECe, is the standard mea-

surement for soil salinity. In this test, a portion of soil is
ground to a fine powder. Water is then added to the soil until

it is saturated and the surface glistens. After allowing the soil

to equilibrate for 1 day in a Buchner funnel, a vacuum is
applied to the funnel, and soil water is extracted. Then, the

electrical conductivity of the water extract is measured.

Instructions on conducting a saturated paste extract test can
be found in Methods of Soil Analysis, Part 1 – Physical

Methods, published by the Soil Science Society of America.

It is important to follow these instructions precisely in order
to obtain a standardized measurement of saturated paste

extract salinity.

Several unit systems are used to express salt concentra-
tion in water. The selection of the unit system generally

depends on the purpose of the measurement. For example,

the total mass of salts in water is expressed by mass (mg/L)
whereas the quantity of carbonate that must be neutralized

by acid is expressed in meq/L (moles of charge). The

valence is denoted by z.

# Springer International Publishing Switzerland 2016
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From electrical condutivity measures one can go back to the 
total salinity



Salinity and osmotic potential energy

Molarity, mol/L ¼ moles of solute (dissolved substance)/

volume of solution
Concentration, mg/L ¼ mass of solute/volume of solution

Equivalents/L, eq/L ¼ (moles/L) (z)

Normality, meq/L ¼ (moles/L) (z) (1,000)
Parts/million, ppm ¼ g of solute/106 g solution (same as

conc. (mg/L))

Example 4.1 Calculate the mass of calcium chloride,

CaCl2, dissolved in 3 liters of water, which results in chlo-
ride molarity equal to 0.15. Calculate the concentration of

chloride ions.

Molarity is the number of moles of substance (calcium or
chloride ions in solution) in one L of water. If the molarity of

chloride ions is 0.15, then the number of moles of chloride in

the water is calculated as follows:
0:15 moles=L * 3 L ¼ 0:45 moles Cl":

Two moles of chloride ions are produced for every mole

of calcium chloride dissolved. Thus, 0.45/2 ¼ 0.225 moles
of calcium chloride are required.

The molecular weight of calcium chloride, CaCl2, is

calculated as follows:

Ca " 40:1 g=mole
Cl " 35:5 g=mole
CaCl2 " 40:1 þ 2 35:5ð Þ ¼ 111:1 g=mole

Calculate the mass of CaCl2 required. 0.225 moles (111.1 g/

mole) ¼ 27.8 g CaCl2

Calculate the concentration of chloride in solution.

0:15 moles Cl"

Liter

! "
35:5 g

mole

! "
1, 000 mg

g

! "

¼ 5, 325 mg=L

In-class Exercise 4.1 Calculate the mass of calcium car-

bonate, CaCO3, dissolved in 4 L of distilled water that
results in carbonate molarity equal to 0.0015. Calculate the

concentration of carbonate ions in the water.

Osmotic Potential Energy in Soils

Osmotic potential is caused by the fact that water with a

higher concentration of salts has a lower energy (more

negative) than water with a lower concentration of salts.
Thus, water is driven toward the higher salinity region, or

it is impeded from flowing away from the high salinity
region in the case of plant water uptake. Thus, if salinity is

high in the soil, then the plant has difficulty pulling water

from the soil.
The osmotic potential energy in saturated soils can be

calculated with the following equation:

ψs ¼ "3:6*ECe ð4:2Þ

where

ECe ¼ electrical conductivity of the saturated paste extract,
dS/m

ψs ¼ Osmotic potential, m.

As the soil dries, the salinity increases. The osmotic

potential as a function of water content is

ψ s ¼ "3:6*ECe*
θsat
θ

ð4:3Þ

where

θsat ¼ saturated water content (by volume), ml/ml

θ ¼ actual water content (by volume), ml/ml

Example 4.2 Calculate osmotic potential in the soil at 25 %
water content if ECe ¼ 1 dS/m, and saturated water content

is 50 %.

ψ s ¼ "3:6*ECe*
θs
θ
¼ "3:6*1*2 ¼ "7:2 m

¼ "0:72 atmospheres

Table 4.1 Molecular mass and valence of common ions in water

Molecular mass
(g/mole) Valence

Equiv mass
(g/equiv)

