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Le tematiche della sostenibilità da sempre rappresentano un punto di estremo interesse per
l’agrometeorologia. Questo in modo particolare quando affrontano il tema dell’uso razionale
e consapevole dell’acqua nella produzione agricola.
È su queste basi che abbiamo accolto volentieri la proposta della COST Action ES1106
“EURO-AGRIWAT” di ospitare uno special issue. COST rappresenta una organizzazione di
riferimento della comunità scientifica e IJAm ha già ospitato numeri speciali, fra cui posso
ricordare quello della azione COST 725 “Establishing a European Phenological Data Platform
for Climatological Applications”. EURO-AGRIWAT è azione che sta riscuotendo un crescente
interesse in ambito europeo e non solo, coinvolgendo organizzazioni internazionali, quali
WMO e FAO.
Ci auguriamo quindi che i lettori trovino interesse nei lavori presentati, che offrono un
panorama completo sia degli aspetti più tecnici, sia di quelli scientifici.
Ricordo che IJAm ha recentemente conseguito l’IF e invito quindi tutti i lettori e gli autori a
contribuire al mantenimento di questo importante riconoscimento scientifico, citando i lavori
nelle loro prossime pubblicazioni scientifiche.

Simone Orlandini

Water footprint applications
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Sustainability issues have always been a point of great interest for the agricultural meteorology
community. This is particularly true when addressing the issue of rational and conscious use
of water in agricultural production.
It is on this basis that we gladly accepted the proposal of the COST Action ES1106 “EUROAGRIWAT” to host a special issue. COST is a lead organization in the scientific community
and IJAm has already hosted special issues, such as one of the COST 725 “Establishing a
European Phenological Data Platform for Climatological Applications”. EURO-AGRIWAT is
an action that is receiving increasing interest in Europe and beyond, involving international
organizations, such as WMO and FAO.
We hope that readers will find interest in the paper presented, which offer a complete view
of both the technical and scientific aspects.
I remember IJAm recently received the IF and then invite all the readers and authors to
contribute to the maintenance of this important scientific recognition, citing the papers in
their upcoming publications.
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Water footprint application for water resources
management in agriculture
J. A. Allan1*
Nature doesn’t need people. People need Nature.
Source Conservation International - www.conservation.org

* Corresponding author’s e-mail: ta1@soas.ac.uk
1* King’s College London and SOAS London.

India’s groundwater resources are everywhere
being severely depleted. China’s main food
producing regions of the Yellow River basin and
the North China Plain face dangerously depleted
surface and ground waters. The Aral Sea is a
water resource and environmental disaster as a
consequence of water resource mis-allocation. It
is an uncomfortable but little noted fact that
wherever farmers irrigate they run out of water.
But this hot-spot evidence has not been enough to
shock society in to recognising the threat to water
ecosystems, never mind mitigating it, by changing
its production practices and consumption
behaviours. This publication makes a contribution
by providing information on the quantities of water
being consumed. Water footprint metrics have also
helped reveal the volumes and types of water
associated with the production of food and other
commodities.
TYPES OF WATER AND WATER
FOOTPRINTS
The metaphor of embedded water, coined in 1988,
came to be known by 1992 as virtual water (Allan
2001). It showed that in order to understand water
security it was necessary to look beyond the
hydrological cycle. Water security and food security
are very tightly related indeed.
The idea of virtual water was simple enough and
friendly enough to be widely and rapidly adopted.
The essential insight was that if an economy ran out
of food – because it did not have enough water
locally – then it could import food. The economy
then could enjoy a version of water security and
food security. This imported food would come from
places where water was available for ‘export’,
embedded in traded commodities. The mitigation
of water insecurity and food insecurity was very
effective. Just as important the ‘solution’ was
wonderfully non-politicised because it was invisible.
Most of the 150 economies – there are about 210 of
them – that have adopted the ‘importation’ of virtual
water embedded in food have done so in the 1950 to

Water footprint applications
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WHY WE NEED METRICS
THAT REVEAL HOW MUCH WATER
SOCIETY CONSUMES
The consumption of water by rising human
populations is seriously impacting water
ecosystems. We need these ecosystems to
underpin sustainably our food security and our
water security. Society and its economies need
only – about 10% – of its total water consumption
for non-food uses. These are mainly domestic and
industrial. Food-water, on the other hand, which
is the water embedded in the production,
processing and marketing of food, accounts for
about 90% of society’s total water consumption
(Mekonnen & Hoekstra 2011). This extreme
asymmetry is not understood by society or by its
political classes. Most importantly is its not
understood by many powerful players in food
supply chains where food-water is allocated and
managed. Where they are aware they do not know
what to do about the use of water by farmers.
Water users and consumers need to understand the
role and status of water ecosystems in underpinning
their water and food security. Reliable metrics can
usefully inform. They can for example inform
farmers who use such a high proportion of the water
at the beginning of the supply chain. They can also
inform food consumers at the other end of food
supply chains. Consumers In OECD countries, for
example, waste 30% of the food purchased. They
waste in the process water and energy inputs and
unwittingly, seriously, and unnecessarily, impact
water ecosystems and the atmosphere.
There is already a lot of evidence that the planet’s
surface and groundwater resources are being used
unsustainably. Dramatic drought events in the
past two decades in California, Texas and
Australia have highlighted the unsustainable
management of water in advanced OECD
economies. In the major emerging economies
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2000 period when the prices of internationally
traded staple grains were only half their production
costs, and falling. Cheap food is needed by
governments with a lot of poor people to feed.
Invisibly imported cheap food is a politically feasible
solution. As a consequence being a net food
importer has become the international norm.
The concept of embedded water was greatly
advanced after 2000 by the development of water
footprint metrics by the Water Footprint Network
founded by Arjen Hoekstra. Scientists, heads of
government and of departments of state, as well as
CEOs of major corporations in the private sector all
wanted water metrics. Metrics seem to be
authoritative. When you don’t have them people
with decisions to make judge that you cannot be
serious.
Water footprint metrics also help scientists and
professionals to communicate. They can help some
decision-makers. As a consequence Water Footprint
Network statistics were widely welcomed. At the
same time the major food and beverage corporations immediately recognized that these water
footprint metrics could become a reputational issue
if they reflected negatively on their operations.
Many of these major corporates have devoted a lot
of resources to tracking the water footprints of their
operations. As a result they have very significantly
reduced the use of blue water inside the fences of
their own operations. Often by half. They quickly
realised, however, that the much more important
and the much more difficult challenge was on the
farms where about 90% of the water in food supply
chains was consumed in cropping and livestock
production. Unfortunately, in the absence of water
reporting and accounting rules in these private
sector food supply chains there was no contractual
or regulatory leverage to incentivise farmers to
become good water stewards as well as effective
food producers. Unvalued water makes for very
vulnerable water ecosystems.
The arrival of water footprint metrics has not,
unfortunately, provided the basis for an effective
system of accounting for water. But water footprint
concepts and metrics have enabled those trying to
account for the volumes of natural capital such as
water to have a means of conceptualizing and
comparing water consumption. They can do this in
different regions, in different industries and by
different consumers.
A very important feature of the water foot-printing
approach has been its inclusion of the vital major
water resource known as green water. Some
scientists prefer to call this water effective rainfall.

(Perry et al 2013).Falkenmark (1986) made the very
important contribution of highlighting a widely
ignored element of the hydro-cycle. She called this
water green water. She emphasised its importance
in food production. She showed that green water in
soil profiles resulting from rainfall.– that remained
in the profile long enough to produce a crop or
pasture – was the main source of food-water.
Surface water and groundwater used to produce
crops and pasture she called blue water. About 70%
of our food is produced with green water alone.
About 30% is produced from green water
supplemented by blue water. It is exceptional to
produce crops with blue water alone. Egypt is an
extreme example.
Water foot-printing has helped shift the bias
imposed by engineers and water economists that
effective rainfall or green water can be ignored.
They chose to be blind to the role of green water
(effective rainfall). The Food and Agricultural
Organisation for instance does not provide any data
on effective rainfall or green water.
PROBLEMS WITH WATER FOOTPRINT
METRICS
Like all attempts to provide comprehensive global
datasets there are massive challenges in categorizing
and capturing data that are reliable and accurate.
The adoption of water footprint metrics has faced
predictable resistance. There are three main causes.
First, there is a strong path dependence established
by those who have set up the existing – albeit very
unsatisfactory – international water metrics.
Secondly, the re-categorization of green/blue water
is strongly resisted. It is unfortunate that effective
rainfall – or green water – is very difficult to
measure and water footprint modelers have had to
make heroic assumptions. The published data have
attracted adverse comment and also led to estimates
that are inaccurate.
There is a third issue that is both a problem and an
enrichment. The arrival of the water footprint
methodology has caused a number of water and
modeling professionals to revisit the topic of
accounting for water in supply chains. The water
sector is very rich in engineering science and
engineers prefer the life-cycle analysis approach.
Life-cycle analysis has been deployed. It is a well
respected and a very comprehensive approach. But
it is costly because it is demanding of time and
human resources. It is for the moment too
expensive to operationalise as a management tool.
The contestation over the different approaches is
currently part of a constructive transition. De-
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partments of state as well as the major food-supply
chain corporates are very interested in the
methods. New terminology, such as natural
capital accounting, is now in currency. There are
bodies being established such as the Natural
Capital Initiative that need comparative and time
series data on natural ecosystems that water footprinting could provide. The International
Standards Organisation has just published ISO
14046 addressing principles, requirements and
guidelines. A wide range of ag-industry professionals and accountants more generally need
such metrics to account for the services of natural
ecosystems. There is also an urgent need for
information that shapes the way that water
ecosystems are managed so that they can continue
to underpin the planet’s political economies. The
three main ecosystem services are biodiversity,
water and the atmosphere – in the order of
difficulty of capturing them with metrics. Water
ecosystem services are much easier to capture
than those relating to biodiversity but much more
costly and difficult than those relating to the
atmosphere.
WATER ECOSYSTEMS DON’T NOT NEED
US. WE NEED WATER ECOSYSTEMS
The concept of embedded water and water
footprint metrics have together accelerated and
heightened engagement on water security and on
food security. They have very usefully show-cased
the green and blue water dimensions of water
security and of food security. They have changed

mind-sets and have highlighted questions such as
who manages water? Clearly farmers have been
managing water, almost all of it green water on
behalf of themselves for over 10000 years; until
recently with little impact on water ecosystems.
For about 5000 years they have also been
managing water on behalf of urbanising societies.
The past 200 years have culminated in
unprecedented levels of population and of food
demands that require new ways of reporting,
accounting and regulating. We – that is society –
now urgently need farmers to be good stewards of
Nature’s water. Farming consumes about 90% of
the water in food supply chains that in turn
accounts for about 90% of our – that is society’s –
water consumption. Water footprint metrics hit
this and many other important messages home.
REFERENCES
Allan J. A., 2001. The Middle East water question,
London: I B Tauris.
Falkenmark M., 1986. Fresh water-time for a
modified approach”. AMBIO 15-4, pp. 192-200.
Mekonnen M.M. and Hoekstra A.Y., 2011. National
water footprint accounts: the green, blue and
grey water footprint of production and
consumption. Value of Water Research Report
Series No.50, UNESCO-IHE.
Perry C., Steduto P., Allen R.G. and Burt C.M.,
2009. Increasing productivity in irrigated
agriculture: agronomic constraints and hydrological realities. Agricultural Water Management, Vol. 96, pp. 1517-1524.
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Factors determining crop water productivity
in agricultural crop production – a Review
Josef Eitzinger1*, Vesselin Alexandrov2, Angel Utset3, Levent Saylan4

Abstract: Agriculture takes an essential part in the consumption of total available water on earth. Excessive
water utilization in agriculture causes pressure on agriculture to increase the efficiency of water use and this
pressure would increase in the near future. For this reason, factors controlling the crop water requirements
should be properly estimated for the development of adapted crop and irrigation management options. There
were many different crop management options and irrigation methods developed and recommended for
enhancing crop water productivity under varying crop production conditions, which are discussed in this
paper. However, one of the crucial pre-conditions for sustainable implementation of many of these options
under local farming conditions is training of farmers and providing and enabling sufficient institutional and
socio-economic support for farmers.
Keywords: crop water productivity, water use efficiency, crop management, crop irrigation, crop water balance, crop
water footprint.

1. INTRODUCTION
In order to supply sustainable food for the growing
population in the world, agricultural production
should be stabilized and increased with the use of
limited resources. Transformation of dry or rainfed
areas into irrigated areas in the world is one of the
solutions to reach this aim. Agricultural production
is the most water-consuming sector in the world.
For this reason, agriculture as a main land user
influences the quantity and quality of regional water
resources, which are often in competition with other
economic sectors. Water demand of crops is
relatively high especially in summer-warm and dry
climates such as in Mediterranean and South-East
European countries (based on the high potential
* Corresponding author’s e-mail: josef.eitzinger@boku.ac.at
1 Professor, Institute of Meteorology, University of Natural Resources
and Life Sciences (BOKU), Vienna, Austria.
2 Professor, National Institute of Meteorology and Hydrology, Sofia,
Bulgaria.
3 Consultant, Zeta Amaltea - Water Resources Management,
Zaragoza, Spain.
4 Full Professor, Istanbul Technical University, Istanbul, Turkey.

evapotranspiration rates, including evaporation and
transpiration) but temporally also in more humid
regions during drought periods and/or heat waves
caused by climate variability. High solar radiation
during the growing periods lead to higher crop
transpiration rates and hence suitable agricultural
productions, if there is no limitation from available
water. As under such conditions climatological water
balance is often negative during growing season,
agricultural irrigation is a significant or the main
water consuming activity in many countries.
Worldwide agricultural production in irrigated area
is, in average, more than twice the production in
rainfed zones, despite that irrigated area is less than
25% of the total agricultural area (FAO, 2004).
Further, the climate is changing or varying during
time, which results in water scarcity problems in
some part of the world. Water scarcity is an
important constraint that limits irrigated as well as
rainfed crop production potential in many countries.
This brings crop water and irrigation water use
efficiency at different scales into the focus for
optimizing crop and irrigation management. In

Water footprint applications
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Riassunto: L’attività agricola riveste un ruolo importante per quanto riguarda il consumo delle risorse idriche
disponibili a livello globale. L’utilizzo eccessivo di acqua nel settore agricolo sta spingendo l’agricoltura verso un
incremento dell’efficienza d’uso di tale risorsa, e questa pressione crescerà ulteriormente nei prossimi decenni. Per
questa ragione, i fattori che controllano i fabbisogni idrici delle colture devono essere stimati in modo adeguato per poter
sviluppare colture più resistenti e strategie di irrigazione migliori. Sono state numerose le strategie e i metodi irrigui
sviluppati e raccomandati al fine di migliorare la produttività idrica delle colture in diverse condizioni produttive, che
verranno discusse in questo articolo. Tuttavia, una delle pre-condizioni necessarie per un’implementazione sostenibile
di molte di queste strategie a livello locale è quella di formare gli agricoltori e fornire loro un adeguato supporto
istituzionale e socio-economico.
Parole chiave: produttività dell’acqua, efficienza d’uso dell’acqua, gestione colturale, irrigazione, bilancio idrico
colturale, water footprint.
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Europe, for example, the Mediterranean countries
share a very dry climate and precipitation is much
lower than evapotranspiration. Besides, water
scarcity could be worse in the near future, due to
global change impacts (IPCC, 2007a-d; Katz and
Brown, 1992) in many agricultural regions of the
world. Irrigated agriculture is by far the main water
consumer in dry areas and often also related to land
degradation (desertification) such as soil
salinization. Therefore many attempts have been
undertaken to improve the effective use of water in
agricultural crop production, but especially in
irrigation agriculture (which is applied in regions
with water scarcity and where water resources are
limited anyway). This paper provides an overview
on past published results on possibilities for
improving both crop water use and irrigation
efficiency at the level of crop and irrigation
management.

2. FACTORS FOR IMPROVING CROP
AND IRRIGATION WATER USE
EFFICIENCY AND MANAGEMENT
The EEA report ‘Water resources across Europe –
confronting water scarcity and drought‘ highlights
that while southern Europe continues to experience
the greatest water scarcity problems, water stress is
growing in parts of the north too (EEA, 2009).
Moreover, climate change will cause the severity
and frequency of droughts to increase in the future,
exacerbating water stress, especially during the
summer months. Excluding illegal water use,
Europe abstracts around 285 km3 of freshwater
annually, representing on average 530 m3 per capita.
Agriculture is the largest water-consuming sector, in
particular for irrigation. The role of irrigation differs
between countries and regions because of climatic
and agronomic conditions (Fig. 1). In 2007 the total
irrigable area in EU-27 was about 15 million ha
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Fig. 1 - Share of irrigated
areas in UAA, EU-27
and NO, 2007
(EUROSTAT, 2015).
Fig. 1 - Quota di superfici
irrigue in SAU, nell’UE-27
e NO, 2007
(EUROSTAT, 2015).
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where 10.3 million ha was actually irrigated. This is
a share of about 8.7 % and 6.0 %, respectively, of
the total area (EUROSTAT, 2015). In Southern
Europe irrigation is an essential element of
agricultural production, whereas in Central and
Northern Europe, support irrigation is generally
used to improve production during dry summers. A
major influence on the amount of irrigated land in
the EU has been the common agricultural policy
(CAP), which regulates the type and quantity of
crops grown.
The area of irrigated land in Southern European
countries (western part) increased steadily between
1993 and 1999, whereas in Western Europe (central
and northern part) it remained relatively constant,
and in central accession countries it steadily
decreased. Southern European countries (western
and accession) account for 74 % of the total irrigated
area in Europe. In countries such as Turkey, there
are important investments to transform the rainfed
(dry) agricultural areas into irrigated lands for
extending the irrigated areas and it is expected to
further increase in the near future following new
irrigation developments. In the central accession
countries in Eastern Europe (i.e. Romania,
Bulgaria) changes in the economic structure and
land ownership since 1990 lead to the consequent
collapse of large-scale irrigation and drainage
systems, related water abstraction and decrease in
agricultural production (EUROSTAT, 2010).
The temporal and spatial shifts in meteorological
variables such as temperature and precipitation due
to climate change (including the CO2 effect on
water use efficiency) will alter regional water needs
for agriculture in many European regions in the
future (Alexandrov et al., 2001; Eitzinger et al.,
2013; Trnka et al., 2010; Tubiello and Ewert, 2002).
For this reason, possible impacts of climate change
on existing irrigation systems, water resources and
future planned systems must be taken into account
for sustainable production. In this context, the
performance of all components of crop and
irrigation water productivity should be improved.
Beyond specific measures at the crop and irrigation
management level there are other several important
factors determining use of regional water resources.
At a general level EEA (2007, 2009) published
recommendations for improved water use in
agriculture. Basically a shift of the management
focus from increasing supply to minimizing demand
is crucial which needs to involve various different
policies and regional practices:
• In all sectors, including agriculture, water should
be priced according to the volume used.

• Governments should implement drought
management plans more extensively and focus on
risk rather than crisis management.
• Water-intensive bioenergy crops should be
avoided in areas of water scarcity.
• A combination of suitable soil and crop management, crop selection and irrigation methods can
substantially improve agricultural water efficiency
if backed-up with farmer advisory programmes.
National and EU funds including the European
Union’s Common Agricultural Policy can play an
important role in promoting efficient and sustainable water use in agriculture. This should
include, for example, to force ecological farming
practices, sustainable soil management and
protecting or improvement (e.g. increase of soil
organic matter) of soil functions.
• Measures to raise public awareness, such as ecolabelling, eco-certification, education programmes
in schools, are essential to realise sustainable
water use.
• Measures to raise farmers awareness and
voluntary actions for more sustainable irrigation
practices (e.g. targeted messages for specific
groups by extension programs).
• Leakage in water supply systems must be
addressed. In parts of Europe, water loss via
leakage can exceed 40 % of total supplies.
• Illegal abstraction of water, often for agricultural
use, is widespread in certain areas of Europe.
Appropriate surveillance and a system of fines or
penalties should be put in place to address the
issue.
• Authorities should create incentives for greater
use of alternative water supplies, such as treated
wastewater, grey water, and ‘harvested’ rainwater,
to help reduce water scarcity.
2.1. Crop management measures
At the level of crop and irrigation management
several studies were published addressing strategies
for improved crop water productivity. These can
include several specific and crop related measures
as presented in Tab. 1. In the following some of
these measures are described in more detail.
Optimizing and adapting to microclimatic
conditions
It is well known that windbreaks and shading can
significantly reduce unproductive water losses
(evaporation) and hence increase crop water
productivity (i.e. Müller and Assouline, 2007). In
this respect farming and cropping systems should
be adapted to the local climatic conditions (i.e. by
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Tab. 1 - Overview
on reported strategies
to improve water use
efficiency and crop water
productivity in agriculture.
Tab. 1 - Panoramica
sulle strategie segnalati
per migliorare l’efficienza
dell’uso dell’acqua
e la produttività
delle colture di acqua
in agricoltura.
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use of agro-forestry or selection of climate adapted
crops and cultivars). For example, Connor et al.,
(2004) propose a system for conditions in Spain with
focus on salinity control in dry climates. The
development of such local sustainable production
systems is a challenge for farmers, agronomists and
others, as it needs to consider complex interactions
between environmental as well as socio-economic
and other factors.
Effects of adapted soil cultivation
and management practices
(including water harvesting techniques)
Soil cultivation and management plays a major role
in protecting or enhancing soil functions regarding
optimizing soil water balance parameters. Mulching
and/or minimum soil cultivation are, for example,
one of the most important agronomic practices in
conserving soil moisture (Huang et al., 2005) and
modifying the soil physical environment. These and
other rain water harvesting measures in combination
such as agroforestry, multiple cropping and organic
farming practices can improve soil properties, not
only related to the water balance functions (Liu et
al., 2005), in a short and long term scale (e.g. short
term soil erosion protection or long term increase of
soil organic matter, microbiological activity and soil
stability against erosion). The various effects were
investigated widely and reported in literature. For
example, Rockström et al., (2009) showed that noninversive tillage methods as a water harvesting
strategy in east and southern Africa increase rain
water productivity based on farm experimental data.
Thaler et al., (2012) showed similar positive effects
on crop water balance resulting in yield increase of
cereals by use of crop simulation model in a semihumid region of Central Europe.
An emerging new technology is the application of
soil surfactants (Hallet, 2008; Cooley et al., 2009;
Dekker et al., 2005) or wetting agents to reduce soil
water repellency (Doerr et al., 2000), which occurs
especially under dry conditions depending of the
type of soil and soil surface characteristics. For
example, Chaichi et al., (2009) investigated the
impact of application of surfactants on maize yield.
All plots treated with wetting agent showed
significant improvements in total biomass
production and total grain yield. Other positive
effects are reported as well (i.e. Lowery et al., 2004).
Effects of crop rotation and crop timing
Crops grown do not only affect soil water and
nutrient resources during its own cropping period,
but can have also effects for the upcoming crop. For

example, Alfalfa plays an important role in
sustainable crop rotations (e.g. by improving soil
functions and N-fixation) and is often applied in
organic farming. This crop has however carefully be
managed in semiarid and dry regions due to its high
water consumption (i.e. Wang et al., 2008). Crop
rotation and soil cultivation effects should be
considered in combination as reported by
Tennakoon and Hulugalle (2006) for cotton.
Rain fed crop production in Mediterranean
environments depends to a large extent on
strategies that avoid the intense summer drought.
For example, Soriano et al., (2004) suggested the
use of early planting methods for increasing
sunflower yields in some parts of Spain. Rinaldi et
al., (2006) showed the importance for better use of
water and solar radiation resources of autumnal
sowing and of reduced irrigation regime in sugar
beet cropped in a Mediterranean environment.
Similarly, Ryan et al., (2008) advised adapted crop
rotation methods as a strategy to obtain harvestable
yields in stressed environments due to improved
water-use efficiency under Mediterranean
conditions.
Effects of fertilization
Fertilization and status of nutrients available to the
crop can significantly interact with drought status
and sensitivity of crops (Farooq et al., 2009) and
crop water use efficiency. Related effects on
drought stress are well known e.g. for potassium in
orchards (e.g. wine and olives) and other crops but
also for other nutrients and their specific
combinations. On the other hand, nitrogen
fertilization often leads to higher crop water use
efficiency due to higher biomass production.
Other examples are: Latiri-Souki et al., (1998) found
that nitrogen fertilization can increase dry matter
grain production and radiation and water use
efficiency for durum wheat under semi-arid
conditions. Khan et al., (2003) showed that zinc (Zn)
fertilization improves water use efficiency, grain
yield and seed Zn content in chickpea. Aquero et
al., (2006) reported that moderate K deficiency in
olives may impair the plant’s ability to regulate
stomata closure. Dos Santos et al., (1999) found
yield effects by interaction of irrigation water levels
and timing of potassium fertilization of rice (Oryza
sativa L.).
Çakmak and Öztürk (1995) emphasized that water
usage in agriculture can cause pollution problems
for surface and ground water resources (so-called
grey water). Agricultural chemicals delivered with
irrigation water, fertilizers (i.e. through N-leaching
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and soil erosion) and pesticides can create a
pollution threat. They have suggested that these
pollutions can be limited only by conscious
fertilization and agricultural chemical applications
by farmers.

deficit at different vegetative growth stages of sweet
sorghum on water use efficiency. The sensitivity was
greatest at the early stage (‘leaf ’), when a temporary
soil water stress reduced the biomass production by
up to 30% with respect to the control.

