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Message from the Head of ARO
Prof. Eli Feinerman

Natural water scarcity is a “fact of life” in Israel, where demand for natural
freshwater routinely exceeds its supply. The long-term annual average
recharge of natural water (mainly rainfall) for the period 1932-2008, 1.35
billion cubic meters (bcm) per year, masks a downward trend: in the last two
decades, the average has been approximately 1.2 bcm, while the annual
water demand exceeded 2.0 bcm.
In addition to the accumulating overdrafts, the supply of natural water
is unstable and very sensitive to extreme weather events, like the seven
consecutive years of severe droughts (2005 – 2011) that led to a severe water
crisis and a sharp decrease in the ability to utilize the scarce natural resources
without crossing predetermined “red lines” (which indicate the level of water
in reservoirs below which they sustain damage).
The main supply-side steps aimed at mitigating the overdrafts and stabilizing the supply were the development and
utilization of secondary water resources – desalinated sea water and recycled effluents.
Up to the present, the total production capacity of the seawater desalination plants that were built has reached more than
650MCM/Y, about 30% of Israel’s water needs. This massive desalination plan revolutionized the water sector and opens a
new era of reliable water provision, which is capable of coping with the shock of droughts. It also means less emphasis on
conducting water from north to south, and more on shipping it from the Mediterranean Sea in the west to the east.
As for effluent recycling: Supported by more than 500 million dollars of governmental investments, a nationwide
infrastructure of treated effluents plants was developed. Together with proper regulatory conditions this unprecedented
step enabled the reuse of 86% of treated sewage for irrigation and, due to increased availability and affordability – to sustain
and develop a wide spectrum of agricultural fields. To put this in context, Spain reports some 17 percent recycling of its
sewage with Italy and Australia at 10 percent or less.
There are more than 150 recycling plants, supplying close to 550 mcm annually. This amount constitutes 46% of all the water
supplied to agriculture. About half of the waste-water undergoes tertiary treatment, with the remainder utilizing secondary
treatment, generally based on some form of activated sludge technology. In the not-so- distant future, all of the wastewater
utilized by Israeli farmers will be treated at tertiary levels.
The massive introduction of recycled wastewater revolutionized Israel’s water sector and brought with it a higher level of security
for agriculture. Whether or not it is a rainy year, people produce sewage, and it has to go somewhere. So eﬄuents are a reliable
source of water for irrigation. Due to the sewage supply, Israeli farmers are increasingly free of the uncertainties associated with
stochastic rainfall fluctuations. Yet, there are still concerns about the long term impact of soil and groundwater salinization. The
primary threat to future land fertility is salinization from wastewater, the cumulative impact of which is still unknown.
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The Governmental Authority for Water and Sewage (AWS), which was established in 2007, came to understand that the
only possible way to cope, on the one hand, with the natural water shortage, and on the other, with the growing population
and increasing life quality standards, is to develop and implement, as the national policy, an integrated water resources
management approach that takes into consideration economical, organizational and environmental aspects. Some of the
steps sought to increase water supply, and some to curtail water demand, both in the short and long run.
SOME OF THE VARIOUS CHALLENGES FACING THE ISRAELI WATER ECONOMY INCLUDE:

•

Stabilizing the various water sources, rehabilitating the natural reservoirs, realizing the planned desalination, brackish and
recycled effluent quantities and guaranteeing reliable provision both on the national and local levels. This, by managing
demand and supply, while taking into account occasional extreme conditions, such as consecutive droughts and spurts
of demand and curtailed supply.

•

Improving the regulatory rules and the economic/administrative mechanisms of their implementation, in a manner that
will enhance economic efficiency, fairness, transparency and supply reliability: tariff setting, looking after the financial
stability of suppliers on the one hand, and monitoring criteria for acceptable service to customers on the other. The water
economy will be run so as to include the bulk of costs in water tariffs, while financing special national projects from the
state budget.

•

Effluent recycling: A concerted endeavor must be made to hook up all the generators of sewage to central systems.
Similarly, it is important to strive to increase immediately the quality of recycled effluent to the tertiary level, and in the
more distant future to higher levels. This will enhance public health and minimize damage to the environment and to
natural water sources.

•

Water provision for environmental and landscape purposes: nature is an equal-rights consumer of water with all other
users. The ecological systems whose viability depends on water will be rehabilitated and conserved. Water allocation to
nature will increase mainly by rehabilitating natural water sources.

•

In agriculture: the sophistication of the administrative allocation methods should be enhanced so as to render water
usage more flexible and to increase supply reliability in the long run. This, by using financial incentives, such as allowing
regional trade in water quotas without forfeiting the right to those quotas. In the future, farming will use mainly marginal
water, restricting itself to relatively small amounts of fresh water. The geographic incidence of farming, land conservation,
improved soil fertility, flexibility in crop selection, food security and support for peripheral communities are to be achieved
by providing farms with appropriate quantities and quality of water.

Israeli agriculture and agricultural research, which were built on the adverse conditions of limited water resources and poor
soils, have met these challenges by building a solid foundation for both agriculture and agricultural research. Israel has
become an international leader in developing water - saving technologies in agriculture and methods of agricultural water
use, considering that both the quantity and the quality dimensions are constantly being modernized and becoming more
innovative.
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Message from the Editors

Irrigation optimization within environmental constraints
In

Israel’s

agricultural

Mediterranean

climate,

productivity

depends

on water and irrigation. The need for
better understanding of crop water
use and irrigation was a main driver for
establishment of the first agricultural
research facilities in Israel in the early 20th
century. Israel’s major achievements in
improving its water resources and water
use efficiency, through the instatement
of innovative and centralized water
policies, development and application
of irrigation technologies like drip
irrigation, treatment and recycling of domestic waste water, development, supply and utilization of groundwater high in
salts, advancement of knowledge- and data-driven irrigation decision making tools and protocols, and development of
desalination facilities all stem from research efforts in these fields. Those efforts have placed and maintained Israel at the
cutting edge of the world’s irrigation research. It is no wonder that Israel’s irrigation expertise is and has been sought after
around the world, both in developing and developed countries, and has been a major playing card in Israel’s successful
foreign policy.
Today, the foci of irrigation research at the ARO continues to promote water use efficiency, which we define as increasing
agricultural productivity while reducing crop water use and irrigation (or more crop per drop), while also considering and
minimizing the environmental impacts of irrigation, which are often associated with increased concentrations of contaminants
in our ground water, aquifers, rivers and lakes and sometimes in agricultural produce. Contaminant sources originating in
and mobilized by irrigation water, include various naturally occurring salts, fertilizers and, in the case of treated waste water,
organic matter and minute, but important, concentrations of chemicals from pharmaceutical and personal care products.
This issue of Volcani Voice reflects these foci, and includes papers reporting research projects conducted by Researchers of
the ARO and their collaborators and students. The papers present different aspects of irrigation, mainly focused on improving
agricultural productivity while reducing crop water use and irrigation, environmental impacts of irrigation and both of the
above with respect to poor water quality. The diversity of the topics in this issue reflect the wide scope of ARO-run projects
which aim to increase farming efficiency and support sustainable agriculture.
The first three papers address water quality issues from the hydrological and policy level. The first is about the influence of soil
types on the hydrological impact of irrigation on aquifer water quality. The second highlights the agricultural water footprint,
a recent conceptualization of types of water used and their environmental impact. The third is part of an ongoing discussion
on whether, in the age of massive desalination, the use of poor quality water should be reduced and/or phased out.
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The following three papers (4-6) focus on practical aspects of using poor quality water for irrigation. How can we best manage
poor quality water? With emphasis on crop production, protection and restoration of soils, and environmental responsibility.
The next three papers (7-9) introduce models and remote sensing methods which can help improve crop irrigation via
incorporation of understanding of processes in the water-soil-plant-atmosphere continuum and collection and use of big
data. The last two papers (10 and 11) are case studies where irrigation efficiency in protected cultivation has been improved
through the use of meteorological monitoring and real time information transfer to the farmer.
In this issue of Volcani Voice we offer a tasting menu of the ongoing efforts of the ARO research community to improve
agricultural water use efficiency within environmental constraints. Pleasant reading!

Dr. Shabtai Cohen
Dr. Shabtai Cohen is a Senior Researcher from the Institute of Soil, Water and Environmental Sciences at the ARO’s Volcani
Center in Rishon LeZiyyon. He served as Head of the Department of Environmental Physics and Irrigation and then Director
of the Institute. He received his Ph.D. from the Hebrew University of Jerusalem’s Faculty of Agriculture and the Volcani Center,
and specializes in environmental plant physiology and physics, and agro-meteorology. He has done extensive research on
solar and thermal radiation distribution in plants, plant and crop energy budget, irrigation requirements, crop water status
and water use, plant sensors, stomatal behavior and plant hydraulics.

Dr. Alon Ben-Gal
Dr. Alon Ben-Gal is a senior researcher in the Department of Environmental Physics and Irrigation, Institute of Soil, Water and
Environmental Sciences, The Agricultural Research Organization, Gilat Research Center. His research and expertise include:
irrigation of crops; agricultural utilization of saline water and of recycled wastewater; optimization of water under irrigation
in arid regions; plant response to environmental stress conditions; and flow and transport of water and solutes in the vadose
zone. Alon is the author of over 110 peer reviewed journal articles and book chapters and has served as the Scientific Director
of the Southern Arava Research and Development Center for the past 10 years.
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Impacts of irrigated agriculture on groundwater of
the Israeli Coastal Aquifer
By Dr. Daniel Kurtzman
ABSTRACT
The technical capability to
pump groundwater from
the Israeli Coastal Aquifer
was met at the end of the
19th century, and triggered
a bloom in irrigated agriculture over the Coastal Plain of
Israel. This paper deals with
important feedbacks of irrigation on the aquifer. Irrigation does not always increase aquifer recharge. Under
many citrus orchards on Hamra soils (Mediterranean
red sandy-loam to loamy sand) groundwater recharge is
smaller than it would have been under bare soils with
no irrigation, whereas under winter crops (e.g. potato,
strawberry) or deciduous groves (e.g. persimmon) irrigation increases groundwater recharge. Groundwater
salinization is high under the irrigated naturally-cracking clayey soils (vertisols) due to flushing of salts that
accumulated in the unsaturated zone for centuries prior
to irrigation and intensive cultivation. This phenomena does not occur under Hamra soils and groundwater
salinization is minor to moderate. On the other hand,
contamination of groundwater of the coastal aquifer
by nitrate is typical under irrigated Hamra soils and is a
small problem under vertisols, due to high denitrification rates in irrigated clays.
INTRODUCTION
The inner and coastal plains of Israel are the south-western edge
of The Fertile Crescent (not including the Nile Delta). About
500 mm/yr winter-precipitation enabled rain-fed agriculture of
the biblical Seven Species (Deuteronomy 8: 8). At the end of
the 19th century in parallel with the beginning of the Zionist
immigration to the land of Israel, drilling technology matured
to enable relatively cheap water wells in the Coastal Aquifer.
The average winter rainfall of ~ 500 mm/yr and the geological
setting supported a large and simple freshwater aquifer in which
almost wherever one drilled a well from 10-30 m (closer to the

coast) to 80 m below surface (~8-12 km inland), he was able to
produce potable water at good rates. This boosted development
of the Gedera-Hedera strip including intensive development
of irrigated agriculture in this south-western tip of the Fertile
Crescent. Irrigated land overlaying this aquifer continued
to grow until about 1990 when both urbanization (the large
immigration from former Soviet Union) and the beginning of
the Shafdan wastewater treatment project shifted more food
production south to the Negev.
Rapid development until the 1960’s led to over-exploitation of
the aquifer and other sources of water were gradually added
to support irrigation overlaying the aquifer (from the Mountain
aquifer, Sea of Galilee, treated wastewater and more recently
desalinated seawater). Precipitation, soil texture, unsaturatedzone thickness, crop type, irrigation water quality, irrigation
method and other spatial variables, effect the impact of irrigation
on aquifer water. This short paper presents some relationships
between these variables and the major aquifer concerns:
groundwater recharge, salinization and nitrate contamination.