Cations

Ca2+,
calcium

40.1 2 20.05

Na+, sodium 23 1 23

K+,
potassium

39.1 1 39.1

Mg2+,
magnesium

24.3 2 12.15

NH4
+,

ammonium
14 + 4 ¼ 18.0 1 18.0

Anions

Cl", chloride 35.5 1 35.5

SO4
2",

sulfate
32 + 4 * 16 ¼ 96 2 48

NO3
", nitrate 14 + 3 * 16 ¼ 62 1 62

CO3
2",

carbonate
12 + 3 * 16 ¼ 60 2 30

PO4
2",

phosphate
31.0 + 4 * 16 ¼ 95 2 47.5

HCO3
",

bicarbonate
1 + 12 + 3 * 16 ¼ 61 1 61

52 4 Water and Salinity Stress

The effect of salinity in a soil can be observed in the
graph at the bottom of the Soil Water Characteristics Calcu-

lator. Figure 4.1 was made in the Soil Water Characteristics

Calculator for a clay loam soil and a saturated paste extract
salinity of 5 dS/m. The red line represents matric + osmotic

potential, and the green line represents matric potential

alone. At 3 bar osmotic potential, the saline soil has 31 %
water content and the nonsaline soil has 25 % water content

(Fig. 4.1). If a plant can only remove water to 3 bar potential,

there would be 6 % less water available to the plant in the
saline soil. This difference represents the deceased avail-

ability of water for the plant. The overall effect of salinity

is that it increases the permanent wilting point water content
but leaves the field capacity the same. A change of 5 dS/m

only decreases the water content of the permanent wilting

point (15 bar) by 1 %, but there is a much greater difference
at less negative matric potentials. Thus, the effect of salinity

is most detrimental to salt sensitive and drought sensitive

plants, which extract less water from the soil between
irrigations.

Plants develop extremely negative osmotic potential

energy by maintaining high solute (sugars and salts) concen-
tration within cells. This creates an energy gradient that

draws water from the soil. The osmotic potential within

the plant must be significantly lower (more negative) than
the combined matric and osmotic potential in the soil in

order to draw water into the plant at the potential

evapotranspiration rate.
Water moves through the plant from soil to atmosphere

because the energy of water in the atmosphere is lower than

the energy of water in the plant or the soil. The energy of
water in the atmosphere is a function of the relative humidity.

The energy of water is zero in the atmosphere at 100 %

relative humidity, but it decreases to negative
1,000 atmospheres at 50 % relative humidity. The plant

water energy, due to high sugar and salt concentration, ranges
from !10 to !20 atm at midday, while the soil water energy

ranges from 0 to !15 atm. Because the partial pressure of

water in the atmosphere is less than that of the plant, which is

less than that of the soil, water moves from the soil, through
the plant, and to the atmosphere. Thus, the plant is a passive

conduit that allows water to pass through based on the overall

energy gradient between the atmosphere and the soil. The
water column does not separate in the plant at negative energy

potentials because of water’s cohesive properties.
Water transpires from the roots, through the plant, and to

the leaf surface through long, hollow, dead cells called

xylem. Plants form sugars in the leaves through photosyn-

thesis, and sugars are carried downward from the leaves to
the roots in long, hollow, live cells called phloem. Xylem

and phloem are like veins; thus, plants are referred to as

vascular systems.
Plant cells have a selective semipermeable membrane

lying just inside the cell wall. Some molecules, such as

water, passively diffuse through the membrane. Other
molecules are actively transported through the membrane

wall by proteins that are embedded in the membrane. Thus,

if the cell would like some extra sugar for dinner (for use in
respiration), then it would tell the protein to pass some sugar

through the membrane.

Sugars are transported from source leaves through the
phloem to other locations within the plant. Phloem tissue

expands as the quantities of translocated sugars increase.

Unlike transpiration’s one-way upward flow of water sap in
the xylem, sugars in phloem sap can be transported in any

direction needed so long as there is a source of sugar and a

sink able to use or store the sugar. The source and sink may be
reversed depending on the season, or the plant’s needs. Sugar
stored in roots may be mobilized to become a source of food

in the early spring when the buds of trees, the sink, need
energy for growth and development of the photosynthetic

apparatus. Phloem sap is mainly water and sucrose; but

other sugars, hormones and amino acids are also transported.
Because sugars are concentrated in the cell, the osmotic

potential (chemical potential) of water in the cell is negative.
The osmotic potential (Gibb’s free energy) of cell water is

G J=moleð Þ ¼ RT ln Cð Þ ð4:4Þ
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Fig. 4.1 Effect of salinity on soil-water retention in Soil Water Characteristics Calculator
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Appreciation indexes (salinity risk)

Risk of salinity

Electrical conductivity EC (CE in french) at 25 oC

Classes de risque :

EC ≤ 250  𝜇S/cm Risque faible

250 < EC  ≤  750 Risque moyen

750 < EC  ≤  2250 Risque élevé

EC > 2250 Risque très élevé

* SAR : sodium adsorption ratio

Risk of alcalinity

NaSAR
Ca Mg

2

+

++ ++
=

+

Na, Ca et Mg in mmolc/l

SAR*≤ 10 Risque faible

10 < SAR ≤ 18 Risque moyen

18 < SAR ≤ 26 Risque élevé

SAR > 26 Risque très élevé

Classes de risque :