Crops cultivars effects and crop responses to
environment
Crops and cultivars are genetically determined in
many of their responses to the environment such as
climate and climate extremes as well as crop water
use efficiency (i.e. Wolfe et al., 1983). Crop
breeding and optimized adaptation to a specific
location and site can significantly improve the
efficient use of the local available resources and
conditions by the crop. For optimum crop
selection therefore a large genetic pool should be
available for the farmer in order to be able to meet
the complex and highly variable local conditions
affecting crop growth. Reported examples are:
Baigorri et al., (1999) studied reproductive
response of two morphologically different pea
cultivars to drought in Spain. Results demonstrate
that when plants suffered the same level of drought
in the soil, the reproductive response of the two
cultivars was linked to differences in their water
use efficiency (WUE). Deblonde et al., (1999)
studied responses of early and late potato cultivars
to moderate drought conditions by considering of
agronomic parameters and carbon isotope
discrimination. Results indicate that later cultivars
manage better a drought stress in the early part of
the season. Katerji et al., (2008) studied water use
efficiency of crops cultivated in the Mediterranean
region. They reported the experimental data
concerning WUE of 16 species cultivated in the
region. The species included cereals, leguminous,
horticultural and industrial crops. The large range
of WUE values reported, for the same species,
could be ascribed mainly to: (i) fertilizers and
water management (water regime, mineral supply
and water quality); (ii) plant factors (species,
variety and sensitivity of growth stage to the stress);
and (iii) environmental factors (climate,
atmospheric pollution, soil texture and climate
change).
Jaoud et al., (2008) analyzed the effect of ozone on
soybean in the Mediterranean region by considering
the consequences on growth, yield and water use
efficiency. At a high level of ozone concentration,
there was a 47% reduction in yield and a 25%
reduction in WUE in comparison with the control
treatment.
Mastrorilli et al., (1999) studied effects of soil water

2.2 Increasing water use efficiency
by improving irrigation methods
and scheduling
Good irrigation management is required for
efficient and profitable use of water for irrigating
agricultural crops (e.g. Hsiao et al., 2007; Doorenbos
and Kassam, 1986; Fabeiro et al., 2003). A major part
of any irrigation management program is the
decision-making process for determining irrigation
amount and dates. This decision-making process is
referred to as irrigation scheduling. The agronomic
concept of irrigation scheduling is to apply water to
the crop in the correct amounts and at the proper
times to maximize crop production and/or profit,
while maintaining reasonably high irrigation
efficiency.
Irrigated agriculture is applied under water scarcity.
Insufficient water supply for irrigation will be the
norm rather than the exception, and therefore
irrigation management will shift from emphasizing
production per unit area towards maximizing the
production per unit of water consumed, the water
productivity.
Reduced irrigation strategies
To cope with scarce supplies, deficit irrigation,
defined as the application of water below full cropwater requirements (evapotranspiration), is an
important tool to achieve the goal of reducing
irrigation water use and improve water footprint.
Among many other studies on deficit irrigation
(Farre et al., 2000; Geerts et al., 2008), Fereres et
al., (2007) reviewed this method for reducing
agricultural water use in Spain, in specific for fruit
trees and grapes. One of their conclusions is that the
level of irrigation supply under deficit irrigation
should be relatively high in most cases, one that
permits achieving 60-100% of full evapotranspiration.
They found that there is potential for improving
water productivity in many field crops and there is
sufficient information for defining the best deficit
irrigation strategy for many situations. The results
showed that regulated deficit irrigation not only
increases water productivity, but also farmers’
profits. Other studies on deficit irrigation show
similar positive effects on crop water productivity
such as by Topçu et al., (2007) for tomato in Turkey.
Demir et al., (2006) showed for sunflower in a semi-
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humd region of Turkey the importance of the timing
during deficit irrigation, with most critical stage at
flowering. Sezen et al., (2006) described significant
wheat responses to different deficit irrigation
treatments in Turkey. Also Zhang et al., (2006)
highlighted the importance of timing of regulated
deficit irrigation and showed overall positive
impacts on spring wheat yield quantity and quality
as well as on water use in an arid area.
Webber et al., (2006) recommended alternate
furrow irrigation and deficit irrigation as appropriate methods to increase WUE for green gram
production.
Zhang et al., (1999) suggested supplemental
irrigation (SI) in northern Syria for water–yield
relations for bread and durum wheat. Water-use
efficiency (WUE) with a yield ≥3 t ha−1 was ca. 60%
higher than that with yield <3 t ha−1 showing the
importance of yield level. Oweis et al., (1999)
showed positive impacts on yield quantity and
quality for durum wheat in the Mediterranean zone.
Banedjschafie et al., (2008) suggested using subsoil
irrigation of winter wheat to improvement of water
use and N fertilizer efficiency in Germany.
Drip irrigation (i.e. Constable and Hodgson, 1990;
Kang et al., 2004) and subsurface drip irrigation
(Bhattarai et al., 2008) are one of the most efficient
methods of irrigation. The design of subsurface drip
system involves consideration of structure and
texture of soil, and crop’s root development pattern
as Patel et al., (2008) demonstrated for onion.
Further, low-energy precision application (LEPA),
and spray irrigation can be very efficient by
minimizing water losses, but relative performance
may vary for different irrigation system capacities,
soils, crops, and climates (Colaizzi et al., 2003). In
another research Al-Jamal et al., (2001) reported
lower WUE values obtained under subsurface drip
and furrow irrigation systems compared with
sprinkler irrigation due to excessive irrigation under
subsurface drip and higher evaporation rates from
fields using furrow irrigation.
Partial root zone drying is a water-saving irrigation
practice which involves watering of only part of the
rhizosphere at each irrigation with the complement
left to dry to a pre-determined level (Marsal et al.,
2008; Zegbe et al., 2006). It implies doubling
pipelines instead of using a conventional single
pipeline.
Implementation of improved irrigation schedules in
some semiarid zones improve water efficiency and
can be recommended where occasional periods of
heavy rainfall may remove some of the accumulated
salts (Bustos et al., (2006).

Irrigation scheduling
Designing irrigation systems can significantly
influence irrigation water use efficiency. For drip
irrigation systems to deliver improved water- and
nutrient-use efficiency, distance between emitters
and emitter flow rates must be matched to the soil’s
wetting characteristics and the amount and timing
of water to be supplied to the crop (Thorburn et al.,
2003). The timely application of irrigation water
(see above) to a crop is essential for optimizing yield
and production efficiency (Ismail et al., 2008),
which can achieved by various techniques, i.e. by
estimating canopy temperatures as proposed by
Mahan et al., (2005) or by measuring soil water
status (i.e. Kukal et al., 2005). Irrigation scheduling
is affecting irrigation application depth which
strongly influences water use efficiency dynamically
(i.e. Ritchie and Basso, 2008); and shown for barley
by Carefoot et al., (1994) in a semi-arid climate.
Saeed et al., (1998) described for forage sorghum
the effect of variable irrigation frequency on yield
and water use efficiency. Best results were achieved
by combining light irrigation with a short interval.
Irrigation scheduling (or management) should not
only deal with timing (frequencies), but also with
providing the adequate water layer according to
local soil properties. Often, quite excessive irrigation
water layers in surface irrigation yields nothing but
large percolations and related problems (i.e. Nleaching and other types of groundwater
contamination).
Improvements in irrigation management are
urgently needed in regions where water resources
for irrigation are being depleted. Many model based
methods are available for irrigation scheduling (i.e.
Teixeira and Pereira, 1992). New recent
technologies are based, for example, on remote
sensing and web-interfaces as a link to stakeholders.
For example, D’Urso et al., (2012) and Santos et al.,
(2008) suggested integrating satellite-based
evapotranspiration with simulation models for
irrigation management at the scheme level.
Irrigation efficiency calculated using satellite-based
ET and actual applied irrigation water helped to
identify specific agricultural fields experiencing
problems in water management, as well as to
estimate general irrigation efficiencies of the
scheme by irrigation and crop type.
Further determining factors of crop water
productivity and crop water footprint as listed in
Table 1, such as water salinity and related effects on
water use and water use efficiency (i.e. Malash et
al., 2008; Wan et al., 2007), water reuse options,
irrigation infrastructure or irrigation policy
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measures are not further discussed here in detail,
although of crucial importance for regional
irrigation options.
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3. CONCLUSIONS
In order to improve the efficiency of water
utilization in agriculture, it is not enough to focus
only on crop management and irrigation
scheduling. For this reason, all components of an
irrigation system (network) such as the intake
structure or pumping station, a conveyance system,
a distribution system, a field application system
and a drainage system, should be together taken
into account to find a way for decreasing excessive
water utilization (i.e. Mateos et al., 2006, 2008;
Playa´n and Mateos, 2005). Weather and agrometeorological monitoring and forecasts provided
to farmers in operational schemes could
significantly improve irrigation scheduling as well,
if properly used. New technologies are nowadays
available for a fast and representative information
transformation.
However, it should not be forgotten that enhancing
of the knowledge and awareness of the farmers for
that cases is very substantial. Training of farmers on
how to use more efficient irrigation and scheduling
methods or crop management options is required.
For proper recommendations at the local level,
however, it is necessary to get representative
estimates of the actual crop water requirements,
especially in countries with high water demand in
agriculture, i.e. by model applications (Utset et al.,
2006, 2007). Determination of crop water
requirement is mainly based on the calculations of
reference evapotranspiration (in the past on
potential evapotranspiration) and crop coefficients
(Utset et al., 2004). There are, however, gaps on well
estimated crop coefficients for local varieties and
conditions, where more local studies are necessary.
For example, direct measurement systems such as
lysimeter or indirect systems such as micrometeorological approaches (Eddy Covariance etc.)
should be used for determining actual evapotranspiration and actual crop coefficient data.
Additionally, remote sensing approaches could be
used more efficiently for the estimation of
evapotranspiration and benchmarking performance
of irrigation systems at macro scales.
Performance of irrigation management bodies
should also be improved. In that context, an
operational monitoring of crop water productivity
could be recommended. Research studies on
improved methods for efficient water in agriculture
should be carried out and supported. Related results

must be transmitted quickly and understandable to
farmers, extension services and irrigation system
managers. Providing only training and technical
support for increasing the effectiveness of irrigation
systems may not be enough in many cases due to
socio-economic reasons. For example, energy
expenses can be a serious constraint while changing
from surface to sprinkler irrigation. Recommendations
should be based on economic evaluations (Oster and
Wichelnsm, 2003; Wolf and Stein, 1999) and rising
of consciousness on this issue in the stakeholder
community is also required.
The competition on water resources is increasing
i.e. between urban population and industrial
production and agricultural sector in many regions
such as in Turkey. Despite the pressures on irrigated
agricultural regions, many of the irrigated
agricultural systems cannot provide its expected
output as pointed out by Kanber et al., (2005).
Others such as Şener and Albut (2011) pointed out
that administrative errors in actual water
management can contribute often more to low
efficiency of irrigation systems than errors in
construction of irrigation systems.
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Water footprint as an indicator to improve
the sustainability of food systems?
Alexandre Meybeck1*, Vincent Gitz2, Filiberto Altobelli3

Abstract: Food consumption and production patterns and trends are among the main drivers of pressure on natural resources
and the enviro nment. Growing concerns for the capacity of ecosystems to sustain the increasing demand for food and
agricultural products are calling upon all stakeholders to assess and improve the sustainability of food systems. Water, in
quantity and quality, is a key component of food systems, both as a primary resource and as itconditions the efficiency of the
use of other resources. Irrigation increases yields and ensure their stability, both of which are needed to improve food security
and nutrition. Sustainable food systems require sustainable water management, which in turn calls for good governance and
the effective engagement of all concerned stakeholders, along food chains. For this, protocols and indicators to assess, compare
and monitor water use are crucial. One of the candidates to play these roles is the “water footprint” methodology. We show
here that to be useful for decision making at different levels, it has to be adapted to each actor’s concerns, be calculated for every
output of food systems, products and diets, but also jobs and livelihoods; and with the relevant degree of detail adapted to the
level of decision making.
Keywords: food security, food production, sustainable watermanagement.

INTRODUCTION
It is currently estimated that 805 million people
(FAO, IFAD and WFP, 2014) do not have access to
sufficient food energy (calories), and that over 2
billion people are micronutrient deficient (FAO,
WFP and IFAD, 2012). The demand for food is
expected to increase by 60 percent towards 2050,
driven by population and income growth with dietary
patterns changing towards more livestock products
(FAO 2012a). The agriculture sectors (including
forestry and fisheries) are also required to produce
more non-food products, especially for energy (liquid
biofuels, wood). At the same time agriculture and
food production are already among the leading
* Corresponding author’s e-mail: alexandre.meybeck@fao.org
1 FAO Viale delle terme di Caracalla, Rome, Italy.
2 Associate researcher, CIRED 45 bis avenue de la belle
Gabrielle, 94736 Nogent/Marne, France; and Coordinator,
HLPE. FAO Viale delle terme di Caracalla, Rome, Italy.
3 Council for Agricoltural Research and Economics-CREA, (Italy).

causes of pressure on natural resources (FAO, 2006a;
2009a; UNEP, 2010). About half of the world’s land
is used for agricultural production. Seventy percent
of the water used is being consumed by the
agriculture sector (Kabat, 2013). Agrochemicals are
also an important cause of water pollution.
Eutrophication is clearly associated with agriculture,
mostly owing to the excessive application of synthetic
fertilizers and mismanagement of animal manure.
The decline of biodiversity is also continuing at an
alarming rate: genes, species and ecosystems are
being lost or are degraded, with often a strong impact
on agriculture and livelihood. Confrontation between
these trends raises increasing concerns that natural
resource scarcity might limit, in the near future,
agriculture’s capacity to produce the food needed to
ensure food security and nutrition (Godfray et al.;
2010, Foresight, 2011; HLPE, 2011a; FAO, 2012a,
UNEP; 2012).
The United Nations Conference on Sustainable
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Riassunto: I modelli e i trend di consumo e produzione alimentare sono tra i principali fattori di pressione sulle risorse naturali
e sull’ambiente. Le crescenti preoccupazioni sulla capacità degli ecosistemi di sostenere l’incremento della domanda di prodotti
agro-alimentari esortano tutti gli stakeholders coinvolti a valutare e migliorare la sostenibilità dei sistemi alimentari. L’acqua,
intesa sia come qualità sia come quantità, è una componente chiave dei sistemi agroalimentari, sia come risorsa primaria sia
perché condiziona l’efficienza d’uso delle altre risorse. L’irrigazione aumenta e condiziona la stabilità delle rese delle colture,
aspetti entrambi fondamentali per il miglioramento della sicurezza alimentare e della nutrizione. I sistemi alimentari sostenibili
richiedono una gestione sostenibile dell’acqua, la quale a sua volta richiede buone politiche e l’effettivo coinvolgimento di tutti
gli stakeholders coinvolti nell’intera filiera. Per questo motivo, sono indispensabili protocolli e indicatori per valutare, comparare
e monitorare l’uso dell’acqua. La metodologia “water footprint” è tra i candidati a rivestire questo ruolo. In questo articolo si
mostra come per essere utile a vari livelli decisionali tale metodologia debba essere adattata ad ogni attore coinvolto nella filiera,
essere calcolata per qualsiasi output del sistema alimentare, prodotto o dieta, ma anche lavoro e occupazione, e con un dettaglio
adeguato al livello del processo decisionale considerato.
Parole chiave: sicurezza alimentare, produzione alimentare, gestione idrica.
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Development held in Rio in 2012, also called
“Rio+20”4, as well as the debates towards and
around it, have reaffirmed the necessity to
transform consumption and production patterns to
ensure a more sustainable use of resources. The
Planet under pressure Conference organized by the
International Council for Science ahead of Rio+20
has emphasized that the planetary systems on which
we rely are under such human pressure that they
are now at risk. Given their intimate relation with
natural resources, food systems are both particularly
at risk, and a leading pressure agent.
The Rio+20 Conference recognized the importance
of more inclusiveness and to better involve all
stakeholders towards concrete actions. As part of it,
the Conference adopted a 10-year framework of
programmes on sustainable consumption and
production patterns5.
The Rio+20 conference, and the discussions it
generated, stressed the need to pursue more
concrete, action oriented, development pathways
which at the same time better integrate sustainability in all its dimensions: environmental,
economic, social and governance. “Green economy”
is being promoted as one pathway to achieve such
integration towards action. Key to it is the notion of
resource efficiency, aiming to optimize the use of
resources, combining environmental, economic,
social and governance perspectives.
This paper aims to consider the role that the Water
footprint indicator and methodology could play to
inform the various relevant stakeholders, governments,
international organizations, private sector, farmers, civil
society, consumers, and to facilitate decision making
towards more sustainable food systems. It first
considers the relations between water use and the
sustainability of food systems, and the incidence it has
on the notion of water and resource efficiency. It then
analyzes the information needs of the different
categories of actors for decision making, in order to
determine the role that the water footprint indicator
and methodology could play, as well as potential
improvements.
SUSTAINABLE FOOD SYSTEMS
To consider the relations between water and
sustainable food systems requires having first a clear
vision of what sustainable food systems would mean
and entail. The notion of ‘food system’ is centred
around food. It encompasses the ecosystem and all
activities that relate to the production, processing,
distribution, preparation and consumption of food.
A food system also includes the inputs needed and
outputs generated by each of these activities as well

as their outcomes, insofar as they contribute to food
security and nutrition. Such outcomes include food
availability, access and use. A food system operates
within, and is defined by, social, economic and
environmental contexts. Interactions between and
within those contexts influence both activities and
outcomes6. Therefore food systems can/should be
assessed in their capacity to ensure food security.
We use here the definition of food security adopted
in 1996 by the World Food Summit7: “Food security
exists when all people at all times have physical and
economic access to sufficient, safe and nutritious
food to meet their dietary needs and food
preferences for an active and healthy life.” It
implicitly identified four dimensions of food
security: availability, access, utilization and stability.
The nutritional dimension is integral to the concept
of food security (FAO, 2009b). Availability refers to
the supply side of food security, determined by
production, stocks and trade. Access refers to
physical and economic access to food, influenced by
incomes, markets, and prices. Utilization focuses on
how the body takes advantage of the various
nutrients. It is influenced by care and feeding
practices, food preparation, dietary diversity, and
intra household distribution of food. Stability brings
in the time dimension. Periodic shortfalls in food
availability are a sign of food insecurity, even if
current consumption is adequate. Food systems
contribute to food security not only by providing
food but also by providing livelihoods and income
to food producers, giving them accessibility to the
food they do not produce.
Given the meaning generally accepted of
sustainability and sustainable development, in its
three dimensions of environment, economics, and
social, we propose here, following the definition
given by the High Level Panel of Experts on food
security and nutrition (HLPE), to consider
sustainable food systems as ensuring food security
and nutrition for all without compromising the
environmental, economic, and social basis of the
food security and nutrition of future generations
(HLPE, 2014).
4 United Nations. Report of the United Nations Conference on
Sustainable Development. Rio de Janeiro, Brazil. 20–22 June
2012. A/CONF.216/16. http://www.uncsd2012.org/content/documents/814UNCSD%20REPORT%20final%20revs.pdf
5 Document A/CONF.216/5. http://www.unep.org/rio20/portals/
24180/Docs/a-conf.216-5_english.pdf
6 Adapted from GECAF (Global Environmental Change and
Food Systems) definition at www.gecafs.org/glossary/index.html
7 1996 World Food Summit Plan of Action available at
http://www.fao.org/wfs/index_en.htm.
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WATER AND SUSTAINABLE FOOD
SYSTEMS
Water is indispensible to plant growth, in sufficient
quantity and at the right time, both of which depend
on plant species, varieties, on agronomic practices
and on climate. Irrigation allows more liberty in the
choice of species, varieties and agronomic practices
in given climatic conditions. It allows for higher
yields. Finally it ensures more stable yields, in spite
of climate variability, particularly rainfall pattern
changes.
The irrigated areas more than doubled worldwide
the last 50 years. Irrigated agriculture occupies 16%
of arable land and produces 44% of total crop
production. In developing countries it covers about
one-fifth of all arable land, accounts for nearly half
of all crop production and almost 60 percent of
cereal production. But this hides great discrepancies
between regions. In Asia 39 % of the cultivated area
is irrigated, representing about 70 percent of the
world area equipped for irrigation, with India and
China together accounting for 40 percent. The
region with the least irrigation is sub-Saharan Africa,
where only 3 percent of cultivated land is irrigated.
Irrigation thus plays a crucial role for food security
by increasing and stabilizing production, at global
as well as at farm levels. Some of the big “bread
baskets” regions in the world are irrigated. It
enables farmers to draw a better living from small
holdings. Countries with numerous small holders,
like India and China, also have important irrigated
areas. Countries that have a legal definition for small
holders often use different farm size thresholds for
rain fed and irrigated holdings (HLPE 2013), as if
irrigation acted as an “area multiplier”. Small
irrigated plots are often used for horticulture and as
such play a crucial role to ensure more balanced
diets along the year.
According to FAO’s projections (FAO, 2012a),
based on the need to increase crop production,
potentials for expansion and existing irrigation
expansion plans in the different countries, areas
equipped for irrigation could expand worldwide by
6,6% (20 million ha) towards 2050. This expansion
will mainly concern the more land-scarce regions
hard-pressed to raise crop production through more
intensive cultivation practices, such as East Asia
(+8 million ha), South Asia (+3 million ha) and the
Near East/North Africa (+3 million ha), although in
the latter region further expansion will become
increasingly difficult as water scarcity increases and
competition for water from households and industry
will continue to reduce the share available to
agriculture.

The expansion of irrigated areas contributes to a
rise of water withdrawals for agriculture.
Agriculture accounted globally in 2011 for 70% of
total freshwater withdrawals (World Bank, 20148).
According to FAO’s projections, global demand
for water withdrawals from agriculture will
increase by 11 percent from a 2006 baseline to
2050 (Bruinsma, 2009). Competition for water
and the growing water scarcity are constraining
both current availability of water for irrigation and
further expansion of the irrigated area. It is
estimated that, on average, a withdrawal rate from
agriculture, industry, other sectors and domestic
uses above 20 percent of renewable water
resources represents substantial pressure on water
resources – and more than 40 percent is “critical”
(FAO, 2012b). In some cases relying on extraction
from non-renewable aquifers, withdrawals can
exceed 100 percent of total renewable resources.
The intensive agricultural economies of Asia
already withdraw 20 percent of their internal
renewable resources, of which more than
80 percent goes to irrigation. In many of the low
rainfall regions of the Near East, Northern Africa
and Central Asia, most of the exploitable water is
already withdrawn, with 80–90 percent of that
going to agriculture, and thus rivers and aquifers
are depleted beyond sustainable levels (FAO,
2011a). Some countries with a rapidly growing
population and a rapidly growing demand for food
are also facing high levels of water scarcity.
Certain regions already experience very severe
water scarcity, such as Western, Central and South
Asia, which use half or more of their water
resources for irrigation, and in Northern Africa,
where withdrawals for irrigation exceed
renewable resources as a result of groundwater
use and recycling. Furthermore, in many parts of
the Near East, North Africa, China and
elsewhere, water tables are declining significantly.
Among the 40 percent of land irrigated partially
or totally with non-renewable groundwater figure
key food production areas in China, India and the
United States of America. In some areas the lack
of available water will be aggravated by issues of
water quality. In China 21 percent of available
surface water resources are too polluted to be
used for agriculture (2030 Water Resources
Group, 2009). Water scarcity aggravates land
scarcity and it has been noted that international
investments in land, often also called “land
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grabbing”, are often in fact focusing on water
resources (HLPE 2011b).
Irrigation can bring significant side effects such as
salinization and water logging. Salinization may come
about when irrigation releases salts already in the soil,
or when irrigation water or mineral fertilization
brings new salts to the land. Water logging is a related
problem. It curtails plant growth by eliminating air
from the soil, effectively stifling the plant. Water
logging also often leads to salinization of soils. Many
soil and water salinity problems have been reported
in large irrigation schemes in Pakistan, China, India,
Argentina, the Sudan and many countries in Central
Asia, where more than 16 million ha of irrigated land
are now salinized (FAO, 2010ba). Globally, 34 million
ha are now impacted by salinity representing 11
percent of the total irrigated equipped area, with
Pakistan, China and the United States of America
with the largest areas affected (FAO, 2011a); it is
estimated that 1.5 million ha of arable land are lost
annually due to salinity.
Irrigation can also have a significant impact on aquatic
biodiversity and inland fisheries particularly when
withdrawals compromise adequate supplies of
freshwater for functioning aquatic ecosystems or when
dams prevent the circulation of migratory species.
Agriculture, as the largest water user, is a major
contributor to non-point source pollution by
pesticides and nutrients derived from crop and
livestock management. In certain areas it can
severely impact inland fisheries and aquaculture as
well as, in some cases, coastal fisheries and
aquaculture, like in the Mississipi delta for instance.
Water is both a resource in itself and a mean to better
use other resources. Irrigation plays a crucial role for
food security and nutrition. It contributes to a more
efficient use of land. Increasing food demand as well
as climate change and especially increased variability
of rain patterns will make it even more important. At
the same time irrigation is not without impacts on
aquatic ecosystems and current and expected rates of
water withdrawals raise concerns for their
sustainability on the long term, especially in some
areas. Water quality is also a good indicator of the use
or overuse of other agricultural inputs, particularly
pesticides and fertilizers, synthetic and organic. As
such its availability and quality is a key indicator of the
sustainability of food systems.
RESOURCE EFFICIENCY
FOR SUSTAINABILITY
There is wide recognition of the relative scarcity of
natural resources and of the fact that they are now
been exploited at a rate that threatens future food