CULTIVATION, IRRIGATION AND GROUNDWATER
RECHARGE
Although it is problematic to speak about climate and hydrological
variables in terms of averages and characteristic ranges, it is
inevitable when trying to characterize long term regional trends.
Average precipitation over the Israeli Coastal Aquifer ranges from
450 mm/yr in the south (at the border of the Gaza strip) to 600
mm/yr at the northern edge at Binyamina (Figure 1). Soils can be
divided roughly into 3 types: 1) cracking clays (vertisols) mostly
in the southeast and the wide valleys covering about 50% of
the aquifer outcrop; 2) Hamra – red Mediterranean loamy-sand
to sandy-loam - 35% cover; and 3) Sand dunes that cover 15%,
mostly in the southwest (Figure 1). Non-cultivated characteristic
groundwater-recharge to the aquifer is 40-100 mm/yr under the
vertiosls (mostly through preferential flow paths), 100-250 mm/
yr under Hamra soils and 250-350 mm/yr under the sands. Local
recharge estimates that were estimated using models fitted to
deep unsaturated-zone data under different soils irrigation rates,
and crops are presented in Table 1.
Groundwater hydrologists estimate that the total average
VOLCANI VOICE
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recharge added to the coastal
Table 1.
aquifer due to irrigation is 30 million
Annual groundwater-recharge range (or average) calculated using data from observations of the
cubic meter (MCM) per year while
deep unsaturated zone (below the root zone).
natural average recharge from
precipitation is 250 MCM/yr. Looking
at irrigated crops on the lighter
Hamra soils we see that irrigation
increases recharge under winter
crops (potato, strawberry) and in
deciduous groves (persimmon),
whereas under evergreen citrus
orchards recharge can be smaller
than the recharge that would be
gained from the same plot if it was
not cultivated and irrigated (e.g.
orchards in Nir Galim and Tel Yitzhak,
Table 1). The citrus orchards are
irrigated efficiently. Nevertheless,
due to moderate-high salinity of
the irrigation water (from the Sea
of Galilee and/or treated wastewater) the high
efficiency caused an accumulation of salts in the
thick unsaturated zone that will be discussed in
the groundwater salinization section.
Under the clays (vertisols) cultivation and
irrigation actually increase recharge. Under
natural vertisols most of the recharge moves
in the top soil in preferential flow paths (e.g.
cracks), thus bypassing most of the clayey
matrix. The transition to intensively cultivated
and irrigated lands destroys the crack-network
and all the recharge can be considered as matrix
flow under irrigated crops in vertisols.
Figure 1. Plan views of the Israeli Coastal Aquifer:
(a) Soil type (black polygons and red ellipses, see
panels d and e, respectively; Sandy loam in map ~
Hamra) (b) Location map (c) Cultivated land in 2000;
(d) Difference in chloride concentrations between
2007 and 1935 (modified from Livshitz and Zentner,
2009). Black polygons are characteristic cultivatedareas that were severely salinized (southern polygons)
and hardly salinized (northern polygon). Compare
with soil type - panel a. (e) Nitrate concentration
in groundwater wells in 2007 (modified from
Hydrological Service 2008). Red ellipses – areas with
many wells contaminated with nitrate. Compare with
soil type - panel a (modified from Kurtzman et al., 2016).
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CULTIVATION, IRRIGATION AND GROUNDWATER
SALINIZATION
Figures 1a, 1c, and 1 shed light on salinization in the aquifer
under cultivated, mostly irrigated land. In the 3 panels of Figure
1, black polygons contain areas that were/are densely cultivated
(cultivated land in the year 2000, Figure 1b); the two southern
polygons are areas dominated by vertisols (cracking clays),
while in the northern polygon the soil is the lighter texture soil
– Hamra (Figure 1a). Salinization, indicated by a difference in
the Cl- concentrations between 2007 and 1935 (pre intensive
irrigated cultivation), is shown in Figure 1d: salinization under the
cultivated vertisols is severe, above 200 mg/l and mostly above
400 mg/l (southern polygons), whereas under the cultivated
Hamra there was no salinization, or up to a 100 mg/l chloride
increase (Figure 1d). Salinization due to seawater intrusion into
the aquifer is limited to < 1.5 km from the coastline (Figure 1d)
and not discussed here.
The mechanism of salinization under the vertisols is as follows:
Under natural land covered with vertisols the thick unsaturated
zone (30-60 m deep) contains salt that accumulated there for
centuries and millennia (3000-10000 mg/l chloride in pore water
were sampled). Natural vegetation and the crack network result
in very high evapotranspiration leaving only ~ 2 mm/yr for deep
matrix percolation beyond the root-zone (out of ~500 mm/yr
precipitation). These waters contain all the salt from rainwater
(~15 mg/l Cl-) that was not taken up by the roots (e.g. evapoconcentration > 200 folds). Most of the recharge occurs through
preferential paths in the deep cracks that sometimes do not
seal until late in the winter (Baram et al., 2012). When land-use
changed to intensive irrigated cultivation the recharge regime
changed to high matrix fluxes that transported the unsaturated
zone salts towards the water table and salinized the aquifer (for
more details see Kurtzman and Scanlon ,2011; Kurtzman 2011;
Kurtzman et al., 2016).
Aquifer water under citrus orchards on Hamra soil were salinized
much slower due to the aforementioned salinity build-up in the
unsaturated zone that followed irrigation with relatively saline
water. Heavy rains push some of the salts down, and they reach
the water table. This mechanism explains the high increase in
salinity under Hamra soils after the very rainy winter of 1991-2
(Goldenberg et al., 1996).
CULTIVATION, IRRIGATION AND GROUNDWATER
CONTAMINATION BY NITRATES
Whereas the salinization problems are mostly under cultivated
vertisols, nitrate contamination is mostly a problem under
cultivated Hamra soils (Figures 1a, 1c, 1e). Red ellipses in Figure

1e contain many groundwater wells where concentrations of
nitrate (2007) exceeded the Israeli nitrate-standard for drinking
water - 70 mg/l (yellow and red points, Figure 1e). All the nitrate
contamination plumes are under cultivated Hamra soils and not
under vertisols. Sporadic contaminated wells under vertisols
are related to point sources like concentrated-animal-feedingoperations (Baram et al., 2014).
The main mechanism that drives the difference between nitrate
contamination under different soil types is higher denitrification
rates in vertisols in comparison to Hamra soils (Kurtzman et al.,
2016). Denitrification is a reduction of nitrate to N gas which
takes the nitrogen out of the geo-bio-hydro-spheres cycle to the
atmosphere. In irrigated vertisols anaerobic conditions prevail
for more time and in more volumes of the unsaturated zone than
under Hamra soils. Usually there would also be larger masses of
organic carbon in and under vertisols than in and under Hamra
soils which enhances denitrification in and under the clayey
soils (Shapira 2012). This makes the aquifer under intensively
cultivated (irrigated) clayey soils less Vulnerable to groundwater
contamination by nitrate (Figure 1). q

KEY WORDS
irrigation, intensive agriculture, groundwater recharge, groundwater salinization, groundwater contamination by nitrate.
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The Virtual Water of Israeli Agricultural Crop Produce,
Import and Export
By Eliav Shtull-Trauring and Dr. Nirit Bernstein
assimilate or dilute pollutants that reach water sources
from agricultural fields to levels that adhere to accepted
water quality standards. This study focused mainly on
Blue WF (Hoekstra et al., 2011).

INTRODUCTION
According to recent estimates, more than 80% of usable
water resources are exposed to significant risks including
depletion and pollution. Agriculture is the foremost
consumer of water, accounting for 70% of global
freshwater use. Therefore, increasing the efficiency and
reducing waste of the agricultural sector’s water use is
necessary to reduce global water scarcity.
One way to reduce the impact of agriculture on water
resources is the international trade of agricultural
produce from wet-countries to arid and semi-arid
countries. However, trade can have the opposite and
adverse effect when water-intensive crops are shipped
from dry to wet regions. The export and import of crops
can be seen as the export and import of virtual water, the
total amount of water used to provide a specific product
or service. In the case of crops, this includes the volume
of water utilized by the plant, namely evapotranspiration
[ET], throughout its growing period.
The virtual water concept, first developed by Tony
Allan, was further developed into the Water Footprint
[WF] concept, that helps quantify the virtual water of
the product, but also assess the efficiency of the water
use by quantifying the amount of water required per
crop yield. The WF of crops takes into account three
types of water: Blue - irrigated water from ground and
surface freshwater sources; Green - rainwater utilized
by the crops; and Grey –the volume of water required to

In the past decade, there have been a large number of
agricultural virtual water and WF studies on a global,
national, and local scale. As these studies are based
on data regarding crop water use, yield, and export/
import amounts, they are limited by the accuracy of the
data used. In many cases, global databases are used as
primary data sources, which can differ significantly from
data collected locally.
The goal of our study was therefore twofold: 1) to
provide a high-resolution analysis of the virtual water or
WF of crops grown in Israel (production), exported and
imported; and 2) to compare local and global datasets
regarding crops WF (m3/ton).
MATERIALS AND METHODS
Data regarding quantities of crops produced in, exported from,
and imported to Israel were based on data from Israel’s Central
Bureau of Statistics [CBS] for the years 2007-2012. To assess
the virtual water these quantities were multiplied by the crop
WF (m3/ton). Data for the crop WF was collected from four
sources. The first two come from the Water Footprint Network’s
WaterStat global database (which includes crop WF data with
country-specific values and is based on yield data from the FAO)
– ‘Global’ and ‘Israel’ (Mekonnen and Hoekstra, 2011). The two
high-resolution local sources were obtained from the Ministry of
Agriculture and Rural Development and Agricultural Extension
Service: Economic Sheets (includes both yield and water use
estimates), and Crop Water Recommendation Sheet (contains
only water use estimates while yields were based on Economic
Sheet Data) (Gal and Salmon, 2020; Israel Ministry of Agriculture,
2020).
In addition to estimating the total virtual water flows (m3/
year) of agricultural production, import and export for different
crop categories and specific fruit and vegetable crops, we also
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assessed the Import Dependency Ratio (IDR), which quantifies
the percentage of the import of the total consumption in the
country:
I
IDR (%) =
* 100
(P+I)-E
where I is the total imported crop biomass (ton/year), P is the
total produced/grown crop biomass (ton/year) and E is the total
exported crop biomass (ton/year).
Finally, the economic water productivity ($/m3) and land water
productivity ($/ha) were assessed for Fruits, Vegetables, and All
Crops crop categories.

VIRTUAL WATER FLOWS
We will highlight a few of the important conclusions from this
study, and refer interested readers to the full study by ShtullTrauring and Bernstein (2018).
First, while local datasets produced similar results, we saw a
large variation between the local and global datasets, especially
when comparing specific crop categories. For instance, for crop
production WF, WaterStat-Global results were 430 Million Cubic
Meters [MCM]/year, while WaterStat-Israel results reached about
1,300 MCM/year. The two local datasets ranged between 10851120 MCM/year. When looking at specific crop categories –
WaterStat-Global results significantly underestimated Vegetables
and Other crops and WaterStat-Israel results for Fruits were
almost double compare to the local datasets. This highlights the

12 VOLCANI VOICE

importance of using local datasets for accurate virtual water and
WF assessments.
An assessment of the IDR for different crops showed that almost
100% of the cereals and ~80% of the oil grains and nuts are
imported. Around 40% of the legumes, vegetables, fruits, and oil
and fats are imported as well. The only crop produced almost
exclusively locally, was potatoes. Sugars and Sweets IDR reached
140%, which signifies the export of products that were derived
from imported sugar, namely, we imported 40% more sugar
than was consumed locally.
Based on the local datasets, the total volume of irrigated
water use by Israel’s agriculture was around 1100 MCM/year.
It is important to note, that this includes both freshwater and
treated wastewater sources. An additional 1000 MCM/year was
imported through the virtual water of crops. Out of the total crop
production, around a quarter (~250 MCM/year) was exported
out of the country.
The economic water productivity of crops was estimated to be
around 6 $/m3 based on local datasets but were much higher
when using the global datasets (10 $/m3 for WaterStat-Israel and
more than 17 $/m3 for WaterStat-Global), which again highlights
the limitations of relying on global datasets.
In general, the results of this study highlight the importance
of assessing the virtual water content of the crops that are
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imported and exported by Israel, as they play a significant
role in the Water Economy of Israel. The large volumes of
water imported as crops raise the question of Israel’s ability
to achieve full food security. Also, we see that a significant
volume of water is exported as agricultural produce. While
exporting is an important revenue stream for farmers, the
export of high-value crops with low water requirements
should be given priority over the export of water-intensive
crops such as Avocado. This is especially true, while our
natural water resources, especially the Coastal aquifer and
streams, are still overdrawn.
Thus, we hope that in the future the CBS integrates the
virtual water assessment as part of its yearly statistical
analysis of the agriculture of Israel. This information can
useful in developing effective agricultural-economic
policies that can help reduce water-use by the agricultural
sector, while preserving, and even increasing, farm profits.
In the past few years, we have further developed the study of
the Water Footprint of Israel and developed an Agricultural
Atlas that allows quantifying the water use of different crops,
while taking into account regional differences, agricultural
practices, water types, and additional parameters. By
integrating data from multiple sources, we can provide a
more detailed understanding of water used to grow the
crops consumed locally and exported. This information
is crucial for the development of appropriate policy to
continue to increase the efficiency of water use, and work
towards a future that combines flourishing agriculture with
clean natural waters. q
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Irrigation with marginal quality water in Israel:
boon or bane?
By Dr. Alon Ben-Gal, and Dr. Shmuel Assouline

Israel, a small country with a relatively solid economic base,
but isolated due to geo-political reality, is unique as a waterscarce country with successful agricultural development. The
success can be credited to three central driving principles:
1) intensification and modernization of agricultural systems;
2) development and adoption of efficient water application
technologies and; 3) establishment of reliable sources for
irrigation. Water consumption from all sources and for all sectors
in Israel increased tenfold from 230 Mcm (million cubic meters)
in 1948 to 2200 Mcm in 2018 (Israel Water Authority 2019).
It is estimated that only 55-65% of the present amount of the
country’s water needs is renewed annually in its natural surface
and groundwater resources. The remaining water supplied comes
from groundwater mining, allocation of reclaimed wastewater,
or by seawater desalination. While per capita consumption in
the domestic and industrial sectors has remained essentially
the same during these last decades, per capita water available
for agricultural uses is less than half today than it was in the
1960s. Despite the reduction in water allocation, agricultural
production per capita today is more than 150% of that produced
40 years ago (Ben-Gal, 2011; Tal, 2016).
Intensification and modernization of agriculture were
accomplished by strong research and development programs,
knowledge transfer to farmers by means of a solid extension
service, and strong government economic support of national
strategies. Drip irrigation was developed in Israel where this
inherently efficient technology is used at rates higher than
anywhere else in the world. Technologies and practices
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promoting water efficiency have further been encouraged
by national water pricing and allocation strategies (Tal, 2006).
Utilization of low-quality water has been encouraged (or
compensated) through a water for irrigation pricing structure
where cost to farmers goes down as irrigation water salinity
increases.
The third principle stimulating success, a reliable source of water
for irrigation, has been more difficult to accomplish. The NWC
has historically conveyed water from the Sea of Galilee in the
north to the south of Israel, seasonally mixing it on the way
with various ground and floodwater sources. Average EC of the
NWC water has ranged from 0.8 to 1.1 dS/m. Freshwater use in
agriculture dropped from 950 Mcm in 1998 to around 490 Mcm
today. Total water to agriculture has been maintained via the
utilization of brackish and recycled water (Fig. 1).

Figure 1. Average 2015-2018 annual water use (MCM, %) in Israel by
sector and source (Israel Water Authority, 2019).

Israel’s agriculture directly uses some 80 Mcm of brackish
groundwater with EC of more than 2 dS/m for irrigation, mainly
in arid regions including along the Jordan Valley and the Arava
and the Negev Highlands. Wastewater recycling has become
a central component of Israel’s water management strategy. A
master plan presented in 1956 envisioned the ultimate recycling
of 150 Mcm of sewage, all of which would go to agriculture.
Today four times that level is recycled, representing around 85%
of all domestic wastewater produced. Treated effluents today
contribute roughly 25-30% of Israel’s total water supply and,
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depending on annual rainfall, up to 45% of the irrigation supply
for agriculture. Salinity of recycled wastewater, depending on
its type and origin, can range dramatically, but no matter what,
salinity increases as the wastewater stream advances. In Israel,
municipal recycled wastewater typically ranges from EC of ~1 to
more than 3 dS/m (Tarchitzky et al., 2006).
Unfortunately, due to the high concentrations of salts in the
irrigation water, Israel’s strategy for agricultural success seems to
be not sustainable. Long-term application of salts to agricultural
soils in a region where seasonal rainfall is low, unpredictable,
and often insufficient to systematically mobilize and remove
problematic salts, must include application of water designated
to leach the accumulating salts out of the root zone (Russo et
al., 2009). The water applied for leaching and leaving the root
zone contains not only the salts that must be leached, but also
various other contaminants, found naturally in the water, added
in agricultural processes (fertilizers, pesticides and herbicides),
or mobilized from soil and subsoil (Ben-Gal, 2011; Ben-Gal et al.,
2008, 2013).

