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Determination of the crop water requirement
using new technologies
The aim of this Deliverable is to present new knowledge and results of testing the robustness,
reliability and suitability of new technologies to determine the crop water requirements based
on measurements of actual evaporation and soil moisture. At Bologna, Italy site, Large
Aperture Scintillometer (LAS) is tested in comparison with Eddy Covariance to measure the
actual evaporation over cropped fields during 2014 and 2015 cropping seasons. Cosmic rays
probes as novel method to measure soil moisture at area based scale has also been used on the
same site.
The field experiment: site and instrumentation
The instruments have been placed in the CER’ experimental farm and measurement started at
the beginning of the 2014 irrigation season (May 2014). Two specific campaign of soil
moisture measurements has been designed and carried out specifically to calibrate Cosmic ray
probes. The first campaign was carried out during and just after the instruments installation to
check their correct functioning. The second, started in May 2015 during summer crop season,
aimed to calibrate the COSMOS soil moisture and effective depth.
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The instruments have been installed at the locations shown in Figure 1. Satellite
communication devices were also acquired, wired and setup to allow remote data transfer and
monitoring of the regular functioning of the sensing instrumentation. Soil moisture sensors
have been deployed in nearby experimental fields and calibrated for the specific soil conditions.
Measurements of canopy cover, dry matter also took place. Soil moisture was measured using
Profile probes (PR2), soil moisture sensors and cores for laboratory determination of soil
moisture.

Figure 1: Instrument locations at the CER experimental farm (Mezzolara)
The area influencing the measurement has been calculated in line with the dominant wind
direction (Figure 2).
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Figure 2. Prevailing wind direction influencing Eddy covariance and Scintillometer
measurement (Mezzolara), footprint.

Eddy Covariance (EC) measurements of actual evaporation, ETa
The Eddy covariance, EC system provides the most direct measurement of actual
evapotranspiration, with the least assumptions and modelling steps compared with the other
methods of scintillometry and Penman-Monteith modelled potential evaporation. The area of
measurement, for this sensor height, is of the order 100 m x 20 m for typical daytime and is a
narrow ellipse shape footprint on the ground upwind of the EC mast location. This becomes
clearer (see the results section) when footprint analysis is done and measurement maps are
produced showing the percentage contribution of each crop type. It is important to bear in
mind that the crop type(s) measured for their Eta vary with wind direction.
There have been few problems with the system also due to the relatively hot and dry
conditions, also, few data were lost due to precipitation affecting the open-path infra-red gas
analyser of the Campbell Scientific IRGASON EC sensor. Therefore, there are some small
data gaps due to technical issues.
The very low winter evaporation rates are of course limited by the available energy
from the sun, as the solar radiation decreases in winter the evaporation is correspondingly
decreases. The reference Penman-Monteith evaporation (ETo) is compared with the EC
measurements of actual evaporation (ETa) and ETc the crop reference evapotranspiration.
The ETa values are expected to reflect the contribution of bare soil or senesced crops
such as wheat at some times of the year (and for certain wind directions). Therefore footprint
analysis is necessary to disaggregate crop types, such that ETa can be assigned to specific
crops.
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Large Aperture Scintillometery, LAS to measure Actual Evaporation, ETa – Scintillometer
BLS450
The Scintillometer is sensitive to thermal sensible heat flux (H) and is not directly
sensitive to the latent heat flux (LE, the evaporation), furthermore Monin-Obukhov similarity
theory is required to calculate H from the measured Scintillation. This requires a number of
assumptions and an empirical stability function, thus there may be more uncertainty in these
measurements of H compared with those of EC. However, these cautions should be balanced
by potential advantages of non-invasive measurements (the Scintillometer can be considered
as ground-based remote sensing, with no sensors within the field, only a beam of light above
the field). More significantly, the Scintillometer offers a much larger sampling volume and
statistically reliable fluxes can be measured in a few minutes, compared to 30 mins for EC.
Here we estimate the actual evaporation derived from the Scintillometer as ETScinty from the
surface energy balance:
,
Where, Rnet is the net radiation and G is soil or ground heat flux. These measurements
are taken from the EC meteorological instruments and totalled up to daily values. Whilst the
measurements are central to the Scintillometer path, they are only very small area or
effectively point measurements and will be influenced by the local vegetation, particularly for
G. Some improvements are usually required to better estimate G for the large footprint of the
Scintillometer to avoid considerable uncertainty in ETScinty.
Results

