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• Accurate estimation of irrigation water requirements could save water and 
minimize losses, allowing more land to be irrigated and subsequently more 
food to be produced.

• We need to double the food production by 2050 to feed 9.8 billion inhabitants 
while the water resources supplies are limited. 

• Irrigation practitioners have always faced the challenge of “when to irrigate 
and how much water to apply”. To answer those questions several methods 
have been developed but the accuracy of all those methods and the scale they 
represent are of great importance.
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Rational



1. Equations based on meteorological data (temperature, energy or 
combination) & empirical equations

2. Soil Measurements (moisture content, soil moisture deficit, SMD, zero 
flux plain, moisture profiles , soil water balance, etc.

3. Plant Measurements: sap flow

4. Lysimeters (lysimeter is a measuring device to measure the amount of 
actual evapotranspiration released by plants and soil surface. 
Lysimeters are of two types: weighing and non-weighing.

5. Measurements (direct/indirect) of the evaporation flux; Class A pan, 
Bown ration, Eddy Covariance, Scintillometers. The accuracy of all those 
methods and the scale they represent are of great importance. 
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Crop Water Requirement determination



Sub-Humid
Climate

Mediterranean
Climate

Efficient water use in irrigated agriculture

http://www.water4crops.org/



www.water4crops.org

Eddy Covariance Scintillometer COSMOS

http://www.water4crops.org/
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Eddy Covariance The Eddy Covariance method is one of the 
most accurate, direct approach for 
measurements of gas fluxes and 
monitoring of gas emissions.

The method relies on direct and very fast 
measurements of actual gas transport by a 
3-D wind speed in real time in situ, 
resulting in calculations of turbulent fluxes 
within the atmospheric boundary layer

In fluid mechanics and transport phenomena, an eddy is not a property of 
the fluid, but a violent swirling motion caused by the position and 
direction of turbulent flow.  An eddy is a circular current of water

Direct measurement of evaporation, 
sensible heat flux & CO2 flux + Rn & G.
Crop area measured depends on wind 
direction
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LI-COR Biosciences | Brief Guide To Eddy Covariance Measurements : 
https://www.licor.com/env/pdf/eddy_covariance/Brief_Intro_Eddy_Covaria
nce.pdf

Eddy Covariance



Actual Evaporation 
measurements using the 
Scintillometer

Scintillometers, LAS transmits near-infrared light from its 
transmitter and its receiver measures fluctuations of the 
beam irradiance. This beam fluctuations are caused by 
inhomogeneities of the refractive index along the optical 
path, which, in turn, is generated by turbulent eddies



Combine optical/infra-red with micro/radio-wave scintillometer – sensitive to 
both temperature and humidity fluctuations.

ρ (T, q)

Transmitters Receivers

Beams cross at centre 
of path

IR
MW IR

MW

Scintillometry at multiple wavelengths

Up to 10 km Path Length

Refractive index changes because of air density differences caused by heat T 
and relative humidity/moisture, q.  Scintillometry uses these changes in the 
refractive index of air to derive surface fluxes. 



Scintillometry uses changes in the refractive index of air to derive 
surface fluxes. 

Turbulent eddies moving in and out of the transmitted beam scatter 
the radiation. The amount of scattering depends on the refractive 
index (n) of air parcels, which depends on their density (ρ) which, in 
turn, depends on their temperature (T) and water vapour content 
(specific humidity, q). 

From the fluctuations in T and q, surface fluxes can be obtained.
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Scintillometry



Receiver

Transmitter

The Scintillometer footprint at the CER experimental farm (Mezzolara). 
Contribution to Eta increases from green to yellow to red areas.  



Actual evapotranspiration, ETa, measured by Eddy Covariance 

and the relative contribution of the crops within the footprint to 

the total ETa for the 2014 season.



FAO Modified Penman-Monteith Equation



Penman - Monteith, FAO-56 (1998)version
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Reference Evapotranspiration, ETo, Crop Evapotranspiration, ETc , Actual 
Evapotranspiration by Eddy Covariance, ETa Eddy and by Scintillometer, ETa Scint   

Eta Eddy ETa Scint ET0 ETC

Eta Eddy/Eto % Eta Scint/Eto % Eta Eddy/Etc % Eta Scint/Etc %

44.46 34.38 45.14 34.91

Comparison between actual evapotranspiration measured by Eddy 

Covariance and Scintillometer, reference evapotranspiration estimated from 

Penman-Monteith equation and crop evapotranspiration calculated from 

ETo and the weighted mean of the crop coefficient Kc. 