An example of problematic sustainability stemming from policy
and practice of irrigation with water high in salts is found in the
Arava where brackish groundwater is used to irrigate green and
nethouse protected vegetables. It is estimated that irrigation
to leach salts in the region can be beneficial to yields and
profits at rates as high as twice those necessary to satisfy crop
evapotranspiration requirements (Ben-Gal et al. 2008, 2009).
The most obvious threatening contaminant and best indicator
of pollution accompanying the leaching practices is nitrates.
Nitrates, as well as salinity in general, have risen from less than
20 to more than 90 ppm in wells of groundwater downstream
from local areas of intense vegetable cultivation (Figure 2).
Regarding continued use of effluents or other salt-rich sources
for irrigation water, additional indications of problems are
found. These include the long-term increases in sodium
adsorption ratio (SAR) and exchangeable sodium percentage
(ESP) in soils (Assouline and Narkis, 2011; 2013; Segal et al.,
2011; Assouline et al., 2016; Raveh and Ben-Gal 2016; Erel et al.,

Figure 2. Electrical conductivity and nitrates (NO3) in groundwater serving for irrigation in the Arava Valley (Hazeva) since 1995. Data provided by Dr. Effi
Tripler, Central Arava R&D. The horizontal grey line indicates the allowable NO3 concentration in drinking water of 50 ppm according to the WHO (2011).
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Avocado Acco: Avocado irrigated with fresh water (right row) and
recycled municipal wastewater (left row) in long term experiment at the
Acco Experimental Station. Photo credit Anat Lowengart-Aycicegi

Beans Arava: Trial examining irrigation water salinity and leaching
fractions on beans at the Southern Arava R&D research station, Yotvata.
Photo credit Ehud Zeelim

2019), affecting soil structure and water infiltrability, a trend of
increasing sodium and chloride found in irrigated plant tissues,
and the tendency for Israeli fresh produce to have higher than
international standards of sodium (Raveh and Ben-Gal, 2016).
In addition, there are increasing concerns regarding possible
yet undiscovered detrimental long term repercussions due
to trace level (particularly persistent organic) contaminants in
agricultural systems and the food chain (Goldstein et al., 2014).
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In spite of all this, the latest responses of Israel to insure
reliable municipal water supply to its growing population may
coincidentally provide opportunity for a more sustainable solution
for agriculture. Starting in 2007, Israel has added desalinated
seawater to its water distribution stream. Desalination currently
provides around 25% of Israel’s total water supply, as more than
40% of the country’s municipal water, often incidentally bringing
very good quality water to agricultural areas and consistently
reducing the salinity of recycled wastewater (Yermiyahu et al.,
2007; Assouline et al. 2015; Raveh and Ben-Gal, 2018).
The turn to desalination as a strategy for water security is a
positive opportunity to reverse the maybe dangerous and
apparently non-sustainable trends consequential to irrigation
with water containing high concentrations of salts (Assouline et
al. 2015; Tal 2016; Raveh and Ben-Gal, 2018).
Israel is projecting that by 2050, two-third of its water supplies
will come from treated effluent, desalinized or brackish water.
Sustainable, healthy, economical, irrigated agriculture in Israel
and other semi-arid and arid regions should be possible if the
salts are taken out before application, instead of being allowed
to negatively affect soils, crops, produce, and the environment
(Silber et al., 2015; Raveh and Ben-Gal, 2018). q
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Irrigation Water Quality-Based, Data-Driven Approach for
Salinity Control
By Dr. David Russo
INTRODUCTION
Increasing global population and demand for food
steadily increase the pressure on global fresh water, most significantly in
arid and semi-arid regions.
The problem is expected
to worsen due to global
warming. A possible strategy to fulfill the demand for
irrigation water is the use of marginal, low-quality water, LQW (i.e., saline water, treated-waste-water, TWW).
The use of LQW for irrigation may have negative effects
on crop yield, on soil structure and hydraulic properties
due to soil sodification, and on soil and groundwater
salinization and contamination (see e.g., Assouline et
al., 2015).Application of the aforementioned strategy,
therefore, must carefully consider potential long-term
risks posed by intensive use of LQW on the sustainability
of the irrigated soil-crop systems and on the quality of
the underlying water supplies.
From the agronomic point of view, the challenge for
irrigation with LQW is how to cope with these negative
effects while maintaining acceptable crop yields. The
widely applied solution to this problem is based on
the leaching requirement (LR) concept (see e.g.,van
Schilfgarrde et al., 1974), which, in turn, promotes salt
removal from the soil by applying excess amounts of
irrigation water.
Results of a detailed numerical analysis of soil salinity
control under conditions of drip irrigation done by our
research group (Russo et al., 2009) suggested that in
contrast to predictions based on the LR concept (e.g.,
Ayers and Wetscott, 1985), when low-quality water is
used, damage to crops yield is unavoidable, and salt in
the groundwater may increase substantially.
It is clear, therefore, that soil salinity management
will remain a major challenge for future irrigation,
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requiring improved irrigation-management schemes
with emphasis on minimizing damage to agricultural
productivity and environment quality.
IRRIGATION WITH HIGH-QUALITY WATER (HQW)
Given technological developments, desalinated water (DSW)
obtained by reverse-osmosis may be considered a competitive
source of high-quality-water for irrigation (Elimelech and Phillip,
2011). This may allow the adoption of a different approach for
soil salinity control, namely, removal of salt from the irrigation
water prior to its application to the soil (Silber et al., 2015), and
hence reduction of the salt load that enters the flow system.
A few aspects of irrigation with DSW such as the cost of the
desalination process, removal of the brine produced during the
reverse-osmosis process, and the addition of macro- and micronutrients to the desalinated water, however, may restrict the use
of DSW to irrigation of cash crops only.
Application of DSW for irrigation, therefore, should be based
on an optimal, site-specific, irrigation design and scheduling
scheme. A plausible goal of such a scheme is to decrease
the consumption of high-quality water, while maintaining
acceptable crop yields and minimizing the environmental costs
of using its marginal-quality substitutes. Such decisions should
take into account agricultural, environmental, engineering and
economical considerations, and should consider soil properties
and precipitation forecast uncertainties. A comprehensive
analysis of optimal irrigation design is beyond the limited
scope of this article. Instead, we developed (Russo et al., 2015)
a data-driven approach (ADW) aiming at minimizing the use of
the high-quality water while maintaining desired levels of crop
productivity and groundwater quality.
THE DATA-DRIVEN APPROACH FOR SALINITY CONTROL
An orchard plot equipped with a drip irrigation system
which enables targeted, user-controlled, and high-frequency
application of water, is considered. We further assume that the
irrigation system has access to water of two distinct qualities:
TWW and DSW, which, in turn, are obtained by desalinization of
the TWW using a local reverse-osmosis desalination plant.
The soil salinity control is based on alternating irrigation water
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Table 1.
Mean (over time) of the volume fraction of the DSW in the irrigation water, FDW, cumulative actual
transpiration, Ta, and cumulative mass of chloride leached below the root zone, ML, associated with the
ADW approach, relative to their counterparts associated with irrigation with TWW, for selected values
of the critical chloride concentration, Ccr1).

in the salt load of the groundwater,
particularly when Ccr is relatively
small.

We emphasize that even the less
restrictive case, i.e., Ccr=30meq/ℓ,
may provide good results (see
Table 1). For a period of seven years
(in which 45% of the cumulative
volume of TWW was substituted
by DSW, twelve times per irrigation
season), the resultant cumulative
1) Based on 3-D simulations of flow and transport in irrigated orchard for seven successive years, including
relative transpiration (i.e., relative
rainfall seasons.
crop yield), increased by 22%, while
the cumulative salt mass leached
quality between TWW and DSW, guided by real-time data of soil
below the root zone decreased by 35%, as compared with
salinity in the main root zone. Salinity sensors are located at the
irrigation with TWW.
centroid of the soil volume active in water uptake (i.e., at soil depth,
zcu) in the vicinity of the trees. They provide time-dependent
data of the soil solution chloride concentration, C(zcu,t). When
C(zcu,t) exceeds a user-controlled, critical concentration value,
Ccr, the desalinization process is initiated and the TWW is
replaced by the DSW, and vice versa when C(zcu,t) decreases
to a level below Ccr. Clearly, Ccr determines the quantity of the
high-quality water (e.g., DSW), required to maintain C(zcu,t)≤Ccr,
and consequently determines the performance of the ADW
approach in terms of the actual, time-dependent, mixing ratio,
rM(t;Ccr)=fDW(t;Ccr)/[1-fDW(t;Ccr)], (where fDW(t;Ccr) is the actual,
time-dependent, volume fraction of the DSW in the irrigation
water), and the resultant improvement in crop production and
groundwater quality.
In order to demonstrate the approach, we used physically based
3-D flow and transport models to simulate field-scale flow and
transport for an extended period of time, considering realistic
features of soil, water table, crop, weather and irrigation. A brief
description of the modeling approach is given in the Appendix;
for more details, see Russo et al. (2015).
The simulated, time-dependent chloride concentration in the
vicinity of the trees, at soil depth zcu, mimics C(zcu,t), which, in
turn, is used to guide the substitution of irrigation water quality
between TWW and DSW. Figure 1 and Table 1 demonstrate the
performance of the ADW approach, expressed in terms of the
Figure 1. Cumulative actual transpiration, Ta, and relative transpiration,
time-average of the required volume fraction of DSW (FDW), the
Tr, (the inset) (top), and cumulative mass and cumulative mass fraction
(the inset) of chloride leached below the CP (bottom), as functions
resultant improvement in crop yield (top), and the salt load at the
of time. Results are depicted for irrigation with TWW (black lines), and
groundwater (bottom). Performance is determined by the userirrigation based on the ADW approach (colored lines, for selected values
controlled, critical value, Ccr. The ADW approach may lead to a
of the critical chloride concentration, Ccr).
substantial increase in crop yield, and to a substantial decrease
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SUMMARY AND CONCLUSIONS
(i)Improved desalinization techniques allow the adoption of an
approach that differs from the classical approach for soil salinity
control, namely, salt removal from the irrigation water prior to
its application to the soil, and, hence, reduction of the salt load
that enters the flow system. Limitations associated with the use
of DSW for irrigation (e.g. it’s high price), however, call for the
use of an optimal, site-specific, irrigation design and scheduling
scheme.
(ii)The data-driven ADW approach for soil salinity control may
lead to a substantial increase in crop yield, and, particularly,
to a substantial decrease in the salinity of groundwater, while
reducing the use of the expensive DSW. Furthermore, as
compared with the case in which only DSW is used for irrigation,
ADW takes advantage of the ionic composition of the TWW;
i.e., when C(zcu,t)≤Ccr and TWW is used for irrigation, macroand micro-nutrients required by the plants, and chloride
concentration required to compensate for the adverse effects
of the soil solution SAR on the soil hydraulic conductivity, are
added to the soil solution.
(iii)For given conditions of crop, soil, water table depth, weather,
quantity and quality of the irrigation water (e.g, TWW), the usercontrolled, critical value, Ccr, determines the performance of the
ADW approach. Optimal selection of Ccr, which will minimize the
expensive DSW, without compromising crop production and
groundwater quality, should be performed in an economical
framework. q
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APPENDIX: MODELING OF FLOW AND TRANSPORT
OF MIXED NA/CA-CL SALTS IN SPATIALLY
HETEROGENEOUS, VARIABLY SATURATED SOIL
Modeling of water flow and transport of interacting, mixed
Na/Ca salts in a realistic, 3-D spatially heterogeneous,
variably saturated flow system requires quantification of
the coupling-interaction parameters (CIPs) which include
the relative soil hydraulic conductivity, Kr, the relative soil
water content, θr, the retardation factors for Na and Ca,
RfNa and RfCa, respectively, and the elution factor for Cl, Ef,
all as functions of the pressure head, the concentration
and the composition of the soil solution, and the spatial
coordinate vector, x.
The approach adopted to quantify the CIPs is based
on the theoretical framework developed in the past
(Russo and Bresler, 1977; Bresler, 1978; Russo, 1988), and is
described in details in Russo et al. (2004) and Russo (2013).
The measurable macroscopic, spatially heterogeneous
soil properties required to quantify the CIPs are the soil
bulk density, the soil cation exchange capacity, the soil
specific surface area and the constitutive relationships for
unsaturated flow in a rigid, “stable” reference state.
Following Russo et al. (2004) and Russo (2013) it is assumed
that water flow is described locally by the 3-D Richards
equation, the physical parameters of which are viewed as
realizations of 3-D, second-order, stationary random space
functions, characterized completely by a constant mean
and a two-point, spatial covariance. It is further assumed
that the transport of each of the ions of the mixed Na/Ca
salt is described locally by the classical, one-region, 3-D
advection-dispersion equation (ADE). When the ions in the
soil solution interact with the soil matrix, the properties
of the spatially heterogeneous soil that affect the flow
and the transport are expressed as functions of the spatial
coordinate vector, x, the pressure head, ψ, the sum of the
molar concentration of the cations, C0 = cNa + cCa [molℓ-1],
and the ratio between the molar concentration of the
mono- and the divalent cations, R=cNa/cCa, in the soil
solution.
In a Cartesian coordinate system (x1,x2,x3), where x1 is
directed vertically downwards, assuming local isotropy,
considering water uptake by the plant roots and
neglecting both the effect of osmotic gradients on the
flow and local anisotropy, the Richards equation governing
flow in a non-rigid, 3-D variably saturated, spatially
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heterogeneous soil (Russo et al., 2004) is:

where m=1 to 3 indicates the chloride, sodium and
calcium ions, respectively; cm [molℓ-1] is the resident
solute concentration of the m-th ion, expressed as mass
per unit volume of soil solution; θ*m is the “effective”
volumetric water content, given by θ*m=θ+θexm and
θ*m=θ+θadm, for m=1 and m=2,3, respectively, where
θexm(ψ,x,R,C0,cm) (m=1) and θadm(ψ,x,R,C0,cm) (m=2,3)
are the exclusion and the adsorption volume fractions,
respectively, calculated from the planar, mixed-ion
diffuse-double-layer theory (Russo,1988); ui (i=1,2,3) are
the components of the Eulerian velocity vector, and Dij
(i,j=1,2,3) are the components of the pore scale dispersion
tensor. When molecular diffusion is small enough to be
excluded from the analysis, Dij is given (Bear, 1972) as:
Dij = λT|u|δij + (λL λT)uiuj/|u|

(A3)

where λL and λT are the longitudinal and the transverse
components of the pore scale dispersivity tensor; δij is the
Kronecker delta, and |u|=(u12 +u22+u32)1/2.
Details of the numerical methods used to solve the
governing equations, ((A1) and (A2)), subject to the
appropriate boundary and initial conditions are described
elsewhere (e.g., Russo et al., 2006). The “mixed” form of
Richards equation governing flow in a three-dimensional
domain ((A1)) is approximated by a fully implicit Euler
scheme with a truncation error of O(Δt,Δx12,Δx22,Δx32).
This scheme is convergent and unconditionally stable
for the linear diffusion equation; it has been found
appropriate for flow problems in highly heterogeneous
porous media, in which both steep gradients and
saturated regions can be developed.

inter-block conductivity, employed in the solution,
is estimated by means of a modified version of an
asymptotic weighting scheme. The modified scheme
avoids the smearing of steep wetting fronts and does
not create oscillations for gravity-dominated flow, and,
therefore, is appropriate for flow problems in highly
heterogeneous combined flow systems associated with
steep gradients and/or saturated regions.
To account for irrigation by drippers, the iterative
procedure described in Russo et al. (2006) is employed
in order to determine the size of the time-dependent
ponding area that may develop around the drippers at
the soil surface during an irrigation event. The iterative
procedure continues until a prescribed error tolerance
is met, or until the number of iterations has exceeded a
predetermined limit.
The numerical scheme employed for the solution of
Equation (A2) is design to minimize numerical dispersion
for advection-dominated transport problems, similar to
the third-order total-variation-diminishing (TVD) scheme
implemented in the MT3D code (Zheng and Wang, 1999).
This scheme, therefore, can be utilized even in the purely
advective case (Pe4 ∞), where Pe is the grid Pèclet
number, introducing some limited numerical dispersion
that smears sharp concentration front (e.g., c=1 to c=0
step) over ~3 numerical cells in the 1-D case. The iterative
scheme used to couple the m=3 sets of Equation (A2),
and the iterative solution method needed because of the
coupling between the flow equation and the transport
equations through the dependence of K(ψ) and θ(ψ) on
C0 and R, are described in details in Russo et al. (2004) and
Russo (2013).