security (Place et al., 2013). This leads to aknowledge
the need to spare them to ensure food security. At
the same time, what they are used for is precisely key
to actual food security. This calls for considering
resource efficiency as a way to measure what are
resources used for, how much for what outcome, and
in such a way to be able to compare diverse systems
and practices, with the objective of optimizing use
for sustainability.
Resource efficiency can be measured by the
quantity of a specific resource used to produce a
specific output or outcome – number of litres of
water to produce a kg of maize – or quantity of
output or outcome per a specific quantity of
resource – yield of maize per hectare or per litre of
water. The measurement of resource efficiency
confronts the amount of resources mobilized (in the
denominator, inputs) and the amount of services
provided (in the numerator, outputs). Efficiency can
also be pictured in terms of incremental
environmental impacts with respect to incremental
unit produced. For instance, the measure of
greenhouse gas (GHG) emissions per unit of
product is a proxy to “climate change impact”
efficiency of agricultural production.
Three key points have to be taken into account. First,
the efficiency of the use of a resource can be linked
to the availability of other inputs, or enhance the
efficiency of the use of another resource. For
instance, as mentioned above, yield, which measures
resource efficiency of land, is enhanced by irrigation,
at the expense of water efficiency. Second, the need
to take into account diverse outputs. Agriculture
produces food and also livelihoods, jobs, income,
which from a food security perspective are equally
important. It implies a more complex conception of
resource efficiency, by which employment, which is
formally an input in pure economic terms, can be
seen as a key output. The measure of efficiency shall
thus be adapted to each of these outputs. Finally, the
level and range at which it is calculated is central to
its usefulness to inform action and choices. This calls
for a diversified, multidimentional approach to
account for resource use (Gitz, Meybeck and Huang,
2012). Such an approach requires appropriate tools
to measure each type of resource use and impact. As
no single indicator per se is able to monitor
comprehensively human impact on the environment,
indicators need to be used and interpreted jointly
(Gallia et al., 2012).
Water is essential to food production. Therefore any
attempt to assess and improve the sustainability of
food systems shall include proper consideration of
water issues. As shown by the fortune of the carbon
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footprint for climate change, a quantitative
indicator, delivering simple information, can play an
important role to assess, compare and improve
practices. Conversely, issues that are not easily
measurable risk being marginalized in broad
multidimensional assessments. In fact, to a certain
extent, climate change, benefiting from a clear and
quantified indicator, often tends to be used as a
proxy to environment.
The water footprint is an indicator of freshwater
use, with three components; green water,
designating rainwater stored as soil moisture, blue
water, for surface and ground water, and grey water,
defined by the volume of fresh water required to
assimilate pollutants to ambient water quality
standards (Hoekstra, 2009). For a determined
product, the water footprint can be an indicator of
the total water “consumed”, of the irrigation water
needed (blue water), and of the water needed to
dilute pollutants resulting from the production
process (grey water); the three main categories of
impact from food production and consumption. The
water footprint seems the best to candidate to play
the same role for water management along food
chains, than the carbon footprint for climate change
mitigation. In fact it is already used to that effect, in
particular to raise awareness on the importance of
water and to make indirect consumption of water
more concrete.
KNOWLEDGE NEEDS FOR SUSTAINABLE
FOOD SYSTEMS
Improving the sustainability of food systems requires
the involvement of a multitude of actors, from
consumers to producers, including governments,
private sector and civil society. FAO and UNEP,
with the support of Switzerland, have established in
2011 a program for sustainable food systems9,
aiming for its inclusion in the 10-year framework of
programs on sustainable consumption and
production. An Agrifood SCP Task Force (ATF) was
created, gathering representatives of governments,
international organizations, private sector and civil
society. The Task Force has identified four activity
clusters, key to achieving SCP in food systems:
effective information platforms, reliable communication, enabling conditions, and market based
approaches, with related objectives towards 2015:
inventory of information platforms, identification of
gaps and needs, guidelines for comparing and
gathering data, tools for consumer information and
9

http://www.fao.org/ag/ags/sustainable-food-consumption-andproduction/en/

education, initiate regional and national groups,
principles for credible standards, tools and
incentives. Knowledge and information are central
to these activities and objectives. The Task Force
has thus identified improving knowledge collection
and sharing as a key area of work to progress
towards more sustainable food systems. It
emphasized the need to better identify the needs of
the various categories of actors, in terms of data and
means to access it, to identify and assess existing
data and gaps, to identify and assess existing
knowledge sharing tools and mechanisms. It also
underlined the need for indicators to measure all
impacts of food production and consumption;
knowingly of the risk of prioritizing the most easily
measurable, which might not be the most appropriate. To be better integrated in decision
making such indicators should link and integrate
input/impact with output. To be used in practice,
they should also be designed to address the specific
needs and perspectives of the various categories of
actors.
Actors in the food systems need to know the impacts
of their own decisions/practices. They also need to
be able to compare them to a benchmark, to what
others do, and to the impacts of other practices, for
the same output, or for a comparable output. A
decision or change of practices is grounded on the
consideration of a priority impact/criteria, which can
lead to bad choices if other criteria have been
overlooked. This calls for a collection of
data/indicators. As mentioned above, the output of
agriculture and food chains is products, but also
income, jobs (direct and indirect), diets, other
ecosystem services. Each category of actors is more
focused on one or the other type of outputs.
Therefore ideally the indicator selected shall be able
to be adapted to different types of output. This calls
for output-focused metrics, relating resources/
impacts to a certain output. The carbon foot print
well fulfils such a purpose and enables comparisons
between products, between diverse products to
provide the same quantity of protein (Hilborn
Tellier 2012), between comparable meals (Kurpa et
al., 2009).
The perimeter of an indicator related to a product is
key to enable choice, at whatever level. For
instance, at consumer level, such perimeters could
relate to the definition of the product considered,
possibly including elements on the way it has been
produced. Depending on the perimeter, there could
be either quantitative indicators (an indicator for
water used for “beef” with respect to another,
average level for “other foods”), or more qualitative
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indicators, such as “beef coming from a specific
farming system”, or “beef coming from a specific
farm”. This determines the degree of choice of
consumers and thus their capacity to valorise
specific production practices. It totally depends on
the degree of precision of the data collected,
transformed and made available. In particular
should be distinguished methodologies using a
bottom up approach, with a systematic collection of
data from all actors, all along food chains and
methodologies more top down where average values
are calculated from a sample and used for all actors.
This latest solution is less expensive but requires
ensuring that the sample is representative.
Moreover it does not enable to identify, and the case
being valorize, the best systems or practices.
In the specific case of water another issue pertains
to the source of the input, green water and blue
water use have different impacts. And some blue
water is even more valuable (Antonelli & Greco,
2013), non renewable ground water, water coming
from water scarce areas, or consumed in water
scarce periods. Antonelli and Greco (2013) propose
to distinguish water coming from non renewable
sources or from water scarce areas.
The example of the scheme for environmental

certification of farms in France (see box 1) gives a
good idea of some of the methodological difficulties
encountered to design and calculate an indicator of
water efficiency at farm level which would suit the
needs of all concerned stakeholders.
The example depicted in the Box above shows some
of the challenges for a good input/output indicator:
the need to find an output unit which enables
comparisons, the need to dispose of appropriate
data and the fact, especially true for water, that the
input can be of different “value/scarcity” in different
regions/times.
DISCUSSION: PERSPECTIVES
FOR THE WATER FOOTPRINT
Improving the sustainability of food systems
involves all actors along and around food chains,
from farmers to consumers, including the private
sector, civil society and public authorities. To inform
and coordinate their choices, there is a need for
adequate tools and indicators, measuring the
impacts of practices, or of consumptions choices,
etc, to guide decisions from production to
marketing and consumption. Indicators measuring
resource efficiency through input/output ratios are
well suited to such a function. The water footprint

Water footprint applications
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Box 1: What indicator for water efficiency at farm level?
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The multistakeholder discussions led in France in 20082010 on an indicator of water efficiency, as part of an
environmental certification scheme, give interesting
perspectives on the concrete methodological difficulties
of designing an indicator recognised and accepted by
different groups of users.
The objective was to determine a set of “environmental
performance indicators” for farms, and for each of them
levels at which a farm could be considered as operating
at a high environmental level. There was a broad
agreement to use a form of water input / farm output ratio,
easily understandable by stakeholders, a formula akin to
the principles on which is built the water footprint.
Discussions revealed three types of methodological
difficulties. The first difficulty was to find a way to compare
different types of farms, with different products. This led
some participants to propose income or jobs as output
unit, so that farms with different productions could be
compared. A second difficulty was the need for reference
levels of water efficiency, built upon actual water data use
for each crop and in each region. Such data was not
available. A third difficulty was to account for water
scarcity, and differences of it across space and time, as
it does not make sense to compare – or evaluate in the
same way - the performance of water of farms subject to

strong water constraints or to no constraint at all: water
scarcity had to be a variable to be accounted for. Given
these difficulties, the decision was to opt rather for an
indicator of “optimized practices”. This composite
indicator is based upon the various “optimization
oriented” means and practices, such as accurate
recording of irrigation, means to determine real needs in
irrigation water, materials to recycle or economize water,
collective organization of irrigation. Furthermore, items
take into account agronomical practices designed to use
less water such as early sowing, or mulching. Finally, to
take into account the real effect on the environment, an
item is devoted to the percentage of water drawn outside
of the low water period.
Such an indicator, describing agricultural practices, is
mainly oriented towards farmers. The information
transmitted to other actors along the food chain, to
consumers and to public authorities will be that the farm is
aiming for environmental performance on water, as
measured by available tools. It thus recognizes the
possibility of using different types of information/indicators,
adapted to the needs and capacities of the various actors.
(Meybeck A. & Pingault N. 2010, Meybeck A., Gitz V., N.
Pingault, Schio L. 2011)
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could be a good candidate to measure water used
by irrigation (blue water) and water pollution (grey
water). The latter could also constitute an
aggregated proxy indicator of pollution caused more
generally by inputs use (fertilizers and pesticides) in
agriculture and food chains, and thus indirectly also
of some of its impacts on biodiversity, aquatic, but
not only.
To better fulfil these functions for all actors, three
points need to be improved in the way the water
footprint is calculated and used. First it should
enable to calculate the “water footprint of the
outputs of main interest”, knowing that the nature of
this main interest can be different for each type of
actors; food for consumers, but for instance also
income or jobs for farmers and public authorities.
Second, it should focus on most critical points, blue
and grey water, including the need to distinguish
non renewable sources of water, such as through the
identification of “red water” as suggested by some
authors (Antonelli & Greco, 2013). Finally it should
enable to calculate water footprints at the level of
detail corresponding to the range of choices of the
various actors. This will require adequate collection
of data, linked to specific practices and systems,
calculation of benchmarks and appropriate tools to
make this information available.
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The Potential for Use and Misuse of Virtual Water
in Water Governance
Hong Yang1,2*, Maite Aldaya3, Junguo Liu

Abstract: Effective water management can only be designed based on good data and appropriate interpretation of
them. Studies of virtual water have generated information about global, regional and local water uses and flows of
virtual water associated with the trade of commodities. The concept of virtual water has a number of useful implications
for water management, particularly because it expands the scope of water resources management and the effort to
alleviate regional water scarcity beyond the country and river basin boundaries. The data on virtual water provide
insights into interconnections of water uses for individual products and in different economic sectors and geographical
locations in supply chains. However, such data alone cannot be used as basis for determining the optimal water
management and international and interregional trade patterns. Inaccurate data on virtual water and/or inappropriate
interpretations of the data can even confuse users and mislead policies.
Keywords: Water scarcity, international trade, decision support, virtual water strategy.

1. INTRODUCTION
Accurate data on water use for the production of
commodities and appropriate interpretations of the
information extracted from the data are important
for the formulation of good water governance
strategies. Conversely, inaccurate data and biased
interpretations of them could mislead the
policymakers and the general public, resulting in
poor water governance. With the increasing
integration of the world economy, water policies in
a country can have implications for other countries
through the interconnections of economic activities
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Basel, Switzerland.
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International Institute for Applied Systems Analysis, Schlossplatz 1,
A-2361, Laxenburg, Austria.

and the trade of commodities, which carries virtual
water across system boundaries. In water scarce
countries, an inflow of virtual water through trade
reduces the pressure on domestic water resources,
whereas an outflow of virtual water adds to the
pressure (Yang et al., 2006). The same concept also
applies to the interregional trade within a country,
where virtual water flows across the regional
boundaries in association with the trade (Liu et al.,
2007a, Faramarzi et al., 2010, Zhang et al., 2011, Shi
et al., 2014, Dang et al., 2014).
Virtual water differs from actual water since the
former is the water already used for the
production of commodities, whereas the latter is
the water still to be used for different purposes,
including commodity production. Along this line,
the data generated from virtual water studies
provide information on water use for individual
products and in different economic sectors and
geographical locations. When the commodities
are traded, the ‘embodied’ water moves from the
exporting side to the importing side in a virtual
form, which can have impacts on the actual water
allocation on both sides. The move of the
embodied water in the traded commodities is
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La gestione efficiente dell’acqua può essere progettata solo sulla base di dati di buona qualità e sulla loro corretta
interpretazione. Studi sull’acqua virtuale hanno generato informazioni riguardo l’uso dell’acqua ed i flussi di acqua a
livello globale, regionale e locale associati al commercio delle materie prime. Il concetto di acqua virtuale include una serie
di implicazioni utili per la sua gestione, soprattutto perché esso aumenta il campo di gestione della risorsa idrica e lo sforzo
per alleviare la carenza idrica a livello regionale oltre i confini dei paesi e dei bacini idrografici. I dati sull’acqua virtuale
forniscono approfondimenti innovativi sulle interconnessioni dell’uso dell’acqua, per i singoli prodotti e in differenti
settori economici e aree geografiche, nelle catene produttive. Tuttavia, i soli dati non possono essere utilizzati come base
per determinare la gestione ottimale dell’acqua e degli scambi commerciali internazionali e interregionali. Dati inesatti
sull’acqua virtuale e/o interpretazioni inappropriate dei dati possono, infatti, confondere gli utenti e fuorviare le politiche.
Parole chiave: scarsità idrica, commercio internazionale, supporto decisionale, strategia dell’acqua virtuale.
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termed virtual water flow (Hoekstra et al., 2002,
Yang and Zehnder, 2007).
The so far literature on virtual water has primarily
focused on quantification of water use in the
production processes and flows of virtual water
through the trade of water intensive agricultural
commodities. Recent years have seen increasing
studies on investigating virtual water flows across all
economic sectors, including those in primary,
secondary and tertiary industries. Efforts have also
been made to incorporate the virtual water concept
into water resources management at various
geographical scales (e.g., Wichelns, 2005, Hoekstra
and Chapagain, 2007, Faramarzi et al., 2010, Zhang
et al., 2012, Tamea et al., 2013, Winter et al., 2014,
Shi et al., 2014, Jackson et al., 2014).
This study addresses the potential usefulness and
misuse of the virtual water concept and data in
supporting water governance. It untangles some of the
paradoxes in the literature. The discussion is confined
to virtual water with a focus on international trade.
The water footprint concept is not covered in the
discussion as many issues related to it are beyond the
scope of virtual water (Hoekstra et al., 2011). Section
2 of this paper reviews the methodological
development in virtual water studies; Section 3
presents the major types of data derived from the
virtual water studies; Section 4 interprets the data and
pinpoints the areas where misunderstanding could
occur; Section 5 illustrates the usefulness and
limitations of the virtual water concept in water
resources management. Section 6 provides some
remarks on the policy relevance of virtual water and
the need to gear virtual water flows towards enhancing
the sustainable use of global water resources.

38

2. METHODOLOGICAL DEVELOPMENT
IN VIRTUAL WATER STUDIES
The amount of water required/used for the
production of a unit of product is termed the ‘virtual
water content’, expressed in m3/kg. It can be viewed
as the inversion of water productivity measured in
kg/m3. The virtual water content of a product is the
basis for assessing the virtual water flow associated
with the trade of the product (Allan, 2011).
The agricultural sector is the largest water user in
the world. The virtual water content of a given crop
is a function of climate conditions, agronomic
practices and field management. Its value differs
largely across geographical locations. In the early
studies of virtual water, aggregate values on virtual
water contents were used for the estimation of
virtual water flows associated with the trade of
agricultural commodities. For example, 1 m3/kg was

used as the virtual water content of cereal crops
(Allan, 1997, Yang and Zehnder, 2002). Some other
studies used virtual water contents measured in
fields or experimental sites to take care of the spatial
variations (Renault, 2003, Oki and Kanae, 2004,
Hoekstra and Hung, 2005). Later, process-based
crop growth models supported by GIS techniques
have been applied to estimate water consumption
for crop production and consequently virtual water
content on finer spatial resolution (Liu et al., 2007b,
Liu, 2009, Siebert and Doll, 2010, Hanasaki et al.,
2010, Mekonnen and Hoekstra, 2011, Zhao et al.,
2014). The modelling approach has provided a
systematic tool to account for spatial variations in
virtual water content, and enabled analyses of
impacts of changes in various input factors, such as
water availability, fertilizer application, as well as
climate change, on crop yield and virtual water
content. More recently, remote sensing techniques
have also been used to provide physical-based and
consistent spatial information on the virtual water
content of crops (Romaguera et al., 2010).
The concept of green and blue water was initiated
by Falkenmark (1995). Green water refers to soil
moisture and blue water refers to surface and
ground water. Rainfed agriculture relies on green
water only and irrigated agriculture uses both green
water and blue water supplied to the field. With the
application of crop models, the proportional
contribution of green and blue water in crop
production can be estimated, and so can the green
and blue virtual water contents of a product.
Multiplying the virtual water content of a product
with the quantity traded derives the volume of virtual
water flow for that product. Allan (1997) estimated
the virtual water embodied in cereal import into the
Middle Eastern and North African (MENA)
countries to elaborate the role of the virtual water in
compensating for the water scarcity in the region.
Following Allan, there have been many studies
quantifying the virtual water flows associated with
the international and interregional trade of
agricultural commodities. By distinguishing the blue
and green virtual water contents, some studies have
estimated the blue and green proportions of the
virtual water flows (Liu et al., 2009).
In recent years, some more systematic approaches,
such as Input-Output (IO), Multi-region Input-Out
(MRIO) and Life Cycle Assessment (LCA), have
been increasingly applied to account for the virtual
water flows across economic sectors and/or over a
production/supply chain of a product. The
IO/MRIO approach provides a technique to specify
how the substances flow among sectors through
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supplying inputs (including water) for the outputs
(where the virtual water is embedded) in the
economic system (Zhao et al., 2010, Dietzenbacher
and Velazquez, 2007, Guan and Hubacek, 2007,
Lenzen, 2009, Zhang et al., 2011, Feng et al., 2011,
Antonelli et al., 2012, Yu et al., 2012, Cazcarro et al.,
2014). The VW in economic sectors is accounted for
by distinguishing the direct water use and indirect
water use. The direct water use coefficient
(DWUC) refers to the amount of direct water intake
to produce one monetary unit of production.
DWUC is the conventional measure for the sectoral
water use intensity. The total water use coefficient
(TWUC) for one monetary unit of production
reflects the water use throughout the whole supply
chain, e.g., from agriculture to textile to clothing.
With the distinction of direct and indirect water
uses, the IO/MRIO analysis enables quantification
of water use intensities in individual economic
sectors over their whole supply chain.
LCA is an ISO standardized procedure to assess
environmental impacts (including impacts on water
resources) of a product or service over its whole life
cycle (Pfister et al., 2009, Bayart et al., 2010, Canals
et al., 2010, Pfister et al., 2011, Berger et al., 2012).
In the LCA approach, the system boundary is
defined in the first step (goal and scope definition)
followed by data collection covering the information
of processes and trade as well as specific
emissions/resource uses of each process involved
(life cycle inventory). The third step consists of
assessing the overall resource consumption in
respect to environmental damage (e.g., water
appropriation). This step allows for comparing

products from different regions which have
resource uses under different environmental
conditions (e.g. water scarcity) (Pfister et al., 2011).
3. MAJOR TYPES OF DATA DERIVED
FROM VIRTUAL WATER STUDIES
3.1 Virtual water content of products
Virtual water contents of individual commodities are
the basic data sought in virtual water studies. Fig. 1
shows the world average virtual water contents of
some major agricultural products estimated by
Mekonnen and Hoekstra (2011). On world average,
the virtual water contents of cereal crops are
approximately between 1-2 m3/kg. The virtual water
contents of fruits and vegetables are lower than
cereal crops, while beans and groundnuts are
higher. Livestock products usually have virtual
water contents several times that of crops because
producing a kilogram of meat requires several
kilograms of feed grain.
For most crops, both the rainfed and irrigated
systems are practiced depending on local climate
and other natural and social-economic conditions.
For example, wheat production in the European
countries and Australia is primarily produced under
the rainfed condition, whereas the production in the
North China Plain and North Africa is mostly under
the irrigation (Liu et al., 2007, Mekonnen and
Hoekstra, 2011). The world average values of virtual
water contents provided in Fig. 1 contain the green
and blue water uses in the production of the
respective crops.
The world crop production is dominated by the
rainfed system, i.e., using green water. It is
Fig. 1 - World average
virtual water contents
of selected agricultural
products. Source: Mekonnen
and Hoekstra, 2011.
Fig. 1 - Valori medi
di acqua virtuale contenuta
in alcuni prodotti agricoli.
Fonte: Mekonnen
e Hoekstra, 2011.
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estimated that about 84% of the total water use in
agriculture (based on 17 major crops) is from green
water (including the green water use in irrigated
land). Blue water contribution, or irrigation, is only
about 16% (Liu et al., 2009). However, there are
significant variations among crops. For example, the
blue water proportion in cotton production is about
58%. In contrast, the production of cassava relies
almost solely on green water under the rainfed
system (Liu et al., 2009). Similar results have been
also derived in many other studies (e.g., Hoekstra
and Hung, 2005, Mekonnen and Hoekstra, 2011,
Hanasaki et al., 2010).
Apart from agricultural products, the estimation of
virtual water content also extended to some
industrial products. For example, Hoekstra and
Chapagain (2007) estimated the virtual water
content of 1 microchip (2 g) to be about 32 litters.
Using the LCA approach, Berger et al. (2012)
estimated the water consumption of the three
common types of cars as: 51.7 m3 (Polo 1.2 TDI),
62.4 m3 (Golf 1.6 TDI), and 82.9 m3 (Passat 2.0
TDI).
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3.2 Virtual water flows associated with the
international trade of agricultural products
The quantification of global virtual water flows
associated with the trade of agricultural commodities is conducted extensively in the virtual
water literature. Table 1 provides the estimates of
global total virtual water flows related to the trade
of crops. Variations in the estimated volumes are
significant in different studies. They mainly stem
from three sources: different virtual water contents
used in the estimation, variations in the items
included in each category, and the time period
covered by the estimation. Hence, the estimated
volumes in Tab.1 are only rough approximates.
This situation is common in also all other virtual
water estimates for a region or a type of product,
although the sources of differences may vary. The

Fig. 2 - Green and blue water proportions in traded food
crops in the major exporting countries (average of 19982002). Source: Liu et al., 2009.
Fig. 2 - Volumi relativi di acqua virtuale verde e blu
contenuti nei prodotti agroalimentari esportati dai principali
paesi esportatori.

estimates from different studies are often not
comparable. Tab. 1
Although green water resources can only be used in
situ, they can be ‘moved’ and exported through trade
of commodities produced with green water. On
world average, over 95% of crop related virtual water
trade originates from green water, based on 17 major
crops (Liu et al., 2009). Fig. 2 shows the quantity of
net virtual water export and the green and blue
propositions in the major food exporting countries.
These countries account for about 94% of the total
virtual water export related to food crops (Liu et al.,
2009). The proportion of blue virtual water export in
these countries is low. In Canada, it is negligible. The
result shows that the global virtual water export of
food crops is overwhelmingly ‘green’.
3.3 Virtual water in the national and global
water accounting
Virtual water can be quantified for different
economic sectors and geographical regions. Tab. 2
shows the volumes of sectoral water uses and virtual
water flows in selected countries and the world.
The agricultural sector in general has a large share
Tab. 1 - Global virtual
water flows associated
with the international
trade of crops.
Tab. 1 - Flussi globali
di acqua virtuale
associati al commercio
internazionale
di prodotti agricoli.
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in both the use of domestic water resources and
foreign water resources (Tab. 2). It is estimated that
worldwide about 15% of the crop water use is for
export (virtual water). Industrial water use is
relatively small compared with agricultural water
use, but the share of water use for export is much
higher, about 33.5%. The aggregate quantity of
virtual water associated with the trade constitutes
roughly 17% of the total global water consumption
(including the domestic sector. For individual
countries, the share of different sectors in the use
of domestic water resources varies largely and so do
the shares between water uses for national
consumption and for export. In China, for example,
the share of water use for export in the agricultural
sector is less than 3%, whereas the share in the
industrial sector is about 36%. In the absolute
terms, the industrial water use for export is more
than double the volume of the agricultural water
use. The net virtual water export from the industrial
sector is about 38 km3/year (Hoekstra and
Chapagain, 2007). This is consistent with China’s
role as the ‘world’s manufacturing factory’.
3.4 Accounting for virtual water flows in the
whole national economic system
The interconnections of water uses among
individual economic sectors can be traced using the
IO/MRIO approach. The virtual water flows among
different sectors through providing input to
producing output. As agriculture uses around 70%
- 90% of all water extracted, national policies and

international donors have focused on agricultural
water use. The concern about agricultural water use
is also linked closely with food security and rural
well-being (Rosegrant and Cai, 2003, Schmitz et al.,
2013). However, agriculture not only provides
products for direct consumption, but also raw
materials for downstream industries, such as food
and tobacco processing, textile, paper, etc. These
sectors often play an important role in a regional
and national economy, especially in developing
countries where they are often the major sources for
foreign currency earning. With the IO/MRIO
analysis, the interconnections of agricultural water
use with the downstream sectors can be traced
(Guan and Hubacek, 2007, Lenzen, 2009, Zhao et
al., 2009, Feng et al., 2011, Zhang et al., 2011). For
example, the study by Zhao et al., (2009) for China
showed that the agricultural sector’s total water use
in 2002 was 373.6 billion m3, whereas the water
consumed for the final consumption of agricultural
products was 203.8 billion m3. The difference in the
numbers is partially due to the flow of virtual water
from the agricultural sector to other sectors, mainly
food and tobacco processing and textile goods.
4. USEFULNESS AND POTENTIAL
MISINTERPRETATIONS OF THE VIRTUAL
WATER CONCEPT AND DATA
How can the virtual water concept be useful for
enhancing water governance at regional, national
and international levels? What do the data derived
from virtual water studies mean for policymakers