• The ETc and ETo obtained by Penman-Monteith equation, showed 

higher values than those of ETa obtained by Eddy Covariance and 

Scintillometer. 

• On average the actual evapotranspiration of Eddy Covariance and 

Scintillometers for the cropping seasons 2014 and 2015 represented 45% 

and 35% of the ETo and ETc, respectively. These are quite significant 

differences. 

• Some Researchers reported having yield at 50% ETc similar to 100% 

ETc. They considered 50%ETc a deficit irrigation. In reality the 50% ETc

perhaps is the actual total crop water requirement and not a deficit 

irrigation at all. We need to re-think what does it mean a deficit 

Irrigation in the light of actual observed ET. 



1. Kashyap and Panda (2001) found that the ET0 obtained by several methods including FAO Penman–
Monteith, Penman, Hargreaves, Blaney Criddle and Turc was in general higher than the ET0 obtained 
from lysimeters. In addition, they also reported that the crop coefficient Kc measured values were 
lower than those reported by Allen et al. (1998). The calculated high ET0 and high Kc led to higher 
estimation of crop water requirement of potato crop in India when compared with the measured 
values of ET0 and Kc. 

2. Eddy Covariance was used to estimate the crop coefficient of drip irrigated
tomato in the Jordan Valley (Amayreh and Al-Abed, 2005). The EC was used to estimate the crop 
evapotranspiration (ETc), then the crop coefficient Kc was calculated as a ratio between ETc and the 
ET0 obtained by the FAO modified version of Penman–Monteith equation (Allen et al., 1998). They 
found that the Kc values obtained using the EC were, on average, 36% lower than those reported 
by the FAO (Allen et al., 1998). Higher Kc values would lead to a significant impact on the estimation 
of crop water requirements and hence irrigation management of the tomato crop.

3. In Portugal, Paço et al. (2006) measured the evapotranspiration over a 3–4-year-old orchard using 
EC. They reported that the FAO-56 Penman–Monteith equation (Allen et al., 1998) overestimated 
crop evapotranspiration when compared with EC.
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Supporting  Findings 



•Calculating the reference evapotranspiration, ETo, or the crop 

evapotranspiration, ETc, from meteorological data, produces 

potential evapotranspiration that would represent the 

atmospheric demand for water rather than the crop demand 

for water. 

•Accurate crop water requirement should be based on crop 

demand rather than on atmospheric demand for water.  



• Another benefit is, these modern technologies of measuring the actual

evapotranspiration do not need the crop coefficient Kc, obtaining Kc is a

major problem to many irrigation practitioners.

• Other methods for measuring actual evaporation can also be useful (e.g. 

weighing lysimeters, etc.) but be aware, the scale is too small.

• If Eddy Covariance or Scintillometers are not available or not affordable, 

short term monitoring of actual evaporation using other methods could 

be used to derive a relationship with the commonly used Eto or Etp that 

are easily obtainable from the standard weather stations. 



Estimating crop water 
requirement using the Soil 

Moisture Observations



Soil cores Cosmic rays

Neutron Probe

Profile Probe

ERT, Electric Resistivity Tomography

Profile Probe

Soil Moisture Measurements 



College Field Top Transect in 
Sheepdrove Farm 21-04-2006. 

64 electrode ERT transect at 0.5m 
spacing crossing 3 distinct vegetation 
types – winter cereal (foreground), 
‘beetle-belt’ (centre), spring cereal 
(distance)

ERT, Electric Resistivity Tomography



College Top
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Soil water contents and distribution trends measured by ERT measured by ERT (June 19th , 2013)



Remote Sensing Soil Moisture 



Ragab, R. 1995. Towards a continuous operational system to estimate the root zone soil 
moisture from intermittent remotely sensed surface moisture. J. of Hydrology. 173: 1-25 



The COsmic-ray Soil Moisture Observation System (COSMOS) 

The principles: 

• The Cosmic ray was discovered by Victor Hess in 1912.

• Fast neutrons are generated naturally at the land surface by 

energetic cosmic rays. These “background” neutrons respond 
strongly to the presence of water at or near the land surface.

• These ambient neutrons are generated primarily by interactions 

of secondary cosmic ray neutrons with terrestrial and 

atmospheric nuclei. 



How does the CRS work?

• High energy neutrons from cosmic 
rays, are slowed and partly 
absorbed by the hydrogen atoms in 
soil water – some lower energy 
‘fast’ neutrons are scattered back 
from the soil.

• The CRS (the vertical tube in the 
photo) continuously counts these 
fast neutrons.