Actual Evaporation by Eddy Covariance and Scintillometer
The Eta Scinty and Eta Eddy are shown together in Figure 3, however they are not
directly comparable given the much larger footprint of the Scintillometer, therefore they are
measuring different proportions of each crop type and are not expected to be the same, but
will be highly correlated and perhaps bounded by one another.
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It is very interesting to see that despite the above caveats, the ETScinty and Eta Eddy are
quite similar in magnitude much of the time, and are already much more similar
demonstrating the real value of these measurement technologies.
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Evapotranspiration, Eta comparison at Budrio W4C site,
Bologna, Italy
Eta Eddy Covariance
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Figure 3. Comarison between actual evaporation measured by Eddy Covariance and by the
Scintillometer.
The contribution of the different crops within the Eddy Covariance footprint to the total
actual Evaporation is shown in Figure 4 for 2014 and in Figure 5 for 2015.
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2014 Eta Eddy covariance footprint contribution: Wheat 44%, Maize 35%, Tomato
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Figure 4. 2014 Eta measured by Eddy Covariance and the relative contribution of the crops
within the footprint to the total Eta.
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2015 ETa footprint: Wheat ETa 51%, Maize 3.4%, Tomato, Other crops 45%
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Figure 5. 2014 Eta measured by Eddy Covariance and the relative contribution of the crops
within the footprint to the total Eta.
Eta measured by Eddy covariance and Scintillometer were compared with the
reference evaporation ETo calculated by Penman Monteith Equation (FAO-modified
equation) as shown in Figure 6.

Figure 6. Comarison between actual evaporation measured by Eddy Covariance and by the
Scintillometer versus the reference evaporation calculated by Penman-Monteith equation.
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Figure 7 shows overall results of the actual evaporation as measured by Eddy
Covariance and Scintillometer compared with the calculated reference evapotranspiration,
Eto and the calculated crop evapotranspiration. The latter was calculated as a multiplication
of Eto and the crop coefficient of each crop for each growth stage during the growing
seasons. The two figures show clearly that the Eta of Eddy Covariance and Scintillometer are
significantly lower than the calculated Eto and Etc.
The results show obvious differences between ETo, ETc, Eta Eddy and Eta scinty.
The ETc and ETo shows higher values than those of Eta Eddy and Eta scinty. On average for
2014 and 2015 cropping seasons, the actual evaporation of Eddy Covariance and
Scintillometers represent 57% and 40% of the ETo, respectively. These are quite significant
differences.
These results show a potential water saving in irrigation should the crop water requirement is
based on actual measured evapotranspiration rather than the widely used classical methods
that depends on calculating the reference evapotranspiration, Eto or the crop
evapotranspiration, Etc from meteorological data. Eto is evaporation at potential rather than
actual level and the ETo would represent the atmospheric demand rather than the crop
demand for water. The exact percentage of water saving will differ between seasons and
crops but will always be actual irrigation water requirement. However at present, with only
two seasons, the indication is the Eta is around 40% to 57% the Eto which is used globally to
estimate the crop irrigation requirement.
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Figure7. Comparison between actual evaporation measured by Eddy Covariance, reference
transpiration for grass estimated from Penman-Monteith Equation and Crop evapotranspiration
calculated from Eto and the crop coefficient KC.
Soil moisture using COSMOS technology
Soil moisture acquired by COSMOS on hourly. Figure 8 shows the long time-series
of COSMOS volumetric water content (VWC) data. The bottom panel shows how the
effective measurement depth of the COSMOS sensor varies with VWC, becoming deeper in
drier conditions. There are very clear responses of VWC to precipitation, in particular there
was 39.4 mm precipitation on 26/7/2014, with a further 31.0 mm on 30/7/2014. Precipitation
is plotted, but any irrigation applied is not yet shown here. The dry-down following those
events is clearly shown in the time series, indicating good sensitivity of the COSMOS sensor.
The SMD can tend to less than zero, since the COSMOS sensor can respond not only
to VWC but also any ponded water (e.g. after heavy rain on the clay soils), intercepted water
and water contained in the biomass; this implies that when these effects are better understood
and quantified, the reported VWC could be more accurate. The SMD is the main indicator of
need for irrigation and is used by the farm managers in a decision support system. The
question here is whether the COSMOS sensor provides an accurate and useful measurements
that cover the rooting depth for which the SMD and irrigation water requirement are
9

Water4Crops
estimated. However, should the COSMOS proved to be measuring a shallower depth that
does not extend to the full root zone, there will be a need to apply a model such as the twolayers model (Ragab, 1995) to obtain soil moisture and SMD of deeper layers from the
knowledge of the shallow layer and soil physical properties. However, Figure 8 shows a
shallow depth of no deeper than 20 cm. As illustration on how the soil moisture can be
incorporated into SMD calculation and how SMD can indicate different crop water stress
levels, Figure 8 bottom, shows SMD based on the estimated effective depth.
The SMD has been simply colour coded, as a demonstration, of crop water stress
SMD thresholds and show how these data can be used to indicate the need for irrigation. The
different level of stress is based on FAO guidelines as given in Allen et al. 1998: SMD ≤
25%, no stress, SMD >25 & ≤ 50% moderately stressed, SMD >50 & ≤ 75% stressed and
SMD > 75% is highly stressed. As an example in Figure 8 bottom, the green colour
represents no stress, the orange colour represents moderate stress and the red colour
represents stressed condition.
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Figure 8. Soil moisture as measured by COSMOS Technology, June 2014-October
2015.
The effective depth of the COSMOS as shown in figure 8 is based on standard
equation provided by the COSNOS developers. However, recent literature reported effective
depth up to 70 cm, (Franz et al., 2012). Therefore, a calibration process using profile probe,
soil moisture sensors and soil cores was conducted in 2015 using the scheme shown in Figure
9.
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Figure 9. 2015 Cosmic ray probe calibration: access tube distribution over the COSMOS probe
dominated area.
This scheme aimed to provide information about the exact depth of COSMOS measurements.
Moreover, additional efforts were carried out to correct the neutron counts due to the
contribution of the water in the biomass. The correction 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 1Kg of dry matter per m2. As the dry matter was collected not on a
daily basis, SALTMED model (Ragab 2015) was applied to simulate the daily dry matter.
Examples of the model results are shown in figures 10 and 11 for maize and tomato,
respectively.
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Figure 10. SALTMED model simulation of dry matter of maize, 2015.