Water footprint applications
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Tab. 2 - Water uses in different sectors and virtual water flows associated with the international trade in selected countries
and the world (average of 1997-2001).
Source: Adapted from Hoekstra and Chapagain 2007.
Tab. 2 - Utilizzo dell’acqua nei diversi settori produttivi e flussi di acqua virtuale associati al commercio internazionale nei
principali paesi e nel mondo (media 1997-2001).
Fonte: Adattato da Hoekstra e Chapagain, 2007.
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Tab. 3 - Relations between
water resources availability
and virtual water trade for
different country groups.
Tab. 3 - Relazioni
tra la disponibilità idrica
e il commercio di acqua
virtuale per diversi gruppi
di paesi.
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and the general public? What are the limitations and
potential pitfalls of virtual water as a mechanism for
supporting water resources management in general
and for dealing with water scarcity in particular?
The discussion below provides some answers to
these questions.
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4.1 Interpretation of water endowments and
food trade relations
Given that the virtual water concept was proposed
originally to describe an alternative strategy to
address water scarcity in the MENA countries
(Allan, 2007), relationship between water endowments
and virtual water trade at various geographical levels
has been a focal topic of interest. Many studies have
investigated this relationship (Yang et al., 2003, de
Fraiture and 2004, Ramirez-Vallejo and Rogers,
2004, Kumar and Singh, 2005, Yang et al., 2007, Liu
et al., 2009, Konar and Caylor, 2013, Lenzen et al.,
2013, Fracasso, 2014). The conclusions are
divergent depending on the countries and regions
considered. Tab. 3 provides a summary of the
findings in the literature. An appropriate interpretation of the divergence among studies is
important for understanding the role of virtual
water in supporting the water resources management and trade policies.
There is no absolute threshold that defines water
scarcity. The most commonly used benchmark
concerning blue water resources is 1700
m3/capita/year suggested by Falkenmark (1995),
below which a country is most likely to endure
water stress. Studies concerning water scarce
countries have generally found a close relationship
between water resources availability and virtual
water import associated with cereal and other
water intensive crops (Allan, 1997, Yang et al.,
2003, Yang et al., 2007, Hoekstra, 2011, Lenzen et

al., 2013). The MENA countries present a typical
case. The result can be interpreted as that in water
scarce countries, the available water resources fall
short of the water demand for producing sufficient
food needed domestically. The import of virtual
water in the form of water intensive food
commodities plays an important role in balancing
the local water budget. In the international market,
about 20% of the cereal import is to the water
scarce countries (Yang et al., 2006).
For the very poor low income water scarce
countries, however, studies found that virtual water
import is small regardless of their water resources
availability (Yang et al., 2003, Liu et al., 2009). It
implies that these countries are too poor to afford
purchasing food from the international market.
Starvation and hunger are the consequences.
A majority of the countries in the world currently
have per capita water resources availability above
the water scarcity benchmark of 1700m3/capita/
year, although some regions within a country may
fall below it. There is a wide spectrum of per capita
water resources availability among the countries in
this group. No general relationship between water
resources availability and virtual water trade has
been found. Worldwide, about 80% of the cereal
related virtual water import occurs in this country
group (Yang et al., 2006). Hence, the global level
studies including all the countries do not exhibit
any direct relationship (Oki and Kanae, 2004,
Ramirez-Vallejo and Rogers, 2004, Kumar and
Singh, 2005, Hoekstra and Chapagain 2007,
Hanasaki et al., 2010, Pfister et al., 2009). The
result has led to some questions to the conceptual
basis of virtual water trade. One major criticism of
the virtual water concept has been that it is not
consistent with the economic concept of
comparative advantage which is the underlying
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basis of the international trade (Wichelns, 2010,
2011, Gawel and Bernsen, 2013). However,
comparative advantage of a country in the international trade is determined by an array of
factors relating to natural endowments,
opportunity costs and technologies, etc. (Kumar
and Singh, 2005, Yang and Zehnder, 2007, Suweis
et al., 2011, Tamea et al., 2014, Fracasso, 2014).
Water endowment is only one of the factors. It is
clear that water alone cannot determine the
comparative advantage. Nonetheless, this does not
refute the need to take water resources into
consideration in formulating national and
international trade policies (Aldaya et al., 2010,
Porkka et al., 2012, Zoumides et al., 2014). The
weakness of Wichelns’s criticism (2010, 2011) is
that it denies all together such need based on the
argument that virtual water is not a sufficient
criterion for determining optimal trading
strategies. In reality, a large number of evidences
have shown that the ignorance of water
endowments in trade decisions has been partially
responsible for the overexploitation of water
resources in many areas of the world, including the
Ogallala aquifer in the United States (Gleick, 2003)
and the North China Plain (Ma et al. 2006). To this
end, the virtual water concept and the data are
useful to bring explicitly the water endowments
into the framework of comparative advantages.
It should be noted that there has been a general
recognition of the importance of internalizing the
opportunity cost of water for sustainable use of
water resources. The need for a full cost pricing
was acknowledged in the Dublin Conference in
1992 (ICWE, 1992) and has later been endorsed
by many countries’ government representatives on
various occasions, such as the World Water
Forums. However, given the fact that the value of
water differs largely across countries and regions,
the opportunity cost of water also varies (Wichelns,
2010, 2011). Even if a full-cost water pricing could
be implemented in individual countries and
regions, which is very difficult in the first place, it
may not help to establish a clear relationship
between water endowments and virtual water
trade at the global level.
4.2 Virtual water trade and water use
efficiency
The virtual water trade is commonly promoted for
three purposes: 1) alleviating local water scarcity
by importing water intensive products and
exporting high water use value products; 2)
conserving water by producing water intensive

products in water abundant and high water
productivity areas and exporting to water scarce
areas; 3) enhancing sustainable water use by
promoting regional structural adjustment and
environmentally friendly trade. These three
purposes constitute a ‘virtual water strategy’
(Faramarzi et al., 2010).
The economic value of a unit of water use differs
for different commodities. For example, producing a kilogram of wheat needs approximately
1m3 of water, whereas producing a kilogram of
fruit needs roughly 0.5m3 of water on global
average (See Fig. 1). Suppose the market price
ratio for wheat and fruit is 1:1.5, the water used
for producing fruit would generate 3 times the
economic value of water used for wheat
production. For water scarce countries, it would
make economic sense to import water intensive
and low water use value products, such as cereal,
and export the products with relatively low water
intensity and high water use value, such as fruits
and vegetables. This trade pattern can be
observed in many MENA countries. However, so
far, no country’s government has explicitly stated
the adoption of the virtual water strategy partly
because of the political sensitivity of water and
food security for a country. The complexity of
local conditions, market situation and terms of
trade, etc., adds further concerns. Hence, the
virtual water strategy cannot be implemented in
isolation of the overall national water resources
management and development strategies.
For a given country, a virtual water inflow can
effectively reduce the amount of the domestic
water use. This reduced water use has often been
regarded as domestic water saving (Chapagain, et
al., 2006). However, a caution is needed in the
interpretation of the term ‘water saving’. In
extremely water scarce countries, for example, a
substantial percentage of domestic cereal supply
relies on import, which carries an amount of
virtual water up to several times their own total
water resources availability (Yang et al., 2002).
The import of virtual water, however, cannot save
the domestic water they do not have in the first
place (Yang et al., 2006, Wichelns, 2011). It would
be more appropriate to view the virtual water
import as a means to compensate for the local
water scarcity. For water abundant countries
where the quantity of water is not a limiting
factor, viewing virtual water trade from the water
saving perspective is not meaningful. For low
income countries with abundant water resources,
an influx of food can even undermine local food
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production as farmers cannot compete with the
cheap and often subsidized food from the major
exporting countries (Rosegrant et al., 2002,
Anderson, 2013). In this case, virtual water import
could be detrimental to the local food security
and efficient use of water resources.
At the global level, the current international trade
generates an overall saving of water. This is
because of the generally high water productivity in
the major exporting countries, such as the USA,
Canada, Australia and France, compared with
most of the importing countries. When a product is
produced in the areas of high water productivity
(thus low virtual water content) and exported to
the areas of low water productivity (thus high
virtual water content), less water is used globally
for the production of the product than if there
were no trade, holding other factors constant. It is
estimated that the volume of the reduced water
use as a result of the global trade of crops ranges
between 400 km3/year and 600 km3/year, or about
5% of the global total water use for crops (Oki and
Kanae, 2004, Hoekstra and Hung, 2005, Yang et
al., 2006, Chapagain et al., 2006, Hoekstra and
Mekonnen, 2012). However, the implication of the
global water saving deserves an elaboration. As the
global water saving stems from the discrepancies
in water productivities between major exporters
and importers, a greater productivity gap will result
in a larger volume of water saving. Conversely, if
the importing countries (most of them are not
water scarce) improve their water productivity, the
gap with the exporting countries will be narrowed,
leading to a reduction in the volume of global
water saving through trade. This reduction is a
positive move in terms of efficient utilization of
global water resources. Hence, the quantity of
global water saving per se is not a legitimate ground
for promoting virtual water trade.
5. THE VIRTUAL WATER CONCEPT IN
WATER GOVERNANCE - EXAMPLES
FROM CASES IN CHINA AND EU
Water resources management and trade decisions
have multifaceted dimensions. They require
consideration of multi-objectives and trade-offs of
different options. The virtual water concept
represents one important dimension. However, it
cannot itself determine the optimal water resource
allocation in importing and exporting countries and
regions. The two cases presented below illustrate
the usefulness and the limitation of the virtual
water concept in supporting the water and trade
policies.

Case 1: The South-North Water Transfer
Project vs. the North-South food transfer
in China
The spatial distribution of water resources in China
is highly uneven. The North China Plain
constitutes roughly three river basins, Huanghe,
Huaihe and Haihe, (the HHH region). Its water
resources availability is extremely low, about 500
m3/capita/year. Yet, the region is the major bread
basket of the country, especially for wheat and
corn. Various measures have been implemented to
deal with the water scarcity in the region. One of
them is to transfer water from the Yangtze River to
the north, the so called the South-North Water
Transfer Project. On the other hand, the HHH
region currently transfers a large amount of virtual
water (about 52 billion m3/year) to southern China
in the form of agricultural commodities,
particularly wheat and corn (Ma et al., 2006, Liu et
al., 2013). The rationale of the virtual water and
real water transfers between the south and the
north has been an issue of debate in the political
arena and the scientific community. Such transfer
patterns are seemingly inconsistent with the virtual
water strategy.
Compared with the north, southern China is
scarcer in arable land. Meanwhile, the rapid
expansion in urban sectors in the south has led to
a rise in opportunity costs of agricultural inputs,
particularly land and labour. Also, the dominant
sub-tropical climate in the south is not favorable
for growing wheat and corn. Hence, the relative
water endowments in the north and the south
cannot be a sole criterion to judge the rationale of
the transfer patterns. A comprehensive assessment
of trade-offs taking into consideration the natural
and socio-economic conditions is necessary to
reach a conclusion. The information on the virtual
water embodied in the trade between the north
and the south, however, is needed for such an
assessment.
Case 2: Implications of the EU Water
Framework Directive (WFD)
for the EU-MENA agricultural trade
The EU Water Framework Directive (WFD) of
2000 was a response to the growing pressure on
European water resources by pollution, overexploitation and endangered wetlands. The WFD
aims to prevent further deterioration and protect
and enhance the status of aquatic and related
terrestrial ecosystems in the member countries
(Aldaya et al., 2010). Although conducive to the
European waters and related ecosystems, the
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impact of implementing WFD may not always be
positive when viewed from the virtual water
perspective. The implication for the trade
between the EU and the MENA countries is a
case in point.
The geographical adjacency and historical ties
between the EU and MENA have facilitated the
development of trade between the two sides,
notably for agricultural products. If the WFD
would be fully complied by the member
countries, EU farmers would confront with
higher costs for water-intensive and polluting
agricultural products (European Commission on
Agriculture and Rural Development 2010).
Farmers in the MENA countries would become
relatively more competitive in the production of
such goods. This could lead to a shift of
production to the MENA countries and a rise in
virtual water import into the EU. Thereby, the
problems of high water consumption and
pollution associated with agricultural production
in the EU would be exported, at least partially, to
the water scarce MENA countries. As the water
productivity in the MENA countries is generally
lower than that in the EU countries, the total
water use in the EU could increase by consuming
virtual water from the MENA countries. This case
shows that a virtual water perspective is important
for assessing the overall impact of the WFD on
water uses beyond the scope of the EU countries.
It should be noted that so far hardly any EU
country has fully implemented the relevant
articles in WFD. Addressing the problem, the EU
has launched the Water Blueprint for Europe in
2012 to facilitate the implementation of WFD
(European Commission, 2013). The effect of this
move on the virtual water trade with the MENA
countries remains to be seen.
6. CONCLUDING REMARKS
Traditional water resources management was
mainly confined to a country or region/river basin.
The virtual water concept broadens the
perspective of water resources management
beyond the traditional boundaries. The data on
virtual water provide insights into the role of trade
in redistributing (virtually) water resources and in
connecting water uses across countries/regions
and sectors. However, the virtual water concept
and the derived data alone cannot determine the
optimal water allocation and trade patterns. As
elaborated in this study, accurate data and
appropriate interpretation of derived estimates
are important for understanding the usefulness

and the limitation of the virtual water concept in
supporting water and trade policies at different
levels.
Except for the countries with extreme water
scarcity, there is no generalized relationship
between virtual water trade and water resources
availability. Internalizing the opportunity cost of
water in the prices of commodities produced in
individual countries is unlikely to forge such a
relationship because the value of water varies
largely across regions and countries. This,
however, does not refute the need to consider
water endowments and virtual water flows across
system boundaries in formulating the water and
trade policies.
The analysis shows a need for a proper
interpretation of water saving through virtual
water trade. In countries with extreme water
scarcity, importing virtual water cannot save the
water but compensate for the water shortage. For
water abundant countries where the quantity of
water is not a limiting factor to economic
activities, importing food to save local water is not
meaningful, but could hinder the utilization of the
abundant local resources. At the global level, the
water saving through virtual water trade is not an
appropriate indicator for water use efficiency
because this saving can be reduced by improving
the water productivity in the importing countries.
With the continuous integration of the world
economy, interdependence of water resources
and uses will increase and so will the role and
scale of the virtual water trade. This calls for
incorporating virtual water into the future water
management and trade decisions. The present
study demonstrates that the data on virtual water
need to be used along with other socio-economic,
environmental, political and legal information in
order to be useful for supporting national and
global water governance.
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Opportunity costs of virtual water: a justification
for green-water based agricultural capacity growth
for economic, social and environmental sustainability
Michael Gilmont1*, Marta Antonelli2, Francesca Greco3

Abstract: Traditional development of water and agriculture based on irrigation tends to lead to over-extraction of
environmentally-derived water as water use rises to an unsustainable peak. This behaviour is usually remedied by
maintaining agricultural production while re-investing in efficiency and alternative water resources. Such behaviours
effectively pay twice for the same production capacity. An alternative approach would adopt a different development
pathway; a conjunctive use of both irrigation (blue) water and rainfed soil (green) water to provide a reliable production,
meaning that ‘virtual water’ exported in crops contains less blue water. Blue water resources can then be directed at activities
with a higher opportunity cost (industrial and municipal use), yielding greater value per drop to local populations, especially
important when using non-renewable groundwater. Through sustainable optimisation of resource allocation, the new
paradigm of agricultural water development avoids, an unsustainable over-development of water, and greater virtual water
sustainability.
Keywords: opportunity costs, blue and green water, resource allocation.

INTRODUCTION
Water resource development during the 20th
century was dominated by the idea of mobilising
surface and groundwater resource (blue water) to
drive economic development through agricultural
and urban growth. This mobilisation historically led
to overallocation of water, resultant significant
environmental degradation, and significant
inefficiency in water use. This paper argues that an
alternative trajectory of water development can be
followed that will optimise environmental and
economic sustainability and minimise the social and
environmental costs. The argument is grounded on
recent advances in application and allocative
efficiency and importantly enormous potential to
* Corresponding author’s e-mail: michael.gilmont@ouce.ox.ac.uk
1 Michael Gilmont, Environmental Change Institute, University of
Oxford, and Visiting Research Associate, King’s College London,
UK.
2 Marta Antonelli, Roma Tre University.
3 Francesca Greco, King’s College London, UK.

improve productivity of rainfed (green water)
supported agriculture. The trajectory that is
proposed is one of optimising water use by
allocating water appropriately according to the
current use and the value of alternative uses.
Alternative uses are rationalised through
opportunity cost analysis, thereby recognising the
true cost of mobilising water for irrigation
development, a cost that incorporates the value of
alternative higher value uses. This trajectory
therefore challenges the traditional mobilisation of
environmentally derived blue water for agriculture.
The new approach avoids grounding agricultural
development primarily on irrigation. Instead it is
argued that development should be based on green
water through enhanced rainfed agriculture, in
conjunction with efficient supplemental irrigation
and effective water allocation. The paper shows that
these instruments have been deployed in recent
years to maintain agricultural production in areas
where blue-water has been over-abstracted; in other
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Riassunto: Lo sviluppo tradizionale della gestione idrica e dell’agricoltura basata sull’irrigazione tende a portare verso
un’eccessiva estrazione di acqua, il cui uso cresce a un ritmo insostenibile. Questo comportamento è tradizionalmente rimediato
attraverso il mantenimento della produzione agricola, anziché reinvestendo in termini di efficienza e di risorse idriche
alternative, portando a pagare due volte per la stessa capacità produttiva. Questo articolo presenta un approccio alternativo
che prevede un uso congiunto dell’acqua d’irrigazione (blu) e dell’acqua piovana immagazzinata dal suolo (verde) per fornire
una produzione affidabile, perché l’acqua virtuale asportata dalle colture conterrebbe meno acqua blu. Le risorse idriche blu
potrebbero quindi essere utilizzate per attività con un costo opportunità più elevato (uso industriale e municipale), rendendo
un maggior valore per goccia per la popolazione, particolarmente importante quando si utilizzano acque sotterranee non
rinnovabili. Attraverso l’ottimizzazione sostenibile dell’allocazione delle risorse, il nuovo paradigma di sviluppo dell’acqua
agricola, si eviterebbe un consumo di acqua insostenibile e si favorirebbe una maggiore sostenibilità dell’acqua virtuale.
Parole chiave: costo opportunità, acqua verde e blu, allocazione delle risorse.
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words they have been used as tools for the redevelopment of water, rather than as tools for initial
development of agricultural capacity.
In using green water and allocative efficiency for
initial agricultural development, the model proposed
here depends on realising significant potential for
improved productivity in rainfed agriculture. These
improvements can be realised through enhanced
agricultural methods, soil management and appropriate use of supplemental irrigation to bridge dry
spells. Importantly, with the majority of global crop
water input achieved through green water rather
than irrigated blue water, the proposed strategy has
widespread applicability and impact potential. The
proposed development trajectory when applied to
key rainfed areas should allow gains in production
comparable with those experienced through prior
instances of irrigation expansion, but without the
unsustainable peak and over-allocations experienced
in traditional irrigation-based development. Through
focusing on developing green water for agriculture,
in cases where crops are grown for the global export
market, the lowest value water is traded as virtual
water, leaving higher opportunity cost blue water
available for local uses, yielding much greater net
value per drop.
Changing the trajectory of water development in
agriculture will require institutional change at both
domestic and international levels, and changes in
approaches from the international investment
community. It is noted that such changes should be
executed in a politically sensitive manner, working
within the constraints of what is politically possible
to achieve incremental gains through multiple
instruments, and working to transform, rather than
subvert, existing structures and relationships. The
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following discussion serves to further reflect on blue
and green water interactions, and introduce the
impact of virtual water in understanding how
sustainability and opportunity cost challenges our
thinking over traditional water development
practices. It reinforces the need to prioritise higher
value uses and deliver maximum economic and
equitable returns for water resource development.
INEFFICIENCIES OF TRADITIONAL
WATER DEVELOPMENT: PAYING TWICE
FOR THE SAME PRODUCTION
DEVELOPMENT
From the mid-19th century to the turn of the 21st,
water resource development has been targeted at
mobilising water from the natural environment (blue
water) for productive use predominantly in irrigated
agriculture, but also importantly in urban and
industrial applications. In many semi-arid developed
economies, the construction of large dams and
irrigation transfers from the 1930s onwards has
resulted in the mobilisation of water to
environmentally unsustainable levels. With resultant
environmental decline and corresponding concerns
over supply reliability, attempts are increasingly being
made to reallocate over-allocated water. The process
of re-allocation, while being a technical challenge, has
also proven to be politically challenging, requiring the
re-orientation of policies and generation-old
management priorities (Gilmont 2014).
The traditional water trajectory has been powerfully
conceptualised by Allan (2003) who identified five eras
of water development (Fig. 1). The first stage is the
pre-modern, characterised by development and
management of water on a local scale, with local
governance and sanctions (Newson, 1992). Because of
Fig. 1 - 5 paradigms
of water development
as proposed by Allan
and adapted from Allan
(2003).
Fig. 1 - 5 paradigmi
dello sviluppo idrico
proposti da Allan
e adattati
dallo stesso (2003).
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the generally local scale of development, rainfed
agriculture plays an important part, supplemented
during dry periods by direct diversions from rivers
where available.
The stage of large-scale mobilisation of water for
productive use forms a second water development
paradigm termed the Hydraulic Mission by Allan
(2003). The key aims of this engineering-led paradigm
are the transfer of water in time and space, enabling
water to be used by society in ways that are otherwise
impossible under natural hydrological conditions. The
cost of building infrastructure to mobilise water and
the spatial scale of transfer and water use means that
this stage of development requires central control and
organisation. During the 20th century this work was
facilitated by national governments (Allan, 2003).
More recently such programmes have been initiated
by large private investors in developing countries
(Campanale 2013). Key examples of hydraulic mission
behaviour during the 20th century include the Western
United States, Australia. Ongoing hydraulic mission
behaviour is witnessed in North Africa, the Middle
East, Africa and China.
In recent years strong evidence of environmental
decline, limits to avenues of new resource expansion,
and land degradation in once productive irrigation
areas have led to the technical and expansionist
assumptions of the hydraulic mission being
challenged. This is especially so where crops irrigated
with blue water are grown for export, resulting in
exporting of large quantities of embedded, or virtual,
water. Increasingly questions are being asked as to the
wisdom of exporting crops relative to potential higher
value local use for water. The pattern of global food
trade can often be seen as one of internalised costs of
environmental degradation, and externalised benefits
of food security for those who can afford to pay. The
arguments are compounded when associated with the
political costs of continued hydraulic mission
expansion. The Nile Basin and the tensions between
basin states over new water diversions exemplify the
political risks and costs associated with continued
expansion of water resources (Allan 2001, Nicol and
Cascao 2011).
The hydraulic mission was initially questioned by the
rise of environmental concern in the 1970s, coupled
with visible manifestations of decline, impacting both
environmental health and with it long term water
supply security, and the economic and social health
provided by ecosystem services (Conway 1997). Initial
reactions to environmental decline were focused on
responding to damage through protecting key areas or
rivers, representing the emergence of a third paradigm
of environmental reflexivity shown in Fig 1. Over time