• As soil moisture increases fewer 
fast neutrons escape from the soil, 
and therefore count rate reduces.



COSMOS soil moisture sensors, “Area based” 

• Large scale: 300-700 m radius

of sensitivity

• Non-invasive, completely passive

• Uses background fast neutrons 

generated by Cosmic rays, which are 

scattered (slowed) by H atoms.

• Gives more representative soil 

moisture based on area not on a 

single point. 

• Could help to obtain the SMD to 

estimate irrigation water requirement 

from more area representative 

integrated soil moisture and avoiding 

the point scale measurements / 

heterogeneity. 



Scientific rationale

COSMOS-UK: UK network of area averaged soil moisture 

data (~600 m) at high temporal resolution (~hours)

Soil 
Moisture

weather 
forecasting

hydrological 
outlooks

flood 
forecasting

climate 
science

drought 
monitoring

land-atmosphere 
processes

ecological 
status

groundwater 
recharge

agronomy



COSMOS-UK: Our Network
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http://cosmos.ceh.ac.uk/





http://cosmos.ceh.ac.uk/



The volumetric soil moisture content, θ (m3 m-3) was calculated using Desilets

et al. (2010) analytically derived equation: The neutron counting rate (counts

hr-1), N, the corrected neutron counting rate over dry soil under the same

reference conditions, No, three fitting parameter factors that control the

shape the soil moisture-neutron count rate relation, ao, a1, and a2, being

0.0808, 0.372 and 0.115, respectively. No is determined by field volumetric

sampling and laboratory analysis within the Cosmos footprint.

𝜽 𝑵 =
𝒂𝒐

𝑵

𝑵𝒐
−𝒂𝟏

− 𝒂𝟐

Data processing



The effective depth of Cosmos measurement is defined as the thickness of soil from

which 86% of counted neutrons arise (Zreda et al., 2008).

The effective depth, z (cm), was calculated according to the hypothetical equation

of Franz et al. (2012) as:

𝒛 =
𝟓.𝟖

𝝆 𝝉+ 𝜽+𝟎.𝟎𝟖𝟐𝟗

where ρ is the soil dry bulk density (g cm-3), τ is the weight fraction of lattice 
water of soil mineral grains defined as the amount of water released at 
1000°C (g g-1) and θ is volumetric soil moisture content (m3 m-3).

Data processing



Calibration of COSMOS 

Corrections to Neutron counts were carried out for atmospheric pressure, 
temperature, relative humidity and biomass water content

To identify the effective sensing depth, measurements were taken to verify 
the soil moisture and effective depth of Cosmos: 

1. Profile probe measurements were taken at 10, 20, 30, 40, 60 and 100 cm 
depth at different distances up to 100m away from the COSMOS Tube. 

2. Soil cores were taken at the same depth of the profile probe. 

3. Soil moisture sensors were installed vertically at two depths to give 
average soil moisture of 0–60 cm depth.



Cosmic ray probe calibration: Profile Probe access tubes distribution over 

the Cosmos probe dominated area in 2015. 



The correction for biomass 
water was based on
the equation obtained by 
Baatz et al. (2015) from 
field experiments. Their 
equation suggested a 0.9% 
reduction in fast neutron 
intensity per kg of dry 
matter per m2.

Correction for biomass water content 



The SALTMED model
SALTMED Model is a free download at:
International Commission on Irrigation and 
Drainage, ICID web site:

http://icid-ciid.org/inner_page/41

See SALTMED course on YouTube:     

https://www.youtube.com/watch?v=JRMeUFzuBYU

“SALTMED Publications in Irrigation and Drainage. 
Virtual Issues First published: 20 May 2020 Last 
updated: 20 May 2020. Wiley on line Library”. 

https://onlinelibrary.wiley.com/doi/toc/10.1002/(I
SSN)1531-0361.saltmed-publications 



SALTMED MODEL 

Freely downloaded at:
The ICID web site :

http://icid-ciid.org/inner_page/41

(EU funded) & the basis of the SALTMED model can be found at:

Special Issu : J. Agric. Water Management,volume 78 (1-2), September, 2005, (Guest 
Editor, Ragab Ragab)

The  Results of SAFIR project (EU funded) can be found at:

Special Issu : J. Agric. Water Management,volume 98 (3), December, 2010, (Guest Editor, 
Ragab Ragab)

The results of SWUP-MED project (EU funded) can be found at:

Journal of Irrigation and Drainage, 2015.Volume 64 (1) and the following issues. 