The resulting system of nonlinear algebraic equations
with respect to the pressure head, ψ, is solved iteratively,
by applying the so-called modified Picard method. Picard
(external) iterations are applied for both capillary and
gravity terms and the resulting system of linear algebraic
equations is solved by the polynomial preconditioned
conjugate gradient (PPCG) method. The hydraulic
conductivity between the numerical cells, the so-called
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Using Nanobubbles to Improve Oxygen Availability in
Wastewater Irrigated Soils
By Dr. Shahar Baram, Jacob F. Evans, Maya Weinstein, Anna Berezkin, Dr. Meni
Ben-Hur, Yael Sade, Dr. Nirit Bernstein
ABSTRACT
The objective of the present
study was to examine
whether we could improve
the aeration of sandy soils
and clayey soils that had
been degraded by longterm irrigation with treated
wastewater (TWW) through
drip irrigation with TWW
aerated with oxygen (O2)
nanobubbles (ONB). A lysimeter set-up was irrigated
using surface and subsurface drip systems, and the
effects of those systems on soil oxygen concentration,
greenhouse gas emissions [i.e., nitrous oxide (N2O)],
and crop physiology and yield were investigated. In
both soils, irrigation with ONB-aerated TWW improved
oxygen availability in the root zone. This, in turn,
significantly reduced cumulative N2O emissions,
improved plant physiology and resulted in increased
yield (though not always significantly). Our results
imply that irrigation with ONB-aerated TWW may be a
cost-effective way to alleviate soil hypoxia, especially
in parts of Israel and the world where clayey soils have
been degraded by prolonged irrigation with TWW. Such
practices will result in a win-win situation where the
farmer increases his revenue while reducing fertilizer
losses to the environment.
INTRODUCTION
Irrigation water presently amounts to nearly 70% of the global
freshwater withdrawals (rivers, lakes, aquifers) (Assouline et al.,
2015). While the pressure on the global freshwater resources is
expected to exacerbate with the global increase of population,
the volumes of available treated waste water (TWW) (also
termed treated effluents) are steadily growing in the developed
world, at a rate of ~100 m3 y-1 per household (Assouline et al.,
2015). Consequently, TWW is a rapidly expanding alternative

water source for supporting crop production, especially in
regions with limited freshwater resources (Hamilton et al., 2007;
Pedrero et al., 2010).
TWW in agriculture can reduce freshwater demand while
recycling nutrients. However, in recent years, studies have
shown that long-term irrigation with TWW leads to significant
degradation of soil structure and soil hydraulic properties
(Assouline et al., 2015), Furthermore, to ensure the leaching
of the salts introduced to the soil with the TWW, increased
irrigation volumes are needed (Silber et al., 2015). This practice
intensifies in highly efficient irrigation systems, such as surface
drip irrigation (DI) and subsurface drip irrigation (SDI). Such
irrigation practices, along with the dissolved organic matter
present in the TWW, intensify oxygen deficiency (hypoxia) in
agricultural soils, especially fine-textured soils with slow internal
drainage (Ben-Noah and Friedman, 2016). This, in turn, enhances
microbial denitrification activity in the soil and increases N2O
emissions. N2O is both the single most important substance
depleting stratospheric ozone (Ravishankara et al., 2009) and
a potent greenhouse gas that contributes 6.24% of the overall
global radiative forcing (Butterbach-Bahl et al., 2013).
In plant cells, respiration draws over 95% of the cellular O2
consumption. Accordingly, soil hypoxia, which commonly
prevails in heavy clay soils, inhibits root respiration, mineral uptake,
and growth, reduces leaf expansion and photosynthesis rate,
and negatively affects yield. Oxygation can be used to alleviate
transient hypoxia and anoxia conditions in the rhizosphere.
However, oxygation methods have traditionally relied on costly
or low efficiency solutions, with none of the proposed methods
being widely practiced in commercial agriculture (Ben-Noah
and Friedman, 2016). Soil oxygation through subsurface drip
irrigation (SDI) with freshwater aerated by nanobubbles (NB;
<1 µm in diameter) is emerging as a new promising method
(Jiang et al., 2016; Zhou et al., 2019b). Nanobubbles have unique
physical properties, which include long-term stability in water, a
negatively charged surface at the liquid-air interface, and high
solubility in liquid.
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It was hypothesized that surface drip irrigation (DI) and SDI with
TWW oxygenated by oxygen nanobubbles (ONB-TWW) could
increase oxygen availability in the rhizosphere, improve plant
physiology and yield regardless of the soil texture and origin,
and mitigate N2O emissions from clayey soils. The objectives of
this study were to: 1) investigate the effects of DI and SDI with
ONB-TWW on rhizospheric O2 availability, comparatively in
sandy and clayey soils; 2) reveal how drip irrigation with ONBTWW affects physiological parameters and yield of lettuce, and
N2O emissions from soils.

measured using a time domain reflectometer (TDR) probe (True
TDR-315L, Acclima, ID, USA). The recorded water content values
were used to calculate the water filled pore space (WFPS) (i.e.,
the ratio between the volumetric water content and the soil
porosity).
On the last day of every growing experiment, the lettuce plants
were harvested destructively, and separated into shoots and
roots. The total weight was recorded, and the number of leaves
per head was counted in all plants, and the lengths of the leaves
in the second outermost leaf layers were measured using a ruler.
At the time of harvest, the leaves and roots were sampled for
analysis of the following physiological parameters (Shoresh et
al., 2011): (a) chlorophyll and carotenoid content, (b) membrane
leakage, (c) osmotic potential and (d) root viability

MATERIAL AND METHODS
Two lettuce (Lactuca sativa L.) growing experiments were carried
out at the Volcani Center, ARO in Rishon LeZion, Israel, utilizing
non-weighing lysimeter systems. The first experiment was
conducted in a lysimeter system with poorly aerated fine texture
Data were analyzed using JMP® Pro Statistical Software version
soil (i.e., clay) that had been degraded by long-term irrigation
15.0 (SAS Institute Inc., USA). We analyzed the effects of
with treated wastewater, while the second was a well aerated
treatments on the different variables using analysis of variance
coarse texture soil (i.e., sand) (Fig. 1). In both lysimeter systems
(ANOVA) by Tukey-Kramer HSD post hoc test with a significant
the following treatments were studied: (i) surface drip irrigation
difference of p<0.05. Some variables were analyzed using
with TWW that was not aerated (DI), (ii) surface drip irrigation
student’s t-test at p<0.05.
with TWW that was aerated with
O2 nanobubbles (DI-ONB), (iii)
subsurface drip irrigation with
TWW that was not aerated (SDI),
and (iv) subsurface drip irrigation
with TWW that was aerated with
O2 nanobubbles (SDI-ONB). TWW
from the Shafdan Wastewater
Treatment Plant, Israel, were used
for irrigation.
In both experiments, prior to each
irrigation event, the TWW was
aerated by oxygen gas (99.5% O2)
nanobubbles (mean size of ONB
150-300 nm) utilizing a low-energy
micropore-type
nanobubblegenerating unit (20A/S, Anzai, Figure 1. The experimental set-up including (A) clayey and (B) sandy soil filled lysimeters. (C) The monitoring
set-up in each lysimeter, including a True TDR sensor (water content), electronic soil air O2 sensor, and a
Japan). O2 concentrations in
perforated bottle (for soil air O2 sampling)
soil air in each lysimeter were
measured by (i) extracting 50 mL of air samples from a depth
RESULT AND DISCUSSION
of 10 cm below the soil surface, and (ii) using electronic O2
1. Oxygen Availability
sensors and data loggers for continuous measurement of soil O2
ONB addition increased the dissolved oxygen (O2) concentration
(Fig. 1C). Dissolved oxygen (DO) concentration was measured
in the irrigation water by 8 - 12 mg L-1. In both lysimeter
in the nanobubble-aerated TWW tank at least once a week
experiments, 0.15 - 0.3 g of O2 was added daily to each lysimeter
using a dissolved oxygen probe. The temporal dynamics of the
with the ONB irrigation water. The added ONB significantly
volumetric (cm3·cm-3) soil water content in the root zone were
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increased the average soil air O2 concentrations under both DI
and SDI (Baram et al., 2020) (Table 1). In our work, the amount of
O2 delivered to the soil with the ONB irrigation water equaled 32
– 80% (clayey soil) and 2 – 5% (sandy soil) of the expected daily
O2 consumption in the soil, (assuming a typical consumption of
25-50 g d-1 in a 1m3 of agricultural soil (Ben-Noah and Friedman
2018)). Accordingly, the O2 concentrations in the soil air increased
by 1 – 4% in the clayey soil and by 0.05 – 0.4% in the sandy soil.
The increases in soil O2 concentrations observed by us and
others when irrigation with NB-water was tested in SDI (e.g., Liu
et al., 2019; Zhou et al., 2019b), demonstrate the potential that
this method has to improve O2 availability in agricultural soils.

oxygen availability in the rhizosphere of the sandy soil, though
this soil remained well ventilated throughout the growing period
(WFPS ranged from 18% to 32%). Other experiments found that
SDI with NB-water improves the yield and vigor of various plants
(e.g., tomato, cucumber, rice, corn and more) (Liu et al., 2019;
Sang et al., 2018; Zhou et al., 2020, 2019a). Though not fully
understood, it is suggested that the observed increase in yield
could have derived from the submicromolar concentrations of
the hydroxyl radical (•OH) found in NB-water, which is a metabolic
byproduct beneficial to cell growth and viability (Liu et al., 2016).
Another possibility is that the negatively charged gas−water
interfaces of the ONB attract positively charged essential plant
nutrients (e.g., K+, Ca2+, Mg2+), thus supporting active uptake by
2. Effect of Irrigation Water Quality and ONB on Yield
the root transport systems (Jiang et al., 2016). Lastly,
improved soil aeration can effectively promote
Table 1.
the activity of the redoxase enzyme and root
Soil air O2 concentrations and physical parameters of the lettuce irrigated by
metabolism, thereby enhancing nutrient absorption
surface and subsurface drip irrigation in clayey and sandy soils.
and accelerating the growth and yield of plants (Li
et al., 2019).
3. Effect of Irrigation Water Quality and ONB on
Physiological Parameters
3.1. Chlorophyll and carotenoids
Irrigation with ONB-TWW significantly increased the
chlorophyll a (Chl. a) and b (Chl. b) concentrations
DI – surface drip irrigation; SDI – subsurface drip irrigation; ONB – oxygen
in the lysimeter experiment with the clayey soil,
nanobubbles; DS – desalinated water. Upper and lower case letters denotes significant
but it did not improve their concentrations in
differences within irrigation method (i.e., surface or subsurface) and between all
the experiment with the sandy soil. Concurrently,
treatments within an experiment (Clay and Sand), respectively. Significance was
carotenoid content in the clay experiment was
tested using Tukey-Kramer HSD at α < 0.05.
significantly reduced by the irrigation with ONB
water, with no apparent effect on the content in
the sand experiment. The increased chlorophyll content in
In the sandy soil experiment, irrigation with ONB-TWW
the leaves of the clay ONB-TWW treatments, suggests higher
significantly increased the yield by 28% in DI (p < 0.05) and by
photosynthesis ability and a higher supply of assimilates, which
19% in SDI (p < 0.08) irrigation (Table 3). In the experiment with
in return promoted plant growth (Jiang et al., 2016). Carotenoids,
the clayey soil irrigation with ONB-TWW significantly increased
in addition to their function as photosynthetic pigments, have
the yield in the SDI treatment by 52% (p = 0.0283), and in the
antioxidant activity and are known to take part in the plant
DI by 10% (p = 0.5815), though without statistical significance
antioxidative response. Oxidative stress, which may be induced
(Table 3) (Baram et al., 2020). The highest impact of ONB on
by hypoxia, may trigger an oxidative response and stimulate
yield was observed in the SDI-ONB treatment in the clayey soil,
the production of antioxidants, including carotenoids. Hence,
where the WFPS remained high during and between irrigations
the reduced carotenoid concentrations in the leaves, indicate a
(86% and 62%, respectively), and impaired soil ventilation. ONB
lower need for protection of the photosynthetic cells from stress
aeration did not affect the average number of leaves which
conditions (Solovchenko and Neverov, 2017), such as that which
developed in the lettuce plants (Table 1). However, ONB-TWW
may be induced by a lack of oxygen in the rhizosphere. It is
increased the average leaf length in both irrigation methods. The
generally accepted that the addition of oxygenated water to soils
most significant increase was observed in the DI-ONB treatment
with limited aeration has the most beneficial impact on plants,
where the average leaf lengths increased by 13% (Table 1).
especially in heavy clay soils which we used (Vertisols) (Bhattarai
Surprisingly, irrigation with ONB-TWW managed to improve
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et al., 2004; Pendergast et al., 2013). Accordingly, ONB addition
did not affect the chlorophyll and carotenoid concentrations in
the well aerated sandy soil.
3.2. Membrane leakage and osmotic potential
Unlike with the chlorophyll and carotenoids, irrigation with ONB
aerated water reduced membrane leakage and the osmotic
potential of the lettuce leaves in both soils and irrigation
methods (Fig. 2). In the experiments with the clayey and sandy
soils, subsurface irrigation with ONB water (SDI-ONB) significantly
reduced membrane leakage by 60% and 12%, respectively,
and osmotic potential by 50% and 12%, respectively (p < 0.05
in all). Surface irrigation with ONB water (DI-ONB) reduced
membrane leakage by 20% and 27% (p < 0.05 in both), in the
clayey and sandy soils experiments, respectively, and osmotic
potential by 13% (p < 0.05) and 4% (p > 0.05), respectively. In
the experiment with the clayey soil, irrigation with ONB water
also reduced membrane leakage of the lettuce roots (DI:33±3%
vs. DI-ONB:25±2%, SDI: 42±4% vs. SDI-ONB:19±2% (p < 0.05 in
all)), and improved root viability (DI:2.0±0.1 vs. DI-ONB:3.5±0.3
O.D. g-FW-1, and SDI:1.3±0.3 vs. SDI-ONB:4.5±0.3 O.D. g-FW-1 (p
< 0.05 in all)).
All of these physiological parameters demonstrate the clear
beneficial impact that drip irrigation with ONB-TWW has on
plants (Ebina et al., 2013). It is evident that even the relatively small
addition of O2 as ONB with the irrigation water, out of expected
daily soil O2 consumption in the soil, improves the viability of the
lettuce roots and leaves. The improved physiological parameters
and yield suggest that the long-term stability and high gas
solubility of ONB in water may be utilized in both surface and
subsurface drip irrigation to improve soil aeration. The low
energy requirements of the system and the fact that it can be
easily added to existing drip-irrigation systems shows promising
potential to improve the aeration of clayey soils that have been
degraded by long-term irrigation with TWW.
3. N2O Emissions
Cumulative N2O emissions from the sandy soil were much lower
than from the clayey soil and ranged between 0.008% and
0.061% of the applied N compared to 0.7% and 1.6%, respectively.
Unlike in the clayey soil, irrigation with ONB did not affect N2O
emission. This is not surprising since N2O is produces mainly
under hypoxia conditions, which did not occur in the sandy soil.
In contrast, drip irrigation with ONB significantly affected N2O
emission from the clayey soil. In the first week of the growing
experiment in clayey soil, N2O emissions were low for all
treatments, with no statistical differences between treatments
(0.13–0.25 mg-N2O-N·m-2·h-1). From the second week onward,
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Figure 2. Normalized membrane leakage (bottom) and osmotic
potentials in lettuce leaves grown in clayey and sandy soils, irrigated by
surface (DI) and subsurface drip irrigation (SDI) with desalinated-water
(DS), treated wastewater (TWW) (DI and SDI) and TWW oxygenated
with oxygen nanobubbles (ONB). Presented are ratios between the DS
and ONB-TWW values and the DI and SDI values. An asterisk represents
significant differences between the control (DI, SDI) and the other
treatments.