decision makers have realised that long term
environmental security is dependent on addressing the
causes of degradation, rather than containment and
rectification of symptoms. This realisation has led to
questioning of continued expansion of water
mobilisation from the freshwater environment, and
the need to engage in water resource management on
hydrological scales of basins and catchments, rather
than governmental regulatory boundaries.
A decade after the rise of environmental concern,
economic neoliberalism came to dominate thinking
over water management and reform, embodying the
fourth paradigm in Fig 1. Economic instruments,
particularly markets, were seen as effective tools to
achieve the challenging shift of water from lower to
higher value uses. Through using market incentives,
significant gains in productivity were achieved
without commensurate mobilisation of additional
water. By establishing trade within a defined
quantity of water, the scarce nature of available
water resources could be integrated into a market
system (Bennett 2005). In giving water a value and
enabling trade, on farm water saving allow
agricultural efficiency to become economically
rational. In so doing urban and industrial water
supplies can be augmented with appropriate
compensation to original, lower value, productive
users in agriculture. Water trade in Australia has
also shown considerable ability to mitigate the
impact of drought on the income of farmers
(Peterson et al. 2004). In recent years government
investment has allowed water to be purchased for
environmental allocation, providing a mechanism to
redress historic over-abstraction of water.
Despite the successful use of economic instruments
to reallocate water, policy makers in advanced
economies and have recognised the need for
institutional reform to effectively achieve new policy
goals. In particular economic instruments are
increasingly appreciated as having limits, with strong
regulatory intervention required to deliver desired
outcomes. This behaviour represents the fifth
paradigm of water management shown in Fig. 1,
focused on political and institutional adaptation to
achieve improved water allocation. During the first
decade of the 21st century, key advanced water
economies, including Australia and Israel have
embraced institutional reform, overhauling institutions
(laws) and organisations (regulatory bodies) that were
originally created to facilitate the hydraulic mission
(Gilmont, 2014). New structures are geared to
balancing social, economic and environmental
considerations, with new forms of power and control
(Turton et al., 2007). This new fifth policy paradigm is
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described by Allan (2003) as Reflexive Water
Governance, reflexive because it attempts to mitigate
risk induced by past policy pathways, and
acknowledges a plurality of policy solutions. It involves
embracing a portfolio of policy instruments and
solutions, combining elements of technical, economic,
regulatory and social instruments, in place of the
previous attempts ‘silver bullet’ solutions of either
engineering or economics. The idea of reflexivity with
water managed is echoed across the water policy
literature, including in Gleick’s (2002) “soft water
path” and notions of flexible and adaptive management promoted by Pahl-Wostl (2007) and Connell
(2007).
The experience from the 1980s onwards of initiating
deep reform of water policy has proved to be
politically, financially and socially expensive. Old
power relations, including a longstanding belief
from farmers that the state will meet demands for
more water, are broken. Communities that were
founded and grew on the back of an expansionist
irrigation policy have been forced to re-organise or
potentially be abandoned, with significant
community and political resistance to such change
(Allan, 2011). In order to maintain economic
viability in an era of limited water resources, farmers
have been incentivised or forced to change crop
types and crop patterns, marginal or degraded land
is increasingly withdrawn from production to deliver
environmental gains, and higher efficiency irrigation
and water delivery systems are required.
As a result of efforts to change ingrained social and
agricultural behaviour, there are significant financial
and social costs in reallocating over-developed water.
Using the example of Australia, a package of reforms
was initiated in 2006, which eventually promised
twelve billion Australian dollars primarily targeted at
water efficiency and purchase of water for the
environment. The combined effect of these
investments is the intended reallocation of 20% of the
historic water supply to agriculture in the Murray
Darling Basin back to the environment (Commonwealth of Australia, 2012). The aim of the
investment is to maintain, and in the long-term
enhance, the agricultural sector while at the same time
drastically reducing its water use. The aim of reinvestment to reshape water use can be conceptualised
as paying twice for the same agricultural production or
as investing to stand still. The implication is that the
initial water mobilisation pathways were could not be
sustained in the long term due to changed
understanding of natural systems and their
sustainability social and political priorities, as well as
the perceived risk of climate change. The heavy

historical investment in irrigation therefore has to be
re-engineered or replaced with a different agricultural
approaches, or more radically, new social and
economic development pathways.
Across the world, agricultural use of blue water is
increasingly at risk due to the high opportunity cost of
associated with other uses (industrial or urban) as well
as environmental needs and concerns. These alternative
applications yield much more value per drop and
typically require the highest quality water, and therefore
deliver higher net returns to a population or economy
as a whole. This especially applies where nonrenewable groundwater resources have been mobilised
for agricultural production. A paradigmatic example of
this behaviour is provided by the case of the Disi
pipeline in Jordan (Ferragina and Greco 2008). Up to
2013 this aquifer was used for export-led irrigated
agricultural production in southern Jordan. The high
blue-water costs were magnified due to the fact that
crops were being grown in a hyper-arid location with
one of the lowest rainfall rate in the world. Rainfed soil
water (green water) is in this case assumed to be zero.
In 2014, the Jordanian Government inaugurated a 300
km pipeline to supply urban and industrial sites,
terminating the leasing contracts with the agribusinesses. The change in use of this non-renewable
groundwater resource illustrates how alternative blue
water uses actually benefitted the livelihoods of citizens
in the Greater Amman Area and supplied the needs of
the industrial sector in the country. The Disi pipeline
can still be considered part of the “hydraulic mission” of
Jordan. There remain questionable judgements on the
sustainability of the Disi water use because of the nonrenewable nature of the groundwater. However, the
decision to shift from agricultural exports to domestic
and industrial supply can be considered a maximisation
of the Disi water usage, in terms of income generation
and alternative choices for a non-renewable resource. It
illustrates how the sustainability of irrigated agriculture
is vulnerable to higher value water uses, and therefore
the long-term risks associated with irrigation expansion.
ENCOURAGING AN INITIAL WATER
DEVELOPMENT TRAJECTORY THAT
OPTIMISES WATER ALLOCATION
BY BALANCING SOCIAL, ECONOMIC
AND ENVIRONMENTAL OUTCOMES
The trajectory advocated in this paper is one that
priorities efficient agricultural development over
maximising volume of mobilised water, while
maintaining an upward trend in total water
development and agricultural output. This model
would effectively bypass the unsustainable peak of
blue water use experienced in the most advanced
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semi-arid economies. This bypassing is achieved by
using the instruments they have retrospectively
implemented as a means to create the initial growth
in developing economies. While potentially a more
expensive investment in the short term, such a
pathway would have three key positive long term
development and investment outcomes.
The first positive outcome is that through investing in
developing productivity of green water in rainfed
agriculture, long term investors avoid the
unsustainable peaking of blue water use and the
associated risks of water being transferred back to the
environment and to other higher-value water uses in
future. They therefore avoid the situation of having to
pay twice for the same production capacity.
The second positive outcome is that greater long term
social equity can be delivered. Many agricultural
communities in developing countries have been
historically dependent on rainfed agriculture.
Therefore by investing in these practices, rather than
supplanting them with irrigation, the local population
will benefit through livelihood, nutritional gains and
associated benefits.
The third positive outcome is related to delivering
optimal use of scarce water. By focusing on agricultural
development grounded on green water, scarce blue
water resources remain available for a healthy
environment and appropriate use in higher value uses.
Especially in areas where non-renewable groundwater
is at risk of being diverted to irrigated agriculture, this
resource can be directed at significantly higher value
uses than achieved by agricultural applications. While
blue water has the ability to be shifted between sectors
to maximise its application, green water is not
transferable. This means that the opportunity cost,
namely the value forgone when a lower value use is
adopted, associated with green water use is much
lower in agriculture than blue water.
At present, global food supply is predominantly reliant
on green water (Allan, 2011), aside from desert zones
where assumption green water can be assumed close
to zero. Green water comprises 84% of water used in
agriculture, and 94% of water embedded within global
agricultural trade (Fader et al., 2011). Green water
availability, first identified by Falkenmark (1995) is
highly correlated to the precipitation, soil and climate
patterns of a country. Therefore in arid and semi-arid
environments it is relatively scarcer than blue water
resources (surface and ground water). Despite this
relatively scarcity, in the semi-arid MENA and SubSahara African regions, the majority of agricultural
production is rainfed, with 75% and 95% respectively.
This large contribution of rainfed agriculture occurs
at a varying level of productive efficiency. This

variation is related to land degradation and low soil
fertility, and inadequate water management practices,
all of which result in high levels of evaporation and
runoff (IWMI, 2010). Therefore there are significant
opportunities to increase agricultural output and
productivity without creating primary dependence on
irrigation, and potential locked-in over-abstraction of
environmental water.
Due to the variable productivity of much rainfed
agriculture, increasing efficiency of these lands forms
an important step in delivering more optimal water
resource development; small percentage improvement in agricultural productivity on a global scale
offers greater potential globally than increasing
irrigated area. Fig. 2 demonstrates the relative
proportions of rainfed and irrigated agricultural lands
across countries of the MENA and Southern Africa
regions. Importantly from the data in Fig. 2 it cannot
be said that countries with lower annual rainfall rates
necessarily are more dependent on irrigation, due to
varying productivity of rainfed agriculture across
countries. The figure demonstrates the significant
dependence on rainfed agriculture, and the resulting
potential to improve outputs in these lands. Fig. 3
demonstrates the split in potentially available water for
agriculture in selected MENA economies. These are
amongst the most water scarce in the world, and
unsurprisingly have significant dependence on Blue
Water. Nonetheless, in half of cases, green water still
represents over 50% of water needs in countries with
significant semi-arid areas. Chatterton and Chatterton
(1996) view the dryland farming and grazing which
accounts for much of the recorded Green Water as
being a sub-optimal form of production. A key means
of improving green water potential is through
integrated land and water management, enabling
better soil fertility and structure, with improved green
water retention (Falkenmark and Rockström 2006).
These measures enable the two key avenues of
improved crop productivity to be delivered, namely
improved plant water update capacity and plant water
availability (Rockström and Baron 2007). These
techniques would also reduce susceptibility to
salinization, soil erosion and desertification of more
vulnerable agricultural lands.
Improving rainfed agriculture would be in contrast
to the historic situation where such improvements
in soil and water productivity are incorporated after
the introduction of irrigation and used to redress
declines in production. The proposed alternative
pathway would allow for incremental and
sustainable gains in productivity while reducing the
medium-long term risk of having to re-engineer an
entire agricultural sector.
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Fig. 2 - Irrigated farmland as percentage of total national cultivated area for selected countries in the Middle East and
Africa. Countries listed in size order of cultivation area, from Nigeria (34798kha) to Djibouti (1kha). Data: Cultivation areas FAO Aquastat (2009); Rainfall - World Bank (2015).
Source: Antonelli (2014) based on Gerten et al. (2011)
Fig. 2 - Percentuale di terreni agricoli irrigati sull’area totale coltivata nazionale per ciascun paese in Medio Oriente e
Africa.Paesi in ordine di grandezza per area di coltivazione, dalla Nigeria (34798kha) a Djibouti (1kha). Dati: Aree di
coltivazione – FAO Aquastat ( 2009); Precipitazioni – Banca Mondiale (2015).
Fonte: Antonelli (2014) basato su Gerten et al., (2011).
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Fig. 3 - Potential green
and blue water availability
for food production
in the Middle East
and North Africa
(m3 per capita per year).
Fig. 3 - Disponibilità
potenziale di acqua verde
e blu per la produzione
di cibo in Medio Oriente
e Africa del Nord
(m3 a testa all’anno).
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The focus on a revised development trajectory
should be on green water as “the ultimate source of
water” to be managed rather than runoff (IWMI
2007:3). Blue water resources and irrigation should,
however, play an important supporting role in
agriculture through bridging dry spells (significant
in the countries analysed) and appropriate
supplementation of improved green water
resources. The development of supplemental
irrigation could be achieved through traditional blue
water mobilisation infrastructure of through
methods of ‘in situ’ and ‘ex-situ’ water harvesting
(Rockström et al, 2010), to enable ‘irrigation on
demand’ at times of crop water stress. Water
harvesting involves intercepting and storing rainfall
before it infiltrates the soil profile and/or becomes
catchment runoff. It therefore acts to convert
potential green or blue water into storable blue
water without abstraction from water bodies
(Gilmont and Antonelli, 2013). Use of harvested
water in conjunction with green water, known as
conjunctive management of green and blue water,
recognises the interaction and continuum of green
and blue water resources in crop production
(Falkenmark and Rockström 2006).
GREEN WATER DEVELOPMENT
AS INVESTING IN SOUND MANAGEMENT
OF NON-RENEWABLE RESOURCES
AND ENHANCING SUSTAINABILITY
OF VIRTUAL WATER
The above arguments advocate the preferential
improvement of green water use rather than
expansion of irrigation to deliver increased agricultural
yields. In addition to the long term sustainability when
compared with blue water mobilisation, the pathway is
assessed as offering improved growth opportunities
across sectors. By reducing pressure on blue water
resources to meet agricultural growth, blue water
allocations can be preferentially made available for use
in other sectors that generate higher economic returns
per unit water (Allan 2001) and consequentially lower
environmental impact. Industrial and domestic water
sectors, when compared with agriculture, deliver
higher income generation per unit water, what Allan
(2001,) terms ‘jobs per drop’, and also have higher
supply charges. Allan (2001) argues that in semi-arid
economies getting more ‘jobs per drop’ is of greater
importance than delivering more ‘crops per drop’.
Therefore, every unit of blue water not required in
agriculture due to green water use enables economies
to generate higher value alternative uses for the unit of
blue water. This represents the opportunity cost
difference between blue and green water.

The same analytical rationale allows refinement of
effective allocations within and between water sectors.
The analysis allows decision makers to identify those
situations where there is the greatest ‘income-waste’
in terms of alternative use, and the greatest
‘environmental waste’ in terms of sustainability of
water resources and inter-generational equity.
By ranking water according to optimisation of both
income and environment, the following hierarchy is
determined for agricultural water use. The most
preferable agricultural behaviour is green water based
(rainfed) agriculture, since it delivers economic
outcomes from a resource that has little other
application (low opportunity cost), and has minimal
transformative impact to the hydrological environment.
The next preferable use would be rainfed agriculture
with in-situ harvested blue water, since production is
primarily based on rainfed agriculture, and harvested
water does not involve abstraction directly from the
freshwater environment. This is the pragmatic
pathway for areas with temporally variable rainfall.
The third choice would be blue water-based irrigation
from a local renewable source of surface water, since
there are no long term stock impacts on resources.
Where local resources are unavailable, a fourth choice
would be renewable surface or ground water delivered
by pipeline. A fifth option would be the development
of over-exploited renewable aquifers where long term
recovery is possible, with a final, worst-case option
being pumping from a non-renewable aquifer.
Because of the relative opportunity costs of different
applications, use of non-renewable ground water for
agriculture is not advisable, given the alternative
options available for agricultural production and the
potential higher value use of valuable non-renewable
resources.
There is little long term economic logic to dedicating
the scarce and strategic asset of blue water to a use
that delivers the lowest revenue per drop. Beyond
opportunity cost analysis, there are considerable risks
associated with investing in non-renewable water
resources due to inherent uncertainties in assessments
of resource availability and resource use growth. Such
estimates cannot guarantee long term returns and cost
recovery on projects directed at non-renewable water
resources (World Bank 1981). Inter-generational
sustainability should also feature in allocation
decisions. Developing non-renewable resources
exploits the long-duration recharge time of these
storages. For the case of the aquifers on the Arab
Peninsula, water being abstracted today entered the
aquifers tens of thousand years ago (FAO 2009).
Exploiting these resources for rapid agricultural
growth involves depleting a key resource and
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environmental buffer that has the potential to serve
both humans and local ecosystems in delivering higher
value, longer-term benefits. The negative impact of
blue-water mobilisation behaviour is greatest in highly
water scarce environments, and is further magnified
where this water is used for export crops, where many
of the benefits are externalised, both through the crop
end user and the final destination of agricultural
profits.
The issue of green accounting and water accounting
techniques therefore add a further dimension to
relative uses of water, and in particular the opportunity
costs associated with export crops. Water accounting
rules are needed in order to price water in a way that
reflects scarcity, especially when considering nonrenewable resources (Custodio, 2002). Effective water
accounting and pricing that would incentivise optimal
resources development. However it requires a change
in discourse around valuing water and how virtual
water within agricultural products is valued. Without
changes in water accounting mechanisms, exploitation
of non-renewable groundwater for short-term agricultural development will continue to occur.
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CONCLUSIONS
This paper has argued the need to avoid repeating past
blue-water led agricultural development that has
historically required re-development and reinvestment to redress over-abstraction of water
resources. Pursuing a new multi-faceted water
resource development trajectory opens avenues to
optimise long-term sustainability of investment as well
as minimising long term social and environmental
costs. This change will also impact the characteristics
of virtual water that is traded in global food exports.
This outcome advocated can be achieved in the
following concurrent ways:
a) Pursue a conjunctive development of blue and
green water.
b) Improve green water use and productivity of
rainfed agriculture.
c) Develop supplemental water-harvesting to
augment rainfed agriculture to provide ‘irrigation on demand’.
d) Prioritise the use of sustainable resources where
blue water is required.
Commensurate with this approach, policies should
be avoided which:
i) Rely on agricultural expansion driven primarily
by mobilisation of blue water.
ii) Overexploit surface and ground water.
iii) Overexploit non-renewable aquifers especially in
semi-arid areas.
Coupling existing data on green water and blue

water (renewable and non-renewable) resources
with an analysis on climatic zone could be a
consequential expansion of the current work. Green
water potentials could be at that point assessed in
the light of local blue and green water endowments,
and temporal and spatial variability.
The promotion of an alternative trajectory of water
development will require political will and
commitment from across sectors and stakeholders.
Farmers and agricultural investors are constantly
striving to minimise costs and improve production,
however this aspiration now needs to incorporate
opportunity costs associated with water, and a longterm investment horizon that will disincentives
unsustainable development trajectories that eventually
require significant re-investment. The solutions
discussed above deliver reduced environmental
impact, reduced economic risk, and potential for
increased social equity. Focusing on green water
additionally helps develop rather than supplant
traditional agricultural practices. Therefore, optimising water allocations through developing green
water, combined with sensitive supplemental blue
water delivers ‘win-win’ outcomes for producers,
investors, local populations, consumers and the
environment.
This paper is developed from material first produced
by the authors for a background paper for the
International Conference on Food Security in Dry
Lands, Doha, November 14-15 2012.
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Water Footprint, Land Footprint, Technology
and Policy: Developing a holistic measurement
of sustainability
Marjorie Strom1*

Abstract: Land footprint, water footprint, and carbon footprint must be integrated to measure full sustainability of
agriculture. Low water and land footprints are related directly to location for wheat, but connected more closely to
agrotechnology for tomatoes. Therefore low land and water footprints for basic crops should be integrated into land
values to diminish urbanization on prime agricultural land, while policy should encourage adoption of efficient
technologies for vegetable crops in marginal land. Agricultural policy should include land pricing, water pricing, and
support for technological development.
Keywords: Water Footprint, land footprint, irrigation, sustainable agriculture, land policy.

Water footprint applications
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Riassunto: Lo sfruttamento dei terreni, l’impronta idrica e l’impronta di carbonio devono essere necessariamente
integrate per misurare la piena sostenibilità dell’agricoltura. Ad esempio, i bassi livelli d’impronta idrica e di
sfruttamento dei terreni sono direttamente correlati all’areale di coltivazione nel caso del frumento, mentre per il
pomodoro sono principalmente influenzati dalle agrotecniche utilizzate. Pertanto basse impronte sullo sfruttamento dei
terreni e delle risorse idriche per le colture di campo dovrebbero essere integrate nel valore dei terreni per diminuire
l’urbanizzazione sui suoli agricoli, mentre la politica dovrebbe incoraggiare l’adozione di tecnologie efficienti per colture
orticole in terreni marginali. La politica agricola dovrebbe includere il prezzo del terreno, il prezzo dell’acqua e il
supporto per lo sviluppo tecnologico.
Parole chiave: impronta idrica, sfruttamento dei suoli, irrigazione, agricoltura sostenibile, politiche di gestione
del suolo.

1. INTRODUCTION
Life on earth depends on the availability of three
resources: land, water, and air. Population growth
along with increasing per capita consumption
throughout the world has led to increasing strains
on all three, endangering the capacity of the planet
to sustain life over the long term. Researchers have
developed three measures of the use of these
resources to help consumers, producers, and policy
makers to determine the sustainability of various
products:
• Water footprint, a measure of the total volume of
freshwater used or polluted directly or indirectly
to produce goods and services. The water
footprint is geographically explicit, showing not
only volumes of water use, but also the locations.
(Hoekstra et al, 2011)
• Carbon footprint, “the total sets of greenhouse
gas emissions caused by an organization, event,
product or person.” (UK Carbon Trust, 2008)
• Land footprint, which measures consumption of
biological resources and generation of wastes in
terms of appropriated ecosystem area, as
* Corresponding author’s e-mail: MopMgr@rd.ardom.co.il
1 South Arava Research and Development (Israel).

58

measured in units of global hectare (gha), a
hectare of average global productivity (Kitzes et
al., 2009; Steen-Olsen et al., 2011). Sustainable
land use must “sustain or increase social,
economic and environmental benefits while
maintaining the land’s long-term productive
capacity.” (UNEP, 2014).
These indicators are generally studied separately,
despite the fact that they are closely connected and
involve tradeoffs. For example, desalination is an
energy-intense process that reduces water footprint
while increasing the carbon footprint; intensive
irrigation can increase agricultural yields, reducing
land footprint while increasing the water footprint.
The term “Ecological Footprint” includes in the
land footprint calculation also the amount of
forested land needed to absorb CO2 produced, thus
combining the land and the carbon but not the
water footprint.
This paper examines the connection between land
and water footprints in agricultural production and
the role of technological development and policy in
reaching the goal of lowering these footprints while
meeting social, economic, and environmental needs,
particularly in peripheral areas. This is an
introductory paper, and through it we hope to
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encourage research in this area, specifically asking
the following questions:
1) How can the value of green water be
incorporated into land use policy to slow or stop the
loss of prime rain-fed agricultural lands?
2) How do technological improvements in
irrigation, including improvement in efficiency and
increases in available water sources (recycled
wastewater, desalination), affect the land and water
footprints of agricultural regions and their major
products?
3) International agricultural trade results in virtual
land and water transfers, but farmers are tied to
particular land. How can their social and economic
needs, along with broader needs of the state
(security, population dispersal, cultural preservation)
be integrated into footprint models?
All three of these questions point to a central
paradox: Water, land, and carbon footprints are
measured in terms of natural resources, but our
economy is based on capital. Food, as a basic
necessity, is both one of the least expensive
commodities in our economy and a priceless asset
without which the economy will collapse. How can
we integrate resource-based measures into a capitalbased economy without either raising the price of
food dangerously, or undervaluing the worth of
agricultural land and water?
2. LAND AND WATER FOOTPRINTS
OF TWO REPRESENTATIVE CROPS
2.1 Water footprint:
Water for the sake of footprint calculations is
divided into three types: blue (fresh water in
lakes, streams, and groundwater), green
(precipitation held temporarily in the soil or in
vegetation), and grey (water polluted in the

production process) (Hoekstra et al., 2011). The
same products can have different water footprints
depending on where they are produced, taking
into account yields and evapotranspiration in local
climate conditions. Tab. 1 shows the blue, green,
grey, and total water footprint for wheat and
tomatoes in 10 countries representing the full
range of European climates, with Israel added to
include a more arid climate.
The data for wheat shows a clear jump between
the northern European countries in which wheat
is entirely rain fed, and the more arid countries
that use some irrigation, raising the water
footprint. Serbia, interestingly, has a relatively
high water footprint despite having no blue or
grey water footprint. Looking at tomatoes,
however, we see a different and less intuitive
story. The northern European countries still have
the lowest water footprint, but Spain, Portugal,
and Israel, despite their more arid climates, have
a far lower footprint than Italy and Russia. Unlike
wheat, which receives no irrigation in five
countries, tomatoes are an entirely rain fed crop
in only two countries. Furthermore, three of the
countries with very low water footprints for
tomatoes (United Kingdom, Ireland, and Finland)
and Serbia grow insignificant amounts of the
crop, lowering the credibility of the water
footprint calculation. These data have been
shaded in grey, and are not included in the
averages.
Tab. 2 shows the total production, area harvested,
and yield of wheat and tomatoes in the same
countries (excluding tomato harvests in those
countries with less than 100 ha of tomatoes). The
extreme variability in yields explains some of the
differences in water footprints. As mentioned above,
Tab. 1 - Water footprint per
tonne of wheat and tomatoes
in 11 countries. (Based
on data from Mekonnen
and Hoekstra, 2010).
Data shaded in grey are
based on small production
areas, and are not included
in the average.
Tab. 1 - Water footprint
per tonnellata di grano
e pomodoro in 11 Paesi.
(Dati di Mekonnen
and Hoekstra, 2010).
I dati indicati in grigio
rappresentano un’area di
produzione ristretta e non
sono inclusi nella media.

Water footprint applications
for water resource management in agriculture

027-132_interventi:Layout 1

59

027-132_interventi:Layout 1

2-12-2015

10:31

Pagina 60

Tab. 2 - Production, yield,
and area harvested of wheat
and tomatoes in 2012
(FAO, 2012). Countries
with insignificant tomato
crops were excluded.
Tab. 2 - Produzione totale,
resa e area coltivata
di grano e pomodoro anno
2012 (FAO, 2012).
I Paesi con produzioni
di pomodoro non
significative sono state
escluse.
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Spain, Portugal, and Israel have lower water
footprints for tomatoes than Italy and Russia despite
their drier climate. Here we see that they also have
higher yields.