The  use and management of waste water  for irrigation (ICID)can be found at:

Special Issu : Journal of Irrigation and Drainage.volume 54.  (3), 2005, (Guest Editors 
HUIBERS, F.P., RASCHID-SALLY, L. and RAGAB, R. 

“SALTMED Publications in Irrigation and Drainage. 
Virtual Issues First published: 20 May 

2020 Last updated: 20 May 2020. Wiley on line 
Library”. 

https://onlinelibrary.wiley.com/doi/toc/10.1002/(IS
SN)1531-0361.saltmed-publications

The  Results of SALTMED projects 

http://icid-ciid.org/inner_page/41
https://onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1531-0361.saltmed-publications


Cosmos soil water content after correction for biomass water content

The correction for biomass water resulted in a soil moisture difference up to 7%.

Literature has reported the hypothetical effective depth to vary from 12 to 70 cm (Franz 
et al., 2012) and from 15 to 83 cm (Köhli et al., 2015).



Water content adjusted for biomass for 60 cm effective depth as 

verified and tested by field measurements.

COSMOS soil moisture 

The different level of
water stress is based 
on FAO guidelines as 
given in Allen
et al. (1998): SMD ≤ 
25% no water stress, 
25 < SMD ≤ 50%
moderately water 
stressed, 50 < SMD ≤ 
75% water stressed
and SMD > 75% 
highly water stressed

The results showed that 
Cosmos soil moisture falls 
within the top 0-60 cm 
soil layer verified by the 
soil moisture measured 
by sensors, soil cores and 
profile probes supported 
by the SALTMED model. 
This indicates that there 
is a possibility that the 
Cosmos probe’s effective 
depth could be within the 
top 0-60 cm of the 
irrigated lands.



SMD% = [1- (SWC – SWCwp / SWCfc –SWCwp)] 100 

SWCfc and SWCwp represent, soil moisture at field capacity and wilting

point, respectively.

The term (SWCfc –SWCwp) represents the maximum available water for

crops, while the term (SWC – SWCwp) represents the actual available

water on a certain day (FAO - Allen et al., 1998).



Method description Measurement details RMSE

Method Measurement Year
Selected 

plots

Number of 

values
Depth, cm

No of depths 

averaged

Profile probe

In situ-

2015

1 to 9 324 0-40 4 0.0426

Non-continuous 1 to 9 405 0-60 5 0.0452

10, 11, 12 108 0-40 4 0.0363

10, 11, 12 135 0-60 5 0.0369

10 36 0-40 4 0.0384

10 45 0-60 5 0.0394

11 36 0-40 4 0.0356

11 45 0-60 5 0.0370

12 36 0-40 4 0.0374

12 45 0-60 5 0.0376

1 to 12 432 0-40 4 0.0330

1 to 12 540 0-60 5 0.0339

Sensors
In situ- 2014 4 plots 388 0-50 2 0.0423

continuous 2014-15 8 plots 792 0-50 2 0.0667

Soil cores Laboratory
2014-15 45 spots 930 0-50 5 0.0393

2015 40 spots 800 0-50 5 0.0290

Overall average 0.0394

Root mean square error for soil moisture obtained by soil cores, sensors and profile 
probes compared with Cosmos soil water content



Conclusion of COSMOS measurements

• The Cosmos technology is one step in the right direction as it provides

continuous, integrated, area based values and solves the problem of spatial

variability often found in point measurements in relation to the soil spatial

heterogeneity.

• This method could also be used to determine the soil moisture deficit, hence

determine when and how much to irrigate.

• The results showed that Cosmos soil moisture falls within the top 0-60 cm soil

layer verified by the soil moisture measured by sensors, soil cores and profile

probes supported by the SALTMED model. This indicates that there is a

possibility that the Cosmos probe’s effective depth could be within the top 0-60

cm of the irrigated lands.



• Knowing that almost 80% of the crop root system is accommodated 

within the top 50-60 cm, the Cosmos measurement could be useful for 

monitoring the soil water status and subsequently soil moisture deficit in 

the root zone. 

• The Cosmos technology could be made operational for irrigation 

managers to determine when and how much to irrigate to avoid harmful 

water stress. 

• In summary, these results support the use of Cosmos as an integrated 

area based, non-destructive and hazard free method of measuring soil 

moisture and for crop water requirement determination. 



Full paper references
Ragab, R, Evans, J G, Battilani, A, and Solimando, D. (2017) Towards 
Accurate Estimation of Crop Water Requirement without the Crop 
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Ragab, R, Evans, J G, Battilani, A, and Solimando, D. (2017) The 
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