Salinity tolerance of some crops

Table 4.2 Threshold ECe and b values (from FAO 56)

Crop1 ECe threshold
2(dS m!1)3 b4 (%/dS m!1) Rating5

a. Small vegetables

Broccoli 2.8 9.2 MS

Brussels sprouts 1.8 9.7 MS

Cabbage 1.0–1.8 9.8–14.0 MS

Carrots 1.0 14.0 S

Cauliflower 1.8 6.2 MS

Celery 1.8–2.5 6.2–13.0 MS

Lettuce 1.3–1.7 12.0 MS

Onions 1.2 16.0 S

Spinach 2.0–3.2 7.7–16.0 MS

Radishes 1.2–2.0 7.6–13.0 MS

b. Vegetables – Solanum family (Solanaceae)

Eggplant – – MS

Peppers 1.5–1.7 12.0–14.0 MS

Tomato 0.9–2.5 9.0 MS

c. Vegetables cucumber family (Cucurbitaceae)

Cucumber 1.1–2.5 7.0–13.0 MS

Melons – MS

Pumpkin, winter squash 1:2 13.0 MS

Squash, Zucchini 4.7 10.0 MT

Squash (scallop) 3.2 16.0 MS

Watermelon – – MS

d. Roots and tubers

Beets, red 4.0 9.0 MT

Parsnip – – S

Potato 1.7 12.0 MS

Sweet potato 1.5–2.5 10.0 MS

Turnip 0.9 9.0 MS

Sugar beet 7.0 5.9 T

e. Legumes (Leguminosae)

Beans 1.0 19.0 S

Broadbean (faba bean) 1.5–1.6 9.6 MS

Cowpea 4.9 12.0 MT

Groundnut (peanut) 3.2 29.0 MS

Peas 1.5 14.0 S

Soybeans 5.0 20.0 MT

(continued)
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Classification diagram for irrigation water quality

 

C1 S1 Good quality water. Precautions with sensitive plants. 

 

C1 S2 Average to good quality. Use with caution in heavy, poorly 

C2 S1 drained soils and for sensitive plants (fruit trees). 

 

C2 S2 Average to poor quality.  

C1 S3 Use with caution. Need for drainage with doses of leaching  

C3 S1 and/or addition of gypsum. 

 

C1 S4 Poor to mediocre quality.  

C2 S3 Exclude sensitive plants and heavy soils. Can be used with great  

C3 S2 precautions in light and well drained soils with doses of leaching  

C4 S1 and/or addition of gypsum. 

 

C2 S4 Poor quality. To be used with great care,  

C4 S2 only in light, well-drained soils and for resistant plants. 

C3 S3 High risk. Leaching and addition of gypsum essential. 

 

C3 S4 Very poor quality. Use only in exceptional  

C4 S3 exceptional circumstances. 

 

C4 S4 Not recommended for irrigation 

Interpretation of classes corresponding to saline 
risks - alkaline risks

USA Soil salinity Laboratory



Water quality assessment for irrigation use
 

 
 Nature des problèmes potentiels Sans  

problème 
Problèmes 

légers à 
modérés 

Problèmes 
sérieux 

 
 Disponibilité de l’eau pour la 

plante 

   

  CE  (mS.cm-1)  <  750  750  -  3000  >  3000 
  Concentration totale  (mg.l-1)  <  500  500  -  2000  >  2000 

  
  Toxicité spécifique 

 
 

 
 

 
 

  
  Absorption par les racines 

 
 

 
 

 

  
  Sodium (mg.l-1) 

 
 <  70 

 
70  -  200 

 
 >  200 

  Chlorure (mg.l-1)  <  150 150  -  350  >  350 
  Bore (mg.l-1)  <  0.75 0.75  -  2  >  2 

  
  Absorption par les feuilles  
 (aspersion)  

  
 

  

  
  Sodium (mg.l-1) 

 
 <  70 

 
 >  70 

 
 

  Chlorure (mg.l-1)  <  100  >  100  
    
  
  Nuisances diverses 

 
 

 
 

 
 

  
  Azote total   (mg.l-1) 

 
 <  5 

 
 5  -  30 

 
 >  30 

  Bicarbonate (asp.)  (mg.l-1)  <  90  90  -  500  >  500 
  pH 6.5  -  8.4 <  6.5  et  > 8.4  
 
  Goutte à goutte 

 
 
 

  

  Pop. bactérienne (nbre par ml) < 10'000 10'000 - 50'000 > 50'000 
 Manganèse (mg/l)  < 0.1 0.1 - 1.5 > 1.5 
 Fer  (mg/l) < 0.1 0.1 - 1.5 > 1.5 
 H2S  (mg/l) < 0.5 0.5 - 2.0 > 2.0 

 
 

Evaluation de la qualité de l'eau d'irrigation 
 