Figure 3. Cumulative N2O emission from clayey soil irrigated with TWW
using surface (DI) and subsurface (SDI) drip irrigation without aeration,
and with oxygen nanobubbles aeration (ONB).
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(membrane leakage, osmotic potential). In the clay soil, ONBTWW also improved the chlorophyll and carotenoids contents
and reduced the emission of N2O, a potent GHG (Fig. 4). The
results suggest that drip irrigation with ONB-TWW may be a
cost-effective method to alleviate short term hypoxia, especially
in clayey soils degraded by long-term irrigation with TWW. q

KEY WORDS
Nanobubbles; Drip-irrigation; Treated-wastewater; Oxygenation;
Nitrous oxide; Soil aeration
ABBREVIATIONS
FTIR – Fourier-transform infrared spectrometer; ONB – oxygen
nanobubbles; DI – surface drip irrigation; SDI – subsurface drip irrigation;
TDR – time domain reflectometer; TWW – treated waste water; WFPS –
water-filled pore space, GHG – greenhouse gasses
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Figure 4. Illustration of the conclusions, where drip irrigation with ONBTWW significantly improves soil O2 availability and, consequently, the
physical (yield, leaf length) and physiological parameters of the plant
(membrane leakage, osmotic potential), and reduced N2O emissions

N2O-N emissions from the non-aerated treatments (i.e., DI and
SDI) were significantly higher (p < 0.05) than the emissions from
the parallel ONB-aerated treatments. Overall, irrigation with
ONB-aerated TWW reduced the cumulative N2O-N emissions by
37% (from 0.61 to 0.38 g·m-2; p < 0.001) when applied through
surface drip irrigation and by 15% (from 0.30 to 0.25 g·m-2; p <
0.001) when applied through subsurface drip irrigation (Fig. 9).
SDI resulted in higher cumulative N2O-N emissions, as compared
to DI (Fig. 3).

CONCLUSIONS
We studied the potential of surface and subsurface drip irrigation
with ONB-TWW to improve O2 availability in the rhizosphere of
lettuce grown in clayey and sandy soils. The results demonstrated
that in both soils, drip irrigation with ONB-TWW significantly
improves soil O2 availability and, consequently, the physical
(yield, leaf length) and physiological parameters of the plant
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Olive irrigation with recycled wastewater
Isaac Zipori, Dr. Arnon Dag, Dr. Alon Ben-Gal, Dr. Uri Yermiyahu, Dr. Ran Erel
Since fresh water (FW)
resources in typical olive
cultivation regions are often
scarce, alternative water
sources, often marginal in
quality, are increasingly
used for the irrigation of
olives (Pedrero et al., 2020).
In Israel today recycled
municipal wastewater (RWW)
represents around 40% of all
water available for irrigation.
An experiment was conducted over the years 2006 - 2013, in a
commercial super-intensive, drip-irrigated, olive (Olea europaea)
orchard. The water sources in the experiment were alternatively
locally supplied FW or RWW from a reservoir, storing secondarytreated domestic wastewater originating from Jerusalem. Major
chemical properties of the two water sources were monitored
monthly during the irrigation season (April-October) (Table 1).

olive trees was found. The trees irrigated with RWW had higher
yields compared to those irrigated with FW, probably due to the
presence of P in RWW, while the trees irrigated with FW received
no P fertilization. Oil composition (fatty acids profile), chemical
quality parameters (free fatty acids, total polyphenols and
peroxide value) and organoleptic parameters were not affected
either by irrigation with RWW compared to FW during this
period (Basheer et al., 2019). However, Segal et al. (2011) showed
that larger amounts (1.75-fold) of chloride were transported
below the root zone when trees were irrigated with RWW
compared to irrigation with FW. When fertilization regime was
not adapted to irrigation with RWW, larger amounts of nitrates
were also leached below the root zone, compared to Re- or Fr.
These leached chlorides and nitrates might eventually impair
the quality of ground water. During the irrigation season, there is
accumulation of chlorides and unconsumed nitrates in the root
zone due to the deficit irrigation policy of oil olives. However,
winter rains leached these anions below the root zone and into
the ground water. The risk of nitrate migration into ground water
can be reduced by reducing fertilization proportionally to the
amounts contributed from RWW (treatment Re- in the described
experiment) and by introducing a nitrate-reducing treatment

The experiment had three treatments. During the first four
years (2006-2009), the treatments were: Re+: RWW irrigation
with standard fertilization, Re−: RWW irrigation
with reduced fertilization after subtracting the
Table 1.
amount of the N and K delivered with the RWW and
Major chemical properties of the water used in the experiment. Average of
Fr: FW irrigation with standard fertilization. These
monthly samples taken during the irrigation seasons. SD is standard deviation.
treatments resulted in over application of N and K
in the Re+ treatment because of their relatively high
concentrations in the RWW. So, in the subsequent
four years (2010-2013), Re- received no fertilization,
Re+ received reduced fertilization and Fr remained
as before.
The annually applied amounts of N, P and K per
treatment in each period are presented in Table
2. In the Re+ and Fr treatments, liquid chemical
fertilizers were injected into the irrigation system
throughout the irrigation season.
Some aspects of this research were presented and
discussed in previous publications. Erel et al. (2019)
showed that after 8 years of irrigation with RWW
no negative effect on vegetative performance of
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with RWW. This means that long-term
use of RWW must be followed by soil
monitoring and, eventually, some
actions such as gypsum or alternative
sources of calcium application have to
be taken in order to avoid irreversible
damage to physical soil properties.
The increase in soil SAR can reduce
soil hydraulic conductivity and impair
water movement in the soil as well
as infiltration rates. We measured the
effect of irrigation with RWW on soil
hydraulic conductivity after two and
three years of the experiment and
did not find any significant negative
effect of irrigation with RWW on this parameter. However, this
does not mean that a longer use of RWW will not result in
lower hydraulic conductivity. Another measure of soil physical
properties is measuring water drop penetration time (WDPT),
which is an indication of the water repellency of the soil. This
parameter is measured by putting a drop of water on the soil
surface and recording the time it takes to infiltrate into the soil
completely. The results of WDPT measured in the experiment
after 8 years of irrigation with RWW are presented in Fig. 1.

Table 2.
Average annual amounts of N, P and K applied to the treatments during the experiment.

in the wastewater treatment plant. In orchards receiving N
fertilization, it is recommended to stop fertilization before the
end of the irrigation season so that the trees can reduce the soil
N levels by absorbing N and thus reduce the risk of N migration
below the root zone. Chlorides can also be removed from RWW,
but this is an expensive process which is usually not applied. The
use of RWW for irrigation therefore should be limited to regions
where the risk of ground water contamination is low.
RWW has a higher microbial population compared to FW. The
results indicate that from a bacteriological point of view, the
secondary water treatment was quite efficient. Although RWW
had a higher bacteriological population compared to FW, Frenk
et al. (2015) showed that irrigation with RWW did not change the
composition of the soil microbial population, but had an effect
on the activity level of certain microbiological groups, especially
those related to nitrogen biochemical recycling.
Long-term irrigation with water containing high Na levels,
such as RWW, followed by a rainy season, results in Ca release
from the soil clay minerals and eventually impairs soil physical
properties such as hydraulic conductivity and water infiltration.
This phenomenon is called soil sodification. The degree of soil
sodification is estimated by calculating the ratio between Na
and Ca+Mg in the soil solution extract. This ratio is called SAR
(sodium adsorption ratio). A soil is considered sodic when the
value of this ratio is above 8.
In the RWW treatments, SAR value steadily increased in
our experiment with the years from 3.9 at the beginning of
the experiment to above 8 after 8 years, whereas in the FW
treatment, it slightly increased from 3.9 to 5. Soil exchangeable
sodium percentage (ESP), another measure of soil sodification,
increased as well, from 2.5% to 12% after 8 years of irrigation
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WDPT is much lower under FW irrigation compared to RWW.
Moreover, the differences in WDPT between spring (end of the
rainy season) and autumn (end of the irrigation season) are
much larger under RWW irrigation compared to FW. The higher
WDPT in the plots irrigated with RWW can be an indication to
future development of problems regarding water infiltration and
hydraulic conductivity.
RWW might contain, apart from bacteria, residues of
pharmaceuticals and heavy metals. We do not expect these

Figure 1. Water drop penetration time (WDPT) in spring and autumn
after 8 years of irrigation with RWW compared to FW.

residues to have a significant effect on the soil but we are
definitely concerned about their appearance in the oil. Our
results indicated that irrigation with RWW had no negative
bacteriological, pharmaceutical or chemical effect on the final
product of the orchard, the olive oil.
There are significant advantages to the use of RWW for olive
irrigation. These include the reduction in fertilizer use with the
obvious economic benefit, the saving on fresh water, a scarce
resource in many regions, and the use of a waste product (treated
wastewater), which is otherwise a potential environmental
pollutant requiring proper disposal. Contrarily, use of RWW
comes with risk of pollution of deep soils and natural water
sources with salts, nutrients and other contaminants. Today, in
many countries, wastewater-treatment plants produce tertiarytreated RWW, with lower nitrate and chloride concentrations
than the water we used in this work. This RWW is much safer for
use regarding environmental risks. Risks of utilization of RWW are
also reduced in locations where natural rainfall and hydrological
systems drain excess water and its solutes into seas and oceans
or where agricultural drainage water is collected. The potential
environmental risk of using RWW for olive irrigation therefore

has to be evaluated locally, taking into account RWW quality,
soil conditions, underground water level and climatic and
meteorological conditions (Pedrero et al., 2020). Regarding the
increasing demand for fresh water and the growing volumes of
wastewater that has to be treated and disposed of, olive irrigation
with RWW, especially in the Mediterranean basin, seems to be a
highly feasible option. q

KEYWORDS
Olea europaea; fertilization; salinity; sodicity; sustainability
LITERATURE CITED
Basheer, L., Dag, A., Yermiyahu, U., Ben-Gal, A., Zipori, I., & Kerem, Z.
(2019). Effects of reclaimed wastewater irrigation and fertigation level
on olive oil composition and quality. Journal of the Science of Food
and Agriculture, 99, 6342-6349.
Erel, R., Eppel, A., Yermiyahu, U., Ben-Gal, A., Levy, G., Zipori, I., Dag, A.
(2019). Long-term irrigation with reclaimed wastewater: Implications
on nutrient management, soil chemistry and olive (Olea europaea L.)
performance. Agricultural water management, 213, 324-335.
Frenk, S., Dag, A., Yermiyahu, U., Zipori, I., Hadar, Y., & Minz, D. (2015).
Seasonal effect and anthropogenic impact on the composition of
the active bacterial community in Mediterranean orchard soil. FEMS
microbiology ecology, 91(9), fiv096.
Pedrero, F., Grattan, S.R., Ben-Gal, A., & Vivaldi, A. (2020). Opportunities
for expanding the use of wastewaters for irrigation of olives. Agricultural
Water Management. https://doi.org/10.1016/j.agwat.2020.106333
Segal, E., Dag, A., Ben-Gal, A., Zipori, I., Erel, R., Suryano, S., & Yermiyahu,
U. (2011). Olive orchard irrigation with reclaimed wastewater:
agronomic and environmental considerations. Agriculture,
ecosystems & environment, 140(3-4), 454-461.

Isaac Zipori
Department of Fruit Tree Sciences, Institute of Plant Sciences,
Gilat Research Center.
Isaac Zipori is a retiree of The Gilat Research Center of the ARO. In
his 40 years in the institution, Isaac worked with multidisciplinary
groups in plant and soil sciences as a research engineer. Isaac
is the author of over 50 peer-reviewed articles and numerous
professional articles in Hebrew agricultural journals. Isaac stays
active in agricultural R&D while in retirement through scientific
writing, international consulting and being the head of Israel’s
Southern Olive Oil Tasting Panel.