60

2.2 Land Footprint:
Tab. 2 connects the land footprint clearly to the
water footprint. If we compare tomato production
in Italy with Spain and Israel, we see that although
Italy’s water footprint is higher, most of this
difference is in the green water. That is, Spain and
Israel grow more intensively, using slightly less
blue water and much less green water, but
polluting more in the process. Looking at water
alone, one could say that they are equally
sustainable. But when we add the land measure,
we see that the more intensive Israeli and Spanish
systems use much less land. If Italy were to
produce 80 tonnes/ha like Spain and Israel, it
would either produce 2.2 million tonnes tomatoes
more than it does today, or save nearly 28,000
hectares in land while producing the same amount.
Arriving at yields similar to those in the
Netherlands of course would result in savings of a
wholly different order of magnitude. (While the

yields in the Netherlands are unusually high, other
countries not included in this table have similar
results, according to FAOstat.)
Unlike tomatoes, the production of wheat cannot
be greatly intensified – the highest yield is eight
times greater than the lowest, not 200. But because
wheat is a globally traded basic food using vast
amounts of land and water, these changes in yield
are highly significant. If Russia were to achieve the
yields of Finland, it would either produce an
additional 45 million tonnes of wheat each year, or
save 11,600 hectares of land and 63 billion cubic
meters of water. Since Russia is currently
responsible for about 5% of international wheat
production, doubling its efficiency to that of
Finland or quadrupling it to that of France would
impact the global sustainability of wheat
significantly.
Whereas the water footprint of tomatoes depends
more on technology than on location, the water
footprint of wheat doubles (at least) as soon as it
moves into drier countries. Furthermore, cereal
crops are very climate sensitive. Finland, while still
more efficient than the southernmost countries, has
a higher water footprint for wheat than its slightly
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less northerly neighbors, as well as a lower average
yield, because of spring droughts (Peltonen-Sainio P
et al., 2011). The average Finnish growing season
has an exceptionally low number of effective
growing days (Trnka M et al., 2011) with hardly any
capacity for compensation at later stages (PeltonenSainio P et al., 2007; - 2008; - 2009). In Italy, the
water footprint of wheat increases as one goes
further south on the map (Tab. 3).
The lesson is clear: wheat must be grown in areas
with the optimal climatic conditions. But here we
have arrived at the crux of the problem: we have
built cities on most of this land.
2.3 Implications for Policy
Historically, urban areas increase at the expense of
agricultural land, which in turn increases at the
expense of natural ecosystems. Without policy
interventions, settlements and infrastructures are
expected to expand by around 260 to 420 Mha by
2050, with 80% of this expansion assumed to occur
on agricultural land (UNEP, 2014). The above
analysis shows clearly that even when looking only
at water footprint, not all agricultural land is equal.
The question is how to integrate the value of land

in areas with optimal conditions for basic crop
production into an economic system. We face here
several somewhat contradictory facts:
1) Wheat as a basic crop is inexpensive and must
remain so to avoid a food crisis, particularly among
poor countries. Every 10% increase in price of all
cereals adds nearly 4.5 billion USD to the aggregate
import bill of developing countries that are net
importers of cereals (OECD, 2008).
2) Green water is by definition free. It cannot be
directly measured and priced. The cost of moving
production from an ideal climate to a marginal
region is the difference in water and land footprint
in production in the two areas; this cost must be
priced.
3) Without policy intervention, the economic value
of land for development in the outskirts of cities is
higher than its value for growing basic food crops.
The price of agricultural land is a function of the
rent (profit) from agricultural production and the
value of the land for future development; the
second factor increases according to population
density and proximity to urban centers (Plantinga et
al., 2002).
Therefore, the question is how to integrate the loss
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Tab. 3 - Water footprint per tonnne of wheat in Italy by Ragional scale. (Based on data from Mekonnen and Hoekstra, 2010).
Tab. 3 - Water footprint per tonnellata di grano in Italia a livello regionale (Dati di Mekonnen and Hoekstra, 2010).
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Fig. 1 - Agricultural suitability of land in Europe, based on climate, soil, and current land use. Darker grey - most
suitable. White: unsuitable. (Ramankutty et al., 2001).
Fig. 1 - Sostenibilità dell’agricoltura in Europa sulla base del clima, suolo e uso del suolo. Grigio scuro – molto sostenibile,
bianco – non sostenibile (Ramankutty et al., 2001).
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of sustainable agricultural production into land
pricing systems. Fig. 1-3 show three maps
of Europe, one by agricultural suitability, one
by population density, one by population change.
Many of the areas that are the most suitable
for agriculture – note for example France and
Northern Italy (Fig. 1) – are also those experiencing
the greatest population increase (Fig. 3).
2.4 Interim Conclusions
1) Water and land footprint calculations must be
linked.
2) Differences in yield and water footprint in
countries with similar climates show the importance
of technology adoption:
a. Efficient irrigation technologies (drip,
irrigation on demand)

b. Alternative water sources (recycled waste
water, desalination)
c. Cultivation methods (crops grown, tillage
and soil management, more efficient use of green
water).
3. POLICY AND TECHNOLOGY
The next section will examine policy, because
optimal allocation of land and water resources,
along with introduction of advanced technology for
crops capable of extreme increases in efficiency
(tomatoes, e.g.), will not happen alone. While land
policy is equally important and must be considered,
this paper addresses water policy only:
1. Water pricing
2. Support for capital investments (increasing
efficiency, or decreasing demand)
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3. Increasing supply (desalination and waste water
recycling).
(Note: Decreasing demand through changes in
consumption at the level of the end consumer is
another important issue that is beyond the scope of
this paper.)
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3.1 Water pricing
The EU Water Framework Directive recommends
water pricing as a means to regulate blue water use.
Water pricing has three goals: cost recovery, which
is the actual cost of bringing the water to the field;

the-polluter-pays principle, which puts a price on
the need to restore water sources; and incentive
pricing, which intends to change the behavior of
water users towards more efficient use (Bogaert et
al., 2012). According to Bogaert, currently pricing
is inconsistent and often differs from region to
region even within the same river basin. Private
water extraction lowers the ability to manage a
particular river basin through pricing or quota
mechanisms. Some pricing mechanisms are
counter-effective: pricing by field size rather than
by volumetric use or using block tariffs with

Fig. 2 - Population density of Europe (Eurostat).
Fig. 2 - Densità della popolazione Europea (Eurostat).
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Fig. 3 - Population change in Europe. Darker grey, greatest population increase, lightest grey, greatest population decrease. (Eurostat)
Fig. 3 - Cambiamenti della popolazione in Europa. Grigio scuro: maggior crescita della popolazione, grigio chiaro: maggior
decremento.
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decreasing price per volume discourage water
savings. Water pricing alone cannot bring about
more sustainable water use, because of low elasticity
of demand for water, the importance to society of
agriculture beyond its direct economic worth, the
difficulty of determining the cost of externalities
associated with irrigation, and the lack of monitoring
of private extractions. Therefore water pricing must
be combined with monitoring (of both environmental
flow regimes and of private extraction) and other
policy mechanisms (ibid).
Pricing water now in regions that will suffer water
deficits in the near future according to the cost of
desalination, while pricing water in areas that are
not in danger of water deficits in the next 20 years
at a rate between the actual cost of pumping and the
cost of desalination, will have the effect of
transferring water intensive crops to water-rich
areas, and also encouraging the adoption of watersaving technologies at an earlier stage. The use of
such technologies could delay the point at which we
must turn to desalination, and lower the amount of
desalination required. On the other hand, high
water prices in areas needing small amounts of
supplemental irrigation to grow basic cereals may

have the adverse effect of encouraging farmers to
replace these crops with more expensive crops, such
as vegetables, possibly causing shortages and raising
food prices. Pricing treated wastewater at only the
cost of conveyance from the treatment plant,
together with unified health standards depending
on the type of crop (direct human consumption,
tree crops, non-food crops), will encourage the use
of this valuable resource, further reducing
freshwater consumption. Such policy will also have
an effect on land use policy: as treated wastewater is
cheapest close to the source, agricultural enterprises
on the outskirts of cities will have a relative
advantage compared to those in remote areas,
offsetting the higher land cost. [Treated wastewater
and desalination are discussed in more detail
below.]
Support for capital investments in watersaving technology: In the tragedy of the
commons, lowering the total number of sheep will
benefit everyone, but the immediate economic
situation of an individual is improved by adding
sheep. Similarly, if all farmers use efficient irrigation
technologies all will benefit from cleaner, more
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plentiful water sources for a longer time. These
technologies, in addition to saving blue water,
reduce runoff and thus the amount of grey water
resulting from agricultural pollution. The role of
water policy in technological advances, whether
through pricing mechanisms, consumption
regulation, or a combination of both, cannot be
underestimated. For example, in the Hula Valley in
Israel, a natural wetland reclaimed for agriculture
in the 1950s, only after the Water Authority began
enforcing water quotas in the early 1980s did
farmers move from furrow to drip and sprinkler
irrigation (Shaham et al., 1988). Cotton was grown
in Israel through the early 1990s. The branch nearly
disappeared when water prices were raised, but
returned about 10 years later with the introduction
of low-priced recycled wastewater approved for
non-food crops.
A combination of raising water prices and investing
in water saving technologies could bring about the
desired change. For example, in Israel the Ministry
of Agriculture, the Ministry of Finance, the Water
Authority, and the Federation of Farmers signed an
agreement in 2006 by which the price of water rose
significantly, but farmers were allotted a budget for
capital investments for improving water efficiency
(funded 80%) over a period of several years (IFF,
2006). This combination is similar to the recommendations of Bogaert et al., (2012). While the
current Common Agricultural Policy states that
sustainable water use is one of its goals, it does not
include very clear funding for water-saving irrigation
techniques. The “agriculture and water” page of the
European Commission’s Agriculture and Rural
Development web site (http://ec.europa.eu/agriculture/envir/water/index_en.htm) states that “Certain
rural development measures support investments
for improving the state of irrigation infrastructures
or irrigation techniques that require the abstraction
of lower volumes of water,” but these supports are
not easily found, and account for a small percentage
of the total CAP funding.
3.2 Technological Developments
Decreasing demand (irrigation efficiency):
Irrigation efficiency increased greatly with the
development of drip irrigation in the 1960s; furrow
irrigation has an efficiency of 55%, sprinklers of
75%, and drip irrigation of 90% (Berman et al.,
2012). Other technologies can reduce water losses
incurred in conveyance, storage, and soil
evaporation. Moving from traditional gravitational
conveyance and surface irrigation to pressurized
conveyance and drip irrigation can save up to 60%

of irrigation water (Ecologic, 2007). Development
of more advanced precision irrigation-on-demand
systems, whether based on field lysimeters or on
tensiometer systems, reduce both water use (by up
to 30%) and leaching of salts (up to 90%) compared
to traditional drip irrigation systems (internal
reports, Southern Arava Agricultural R&D, in
Hebrew). Similarly, French farmers who irrigated
according to technical advice based on tensiometer
systems used proportionally less water but achieved
higher yields than those irrigating “as usual”
(Ecologic, 2007). Shani et al. (2009) suggest a model
incorporating the capital-water tradeoff to
determine the most appropriate irrigation system,
as most decision-making processes separate the
water savings decision from the capital investment
decision.
Despite the greater efficiency of drip irrigation or
even sprinkler systems, much of Europe still
employs surface irrigation. In 1999 60% of irrigation
in Spain used surface methods including furrows
and flooding (Baldock et al., 2000). During the
following decade the Spanish government invested
heavily in introducing more advanced methods. In
Italy, drip irrigation increased from 10% in 1999
(ibid) to 20% in 2005 (Orlandini et al., 2008).
Increasing irrigation efficiency alone does not
guarantee water savings in a particular area. For
example, adoption of more efficient irrigation in
Spain led to increasing the amount of irrigated land,
with a net gain in production but no water savings
(Candela, 2008). If land is moved from natural
ecosystems to agriculture, the result could be a net
loss of sustainability in that particular region, which
again points to the importance of connecting land
and water footprint measures and policy.
Increasing supply: Recycled wastewater is the first
important additional source of water. This water has
already been used, and environmental concerns
demand at least a primary treatment before it is
released. Thus the cost involved is that of further
treatment and conveyance to the field. According to
the Israel Water Authority (Fixler, 2011), Israel
today recycles and reuses 75% of its wastewater,
with a goal of reaching 90%. This water accounts for
50% of all irrigation. In Europe, treated wastewater
is still not a significant source of irrigation water.
Recycled wastewater is widely used only in parts of
Spain, Portugal, and France. Minimal health
requirements vary greatly among the Member
States, and the EC has not published guidelines for
water quality standards (Ecologic, 2007).
An additional source of water is desalination. One
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quarter of Israel’s total water supply comes from
desalination, and this figure is expected to rise in the
coming 25 years. The main cost of desalination is
energy, and any measure of sustainability including
desalination must take this question into account.
Here we see the connection between water and land
footprints, which are analyzed in detail in this report,
and carbon footprint, which is not. Adding
desalination without simultaneously increasing water
efficiency is expected to add 3-7% energy consumption
in Europe in 2030 (Anderson, 2008). Therefore
clearly a combination of the two is needed.
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4. CONCLUSIONS
To reach the goal of sustainably feeding earth’s
growing population, we must account for both water
and land use. Food crops fall roughly into two major
categories: those whose water and land footprint
rise greatly when removed from their ideal climate
(here exemplified by wheat), and those for which
technological development can increase sustainability dramatically (here, tomatoes). Even in the
case of the first category, improved technology and
cultivation methods can increase sustainability
significantly. Current market pricing does not
adequately reflect the value of land in climatically
appropriate areas for raising grains, and therefore a
method of land pricing that includes the loss of
sustainability when moving agricultural production
must be found. Furthermore, policy measures such
as water pricing, “polluter pays” schemes for
wastewater treatment, and encouragement of
investments in water saving technology must be
developed and adopted. Finally, agricultural land
and water management must be approached
holistically. As in the example of Spain (Candela,
2008), improving irrigation efficiency without
simultaneously regulating agricultural land use can
lead to a loss of natural ecosystems.
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Drought Risk Management and Role of National
Drought Policies
Mannava Sivakumar1*

Abstract: Drought is widely recognized as a slow creeping natural hazard that occurs as a consequence of the natural
climatic variability. In recent years, concern has grown world-wide that droughts may be increasing in frequency and
severity given the changing climatic conditions. Responses to droughts in most parts of the world are generally reactive in
terms of crisis management and are known to be untimely, poorly coordinated and disintegrated. Consequently, the
economic, social and environmental impacts of droughts have increased significantly worldwide. Despite the increase in
droughts and spiraling impacts, no concerted efforts have been made at the global level to initiate a dialogue on the
formulation and adoption of national drought policies that provide a framework for a proactive, risk-based management for
dealing with drought events. In order to address the issue of national drought policy, the World Meteorological Organization
(WMO), the Secretariat of the United Nations Convention to Combat Desertification (UNCCD) and the Food and
Agriculture Organization of the United Nations (FAO), in collaboration with a number of partners, organized the High-level
Meeting on National Drought Policy (HMNDP) in Geneva, Switzerland, from 11-15 March 2013. Priority areas of drought
policy options and the main outcomes of the HMNDP are described. National governments are encouraged to adopt policies
that engender cooperation and coordination at all levels of their administration in order to increase their capacity to cope
with extended periods of water shortage resulting from drought.
Keywords: drought impacts, High Level Meeting on national drought policy, goals of national drought policy.
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Riassunto: La siccità è ampiamente riconosciuta come un lento e subdolo pericolo naturale che si verifica come conseguenza
della naturale variabilità climatica. Negli ultimi anni, la preoccupazione che la siccità potrebbe aumentare in frequenza e
intensità a causa delle mutevoli condizioni climatiche è cresciuta in tutto il mondo. Generalmente, in molte parti del mondo le
risposte alla siccità sono reattive in termini di gestione delle crisi e sono note per essere inappropriate, mal coordinate e
frammentate. Di conseguenza, gli impatti economici, sociali e ambientali della siccità sono aumentati in modo significativo in
tutto il mondo. Nonostante l’aumento dei periodi di siccità e i conseguenti impatti, non sono stati effettuati sforzi concertati a
livello globale per avviare un dialogo sulla formulazione e l’adozione di politiche nazionali di gestione della siccità per fornire
uno schema per una gestione proattiva e basata sul rischio per affrontare tale fenomeno. Per risolvere la questione della politica
nazionale di gestione della siccità, l’Organizzazione Meteorologica Mondiale (WMO), il Segretariato della Convenzione delle
Nazioni Unite per la lotta alla siccità e/o la desertificazione (UNCCD) e l’Organizzazione per l’Alimentazione e l’Agricoltura
dell’Organizzazione delle Nazioni Unite (FAO), in collaborazione con un numero di partner, hanno organizzato un “High Level
Meeting” per discutere sulle politiche nazionali di gestione della siccità (HMNDP) a Ginevra in Svizzera, dal 11-15 marzo
2013. Questo ha portato alla determinazione delle aree di intervento prioritario delle politiche di gestione della siccità. I governi
nazionali sono incoraggiati ad adottare politiche che generano cooperazione e coordinamento a tutti i livelli della loro
amministrazione, al fine di aumentare la loro capacità di far fronte a periodi di carenza idrica derivanti da siccità prolungate.
Parole chiave: impatti della siccità, High Level Meeting, obiettivi delle politiche nazionali sulla siccità.

1. INTRODUCTION
Drought is a complex, pervasive natural hazard,
often referred to as a ‘creeping phenomena’ (Tannehill, 1947) and ranks first among all natural hazards according to Bryant (1991) who ranked natural
hazard events based on various characteristics, such
as severity, duration, spatialextent, loss of life, economic loss, social effect, and long-term impact. According to CRED (2006), drought disasters account
for less than 20 percent of the proportion of disasters occurrence in Africa, they represent more than
* Corresponding author’s e-mail: mannavas@gmail.com
1 Consultant, World Meteorological Organization, 7bis Avenue
de la Paix, 1211 Geneva 2, Switzerland.
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95 percent of the death toll caused by disasters and
more than 80 percent of the number of people affected by disasters in Africa.
Drought produces a large number of socio-economic impacts as water is integral to produce goods
and provide certain services. The socio-economic
impacts of droughts may arise from the interaction
between natural conditions and human factors, such
as changes in land use and land cover, water demand and use. Excessive water withdrawals can exacerbate the impact of drought. Some direct
impacts of drought are reduced crop, rangeland,
and forest productivity; reduced water levels; increased fire hazard; increased livestock and wildlife
death rates; and damage to wildlife and fish habitat.
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A reduction in crop productivity usually results in
less income for farmers, increased prices for food,
unemployment, and migration.
There is growing evidence that the frequency and
extent of drought has increased as a result of global
warming. The fraction of land surface area experiencing drought conditions has risen from 10-15 percent in the early 1970s to more than 30 percent by
early 2000 (Dai et al., 2004). There has been a general tendency towards decreased precipitation in the
semi-arid regions. For example, Henry et al., (2007)
showed that during the period 1993-2006, there has
been a strong and persistent rainfall deficit in eastern Australia and similarly reduced rainfall conditions in the south-west corner of Australia have
continued. Reductions of unto 20 percent in annually averaged totals are common across large regions
of Australia.
A global analysis has shown that abrupt changes in
rainfall are more likely to occur in the arid and semiarid regions, and that this susceptibility is possibly
linked to strong positive feedbacks between vegetation and climate interactions (Narisma et al., 2007).
For example, most of the Greater Horn of Africa
(GHA) may be classified to have arid and semi-arid
climate that is characterized by high variability in
rainfall, and recurrences of extreme climate events
such as drought and floods. Severe droughts then
persisted over most parts of the eastern sector of
equatorial GHA since the last quarter of 2010 with
far reaching socio-economic implications that included lack of water, pasture, energy and food;
famine; loss of livestock, life and property; mass migration and environmental refugees, among others.
The persistence of drought over some of these areas
has been associated with La Niña conditions.
2. PROJECTIONS OF FUTURE DROUGHTS
AND NEED FOR PRO-ACTIVE ACTION
According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC),
a warmer climate, with its increased climate variability, will increase the risk of droughts (Table
SPM. 1 in IPCC 2013). Increases in the intensity
and/or duration of droughts is likely on a regional to
global scale (Table SPM.1 in IPCC 2013). The number of extreme drought events per 100 years and
mean drought duration are likely to increase by factors of two and six, respectively, by the 2090s (Burke
et al., 2006).
Most semi-arid river basins in developing countries
are more vulnerable to climate change than basins
in developed countries, as population, and thus
water demand, is expected to grow rapidly in the fu-

ture and the coping capacity is low (Millennium
Ecosystem Assessment, 2005). A number of globalscale (Alcamo and Henrichs 2002; Arnell, 2004), national-scale (Thomson et al., 2005), and basin-scale
assessments (Barnett et al., 2004) show that semiarid and arid basins are the most vulnerable basins
on the globe with respect to water stress. According
to an FAO study in which the climate change impact was not considered (Bruinsma, 2003), an increase in irrigation water withdrawals of 14 percent
is foreseen by 2030 for developing countries. If precipitation decreases, irrigation water demands,
which dominate water use in most semi-arid river
basins, would increase, and it may become impossible to satisfy all demands.
Responses to droughts in most parts of the world
are generally reactive in terms of crisis management
and are known to be untimely, poorly coordinated
and disintegrated. Consequently, the economic, social and environmental impacts of droughts have increased significantly worldwide. Because of their
long-term socio-economic impacts, droughts are by
far the most damaging of all natural disasters.
3. NEED FOR A NATIONAL DROUGHT
POLICY
With the world population projected to reach 7.5
billion, the world’s farmers will have to produce 40
percent more grain in 2020, and the challenge is to
revive agricultural growth at the global level. Given
the current concerns with climate change, projected
increases in the frequency, intensity, and duration
of droughts and resulting impacts on many sectors,
in particular food, water, and energy, there is cause
for concern regarding the lack of drought preparedness and appropriate drought management
policies for virtually all nations.
The context of current droughts calls for pro-active
future actions to be able to cope with their associated imperatives. Despite the repeated occurrences
of droughts throughout human history and their
large impacts on different socio-economic sectors,
no concerted efforts have ever been made to initiate
a dialogue on the formulation and adoption of national drought policies. Lack of a clear national
drought policy implies that governments at the national, state, and community levels will continue
with the status quo, i.e., reacting to the impacts of
drought with little coordination between national,
state, and local agencies.
Without a coordinated, national drought policy that
includes effective monitoring and early warning systems to deliver timely information to decision makers,
effective impact assessment procedures, pro-active
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risk management measures, preparedness plans
aimed at increasing the coping capacity, and effective emergency response programmes directed at
reducing the impacts of drought, nations will continue to respond to drought in a reactive, crisis management mode.
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4. GOALS OF THE NATIONAL DROUGHT
POLICIES
National governments must adopt policies that engender cooperation and coordination at all levels of
government in order to increase their capacity to
cope with extended periods of water scarcity in the
event of a drought. The ultimate goal is to ensure
effective and inclusive coordination mechanisms to
create more drought resilient societies and ensure
food security at the domestic level.
The goals of the national drought policies are:
• Proactive mitigation and planning measures, risk
management, public outreach and resource stewardship as key elements of effective national
drought policy.
• Greater collaboration to enhance the national/regional/global observation networks and information
delivery systems to improve public understanding
of, and preparedness for, drought.
• Incorporation of comprehensive governmental
and private insurance and financial strategies into
drought preparedness plans.
• Recognition of a safety net of emergency relief
based on sound stewardship of natural resources
and self-help at diverse governance levels.
• Coordination of drought programmes and response in an effective, efficient and customer-oriented manner.
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5. HIGH LEVEL MEETING ON NATIONAL
DROUGHT POLICY
In order to address the issue of national drought
policy, WMO Congress at its Sixteenth Session held
in Geneva in 2011 recommended the organization
of a “High-level Meeting on National Drought Policy (HMNDP).” Accordingly, WMO, the Secretariat
of the United Nations Convention to Combat Desertification (UNCCD) and the Food and Agriculture Organization of the United Nations (FAO), in
collaboration with a number of UN agencies, international and regional organizations and key national
agencies, organized the HMNDP in Geneva from
11 to 15 March 2013. The theme of the HMNDP
was “Reducing Societal Vulnerability – Helping Society (Communities and Sectors).” The objective of
the HMNDP was to provide practical insight into
useful, science-based actions to address the key

drought issues being considered by governments
and the private sector under the UNCCD and the
various strategies to cope with drought.
The HMNDP was sponsored by the African Development Bank (AfDB); the Ministry of National Integration (MI), Brazil; the Center for Strategic
Studies and Management, (CGEE), Brazil; the
China Meteorological Administration (CMA); the
OPEC Fund for International Development
(OFID); the National Oceanic and Atmospheric
Administration (NOAA); the Ministry of Foreign
Affairs, Government of Norway; Saudi Arabia; the
Swiss Agency for Development and Cooperation
(SDC) and the United States Agency for International Development (USAID).
Four hundred and fourteen (414) participants from
87 countries as well as representatives of International Organizations Regional Organizations and
UN Agencies participated in the HMNDP.
6. ORGANIZATION OF HMNDP AND MAIN
OUTCOMES
The HMNDP was organized in two parts, a three
and half days of Scientific Segment followed by one
and half days of High-level segment. The following
sections present brief summaries of the Scientific
and High-Level Segments.
6.1. Scientific Segment of HMNDP
The Scientific Segment of HMNDP addressed
seven major themes relevant to the National
Drought Policy in fifteen different sessions including seven plenary sessions, two round table discussion sessions and six parallel sessions. Nineteen
invited speakers made presentations on specific topics in these sessions and twenty eight experts served
as discussants. The Scientific Segment covered different aspects such as Drought Monitoring, Early
Warning and Information Systems; Drought Prediction and Predictability; Drought Vulnerability
and Impact Assessment; Enhancing Drought Preparedness and Mitigation; Planning for appropriate
response and relief within the framework of national
drought policy; and Constructing a framework for
national drought policy: The way forward.
6.2. High-level Segment
The High-level Segment was addressed by Heads of
State and Government, ministers, heads and representatives of international organizations and sponsors.
His Excellency Mr Brigi Rafini, Prime Minister of
the Republic Niger chaired and addressed the
opening of the High-Level Segment of the Meeting, with supporting keynote addresses by the Sec-
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retary General of the United Nations, HE Mr
Jakaya Mrisho Kikwete, President of the United Republic of Tanzania, His Royal Highness the Prince
of Orange, Chair of the UN Secretary-General’s Advisory Board on Water & Sanitation (UNSGAB),
Prof. Dr. Bernard Lehmann, Director General,
Swiss Federal Office of Agriculture and other dignitaries.
The High-Level Segment adopted the following
Meeting Declaration encouraging all Governments to
develop and implement National Drought Policies.
6.2.1. Final Declaration of HMNDP
(DECLARATION OPENING)
We, the Heads of State and Government, Ministers,
Heads of Delegations and Experts, attending the
High Level Meeting on National Drought Policy
(HMNDP) in Geneva, 11 - 15 March 2013:
(PREAMBULAR PART)
URGENCY OF THE PROBLEM
Acknowledging that droughts are natural phenomena that have caused human suffering since the beginning of humanity, and are being aggravated as a
result of climate change;
Noting the interrelationships between drought, land
degradation and desertification (DLDD), and the
high impacts of DLDD in many countries, notably
the developing and the least developed countries,
and the tragic consequences of droughts, particularly in Africa;
Acknowledging the role of the UN agencies, and in
particular the United Nations Convention to Combat Desertification (UNCCD) in line with its mandate, provisions and principles in particular Parts II
and III of the Convention, to assist in the combat
against drought and desertification;
Observing that drought has major implications in
terms of the loss of human lives, food insecurity,
degradation of natural resources, negative consequences on the environment’s fauna and flora,
poverty and social unrest and that there are increasingly immediate short-term and long-term economic losses in a number of economic sectors
including, inter alia, agriculture, animal husbandry,
fisheries, water supply, industry, energy production
and tourism.
Concerned with the impacts of climate variability
and change and the likely shift in the patterns of
droughts and possible increase in the frequency,
severity, and duration of droughts, thus further increasing the risk of social, economic and environmental losses;

Underscoring that addressing climate change can
contribute to reducing the aggravation of droughts
and that it requires action, in accordance with the
principles and provisions of the United Nations
Framework Convention on Climate Change;
Noting that desertification, land degradation and
drought are global challenges that continue to pose serious challenges for the sustainable development of all
countries, in particular the developing countries;
Acknowledging that there are insufficient policies
for appropriate drought management and pro-active drought preparedness in many countries around
the world and that there is need for enhancing international cooperation to support all countries, in
particular developing countries in managing
droughts and building resilience, and that countries
continue to respond to droughts in a reactive, crisis
management mode;
Recognizing also the urgent needs for countries to
manage droughts effectively, and better
cope with their environmental, economic and social
impacts;
Recognizing that to better cope with droughts,
countries need to understand the need for improved
risk management strategies and develop preparedness plans to reduce drought risks.
SCIENTIFIC PROGRESS IN DROUGHT MONITORING AND
EARLY WARNING SYSTEMS

Recognizing that advances in drought monitoring
and early warning and information systems, under
government authority, and the use of local knowledge and traditional practices can contribute to enhanced societal resilience and more robust planning
and investment decisions, including the reduction
of consequences of drought impacts;
Recognizing that scientific advances in seasonal to
inter-annual and multi-decadal climate predictions
offer an additional opportunity for the continued
development of new tools and services to support
improved management of droughts.
NEED FOR VULNERABILITY AND IMPACT ASSESSMENT
Noting the need for urgent intersectoral coordination of the assessment of drought vulnerability and
drought management.
NEED FOR RAPID RELIEF AND RESPONSE
Noting the need to identify emergency measures
that will reduce the impact of current droughts
while reducing vulnerability to future occurrences,
relief must be targeted to the affected communities
and socio-economic sectors and reach them in a
timely fashion.
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Noting also the need to create synergies between
drought relief measures and the preparedness, mitigation and adaptation actions for long term resilience.
NEED FOR EFFECTIVE DROUGHT POLICIES
Recalling the commitment in the outcome document of the UN Conference on Sustainable Development (Rio +20) to significantly improve the
implementation of Integrated Water Resources
Management at all levels, as appropriate.
Recalling that the UNCCD is pertinent to the promotion of sustainable development and that it calls
for the establishment of effective policies to combat
land degradation and desertification and mitigate
the effects of droughts.
Recalling also the call of the COP10 of UNCCD for
an advocacy policy framework on drought for promoting the establishment of national drought management policies.
Recalling the decision of governments to create the
Global Framework for Climate Services (GFCS) to
strengthen production, availability, delivery and application of science-based climate prediction and
services.