Figure 11. SALTMED model simulation of dry matter of tomato, 2015.
At the same time, SALTMED model simulated the soil moisture and compared with
the sensors measured soil moisture of the 0-50 cm layer. The model was able to
simulate both the dry matter and the soil moisture of the sensors reasonably well with
good R2 as s shown in Figure 12 and 13.
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Figure 12. SALTMED simulated soil moisture compared with measured soil moisture
by sensors for 0-50 cm layer.

Figure 13. 1:1 relation between SALTMED simulated soil moisture and measured soil
moisture by sensors for 0-50 cm layer.
The corrected neutron counts were used to adjust the soil moisture of COSMOS. The
correction for biomass resulted in a soil moisture difference up to 7%. Figure 14
shows the correction for biomass for the cropping seasons of 2014 and 2015.
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Figure 14. Soil moisture of COSMOS with and without correction for biomass water.

Figure 15 shows the comparison between the corrected COSMOS soil moisture and
average sensors soil moisture (0-50 cm) of all plots in the COSMOS footprint.

Figure 15. Comparison of corrected COSMOS soil moisture with average sensors soil
moisture (0-50 cm) for 2014.
The soil cores soil moisture (0-50 cm|) were also compared with the COSMOS soil
moisture as shown in Figure 16.
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Figure 16. Soil cores soil moisture (0-50 cm) compared with the COSMOS soil
moisture for 20914-2015 cropping seasons.

In addition, the Soil moisture of COSMOS was compared with the profile probes
measurements in the foot print of COSMOS for 0-40 cm and 0-60 cm layers as shown
in Figure 17.

Figure 17. COSMOS soil moisture compared with the profile probes measurements in
the foot print of COSMOS for 0-40 cm and 0-60 cm layers.
Overall comparison, COSMOS soil moisture was compared with the soil cores (0-50
cm), sensors (0-50 cm) and SALTMED model soil moisture for 0-50 cm layer as
shown in Figure 18.
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Figure 18.COSMOS soil moisture compared with the soil cores (0-50 cm), sensors (050 cm) and SALTMED model soil moisture for 0-50 cm layer.
The above results shows that COSMOS soil moisture falls within the band of the top
50 cm soil layer soil moisture measured by sensors, soil cores and profile probes supported
by the model. This could indicate that there is a possibility that COSMOS probe’s effective
depth could be within the top 50 cm of the irrigated lands particularly during the summer
crop seasons. In such case, knowing that almost 80% of the crop root system is
accommodated within the top 50 cm, the COSMOS measurement could be useful for
monitoring the soil water status and subsequently soil moisture deficit in the root zone. As
soil moisture deficit is also used as indicator for irrigation water requirement, crop irrigation
requirement could also be based on soil moisture deficit of the root zone or the top 50 cm of
soil when measured by COSMOS probes.

Concluding remarks
The results showed significant differences between actual evaporation values
measured by the new technologies of Eddy Covariance and Scintillometer when compared
with the widely worldwide used potential reference evaporation calculated from
meteorological data using Penman-Monteith equation, ETo and the crop potential
evaporation based on the ETo and the crop coefficient, Kc. The ETc and ETo showed higher
values than those of Eta Eddy and Eta Scintillometer. On average the actual evaporation of
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Eddy Covariance and Scintillometers for the cropping seasons 2014 and 2015 represented
57% and 40% of the ETo, respectively. These are quite significant differences.
These results indicate that there is a potential water saving in irrigation should the crop water
requirement is based on actual measured evapotranspiration rather than the calculation based
on the widely used Penman –Monteith equation and possibly other methods calculating
potential evaporation not the actual. Calculating the reference evapotranspiration, Eto or the
crop evapotranspiration, Etc from meteorological data, produces potential evaporation that
would represent the atmospheric demand for water rather than the crop demand for water.
Accurate crop water requirement should be based on crop and soil demand but not on
atmospheric demand for water. The Eddy Covariance, Scintillometer and the COSMOS
technologies are one step in the right direction as they provide values representing the crop
and soil demand for water which is the essence of estimating the actual crop irrigation water
requirement. The exact percentage of water saving by using these new technologies will
differ between seasons and crops but will always be actual irrigation water requirement.
However at present, with only two cropping seasons’ results, the indication is the actual crop
water requirement based on the new technology could save at least 40% of irrigation water
estimated by the commonly used methods for potential evaporation such as Penman –
Monteith equation.
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