VOLCANI VOICE

31

VOLCANI VOICE

Agricultural Research Organization Volcani Center

DIDAS – A User-Friendly Program For Assisting Drip
Irrigation Design And Scheduling
By Dr. Shmulik Friedman, Dr. Gregory Communar, Alon Gamliel

WHAT IS DIDAS?
DIDAS is a software package aimed at assisting irrigators
in the design of drip-irrigation systems and in irrigation
scheduling. The program simulates drip irrigation of various annual crops and trees in various soils under different
conditions of evaporation. It evaluates plant water-use efficiency, but not plant growth or yield.
DIDAS IS COMPRISED OF THREE MODULES:
1. A drip-system design tool based on steady irrigation and
water-uptake processes to assess the effect of geometrical
attributes on water use efficiency.
2. A diurnal pattern module, based on steady irrigation and
accounting for the diurnal patterns of plant-atmosphere
requirements for water uptake and evaporation, serving for
fine tuning of the irrigation-system design and for preliminary
evaluation of scheduling scenarios.
3. An irrigation-scheduling optimization tool, based on the
actual water application schedule and on the diurnal pattern
of the plant-atmosphere requirements for water uptake.
WHO SHOULD USE DIDAS?
DIDAS is intended for both practitioners and scholars. Potential
users include private growers and irrigators working for irrigation
companies, extension services and growers’ associations. It is
also of benefit to researchers, lecturers and students interested
in the processes of two and three-dimensional water flow and
uptake in soils. An updated DIDAS version can be downloaded
freely from https://app.agri.gov.il/didas/. So far about 2000
people from 135 countries downloaded either the first or the
second public DIDAS versions (1.0.1 and 1.1.1).
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WHAT IS DIDAS GOOD FOR?
Irrigators of annual and perennial crops can use DIDAS as a
decision-support tool for assistance in selecting optimal designs
of drip-irrigation systems and optimal irrigation schedules,
where water is a key limiting factor in crop production. The
program can serve as both a benchmark
tool for assessing and comparing existing system designs and
irrigation schedules and for developing new, water-use efficient
designs and schedules.
“Design” does not refer to the hydraulics of the irrigation system
(pumps, valves, filters, pipe diameters, and the like), but rather
to the geometrical attributes of the drip-irrigation system. These
include: distances between emitters along drip lines and between
drip lines, the depth of subsurface emitters, and the size and depth
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“Scheduling” refers to, and assists in optimizing
drip-irrigation schedules for both ‘every-few-days’
irrigation and multiple daily irrigation pulses.
DIDAS evaluates the effects of irrigation frequency,
daily hours of water application and irrigationpulse duration on water-use efficiency for a given
scenario of drip system design, soil properties,
root system size, and atmospheric evaporative
demand. DIDAS cannot be used to assess plant
water-use efficiency in rain-fed crop production
or when applying supplemental irrigation, i.e., it
refers only to regular irrigation schedules.

Figure 1. DIDAS window (of the design module) depicting the horizontal plane. The
planar scenario involves point sources/sinks and a rectangular array of coupled emitters
and plants, with drip lines spaced at 80 cm, and spacing between emitters along the
drip lines increasing from 20 cm, in increments of 10 cm.

Researchers, lecturers and students can use
DIDAS as a research or training tool for studying
the effects of various boundary (engineering
and environmental) conditions on the processes
of two - and three - dimensional water flow and
uptake in variably saturated soils. Setting scenarios
of coupled, on-surface or subsurface water
sources and subsurface sinks, and utilizing the
graphical outputs of the spatial distributions and
temporal patterns of soil water potential enable
methodological studies of the roles of gravity
and capillarity in driving the soil water, and of the
effects of soil, plant and atmospheric evaporative
demand on water flow and uptake by plant roots.
DIDAS also allows setting scenarios with only point
or line water sources and without water sinks.
These scenarios are relevant to other agronomic
and environmental practices and to processes
involving water application and leaks with no
water uptake by plant roots.

WHAT ARE DIDAS’ CONCEPTS AND
PRINCIPLES?
DIDAS is designed to be user-friendly and to use a
minimal number of readily available and intuitive
parameters, while at the same time maintaining
accuracy, robustness and relevance. The program
performs computations based on analytical solutions of the
relevant linearized water
flow and uptake problems. Water flow is described by the
superposition of solutions for positive sources (on surface or
subsurface emitters) and negative sinks (plant root systems).
Steady water flow is assumed in the design module and unsteady
flow is used in the irrigation-scheduling module.

Figure 2. The design module output window presenting the Relative Water Uptake
Rate (RWUR) as a function of the radius of the conceived root zone for five emitter spacings of 20 to 60 cm, assuming no evaporation from the soil surface and no plant−atmosphere resistance to water uptake.

of root systems. DIDAS assesses the effects of these attributes
on the plant’s water-use efficiency under various environmental
conditions (soil properties and atmospheric evaporative demand).
DIDAS refers directly to only drip irrigation. Nevertheless, its three
modules can also assist in understanding and assessing furrow
irrigation, for example, by simulating irrigation with parallel line
sources on a flat soil surface.
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the plant roots apply maximum possible suction
and the water uptake is determined only by the
capability of the soil to conduct water from the
sources (emitters) to the sinks (root zones). The
computations of the RWUR require only three
parameters describing soil texture, root-zone
size, and potential evaporation in those few cases
where it is important to account for evaporation
from the soil surface.

Figure 3. DIDAS window depicting irrigation scheduling under the scenario of a single
daily irrigation between 0600 and 0800 h, emitter discharge rate of 1 L h-1, and 10 simulated irrigation days.

The irrigation-scheduling optimization tool is
based on modeling unsteady water flow and
on a Relative Water Uptake Volume criterion
(RWUV, ratio between daily water uptake volume
and daily irrigation volume). An alternative
optimization criterion is maximization of the daily
hours for which the evaluated (absolute) wateruptake rate is higher than a given threshold value.
The computations of diurnal patterns of wateruptake rates and daily RWUV for a given irrigation
scenario require additional information on the
daily pattern of the plant-atmosphere resistance
to water uptake and on the hydraulic conductivity
of the soil.

RECENT DEVELOPMENTS
Recent additions to the DIDAS program (not yet
implemented in the public version) include: 1.
New layouts of drip irrigation systems; for example,
a ring shape dripline; 2. A module for the design
of supplemental drip irrigation over shallow
groundwater accounting for water uptake from
both groundwater and irrigation; 3. A module
for soil salinity management, based on solutions
for steady water flow and uptake for the various
Figure 4. DIDAS irrigation-scheduling output window, depicting the diurnal variation
drip irrigation scenarios, and on differentiating the
of the Relative Water Uptake Rate (RWUR) on the 10th simulated day, as evaluated with
applied water to evaporation from the soil surface,
the unsteady flow and uptake module. Displayed are: red - RWUR taking into account
uptake by the plant roots, deep percolation
the defined plant – atmosphere resistance to water uptake; blue - RWURs as evaluated
on the assumption of no plant resistance.
through the root zone and deep percolation
outside of the root zone; 4. Modules for sprinkler
irrigation assuming spatially homogeneous water application at
The design tool is based on a new Relative Water Uptake Rate
the soil surface and water uptake by arrays of plant root systems. q
criterion (RWUR, ratio between water uptake rate and irrigation
rate) suggested for assessing the effect of the geometrical
attributes on water use efficiency. The recommended RWUR
KEYWORDS
criterion for design purposes is evaluated while disregarding
Decision Support System, Drip irrigation, Water flow and uptake
the plant – atmosphere requirement for water uptake. Namely,

34 VOLCANI VOICE

VOLCANI VOICE

Agricultural Research Organization Volcani Center

ACKNOWLEDGEMENTS
The development of DIDAS was supported by the Fund of the Chief
Scientist of the Israeli Ministry of Agriculture and Rural Development,
projects no. 301-0655-12, 304-0488-13, 304-0508-14, 304-0524-16,
and 20-03-0033. We thank Limor Friedman for designing the DIDAS
logo.
FURTHER READING
Communar, G. and Friedman, S.P. (2014) Determination of soil
hydraulic parameters with cyclic irrigation tests. Vadose Zone J., doi:
10.2136/vzj2013.09.168.
Friedman, S.P., Communar, G., and Gamliel, A. (2016) DIDAS –
User-friendly software package for assisting drip irrigation design
and scheduling. Comput. Elect. Agric., 120:36-52, doi:10.1016/j.
compag.2015.11.007
Friedman, S.P., and Gamliel, A. (2019) Steady water flow with
interacting point source–point sink–water table in a cylindrical soil
domain. Vadose Zone J., doi: 10.2136/vzj2018.11.0204.
Friedman S.P. (2016) Evaluating the role of water availability in
determining the yield/plant population density relationship. Soil Sci.
Soc. Am. J. 80:563-578, doi: 10.2136/sssaj2015.11.0395.
Friedman S.P., and Gamliel, A. (2017) Extension of a water flow and
uptake model to salt accumulation and leaching and its application
for drip irrigation management. Final Report for Project no. 3040488, submitted to the Fund of the Chief Scientist of the Israeli
Ministry of Agriculture and Rural Development (in Hebrew).
Meiri, A. Naftaliev, B. Shmuel, D., Yechezkel, H. Communar, G.
and Friedman, S.P. (2011). Short-term watering-distance and
symmetry effects on root and shoot growth of bell pepper plantlets.
Agricultural Water Management, 98:1557-1568, doi:10.1016/j.
agwat.2011.05.010

Dr. Shmulik Friedman
Institute of Soil, Water and Environmental Sciences, Agricultural Research Organization, Israel.
Shmulik Friedman is a researcher (and was head on 2005-2008)
at the Department of Environmental Physics and Irrigation of the
ARO (https://www.agri.gov.il/en/people/683.aspx). He studied
soil science in the Agriculture Faculty of the Hebrew University
of Jerusalem and holds a PhD degree in agronomy. Shmulik’s
research interests include monitoring soil water content and
salinity, irrigation with saline and recycled water and soil
aeration; and occasionally he teaches a course on Physics of Soil
Water at the Hebrew University.

Dr. Gregory Communar
Gregory Communar is a retired researcher at the department
of Environmental Physics and Irrigation of the ARO. He studied
hydrogeology in the department of Water Supply Systems,
Hydraulics and Geology of the Polytechnical Institute in
Tashkent and received a PhD degree in hydrogeology from
the Moscow State Research Institute of Water Supply Systems,
Hydromechanics and Hydrogeology (VODGEO) in USSR.
Gregory’s research interests include various hydrologic and
irrigation issues (https://www.agri.gov.il/en/people/158.aspx).

Alon Gamliel (Software Developer)
Alon Gamliel is a professional developer with expertise in Java
and web technologies. He holds a B.Sc. degree in Computer
Engineering from the Technion and a M.Sc. degree in Computer
Science from the Tel-Aviv University. Alon’s experience includes
foundation of several start-ups and consultation services to
various organizations (gamliela@hotmail.com).

VOLCANI VOICE

35

VOLCANI VOICE

Agricultural Research Organization Volcani Center

GREENMAN: A Model-based Decision Support System for
Closed Irrigation Loop Greenhouses
By Dr. Benayahu Bar-Yosef
Modern greenhouses, particularly those that recirculate their drainage solution,
have numerous climate,
crop, fertigation and salinity controllable system variables, so they need a computer controlled decision
support system (DSS) for
optimal operation. To meet
this need, the GREENMAN
greenhouse management DSS was developed (Bar-Yosef
et al., 2004; Bar-Yosef and Klaering, 2006). It aimed to be
generic for all C3 greenhouse crops and a wide range of
climate, growth substrate and water quality conditions.
It is designed to issue hourly greenhouse management
recommendations, but it is suitable for tactical and strategic decision making as well.

management strategy that minimizes the difference. This is
executed by repeated simulation of the forthcoming day with
varied management strategies that entail changing light intensity
(shade screen), air temperature (wet pad) and CO2 concentration
(CO2 supply) in the case of adequate water uptake, and changing
irrigation frequency, threshold Cl concentration for discharge of
the drainage solution, and irrigation rate in the case of water

DESCRIPTION OF THE DSS
The underlying DSS theory is that in order to obtain optimal
fruit yield the crop should follow unique (target) time functions
of total dry matter (DM) production and tissue nitrogen (N)
concentration (Bar-Yosef, 1999). The [target DM]*[target wholeplant %N] function defines the crop’s target N consumption
curve. The crop-specific target DM and N functions are empirical
and known from earlier research (e.g. Bar-Yosef, 1999) and are
stored in the DSS.
The DSS (Fig. 1) is constituted of three interrelated modules: (i) a
mechanistic crop-substrate-climate model; (ii) feedback, and (iii)
management. The model simulates crop growth, transpiration,
uptake and DM and fruit production, as well as substrate
mineraliztion, transport and salt accumulation processes, subject
to given greenhouse climate parameters, crop-root MichaelisMenten constants, and substrate hydraulic functions.
The management module compares between daily target and
model simulated DM production and N uptake. If deviations
exceed a permitted value, a warning appears on the greenhouse
computer monitor, and a module program searches for a new
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Figure 1. The three modules of the greenhouse DSS and their main
sub-programs.
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Figure 2. Experimental vs. simulated tomato fresh fruit weight (left hand side) and model simulated total dry matter
(DM) and transpiration as functions of time (right hand side). The experiment took place at Grossbeeren, Germany.
Fertigation: 1028 mm and 130 mg N/L, 10 irrigations/day, no recirculation (to avoid crop water or N stress). Growth
substrate: rockwool.

stress. Nitrogen strategies include changing NH4 and NO3
concentrations in the irrigation water and fertigation frequency.
Also- management includes a real time data- exchange interface
between the DSS output and greenhouse control computer,
which is prerequisite for automatic greenhouse operation by
any DSS.
The Feedback module compares between model-computed
control variables (e.g. drainage EC) and their measured values.
If disagreement between any measured and simulated result
exceeds a given tolerated deviation, a Feedback program
searches for possible reasons for this disagreement by repeated
simulation of the last day with systematically changed model
parameter values. Control variables which are checked for
correct model simulation are daily evapotranspiration, drainage
salinity (EC), and the substrate volumetric water content.
More details about the DSS and its modules and sub-routines
can be found in Bar-Yosef and Klaering (2006).