Water footprint applications
for water resource management in agriculture

(OPERATIVE PART)
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Encourage all Governments around the world to develop and implement National Drought Management Policies, consistent with their national
development laws, conditions, capabilities and objectives, guided, inter alia, by the following:
– Develop proactive drought impact mitigation, preventive and planning measures, risk management,
fostering of science, appropriate technology and innovation, public outreach and resource management as key elements of effective national drought
policy.
– Promote greater collaboration to enhance the
quality of local/national/regional/global observation
networks and delivery systems.
– Improve public awareness of drought risk and preparedness for drought.
– Consider, where possible within the legal framework of each country, economic instruments, and financial strategies, including risk reduction, risk
sharing and risk transfer tools in drought management plans.
– Establish emergency relief plans based on sound
management of natural resources and self-help at
appropriate governance levels.
– Link drought management plans to local/national
development policies.
Urge the World Meteorological Organization, the

UNCCD and the Food and Agriculture Organization of the United Nations (FAO), other related UN
agencies, programmes and treaties, as well as other
concerned parties, to assist governments, especially
the developing countries, in the development of National Drought Management Policies and their implementation;
Urge the developed countries to assist developing
countries, especially the least developed countries,
with the means of implementation towards the comprehensive development and implementation of
National Drought Management Policies in accordance with the principles and provisions of the
UNCCD;
Encourage the promotion of international cooperation, including north-south cooperation complemented by south-south cooperation, as appropriate,
to foster drought policies in developing countries;
Invite WMO, UNCCD and FAO to update the draft
versions of the Science and Policy documents taking
into account the recommendations from the
HMNDP and circulate them to all Governments for
their review prior to finalization, to assist governments in the development and implementation of
the National Drought Management Policies.
7. DEVELOPMENT AND IMPLEMENTATION OF NATIONAL DROUGHT POLICIES
The complex and multi-dimensional nature of
drought and its impact on different sectors and
communities require a thorough analysis, short- and
long-term adaptation measures and institutional and
policy support. This can only be developed through
a well-organized and coordinated effort involving all
relevant stakeholders. In the past, several attempts
were made in by countries to develop measures to
reduce risk from droughts. Policies and institutions
may appear good on the paper, but there is a lack of
adequate implementation of these policies due to
several constraints or challenges. This is due to lack
of linkages between various institutions involved in
drought early warning, monitoring and mitigation
as well as specific plans at regional and local levels
to manage different drought intensities. Drought
monitoring and early warning systems, and strategies for drought preparedness and management,
have been developed in several regions, but their
purpose, structure, functionality, and utility vary depending on regional resources, relationships, and
needs (Wilhite et al., 2000; Sivakumar, 2009; Heim
and Brewer, 2012).There is nothing that can be
done to alter the physical occurrence of drought
(Wilhite, 2005), but vulnerability to drought can be
reduced by implementing appropriate strategies in-
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cluding government policy (WMO and GWP, 2014;
Wilhite et al., 2014), and society’s ability to predict
its occurrence can be improved (Sheffield and
Wood, 2011; Sivakumar et al., 2014).
Sivakumar et al., (2011) noted that each country is
unique in its vulnerability and institutional capacity
to prepare for and respond to drought. Because the
national drought policy for any given country will
depend very much on the local circumstances and
priorities, legal frameworks, etc., it is imperative
that the guidance provided on the development of a
national drought policy not be prescriptive to any
government. Sivakumar et al., (2011) developed a
compendium of the desirable elements in a national
drought policy from which countries could adopt elements most appropriate to their local circumstances and national priorities.
In developing and implementing national drought
policies, efforts should be made by creating operational linkages between the technological providers,
managers, planners, policy makers and grass root
level stakeholders (farmers) for developing effective
early warning systems for drought preparedness and
location specific drought management technologies
and to put in place drought mitigation plans. Experiences and lessons learnt from the past should be
considered while devising the future adaptation
strategies and national drought policies. Co-ordination between different departments and institutions
to strengthen drought prediction, risk identification,
early warning and drought monitoring and its management is essential to minimize the impacts of
drought.
The activities to be undertaken in the implementation of national drought policies are linked to the
Global Framework for Climate Services (GFCS),
which was established by the World Climate Conference-3 held in Geneva in 2009. The vision of the
GFCS is to enable society to better manage the risks
and opportunities arising from climate variability
and change, especially for those who are most vulnerable to such risks (WMO, 2010). This will be
done through development and incorporation of science-based climate information and prediction into
planning, policy and practice. The greatest value of
the GFCS will occur incrementally through the delivery of a multitude of climate services at national
or local levels.
The Frameworks for Climate Services at the National level which are now being developed in many
countries serve as the national mechanisms to
bridge the gap between the climate information
being developed by scientists and service providers
and the practical needs of users, from global to com-

munity levels which is the main objective of the
GFCS. For such a Framework to be implemented
at the national level, however, the national stakeholders have to drive the process and design it in a
manner that it addresses national needs and priorities in climate service provision and utilization. In
this context, national drought policies could become
an integral part of the Frameworks for Climate
Services at the National level.
8. CONCLUSIONS
There is growing evidence that the frequency and
extent of drought has increased as a result of global
warming. Crisis management has typically characterized governmental response to drought. This approach has been ineffective, leading to untimely and
poorly coordinated responses. Hence the High-level
Meeting on National Drought Policy (HMNDP)
was organized by the World Meteorological Organization (WMO), the Secretariat of the United Nations Convention to Combat Desertification
(UNCCD) and the Food and Agriculture Organization of the United Nations (FAO), in collaboration
with a number of UN agencies, international and regional organizations and key national agencies.
HMNDP provided practical insight into useful, science-based actions to address the key drought issues being considered by governments and the
various strategies to cope with drought. The
HMNDP declaration, adopted unanimously by the
participants in the meeting, encourages all Governments around the world to develop and implement
National Drought Management Policies, consistent
with their national development laws, conditions,
capabilities and objectives.
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The use of seasonal climate forecasting
in streamflow forecasting and agricultural
management in Australia
Roger C. Stone1*

Abstract: Australia is characterised by extreme levels of year-to-year rainfall and climate variability – also clearly
represented in extreme levels of streamflow variability in river systems such as the Murray-Darling River Basin, in
which variability is increasing. A fundamental advancement in Australia in terms of preparedness and forecasting
major year-to-year shifts in climate has been through continued improved understanding of key climate drivers such
as the El Niño/Southern Oscillation (ENSO) that is largely responsible for these high levels of variability. Understanding
the core reasons for this variability has led to enhanced research activity into operational seasonal climate forecasting
that have also been linked to the development of integrated climate-hydrological-agricultural modelling systems. Such
advances have greatly assisted the understanding of linkages between water availability (associated water footprints)
and more appropriate application of water resource management for agriculture in Australia. Both categorical forecasts
and probability of exceedance forecast outputs have been produced in Australia for operational use. A further
advancement has been the development of practical outputs and decision-support systems that have been shown to be
of considerable value to major industry, farmers, and government.
Keywords: climate variability, climatic services, operational forecast services, water management.

INTRODUCTION
Australia has the highest levels of year-to-year rainfall
variability of any major global region (Fig. 1) (Love,
2005). This high level of rainfall (and temperature)
variability extends to producing extremely high levels
of stream and river flow variability in eastern Australia,
especially in the major river catchments of the Murray
Darling Basin in southeast Australia (Fig. 2 and 3).
Indeed, the Darling River in eastern Australia has a
ratio of maximum to minimum annual flows of 4705:1,
likely the highest of any major river system in the
world (Douglas, 2006; Murray Darling Basin
Committee, 2006; Adamson et al., 2009).

* Corresponding author’s e-mail: roger.stone@usq.edu.au
1* International Centre for Applied Climate Sciences, University
of Southern Queensland, Toowoomba, Queensland 4350, Australia.

However, although it has been shown that there are
remarkably high levels of variability in both
precipitatio n and river flow, it has also been
demonstrated that seasonal climate forecasting has
quite high levels of capability and skill in this region
and so, almost counter-intuitively, this makes seasonal
forecasting of streamflow more likely to be successful
than in many other world regions (after Nicholls and
Wong, 1990). However, an analysis or overview of the
various main systems employed in Australia in seasonal
forecasting of streamflow has so far not been provided.
Thus this paper seeks to elucidate on some of the
major undertakings in this area of seasonal climate
forecasting, and provide practical examples for
application in this area, globally, especially in regards
to gaining insights into the more effective utilisation
of water resources through judicious use of seasonal
climate forecasting systems.

Water footprint applications
for water resource management in agriculture

Riassunto: L’Australia è caratterizzata da livelli estremi di variabilità climatica e di precipitazioni inter annuale rappresentati anche in livelli estremi di variabilità dei deflussi nei sistemi fluviali, come il bacino del fiume Murray-Darling,
nel quale la variabilità è in aumento. In Australia un avanzamento fondamentale in termini di prontezza e previsione dei
grandi cambiamenti climatici annuali è stato raggiunto tramite il continuo miglioramento della comprensione dei fattori
guida del clima, come El Niño/Oscillazione meridionale (ENSO) largamente responsabile di tale elevata variabilità. La
comprensione delle ragioni fondamentali di questa variabilità ha portato al miglioramento dell’attività di ricerca nell’ambito
della previsione climatica stagionale operativa e allo sviluppo di modelli integrati clima-idrologia-agricoltura. Tali progressi
hanno notevolmente aiutato la comprensione dei collegamenti tra la disponibilità di acqua (impronte idriche associate) e la
più corretta gestione delle risorse idriche per l’agricoltura in Australia. Attualmente in Australia sono prodotte e utilizzate
entrambi i tipi di previsione, quelle categoriche e quelle di probabilità di superamento del valore previsto sono attualmente
in uso in Australia. Un ulteriore avanzamento è stato lo sviluppo di output pratici e di sistemi di supporto decisionale che
hanno dimostrato di essere di grande utilità per la grande industria, gli agricoltori ed il governo.
Parole chiave: variabilità climatica, servizi climatici, servizi di previsione operativi, gestione idrica.
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Fig. 1 - Variability
of annual rainfall for a
range of countries. The yaxis displays the percentage
coefficient of variability
(Love, 2005).
Fig. 1 - Variabilità delle
precipitazioni annuali per
diversi paesi. Nell’asse delle
ascisse è riportato il valore
del coefficiente di variabilità
(%).

Water footprint applications
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Fig. 2 - Annual average river flow for a selection of world
rivers. Note the comparatively low average flow in the Murray River, Australia (Douglas, 2006; Murray Darling Basin
Commission, 2006).
Fig. 2 - Flusso idrico medio annuo per alcuni fiumi del mondo.
Notare il basso valore medio del fiume Murray in Australia
(Douglas, 2006; Murray Darling Basin Commission, 2006).
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Fig. 3 - Ratio between the maximum and minimum annual
flows in major river systems. (Douglas, 2006; Murray Darling
Basin Commission, 2006).
Fig. 3 - Rapporto tra il flusso massimo e minimo nei
principali sistemi idrici (Douglas, 2006; Murray Darling
Basin Commission, 2006).

SEASONAL FORECASTING METHODS
Between the 1970s and 1990s critical advances were
made in Australia in regards to improved understanding
of the fundamental cause of year to year climatic
variability. In this respect, Pittock (1975), McBride and
Nicholls (1983), Allan (1985; 1988); Allan and
Heathcote (1987), Allan et al. (1996); Drosdowsky
(1988), Drosdowsky and Chambers (2001); Hunt
(1985), Hammer et al. (1987), Nicholls (1977; 1979;
1983a,b; 1984; 1985a,b; 1987a; 1988a,b; 1989; 1990;
1991a,b,c), Nicholls and Wong (1990), Hammer et al,
(1996); Stone and Hammer (1995a,b; 1996a.b), and
Stone et al (1996a,b; 2000) were just some of the
climate science, geographic, and agronomic researchers
providing critical evidence in regards to the
extraordinarily high, naturally occurring, levels of yearto-year rainfall/climatic variability in Australia and
subsequently, it is argued, were also able to provide
insight into the potential predictability of much of this
variability, at least on a seasonal basis. The
aforementioned steps were instrumental in the
development of operational seasonal climate forecasting
services and outputs, generally targeted to the
agricultural sector in Australia, with a further aim of the
development of far more effective application of scarce
water resources for Australian agriculture. A further key
aspect was in being able to operationally integrate the
seasonal climate forecasting modelling systems with
agricultural modelling systems and also with
hydrological models. In this respect, it should be noted
that considerable effort has been made in Australia to
provide examples of agricultural management decisions
at varying temporal scales and which generally match
climate systems or ‘drivers’ which also tend to exist at
varying temporal scales (Fig. 4). In this way, an
emphasis on potential applications and links to
management decisions helps considerably in both the
development and then application of seasonal climate
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forecasting systems, including forecasting systems of
river and streamflow for natural resource and industry
management.

The technique of using “stratified climatology”
associated with this forecasting approach involves
matching the current situation (through the current
SOI phase, for example) with those years in the
historical record with a matching phase (the
stratification). A conditional probability of
exceedance of a given threshold (such as the
climatological median) can then be calculated, and
can be compared against the corresponding
climatological probability, calculated using all years
in the historical record. The SOI phase is commonly
used at 0 months lag which means (for example)
that January/February SOI values and SOI phases
are used to predict March to May rainfall or
streamflow, and so on (Fawcett and Stone, 2010).
This system can be applied globally where suitable
lag relationships between ENSO and subsequent
rainfall, streamflow, or any other variable of interest,
exist. Monthly SOI values are used rather then three
month averages because of the advantage that the
structure of the troposphere in relation to the
Southern Oscillation is better identified using
month to month data. The resulting coordinates of
the boundaries of the five phases are depicted in
Fig. 5. Full cumulative probability distributions of

USE OF THE SOUTHERN OSCILLATION
INDEX (SOI) PHASES IN SEASONAL
FORECASTING OF STREAMFLOW.
The SOI phase system incorporates the statistical
technique of “stratified climatology” using five fixed
categories or phases (Stone and Auliciems 1992, Stone
et al. 1996; Fawcett and Stone, 2010) derived from pairs
of consecutive monthly values of the SOI. These
categories or phases were obtained using the
application of cluster analysis techniques to the outputs
of a principal component analysis on pairs of monthly
SOI values. The SOI phases were primarily calculated
using the combination of a rotated principal
components analysis and k-means cluster analysis
where the clustering algorithm was applied to the time
series of principal components scores of the history of
the SOI. Essentially, a key component of the forecasting
capability is based on the well-known phase-locking of
the El Niño/Southern Oscillation (ENSO) and the
associated monthly values of the SOI. In this respect,
this forecast system does not depend on a forecast of an
El Niño or La Niña event but, instead, Stone and
Auliciems (1992) and Stone et al (1996) categorised
current SOI patterns (or ‘phases’) and related these
phases to future rainfall or streamflow probability values
based on lag relationships derived from historical SOI
phases and rainfall or streamflow relationships over the
past 100 years, or how long a time series was available.

Fig. 5 - Relationships between the five phases of the Southern Oscillation Index (SOI) as defined by Stone and Auliciems (1992) and Stone et al., (1996).
Fig. 5 - Relazioni tra le cinque fasi del South Oscillation
Index (SOI), come definito in Stone e Auliciems (1992) e
Stone et al. (1996).

Fig. 4 - Establishing linkages between a number of climate
mechanisms at varying temporal scales (right hand side of
figure) with both tactical and strategic agricultural industry
decisions, also at varying temporal scales (Meinke and Stone,
2005; Stone and Meinke, 2005).
Fig. 4 - Esempio di legami che si possono stabilire tra alcuni
meccanismi climatici a diverse scale temporali (lato destro
della figura) con le decisioni nel settore agricolo sia tattiche
sia strategiche, anch’esse a diverse scale temporali (Meinke
and Stone, 2005; Pietra e Meinke 2005).
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streamflow can also be produced (‘probability of
exceedence diagrams’) (example in Fig. 6 a,b) for
values associated with each of the five SOI phases
and tests of significance applied to determine
whether the steamflow probability distributions
differ significantly from each other or whether all
five distributions are significantly distributed. These
tests include the Kruskal-Wallis and KolmogorovSmirnov non-parametric tests of significance. If
tests of the capability to provide reliable and
accurate forecasts are required then tests such as
independent verification real time (where no
further model inputs have been applied to the
forecast sample for a period of years and the
forecasts are tested completely independently
against observed data over a period of years) or
assessment of (cross validated) linear error in
probability space (LEPS) values can be conducted
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(Potts et al 1996; Fawcett and Stone, 2010) (further
details of the process may be obtained in Stone and
Auliciems, 1992; Stone et al., 1996; and Fawcett and
Stone, 2010).
Alternatively, but in a similar process, integrated
hydrological and climate forecast modelling can be
applied and further utilising the SOI phase system,
as follows:
Two commonly used lumped conceptual rainfallrunoff models, the SimHyd and Sacramento
models, can be applied to simulate and forecast
streamflows. Both SimHyd and Sacramento models
have been used successfully in Australia and globally
(CSIRO, 2008; Franz el al., 2003; Peel et al., 2002;
Chiew and McMahon, 1993; Chiew and
Siriwardena, 2005). SimHyd is a simplified version
of the daily conceptual rainfall-runoff model
“HYDROLOG” which estimates daily stream flow

Fig. 6a - Example of operational seasonal forecast information provided to Queensland Water Infrastructure Ltd. Probability of exceedance diagram depicting the probability distribution of total streamflow at Fisherman’s Pocket, Mary River, Queensland, Australia,
between January and March, associated with one of the five phases (‘consistently positive’ SOI phase), as an example, together with
the ‘all years’ probability distribution, based on the entire long-term record of flows.
Fig. 6a - Esempio di previsioni stagionali operative fornite dalla Queensland Water Infrastructure Ltd. Diagramma della probabilità
di superamento di soglia raffigurante la distribuzione di probabilità di deflusso totale al Fisherman Pocket, Mary River, Queensland,
Australia, tra gennaio e marzo, associata ad una delle cinque fasi (‘coerente positivo ‘fase SOI), come esempio, insieme alla distribuzione
di probabilità di “tutti gli anni”, basato sulle misure di deflussi di lungo periodo.
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from daily rainfall and areal potential evapotranspiration data. The SimHyd model not only has
a simpler structure and fewer parameters, but also
has significant advantages of accuracy, flexibility, and
ease of use (e.g. Peel et al., 2000). In SimHyd daily
rainfall first fills the interception store, which is
emptied each day by evaporation. The excess
rainfall is then subjected to an infiltration function
that determines the infiltration capacity. The excess
rainfall that exceeds the infiltration capacity
becomes infiltration excess runoff. Moisture that
infiltrates is subjected to a soil moisture function
that diverts the water to the stream (interflow),
groundwater store (recharge) and soil moisture
store. Interflow is first estimated as a linear function
of the soil wetness (soil moisture level divided by
soil moisture capacity).
The equation used to simulate interflow therefore

attempts to mimic both the interflow and saturation
excess runoff processes (with the soil wetness used
to reflect parts of the catchment that are saturated
from which saturation excess runoff can occur).
Groundwater recharge is then estimated, also as a
linear function of the soil wetness. The remaining
moisture flows into the soil moisture store. In the
model calibration, the six parameters in SimHyd are
optimised to maximise an objective function that
incorporates the Nash-Sutcliffe efficiency (Nash
and Sutcliffe, 1970) of monthly runoff and daily flow
duration curve. The resulting optimised model
parameters are therefore identical for all cells within
a calibration catchment.
The resulting outputs can be forecast utilising the
SOI phase approach to produce cumulative
probability distributions of streamflow, dam-in-fill
rates and similar (ACSC, 2009).