EXAMPLES OF MODEL SIMULATIONS USED BY THE DSS
Crop yield, growth and transpiration
To evaluate the modeling suitability, tomato growth and fruit
yield was determined experimentally (according to our best
practice) and simulated in a closed irrigation loop greenhouse. It
can be seen (Fig. 2) that the agreement between computed and
empirical fresh yield results was satisfactory, which indicates that
the model can be safely used in the tomato DSS. The model also
predicted that the ratio of computed [cumulative transpiration
(TR)] to [cumulative net DM production] (= water use efficiency)
is nearly constant along the growing season (mean of 170 L/

kg DM, Fig. 2). This ratio is smaller than reported in field works
(250-300, Bar-Yosef 1999), but in the field evapotranspiration
rather than TR is reported, relative humidity (RH) is lower than
in greenhouses, and DM weight is underestimated due to
unaccounted-for losses.
Chloride accumulation in solution and impact on N and
water uptake
The threshold chloride (Cl-) concentration (Cthreshold) for
discharging recycled solutions determines the period of time
(under given climate) it takes until a solution must be at least
partly replaced. Simulation results (Fig. 3) show that at Cthreshold
of 500 mg Cl-/ L, that time was 27 days, while at Cthreshold
of 1750 mg/ L the discharge started after 126 days. It is also
predicted that Cl concentration at the bottom of the substrate
is considerably higher than in the water reservoir (which is the
irrigation solution). The simulated daily fluctuations are greater
at the bottom of the substrate than in the water reservoir, as
the latter is directly replenished with fresh solution in order to
maintain constant water volume in the system.
When neglecting in the model competitive Cl- - NO3- uptake
and Cl- osmotic effects, the simulated N quantity in the plant
was ~ 35 g N/ m2 ground (day 80); when competition (only) was
included (Cthreshold of 500 mg L-1), the N quantity declined
to 10 g N/ m2 ground (Fig. 4). The simulated concentration
of reduced-N in plant leaves under those conditions varied
between 4% and 10% (data not presented) with a minimum
at the time when root mass was smallest. It can also be seen
(Fig. 4) that the Cl induced uptake inhibition triggered a time
dependent plant N stress (NSF) that increased with plant age
and reduced fruit yield.
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predicts an increase in solution pH initiating ~40 days after
planting which coincides with initial fruit filling and reduced DM
allocation to roots (not shown). The fluctuations in pH stem from
the difference between fresh water and recirculated solution
pH. Predicted variations in pH along the season resemble
experimental observations in the Besor area, Israel (not shown).

Figure 3. Simulated concentration of Cl- in tomato recirculated solution as function of time and threshold Cl- concentration (Cthreshold).
Growth conditions and fertigation management characterize the Besor
area, southern Israel. Cthreshold = 1.75 g Cl-/ L (top figure) or 0.50 mg/ L
(bottom). Res = water reservoir; Sol A = average concentration in entire
water volume, and Sol Bot = concentration in solution at the bottom of
the substrate (rockwool).

Solution pH
The threshold chloride (Cl-) concentration (Cthreshold) for
discharging recycled solutions determines the period of time
(under given climate) it takes until a solution must be at least
partly replaced. Simulation results (Fig. 3) show that at Cthreshold
of 500 mg Cl-/ L, that time was 27 days, while at Cthreshold of
1750 mg/ L the discharge started after 126 days. It is also
predicted that Cl concentration at the bottom of the substrate
is considerably higher than in the water reservoir (which is the
irrigation solution). The simulated daily fluctuations are greater
at the bottom of the substrate than in the water reservoir, as
the latter is directly replenished with fresh solution in order to
maintain constant water volume in the system.
When neglecting in the model competitive Cl- - NO3- uptake
and Cl- osmotic effects, the simulated N quantity in the plant
was ~ 35 g N/ m2 ground (day 80); when competition (only)
was included (Cthreshold of 500 mg L-1), the N quantity declined
to 10 g N/ m2 ground (Fig. 4). The simulated concentration The
DSS model simulates both the nitrification and ammonium
uptake effects on solution pH (Fig. 5). It can be seen that at
NH4:NO3 ratio of 1:4 and 140 mg N/ L N the NH4 uptake is more
effective in decreasing solution pH than nitrification. The model
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Figure 4. Simulating the effect of competitive Cl- - NO3- uptake on N
absorption by tomato plants and resulting plant N stress factor (NSF)
along the growing season (Cthresh = 500 mg/L). Left and right hand
sides: including and neglecting the competition effect, respectively.
The Cl- osmotic effect on water uptake was disregarded in both simulations, therefore the water stress factor (WSF) was unaffected by the
competition effect.

Figure 5. Simulation of recircu-lated solution pH as a function of days
after planting. Initial pH 6.5, fresh water pH 7.5; NH4:NO3 =1:4. Top: disregarding NH4 uptake effect on H+ excretion by roots (nitrification driven pH change); bottom: disreg-arding nitrification effect (NH4 uptake
driven pH change).
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CONCLUSIONS
Tomato experiments in a greenhouse controlled manually
by GREENMAN management recommendations resulted in
equal or superior fruit yield in comparison with management
control by an extension service greenhouse specialist. The
main advantage of the DSS was in reducing the leachate
disposal volume relative to the discharge recommended by
the specialist. The next step would be to allow GREENMAN to
run the greenhouse autonomously and overcome potential
interfacing obstacles. Further development of the DSS will
require additional tests under commercial growth conditions;
adding new parameters for specific crops and crop varieties,
and employing advanced monitoring devices to strengthen
the DSS feedback module. So far the DSS has been adopted
for rose and lettuce production, but no experiments have been
conducted to calibrate involved parameters and evaluate the
DSS management recommendations.
The problem of root pathogens in closed irrigation loop systems
was found by us to be similar to that in open irrigation systems,
and therefore disinfection devices were not included in the
GREENMAN DSS. q
KEYWORDS:
nitrogen control; climate control; target curves; salinity threshold;
pH control; recirculation
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Thermal remote sensing for drip irrigation management in cotton
By Dr. Yafit Cohen, Dr. Victor Alchanatis

Approximately half of the agricultural land in Israel is
irrigated and the majority of that (around 60%) is irrigated with drip systems. The widespread implementation of drip irrigation has made a major contribution to
the increase in irrigation water use efficiency (WUE) in
Israel, in terms of production per irrigation unit. Irrigation WUE in Israel has increased steadily since the 1960s
and doubled by 2000-2010. Yet, it hardly changed after
2011. One approach that can potentially increase water
use efficiency is precision irrigation or variable-rate irrigation.
THERMAL IMAGING FOR WATER STATUS
VARIABILITY MAPPING
Since drip irrigation is highly efficient compared to other
irrigation systems most of the precision drip irrigation studies
in Israel focused on crops that it would benefit most: cotton
and vineyards. Both cotton and wine grape vineyards are
grown in controlled regimes of water stress, and thus the best
irrigation practices involve plant water status monitoring. Here
we focus on cotton. In Israel, irrigation scheduling in cotton
is predetermined and water stress corrections are made by
modifying irrigation amounts. Irrigation amounts are estimated
according to the equation: Irrig=∝*Kc*ET0 where ET0 is the
reference evapotranspiration, (Kc) is the a crop coefficient
(FAO56; Allen et al., 1998) and α is the water status (or water
stress) coefficient. Real-time daily values of ET0 for many
locations in Israel are available from the Ministry of Agriculture
and Rural Development’s (MARD) Agro-meteorology website
(meteo.co.il). Kc tables are also available on the web, For
example, this is the link for cotton: https://www.moag.gov.il/

40 VOLCANI VOICE

shaham/professionalinformation/documents/daily_exhalation_
user_guide_2014.pdf. In addition, an app was developed for most
crops by MARD’s Extension Service (https://play.google.com/
store/apps/details?id=il.gov.moag.shaham.irrigationapp). The Kc
of cotton while in its vegetative growth stage is further adjusted
according to the rate of plant growth and in the boll-filling period
to a measure of plant water status, leaf water potential (LWP).
For these, growers measure, among other parameters, height
and LWP of a few plants in the field 1-2 times a week. Based on
target curves of these parameters that were developed by the
cotton board they can estimate crop water status, ∝ , and further
correct irrigation amounts. Direct plant measures are relatively
reliable and reflect individual plant water status, but they do not
represent the spatial variability of water status in the plot and
are laborious and therefore expensive. For height estimation and
mapping initial regression models were developed using multispectral satellite images (https://falcha.co.il/news-updates/news/
high-level-cotton-measuring-application/) and that research is
still ongoing.
Thermal images have been used in most of the precision
irrigation studies as alternatives for water status estimation and
mapping in the productive periods, as multi-spectral images
are not sensitive to water status in these growth stages. Initial
studies focused on correlating between the crop water stress
index (CWSI) (Idso et al., 1981), extracted from thermal images,
and leaf or stem water potential (Cohen et al., 2005; Möller et
al., 2007). Good high correlations were found between groundbased thermal images and LWP in both cotton and vines.
Further studies examined whether robust relationships exist
between the two measures along a cotton growing season for
different varieties, across years, and in different geographical
areas (different climates and soils) (Cohen et al., 2015). For this,
a dataset from three cotton growing seasons and from different
geographical areas was built. A linear CWSI-LWP relationship
was found to be appropriate, and had a high coefficient of
determination (R2=0.7).
To upscale the use of thermal imaging to commercial application,
aerial thermal images over commercial cotton fields were used
to map LWP variability and to produce prescription maps
according to water status levels (Cohen et al., 2017).
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Figure 1. Multi-temporal LWP variability maps of a 15ha commercial cotton fields in Yavne, Israel. The LWP maps are based on aerial thermal images
acquired on 10/7/11 (left); 27/7/11 (right).

Based on bio-indicators, prescription-like maps which were
based on the LWP recommended curve for several commercial
fields were produced on two dates along the season (Figure 1
presents maps for one of the fields). In–season water status
variability was not constant (Cohen et al., 2017). The maps show
the importance of in-season variability mapping for rational
irrigation management. This means that in order to improve VRI,
in-season IMZ’s should be used.

THERMAL-BASED WATER STATUS MAPS FOR
IRRIGATION MANAGEMENT
Irrigation management experiment in cotton
Cotton is an important crop in the crop rotations widely practiced
in Israel. Cotton yield and quality are highly dependent on an
adequate supply of water and in the boll-filling growth stage
they are grown under controlled water stress to balance between
vegetative growth and production. While proven efficient,
adoption of LWP as an irrigation management complementarytool has been limited due to the time and manpower needed to
obtain manual measurements. Additionally, these measurements
do not necessarily represent the entire field or its variability. The
experiment described in this section compared thermal-imaging
based irrigation management to LWP-based management
(Rosenberg et al., 2014).

Field plots and irrigation treatments: Field measurements
were conducted in the summer of 2013 at Kibutz Givat Brener,
Israel. Experimental plots were planted with cotton, Gossypium
hirsutum x Gossypium barbadense hybrid (“Acalpi”), at the
beginning of April and were drip-irrigated with one lateral
every other row. Plots were irrigated with 2 different treatments
with six replicates (a total of 12 sub-plots). Irrigation amounts
were determined based on ET0 and crop coefficients, and
stress factor (α) corrections were made in the boll filling period
based on either direct LWP measurements of a few leaves made
twice a week (treatment denoted as Reg-LWP) or based on LWP
estimated by thermal images acquired once a week (treatment
denoted as Reg-TIR).
Image acquisition: Oblique thermal images were acquired
above the experimental plots using uncooled infrared thermal
cameras (SC655 and SC2000, FLIR systems, Oregon, USA) that
were attached to a vertical 20 m mast mounted on a tractor. The
two cameras are sensitive in the thermal range of 7.5 – 13 µm
and have measurement sensitivity and accuracy of 0.1ºC and
±2ºC, respectively. Image acquisition was carried out on four
days in the boll-filling period: 04/08/13, 11/08/13, 18/08/13, and
25/08/13. The thermal images were acquired a few hours before
irrigation, around solar noon (11:00 – 15:00 daylight saving Israel
Standard Time, GMT +3).
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Leaf samples: Parallel to image acquisition, 4-6 leaves from
each replicate were sampled and their LWP was measured with
a pressure chamber (model ARIMAD 1, Mevo Hama Instruments,
Israel)
CWSI calculation: CWSI is defined as follows:

where Tcanopy is leaf or canopy temperature measured with
thermal imagery, and Twet and Tdry are approximations for
minimum and maximum canopy temperatures, respectively. For
Tdry we used an empirical relationship, air temperature +5ºC,
which was found to give a reasonable estimate of the maximum
leaf temperature for cotton (Alchanatis et al., 2010). Twet was
canopy temperature of an over-irrigated stripe of the crop
measured by thermal imagery (Cohen et al., 2017).
Processing of thermal images and LWP calculation:
Vegetation was separated from background empirically (Meron
et al. 2010) and mean canopy temperature was extracted for
each sub-plot. CWSI was calculated and LWP determined from a
linear CWSI-LWP relationship based on our multi-year database
(Cohen et al., 2015).
LWP [MPa] = -1.77CWSI – 1.28 – K
where K is a transformation constant between the LWP measurement
methodology and other methodologies (Cohen et al., 2017).
Results: Estimated and measured LWP were well correlated,
with R2=0.78 and RMSE of 0.14 MPa. Additionally, the slope of
the regression model was not significantly different from 1.
Until day 30 from onset of flowering (21/07/2013) the entire field
received homogeneous irrigation of 316.4 mm. From 31 days
after onset, treatments
were irrigated differently
as LWP measurements/
calculations
were
used
for
irrigation
Kc corrections. From
22/7/2013
until
28/8/2013 Reg-LWP and
Reg-TIR received similar
irrigation
amounts
Figure 2. Irrigation water use efficiency.
(965 and 900 m3/ha,
Different letters indicate significant
respectively). Figure 2
differences between groups (p<0.05)
presents the irrigation
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water use efficiency (WUE) of the 2 treatments. The thermal
imaging treatment, Reg-TIR, had slightly more yield and slightly
less irrigation in comparison to the reference treatment, RegLWP, resulting in significantly higher WUE (Figure 2).

CONCLUSION REMARKS
Multi-year studies on thermal-remote sensing for water status
mapping and for irrigation management have been briefly
summarized. The results imply that remotely sensed thermal
data can replace manual measurements of water status, with
the same or higher yields and similar or less amounts of water
application. Thus, thermal imaging has the potential to improve
WUE. It is assumed that despite the imperfection in the estimation
of LWP by the thermal-imaging, the latter has the advantage of
measuring many more of the plants, leading to better irrigation
decisions. Another step towards the implementation of this
technique was a field irrigation experiment in which natural
variability of water status in a commercial cotton field was
addressed by variable-rate-drip irrigation. The study was done in
the 2018 and 2019 seasons and variable-rate irrigation increased
yield in both seasons with improved IWUE in 2019. q

KEYWORDS:
precision agriculture, variability, water status, water stress, water use
efficiency
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Increasing water use efficiency of sweet pepper grown in
greenhouses and screenhouses
Dr. Josef Tanny, Daniel Hadad, Victor Lukyanov, Dr. Shabtai Cohen, Ziva Gilad,
Ephraim Zipilevitz, Achiam Meir, David Silverman, Uri Adler, Yitzhak Esquira
ABSTRACT
In semi-arid regions,
pepper is usually grown
in
greenhouses
and
screenhouses. However, in
the agricultural practice,
most growers do not
consider the effect of cover
type on actual crop water
demand. The objective
was to study the effect
of roof cover type, either plastic or porous screen, on
internal microclimate, crop water requirements, and
water use efficiency, to improve irrigation management.
A study was carried out in the Jordan Valley region of
eastern Israel, during three growing seasons, in two
otherwise identical structures in which a pepper crop
was grown. In one structure, the roof was a plastic
sheet (greenhouse) and in the other, it was an insectproof 17-mesh screen (screenhouse). In both houses,
microclimate was measured simultaneously above the
canopy and crop water requirements were estimated
according to either internal or external conditions. In 4
neighbouring houses, a trial was conducted comparing
three irrigation treatments. Results show that water
use efficiency for the irrigation treatment based
on internal climate conditions was larger by about
20%, in both screenhouse and greenhouse, than that
obtained using the regional recommended irrigation.
Protected cultivation systems, like greenhouses and screenhouses,
provide various levels of isolation between the crop and the
external environment, depending on cover type and properties.
Growers use such systems to avoid insect penetration, and to
protect the crop from external weather hazards like hail, frost,
high radiation load and high wind speed. Protected cultivation
systems modify the internal microclimate, by reducing radiation
and wind speed and hence reducing the evaporative demand of
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the internal environment (Möller et al., 2003; Kittas et al., 2012).
These modifications can lead to a significant water saving, and in
particular, to an increase of the water use efficiency, namely, the
ratio between yield and irrigation. The latter is a crucial issue for
sustainable agricultural production in arid and semi-arid regions.
Pepper is widely grown in screenhouses and greenhouses
in semi-arid regions. Several research studies considered the
microclimate conditions in screenhouses and the associated
evapotranspiration, ET, e.g., Möller, Tanny, Li, & Cohen, (2004) and
Tanny (2013). A model to estimate pepper ET in an insect-proof
screenhouse, based on the Penman-Monteith (PM) equation,
was developed and validated against direct measurements
by Möller et al., (2004). Evapotranspiration of a screenhouse
banana plantation was measured and estimated by Pirkner et
al. (2014a) using several PM models, differing in the expression
of the aerodynamic resistance. The models that were in best
agreement with measurements were the reference ET, and a PM
model based on an aerodynamic resistance adjusted according
to actual flow and heat transfer conditions. Evapotranspiration
estimations by two types of PM models were examined against
measurements in a table-grape vineyard covered by a light
shading screen (Pirkner et al., 2014b). The analysis showed that
internal ET was lower by 34% than that estimated for an open
vineyard. The two models predicted ET inside the screenhouse
within 8% of the measurements.
Qiu et al. (2013) evaluated the performance of several types of
Penman-Monteith models to estimate ET of hot pepper in a solar
greenhouse. They identified the model with best agreement
with measurements. Fernández et al. (2010) measured and
estimated reference evapotranspiration (ETo) from a grass crop
in a plastic greenhouse under Mediterranean conditions. They
examined various types of models and identified the one with
best agreement with measurements.
The above review shows that covering crops with a plastic sheet
or a porous screen, modifies its microclimate, and may reduce
the crop water use. The objective of this research was to study
the effect of roof cover type, either plastic or porous screen, on
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Figure 1. (a) – general view of the tunnel houses covered with black shading screens (15.9.2016). (b) – internal view of a tunnel screenhouse with
pepper plants shortly after plantation.

microclimate, Penman-Monteith evapotranspiration (ET) models,
and water use efficiency, to improve irrigation management of
sweet pepper in the Jordan Valley of eastern Israel.
The study was carried out during three growing seasons
between 2016 and 2019, in 6 otherwise identical structures in
which a pepper crop was grown. Structures were located at the
Jordan Valley experimental station, in Eastern Israel. The roof of
three structures was a plastic sheet (hereafter denoted as the
greenhouse) and the three others were an insect-proof 17-mesh
screen (screenhouse). Houses were arched tunnels, 10 m wide
and 45 m long. Fig. 1a shows an outside view of the tunnels.
Pepper was planted during August of each year, in five beds
in each house (Fig. 1b). Two of the houses (one greenhouse
and one screenhouse) were irrigated uniformly according to
regional recommendations. In these houses, meteorological
sensors measured simultaneously air velocity, air temperature
and humidity, and solar and net radiation above the canopy.
The sensors measured continuously between October and May
Table 1.
The Penman-Monteith models estimated in each of the structures

of each season. Pepper plant transpiration was measured every
season in each of the houses in 10 mature plants using the HeatPulse method. External meteorological data were measured by
an external meteorological station of the Israeli Meteorological
Service (IMS), located about 200 m north of the experimental
site. In each house, evapotranspiration was estimated using the
collected micrometeorological data by eight different versions
of the Penman-Monteith model, differing either in the resistance
terms, or in the type of meteorological data used, i.e. internal
or external (see Table 1). In the four neighboring houses, two
screenhouses and two greenhouses, an irrigation trial was
conducted during the 2nd and 3rd years of the research, with
three treatments in each house: ET calculated from the PM model
using internal microclimate and boundary-layer resistance,
hourly ET from external conditions, and control, using regional
irrigation recommendations. Irrigation treatments were applied
in the three inner plant beds (Fig. 1b), with eight repetitions for
each treatment. Water use efficiency was calculated as the ratio
between yield and the supplied irrigation.
Linear regressions between internal and external
climatic conditions showed that in all seasons
the coefficient of determination for wind speed,
air temperature and air relative humidity was
higher in the screenhouse than the greenhouse.
See for example Table 2 with data from the 2nd
year. This was because internal climate in the
screenhouse interacts more with the outside than
the greenhouse. The major effect of covering the
structures with a 40% black shading screens over
the roof was in reducing the inside radiation,
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Table 2.
Linear regressions among internal and external meteorological
data, during a 2-month period, 9.3.2017 – 23.5.2017. X-axis –
external data; Y-axis – internal data. Yellow highlight indicates
higher R2 in the screenhouse compared to the greenhouse.

as expected. In spite of this reduction, results showed that air
temperature did not change much. The effects of shading on
the other meteorological variables of wind speed, and relative
humidity were also small.
Next, we consider measured and estimated pepper
evapotranspiration. An example of a diurnal curve of plant
transpiration as measured in the greenhouse by the heat pulse
method and three of the examined models is shown in Fig. 2.
The figure shows good agreement between measurements and
models. The local drop in the transpiration observed around
11:30 is presumably due to temporary cloudiness, as illustrated
by the reduced global radiation at the same time. In comparing
the plant transpiration with modelled evapotranspiration, we
assume that soil evaporation of a protected mature pepper crop
is negligible (Tanny, Cohen, & Teitel, 2003).

Figure 2. Diurnal course of measured plant sap flow (red squares –
measured every 30 minutes), global radiation (+ symbol) and three ET
models (PMin – x; PMpt – yellow diamond; PMrb – blue triangle) measured every 10 minutes. Greenhouse with 40% shade net, 19/3/2017.

(after correction) was obtained using the two ET0 models based
on outside conditions (ET0 D out, ET0 H out). These models
also had high R2 values, but poor daily ratios. Best daily ratio,
was obtained by the ET0 H in model. These results illustrate the
previously observed (Table 2) high interaction between inside
and outside climate variables in the screenhouse. Hence, for the
screenhouse outside data were satisfactory, however, for the
greenhouse ET based on internal conditions provided improved
performance.

Irrigation management during the 2nd and 3rd seasons of the
experiment was done based on model performance from the
first season. Hence, three treatments were applied, each in
eight repetitions: (i) PMrb, based on internal climatic conditions,
(ii) ET0_H based on external conditions and (iii) regional
recommended irrigation. Cumulative yield and irrigation
The models’ performance was examined by three measures:
amounts of each treatment, as well as the water use efficiency,
average daily ratio, R2 and the Nash-Sutcliffe Efficiency (NSE).
defined as yield per unit of irrigation water, were calculated, and
The results showed that for the greenhouse, the model with
are presented for the last two seasons of the study in Table 3.
highest NSE was PMrb. This model also had satisfactory values
2
The results in Table 3 show that irrigation based on internal
of R and average daily ratio. For the screenhouse, highest NSE
climatic conditions (PMrb) provided higher WUE in
both screenhouse (larger by 17%) and greenhouse
Table 3.
(larger by 21%) than the commercial treatment. For
Irrigation, yield and water use efficiency in the two structures. Cumulative data of
all treatments, the greenhouse resulted in a higher
the last two seasons.
WUE than the screenhouse.
In conclusion, microclimate conditions in the
screenhouse were in more interaction with the
outside than in the greenhouse. Consequently,
in the greenhouse, evapotranspiration models
based on internal climate conditions were in better
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agreement with measured plant transpiration than those
calculated using external data. Irrigating the crop using a PM
model based on internal climate conditions provided a higher
WUE than the commercial treatment, for both screenhouse and
greenhouse environments. This result has significant practical
implications for water management in arid and semi-arid regions,
were water shortage threatens sufficient food production. q
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Irrigating screenhouse bananas according to internal climate
saves water
Dr. Shabtai Cohen, Daniel Hadad, Dr. Navot Galpaz, Dr. Yair Israeli,
Victor Lukyanov, Ori Achiman, Idan Elingold, Dr. Josef Tanny
ABSTRACT
In Israel’s inner valleys
banana irrigation under
screens is reduced below
rates for open stands by
about 25% while in coastal
regions reductions are
about 10%. The ratio of
evaporation inside to that
outside decreases during
the season due to changes
in internal climate caused by accumulation of dust on
the screen which reduces transmission of solar radiation
and growth of the banana plants which reduces wind.
We can exploit these changes to reduce irrigation by
irrigating every day according to yesterday’s climate and
recently completed a five year experiment which shows
that irrigation can be reduced this way by another 15%.
In Israel, bananas are grown in the hot Jordan valley near the Sea of
Galilee (Lake Kinneret) and along the shore of the Mediterranean Sea
in the western Galilee. The limited distribution is due to sensitivity to
cold and the requirement for mild winters. These hot locations
lead to high irrigation amounts, and in the Jordan valley, with hot
dry summers, non-shaded plantations require some 2200 mm
irrigation annually, which includes a large additional fraction for
washing down salts from the marginally saline water. In the past
decade all banana production
has moved inside screenhouses,
where fruit quality is improved
and irrigation can be reduced.

Figure 1. Figure 1. Photograph of
the knitted crystal (10%) screen
(right) and the knitted pearl-Leno
screen (20%) on the left).

48 VOLCANI VOICE

Irrigation requirements are
determined from climate.
We calculate the water
requirements of a reference
crop, i.e. cut grass, called
reference EvapoTranspiration
ET0 with the Penman-Monteith

equation (P-M) and multiply that by a factor for the crop. Our
studies of the climate and ET0 under screens in the early 2000’s
showed that irrigation can be reduced by some 25% and
irrigation tables were lowered accordingly to about 1700 mm
per year. More recently we noticed that under the screens the
changes in climate are not always the same due to changes in
the crop structure which modify the wind, and accumulation of
dust on the screens, which reduces the amount of sunlight. Both
solar radiation and wind are major factors in the determination
of water requirements.
Current technology allows us to take advantage of the dynamic
nature of internal ET0. An online agrometeorological network
has been built in Israel in the past decade which provides ET0
online for over 100 sites. That and internal climate sensors are
both potential sources of internal climate data. Micro-controlled
drip irrigation systems allow us to adjust irrigation rates daily. We
can monitor or model internal climate, use real time modeling
to determine water requirements and set irrigation accordingly.
We recently completed a five year irrigation experiment in the
Jordan Valley in which banana irrigation was adjusted daily
according to the previous day’s climate and were able to reduce
irrigation rates by another 15% while obtaining the same or
better yield and yield quality. If extension trials confirm this, we
will be well under 1500 mm per year, which saves a lot of water
and money for the farmer. Alternatively, if a farmer has a water
quota, the savings means he can plant more area.
The experiment was carried out at the Zemach research station,
~1 km south of Lake Kinneret. A long banana plantation was
divided into 3 parts: one covered with a 10% transparent woven
screen, one with a 20% pearl woven screen and the third was
not covered. Two treatments were applied in each part, one
with irrigation based on a standard table of crop factors, and the
second irrigated according to ET0 of the previous day calculated
with the P-M equation, with an additional amount for washing
the salts, as we irrigated with lake water.
Standard meteorological sensors were installed (fig. 2 and 3) and
a modem communicated with a computer at the Volcani Center
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Figure 2. Typical weather sensors above a banana plantation. Solar
radiation (left), temperature and relative humidity (middle) and wind
speed (right).

Figure 3. Maintenance of sensors can be tricky.

at Rishon Le’Zion, where data was automatically collected and
shared with the irrigation manager, who adjusted irrigation
according to our calculations.
Figure 4 shows the course of daily ET0 and pan evaporation in
the experiment and at a nearby regular weather station. The
upper line is for a standard evaporation pan, the next two lines
are without nets, and the two lowest lines are for the two nets (20%
below 10%). There was a gradual reduction in solar radiation under the
screen (called screen transmittance) due to the accumulation of dust
on the screen during the summer (Figure 5), which recovered abruptly
after the first rains, which cleaned the screens.

irrigation. For the screens the savings are between 10 and 20%, which
is quite attractive to growers, for whom water costs are high and
increasing due to changes in water pricing in Israel.
There were no significant differences between table and dynamic
irrigation in bunch weight, which averaged 25 to 30 kg. Total yield
was between 75 and 85 ton ha-1 for all treatments with no significant
differences.

Total irrigation amounts for the first three years (table 1) show that
significant savings of water can be achieved by using dynamic

Figure 4. Daily pan evaporation and P-M evapotranspiration outside
and in the screenhouses, 2016-2018. P-M Zmh refers to the regular
weather station, while P-M NN was measured above the non-covered
(No Net) trees.

Data transfer and measurement technology
Current technology allows real-time measurement of climate
parameters necessary for calculating irrigation requirements on
a day-to-day basis. Communications via cellphone networks or
internet are efficient, fast and friendly.
Maintenance of the weather sensors was probably the largest

Figure 5. Daily ratio of solar radiation in the screenhouses relative to
that above the open (No Net) plantation. Daily rainfall is also given (right
hand scale).
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Table 1.
Total irrigation (mm a-1) in the six treatments during the first three years of
the experiment along with the savings achieved by using dynamic irrigation.

2. We can monitor screens at a local station (fig. 6) and publish
data daily on the Agrometeorological network.
3. We have developed a model which describes the changes
in dust on the screen and changes in wind reduction
during the year. The model can be applied to weather data
from standard stations in the agro-meteorological network.
In conclusion, this study shows that the use of a dynamic
irrigation protocol, based on real time meteorological data
below the screens, and especially solar radiation, can lead to
significant and important reductions of irrigation. q

KEYWORDS:
protected cultivation, water use efficiency, microclimate,
radiation, wind, Musa spp.
problem in implementing the dynamic irrigation protocol.
Radiations sensors were cleaned once a week, which may not be
enough. Data quality algorithms in the datalogger were unable
to spot all of these problems, and the staff did not include
anyone who checked all the data daily.
Adoption of the dynamic protocol requires high quality realtime meteorological measurements below the screens. We are
currently studying ways to implement our findings and apply
them in an extension trial. We see three alternatives:
1.

Farmers can install and maintain good quality weather stations
under their screens and do the calculations in their controllers.
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Figure 6. A structure at the research station to monitor solar radiation under different screens.
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