Water footprint applications
for water resource management in agriculture

Fig. 6b - Example of operational seasonal forecast information provided to Queensland Water Infrastructure Ltd. Probability of exceedance diagram depicting the probability distribution of total streamflow on Yabba Creek (Borumba Dam), Queensland, Australia,
between January and March, associated with one of the five phases (‘consistently positive’ SOI phase), as an example, together with
the ‘all years’ probability distribution, based on the entire long-term record of flows.
Fig. 6b - Esempio di previsioni stagionali operative fornite dalla Queensland Water Infrastructure Ltd. Diagramma della probabilità
di superamento di soglia raffigurante la distribuzione di probabilità di deflusso totale al Yabba Creek (diga Borumba), Queensland,
Australia, tra gennaio e marzo, associata ad una delle cinque fasi (‘coerente positivo ‘fase SOI), come esempio, insieme alla distribuzione
di probabilità di “tutti gli anni”, basato sulle misure di deflussi di lungo periodo.
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Chiew et al (1998) further ably demonstrated that El
Niño/Southern Oscillation (ENSO) is well linked to
the hydroclimate of Australia and that simple indices
of ENSO have the potential for forecasting these
hydroclimate variables using lag correlations between
rainfall and streamflow and the indicators of ENSO
several months earlier. They showed that the
combined link between rainfall and streamflow and
ENSO is statistically significant in most parts of
Australia, but may not always be sufficiently strong to
consistently predict rainfall and streamflow in all
seasons and always accurately. Importantly, however,
they demonstrated that these ENSO indicators can be
used to help forecast spring runoff in south-east
Australia and summer runoff in the north-east and east
coasts of Australia. Additionally, unlike rainfall, the
serial correlation in the streamflow data is generally
similar or higher than the lag streamflow-ENSO
correlation, and can used together with the ENSO
indicators in developing fully functional streamflow
forecast models. Chiew et al., (1998) made the point
that these seasonal forecasts of rainfall and streamflow
are invaluable to the management of land and water
resources, particularly in Australia, where the
streamflow variability is higher than in most parts of
the world.
Similarly and subsequently, Piechota et al., (1998)
described the development and use of an
operational categorical seasonal streamflow
forecast model based on an optimal linear
combination of forecasts derived from long-term
climatology, persistence, the Southern Oscillation
index (SOI), and equatorial Pacific sea surface
temperatures (SST). This model “was tested using
66 years of unimpaired streamflow data from 10
eastern Australian catchments with results from
testing the model further supporting the ENSOhydroclimate link, showing that eastern Australia
generally receives below normal streamflow
during El Niño conditions and above normal
streamflow during La Niña conditions” (Piechota
et al., (1998). Furthermore, Piechota et al (1998)
demonstrated that in southeast Australia the SOI
is a better predictor for July-September and
October-December streamflow, while equatorial
SST is better predictor of January-March and
April-June streamflow. Importantly, they showed
that for many of the seasons and stations, the skill
associated with the cross-validation forecast is
better than that drawn from the baseline
condition of climatology.
Piechota et al (2001) also investigated the value of
probability of exceedance forecasts and applied an
extension of their previously developed categorical

streamflow forecast model that used persistence
(i.e., the previous season’s streamflow) and ENSO
indicators. This methodology utilised persistence,
an ENSO indicator, and several Pacific/Indian
Ocean sea surface temperature (SST) series as the
main predictor variables. Using linear discriminant
analysis, the forecast is expressed as probability of
exceedance of continuous streamflow amounts.
These authors point out that an “exceedance
probability forecast is continuous and useful for the
design and operation of water resource systems,
which require a high degree of system reliability”
(Piechota et al., 2001). Application of this forecast
model to five Australian catchments shows that
persistence was the most important predictor of
streamflow for the next season. However, the
authors emphasize that the other predictors applied
(SSTs; the Southern Oscillation Index), may be
more useful for forecasts with longer lead times
when the degree of persistence is less noticeable
(from the authors: Piechota et al., 2001).
PRACTICAL APPLICATION
Chiew et al., (2003) investigated the use of
categorical seasonal streamflow forecasts in
practical management of three water resources
systems in south-east Australia where the final
forecasts were derived from the serial correlation in
streamflow and the relationship between El
Niño/Southern Oscillation (ENSO) and streamflow.
The key management issue was whether these
forecasts of reservoir inflow could be used to
optimise water restriction rules for an urban
township and for the use of seasonal forecasts of
reservoir inflow to help make management
decisions in two irrigation systems. The results
showed a marginal benefit in using seasonal
streamflow forecasts in the three management
examples where the information, using this
approach, was not sufficiently accurate enough to
considerably benefit the management of
conservative low-risk water resources systems.
However, the authors well point out that these types
of seasonal forecasts could be used in system
simulations to provide an indication of the likely
increases in the available water resources through
an irrigation season, to allow irrigators to make more
informed risk-based management decisions in terms
of water use.
The more recently developed and operational
Australian Bureau of Meteorology (BoM) system is
established using only streamflows for the month
preceding prediction as the predictor and these
antecedent streamflows are used to represent the
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initial catchment conditions. However, additional
predictors are selected for each prediction date
from a very large set of 42 indicators that includes a
number of climate indices at various lag times. The
predictive performance measures used in selecting
predictors are derived from cross validation
predictive probability density functions computed
using importance resampling (Bureau of Meteorology, 2013).
This system (Bureau of Meteorology, 2013)
incorporates a Bayesian joint probability (BJP)
modeling approach for seasonal forecasting at
multiple sites. The authors here note as follows: “a
Box-Cox transformed multivariate normal distribution has been developed to model the joint
distribution of future streamflows and their
predictors which included antecedent streamflows
and El Niño-Southern Oscillation (ENSO) indices
and other climate indicators”. Bayesian inference
of the model parameters and uncertainties were
implemented using Markov Chain Monte Carlo
sampling, leading to joint probabilistic forecasts of
streamflows for multiple sites. The model has
provided a parametric structure for quantifying
relationships between variables, including intersite
correlations. It is believed the Box-Cox transformed multivariate normal distribution has
considerable flexibility for modeling a wide range
of predictors and predictands. The Bayesian
inference formulated allows the use of data that
contain nonconcurrent and missing records. An
extension of this approach has demonstrated the
applicability of the BJP modeling approach to
streams with zero flow occurrences in Australia”
(Wang et al., 2009; Wang and Robertson, 2011;
Bureau of Meteorology, 2013).
PRACTICAL UPTAKE AND USE IN
OPERATIONAL ENVIRONMENTS
As an example, the output based on Stone et al
(1996) and applied in a lag relationship between
SOI phases and historical streamflow records for
key rivers in southeast Queensland has been
utilised by a State Government Agency Queensland Water Infrastructure (QWI) - to
provide advanced warning of above or below
normal (median) flows in critical river systems
where reservoir operations were being planned.
In this example, both tactical and strategic
management decisions were addressed in terms
of identifying short to medium term issues such
as likely high flows which could significantly
impact on management options such as major
planning issues and also extending to human

resource issues associated with streamflow
management which could be better made with
seasonal forecasts of likely major or low flows. To
achieve this, probability of exceedance diagrams,
that provided a complete description of the
probability distribution of likely flows in, for
example, periods of a ‘consistently positive SOI
phase’ (usually associated with a La Niña event)
were provided on an ongoing basis during the
most recent La Niña event of 2010/2011 (as in
Fig. 6, above). In this, probability distributions of
total flow of the coming three months and
updated on a rolling monthly basis were provided
to the senior engineers of QWI and appropriate
management decisions taken as a result of these
forecasts were put in place. A simpler type of
output may be produced where statements of
likely shifts in median flow are needed to
demonstrate the impact of El Niño or La Niña
(‘consistently negative’ or ‘consistently positive’
SOI phases) on flow in a critically located river
system – in terms of natural resource management
– such as the Mary River in southeast Queensland
(Fig. 7).
To provide easy to access outputs of probability
distributions and probability of exceedance
diagrams of forecast streamflow the computer
package Rainman/Streamflow has been produced
by the Queensland Government’s Department of
Primary Industries (Clewett et al, 2000). In this,
most river systems in Australia have been analysed,
especially in regards to their relationships between
streamflow and major forecast indices such as the
SOI or SOI phases, sea-surface temperatures, and
similar. Importantly, a range of graphical outputs
have been provided, whether this is in terciles,
probability of exceedance (in a similar format to
Figure 6 above), tabular output, or through
depiction in box-plots. Water resource managers
across Australia can avail themselves of this output
for little cost and this system is soon to be made
available on-line and through the World
Meteorological Organisations World Agrometeorological Information Service (WAMIS).
Practical outputs from the Bureau of Meteorology
system (Plummer et al., 2009): results for
streamflows at three river gauges in the
Murrumbidgee River catchment in southeast
Australia indicated that the BJP modeling approach
has good forecast quality and that the fitted model
is consistent with observed data. Operational
outputs are now routinely provided, generally in a
tercile format indicating probability of ‘low flow’
(lowest tercile), ‘near median flow’ (middle tercile)
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Fig. 7 - Depiction
of differences in median
streamflow at Miva, Mary
River, Queensland,
Australia between
December and February
and associated
with a consistently negative
SOI phase and consistently
positive SOI phase
at the end of November
(significant at p=.03).
Fig. 7 - Rappresentazione
delle differenze di deflusso
(mediana) a Miva, Mary
River, Queensland, Australia
tra dicembre e febbraio
e associate a una fase
negativa e una positiva
di SOI, alla fine di novembre
(significativa a p = 0,03).
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and ‘high flow’ (highest tercile) as in Fig. 8 which
provides an example of forecast terciles for a
number of rivers and streams in the State of New
South Wales (NSW) and also provides an example of
detailed information for one location, Sofala, NSW,
in recent conditions where a high probability of low
flows was forecast.
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CONCLUSIONS
Australia is characterised by extreme levels of yearto-year rainfall and streamflow variability. A
fundamental advancement in Australia in terms of
preparedness and forecasting major year-to-year
shifts in climate has been through continued
improved understanding of key climate drivers such
as the El Niño/Southern Oscillation (ENSO) that
are responsible for these high levels of variability.
As a result, operational seasonal climate forecasting
systems have been developed in Australia that have
reached a point where they are able to be linked to
key management decisions across a range of
temporal scales. Operational seasonal forecast
outputs of both a categorical and probabilistic
nature have been produced by a number of
agencies, mainly state and federal government, but
also through universities. Most practical operational
systems employ a detailed understanding of ENSO
and other major climate mechanisms, and provide
cumulative probability distributions for forecast
flows based on a stratification of the past 100 years
or so of available records, although the Bureau of

Meteorology systems have also aimed to provide
categorical forecast outputs that include knowledge
of antecedent flows. A further advancement has
been through the development of practical decisionsupport systems that include seasonal rainfall and
streamflow forecasts. Seasonal forecasting of fiver
and stream flows is starting to find practical
application with major water resource management
companies and agencies. These forecasting
advances have greatly assisted the understanding of
linkages between water availability, associated water
footprints and more appropriate water resource
management systems, especially for agriculture and
natural resource management in Australia. It is
further suggested, however, that a challenge will be
in identifying means of linking the new generation
of fully coupled general circulation models with
hydrological models in order to achieve even more
accuracy and value in seasonal forecasting of
streamflow in Australia.
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The waterfootprint of crop production in Belgium
Anne Gobin1*

Abstract: The water footprint concept (Mekonnen and Hoekstra, 2010) has created great awareness of sustainable
water use and water consumption. In Belgium 75% of the total water footprint of consumption is associated with plant
and animal products, while only 23% of the total water footprint of national production is attributed to crop production.
The objectives of this study are to quantify the green water footprint and its variability for the major arable crops in
Belgium against the wider concepts of the water footprint of national production. A regional dynamic crop model
geared towards climate impact on biomass production, REGCROP (Gobin, 2010), was run to calculate the crop water
use for six major arable crops during the period 1988-2012. The water footprint of national crop production in Belgium
is subject to a large variability owing to variability in both crop water use and yield between soils and between years.
The green water footprint of seed and grain crops is larger than tuber and root crops, and depends on the proportion
of marketable produce to biomass produced per surface area. The total annual actual water use of arable crop
production averages at 379 litres.day-1.caput-1 for the period 1988-2012, representing 50.5% of the total green water
footprint of production in Belgium. Water use and water availability should become more integrated when evaluating
cropping systems for their sustainable water use.
Keywords: water footprint, Belgium, arable crops.

INTRODUCTION
Belgium is a small but densely populated country.
Its strongly globalized economy and transport
infrastructure at the heart of a highly industrialised
region in Europe helped make it the world’s 15th
largest trading nation in 2007. Amongst Belgium’s
main imports are raw materials, chemicals,
pharmaceuticals, machinery, foodstuffs and oil
products. The Western lifestyle, and in particular a
high-meat diet, result in a very large average water
footprint of national consumption of around 1888
m3.yr-1 per capita (Mekonnen and Hoekstra, 2010),
of which a small fraction is supplied through own
resources. Belgium has a higher footprint than its
surrounding countries, with the exception of
* Corresponding author’s e-mail: anne.gobin@vito.be
1* Flemish Institute for Technological Research (VITO), Boeretang
280, 2400 Mol, Belgium.

Luxemburg (Fig. 1). Belgium’s total waterfootprint
amounts to nearly 19.6 billion m3, which represents
5171 litres per person per day. The figures by
Vincent et al., (2011) are slightly higher but for
reasons of international comparison the data
provided by Mekonnen and Hoekstra (2010) are
used here. Though Belgium has a temperate
maritime climate, fresh water resources are limited
in availability due to a combination of high demand
and limited supply. Large impermeable surfaces
hinder water infiltration and groundwater
replenishment. In addition, a large proportion of
surface and subterranean water are polluted. The
water consumption exceeds own resources, and is
therefore dependent on the water resources of
other countries. Supply chains can be clearly traced,
and the external impacts can be related to the
producing countries.
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Riassunto: Il concetto di impronta idrica ha creato grande consapevolezza sull’uso sostenibile ed il consumo dell’acqua.
In Belgio il 75% dell’impronta idrica totale del consumo è associato alle produzioni vegetali e animali, tuttavia solo il
23% dell’impronta idrica totale della produzione nazionale è attribuita all’agricoltura. Gli obiettivi di questo studio sono
di quantificare l’impronta idrica verde e la sua variabilità per le principali colture seminative in Belgio contro la
concezione più ampia di impronta idrica della produzione nazionale. Un modello colturale regionale dinamico, pensato
per valutare l’impatto climatico sulla produzione di biomassa, REGCROP (Gobin, 2010), è stato applicato per il calcolo
del consumo idrico delle sei principali colture, nel periodo 1988-2012. L’impronta idrica della produzione agricola
nazionale del Belgio è soggetta a una forte variabilità a causa della variabilità sia del consumo idrico delle colture che
della resa, tra suoli differenti e negli anni. L‘impronta idrica verde delle colture da seme e dei cereali è maggiore rispetto
a quella dei tuberi e delle radici e dipende dal rapporto della produzione commerciabile con la biomassa prodotta per
unità di superficie. Il consumo totale annuo effettivo di acqua delle colture seminative è stato in media di 379
litri/giorno/pro capite per il periodo 1988-2012, pari al 50,5% dell’impronta idrica verde totale della produzione del
Belgio. L’uso dell’acqua e la sua disponibilità dovrebbero essere maggiormente integrate nel momento in cui vengono
valutati i sistemi colturali in termini di uso sostenibile dell’acqua.
Parole chiave: impronta idrica, Belgio, seminativi.
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Fig. 1 - The water footprint of national consumption (total, internal and external) for several countries (in m3.yr-1.caput-1) (data
source: Mekonnen and Hoekstra, 2010).
Fig. 1 - Water footprint del consumo nazionale (totale, interno
ed esterno) per diversi paesi (m3/anno pro-capite) (fonte: Mekonnen e Hoekstra, 2010).
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Fig. 2 - Breakdown of the water footprint for consumption
in Belgium (in 109 m3.yr-1) (data source: Mekonnen and
Hoekstra, 2010).
Fig. 2 - Suddivisione del water fooptint del consumo in Belgio
(109 m3/anno) (fonte: Mekonnen e Hoekstra, 2010).
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The majority of the total water footprint is
associated with the consumption of plant and
animal products (75% or 3879 litres), while
consumption of industrial products accounts for
1199 litres per person per day and domestic use for
93 litres per person per day. The water footprint
for consumption is largely connected with
imported agricultural products (73%), followed by
industrial production (Fig. 2). The figures for
agriculture are made of crops and livestock; the
latter includes grass, drinking water, and water
used for service purposes (such as the cleaning out
of stables). Since many crops are used as animal
feed, the real impact of raising livestock is
underestimated. The crops that contribute to half
of the external crop water footprint are mainly
wheat, cotton, soya and coffee. The crops that
contribute mostly to the internal water footprint
are wheat, sugarbeet, barley, potato and maize.
The largest water footprint related to livestock is

Fig. 3 - Breakdown of the water footprint in Belgium attributed to national production (in 109 m3.yr-1) (data source:
Mekonnen and Hoekstra, 2010).
Fig. 3 - Suddivisione del water fooptint del consumo in Belgio
attribuito alla produzione nazionale (109 m3/anno) (fonte:
Mekonnen e Hoekstra, 2010)

associated with milk production; more than half of
the livestock products are imported. Wheat is the
import that contributes most to the external water
footprint with France as main supplier, followed by
Germany and Canada. The second largest
contributor, cotton comes mainly from India. Soya
and coffee are mainly imported from Brazil.
The water footprint of national production is
heavily influenced by industrial production
representing 693 litres per day per person
representing 41% of the total national footprint.
The water footprint of livestock production is 511
litres per day or 30% of the total water footprint,
while it amounts to 387 litres per day for crop
production or 23% of the total water footprint.
Domestic water supply only accounts for a small
proportion in comparison (93 litres per person per
day or 6%). The breakdown of the water footprint
into green, blue and grey shows that the green
water footprint is largest for crop production (77%)
and livestock production (grazing; 89%), while for
industrial production and for domestic water
supply the shares of the grey water footprint are
the largest with 88% and 79% respectively. Overall
this results in a slightly larger share of the grey
water (46%) than the green water (44%) to the
total water footprint.
The agricultural sector is part of a much broader
agro-business complex that includes food
processing, bio-energy and bio-based chemistry.
With 26.3% or slightly more than 800 km2 of the
country in 2012, arable cropping constitutes an
important element in the Belgian rural landscape;
grassland covers another 600 km2. The major crops
in terms of area are winter wheat, potato, grain
maize, sugar beet, winter barley and winter oilseed
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Tab. 1 - Soil variables for the most common soils for arable cropping in Belgium (Saxton and Rawls, 2006). Textures are based
on USDA classifications.
Tab. 1 - Variabili del suolo per i principali suoli per le colture seminative coltivate in Belgio (Saxton e Ravels, 2006). Le
tessiture sono basate sulla classificazione USDA.

MATERIALS AND METHODS
The green water footprint (WFPgreen) was calculated
for the six major agricultural crops in Belgium using
meteorological and yield data series for the 19882012 period. The green water footprint is the green
component of the water footprint (Mekonnen and
Hoekstra, 2010), and reflects the water use per
harvested crop.
WFPgreen =

10. ∑lgp
d=1 ETd
Y

Where ETd is the daily evapotranspiration in
mm.day-1, accumulated over the length of the
growing period (lgp, in days). The factor 10 converts

water depths in millimetres into water volumes per
land surface. The nominator reflects crop water use
in m3.ha-1, whereas the denominator (Y) is crop yield
in tonnes.ha-1 as available from the statistics office
for the different agricultural zones in Belgium
during the 1988-2012 period.
For the most dominant soils per crop (Tab. 1) a
regional dynamic crop model geared towards
climate impact on biomass production, REGCROP
(Gobin, 2010; Gobin, 2012), was run to calculate
the daily crop evapotranspiration. Crop growth is
simulated from planting dates until the
accumulated thermal units equal the required
potential thermal units (PTU in Tab. 2). The
amount of solar radiation intercepted depends on
the seasonal distribution of ambient temperature
and moisture supply in both soil and atmosphere.
Phenological development is confined to crop
specific threshold temperatures which form the
boundaries of phenological activity. The potential
evapotranspiration was calculated according to the

Tab. 2 - Variables related to determining the water footprint of crop production in Belgium. Average and standard deviation are for the period 1988 -2012 (25 years).
Tab. 2 - Variabili utilizzate per la determinazione del water footprint della produzione agricola del Belgio. Media e deviazione
standard si riferiscono al periodo 1988-2012 (25 anni).
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rape. Arable crops in Belgium are predominantly
rainfed. The objectives of this study are to quantify
the green water footprint and its variability for the
major arable crops in Belgium against the wider
concepts of the water footprint of national
production.

93

027-132_interventi:Layout 1

2-12-2015

10:31

Pagina 94

modified Penman-Monteith algorithm (Allen et al.,
1998) from radiation, temperature, wind speed and
dew temperature, and varies within the crop
growing season and with the year during the period
1988-2012. The crop rooting depth and water
retention characteristics determine the maximum
available water that can be stored by the soil and
the crop determines the amount that is available to
the plant.

Water footprint applications
for water resource management in agriculture

RESULTS
The computations of crop evapotranspiration
required for the estimation of the green and blue
water footprint in crop production, were simulated
with the REGCROP modelling approach. The
dynamic water balance computes a daily soil water
balance and simulates crop water requirements and
actual crop water use. Since less than 5% of
agricultural land in Belgium is irrigated, most of the
internal crop water footprint is related to green
water, which is the crop water use under rainfed
conditions.
The seasonal sum of PET is highest for oilseed rape
and sugar beet, and lowest for winter barley (PET
in Tab. 2), and is explained by the growing season
length and period of the year. The crop water use
requires the modelling of crop daily evapotranspiration during the entire growing season. The
maximum evapotranspiration rate is realised when
the root zone is well watered and the soil surface is
wet. The crop water satisfaction (crop coefficient)
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follows a growth curve from emergence to
scenesence and depends on the crop type, its
growth stage and canopy cover (Fig. 4). Prima facie
winter grown crops such as cereals and rapeseed
may have a comparatively larger crop water
satisfaction but their growth characteristics such as
the presence of dormancy are different from
summer grown crops. The growth progress is
expressed in percentage of the growing season (Fig.
4) and not in actual length so that shorter crop
cycles require less water use. When water supply to
the crop roots is insufficient, the actual evapotranspiration is reduced, and a water deficit
develops in the crop, i.e. crop water stress, whereby
the growth of the crop will be reduced proportionally. These dynamics enable the estimation
of the consumptive use of water. The crop water use
is largest for sugar beet followed by potato, and
smallest for maize.
Yields vary between years and between agricultural
regions in Belgium for the different arable crops
(Fig. 5). Winter cereals are predominantly grown on
loam and silty loam soils where wheat yields are on
average 8.2 ± 0.9 ton/ha and winter barley 7.8 ± 0.9
ton/ha during the period 1988-2012, which is higher
than the national average for the same period (Tab.
2). More than 60% of sugar beet and 70% of oilseed
rape in Belgium is harvested on loam soils with
sugar beet yields averaging at 68.3 ± 9.2 ton/ha an
oilseed rape at 3.8 ± 0.5 ton/ha. Potatoes are
cultivated on slightly sandier soils yielding 46 ± 5
Fig. 4 - Crop water satisfaction (crop coefficient)
during the crop growing
season for major arable
crops.
Fig. 4 - Coefficiente
colturale durante
la stagione di crescita
per le maggiori colture
seminative.
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Fig. 5 - Yield variability
of six major arable crops
for three Belgian regions
with contrasting soil
textures (in ton.ha-1)
for the period 1988-2012.
See Tab. 1 for soil
characteristics and Tab. 2
for crop abbreviations.
Fig. 5 - Variabilità
della resa delle 6 principali
colture seminative
in tre regioni del Belgio
con contrastanti tessiture
del suolo (ton/ha)
per il periodo 1988-2012.
Vedi Tab. 1
per le caratteristiche dei suoli
e Tab. 2 per le abbreviazioni
delle colture.

followed by sugar beet (341.3 ± 5.8 Mm3.yr-1) and
potato (199.3 ± 7.1 Mm3.yr-1). The lowest annual
actual water use is for oilseed rape (23.3 ± 1.1
Mm3.yr-1), maize (110.5 ± 14.7 Mm3.yr-1) and barley
(124.7 ± 8.6 Mm3.yr-1) production in Belgium. The
total annual actual water use of arable crop
production amounts to 1438 ± 57.3 Mm3.yr-1 or an
equivalent 379 litres.day-1.caput-1 for the period
1988-2012 representing 50.5% of the total green
water footprint of production in Belgium.
DISCUSSION
The results show that there are considerable
differences in crop water use, yield and the green
water footprint of six different arable crops in
Belgium for the period 1988-2012.
The period of the year during which the crop is
Fig. 6 - The green water
footprint of the most important Belgian arable crops
(in m3.ton-1) as modelled with
REGCROP and as taken
from Mekonnen and
Hoekstra (2010).
The uncertainty bars reflect
the standard deviation as an
indication of variability
between 1988-2012.
Fig. 6 - Water footprint verde
delle principali colture
seminative in Belgio (m3/ton)
simulata da REGCROP e
riportata da Mekonnen e
Hoekstra (2010). Le barre
di incertezza riflettono
la deviazione standard
come un indicazione della
variabilità tra 1988-2102.
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ton/ha or 3% higher than the national average. Most
of the maize occurs on sandy soils reaching an
average yield of 10.3 ± 2.2 ton/ha; the yield
variability is largest for maize.
The green water footprint of the six major arable
crops, calculated using Eq.1, shows that oilseed has
a considerably larger green water footprint as
compared to the cereal crops winter wheat and
winter barley (Fig. 6). The root crops potato and
sugarbeet have the lowest green water footprint
owing to the relatively large tonnage of yield per
season. The results are very similar to the data
provided by Mekonnen and Hoekstra (2010), which
is not so surprising since a similar method was used
to calculate crop evapotranspiration. The nation
wide annual actual water use for the period 19882012 is largest for wheat (638.6 ± 19.9 Mm3.yr-1),
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grown has a considerable influence on its water use.
Rapeseed and cereals are predominantly grown as
winter crops and during their growing season
temperatures are moderate and rainfall is more
available. Sugar beet and potato are grown during
the summer period and are in addition highly
sensitive to water stress. These dynamics are
captured by the crop water satisfaction (Fig.4) and
the water balance.
The physical process behind crop water consumption
is the process of actual evapotranspiration. The water
use is around 200-300 g water transpired per g dry
matter produced in C4 crops (maize) compared to
usually more than 500 g in C3 crops (the five other
crops). The relative difference in water use efficiency
is reflected in a lower water footprint for grain maize
as compared to other cereals, despite the fact that
maize is cultivated during the summer which leads to
a higher water consumption. With rising CO2
concentrations water use efficiencies are reported to
enhance in both C4 and C3 crops.
The harvested crop product and its proportion of
the total biomass greatly influence the water
footprint. Root and tuber crops therefore have a
much lower water footprint as compared to grain
and seed crops. When taking straw harvest into
consideration, the water footprint of cereals is 40 to
45 % lower (own calculations). Harvesting green
crops or harvesting a large share of the biomass
produce reduces the water footprint further, but
largely depends on the marketable product for the
food, feed, fibre or fuel chain.
When the same crop is compared for different
environments, not only the apparent differences in
productivity (Fig. 5) but also the water consumption
in the entire agro-ecosystem have important effects
on the water footprint. Some crops are deep rooting
and offer a better root network to water infiltrating
into the soil. A water stress factor that takes into
account water availability from deeper soil layers,
groundwater contributions or run-on from adjacent
fields could alter the water footprint calculations
and advocates the introduction of a wateravailability-at-the-basin approach to the concept of
the water footprint.
The water use under rainfed conditions is limited
by drought in Belgium and, consequently, water
use drops below the requirements for optimum
yield. As a result the irrigated area is increasing
particularly for potatoes as a better quality crop
can be harvested after adequate water supply
during the season. In the majority of cases
farmers invest in irrigation for vegetables and
potatoes for the fresh market. This trend will

necessitate recalculations to include the blue
water footprint.
CONCLUSION
The water footprint of national crop production in
Belgium is subject to a large variability owing to
variability in both crop water use and yield
between soils and between years for the period
1988-2012. Since arable crop production is rainfed,
the green water footprint of the arable crops can
be used as a basis to calculate the water footprint
of derived crop products based on product value,
fractions and processing steps (Hoekstra and
Mekonnen, 2012). The water footprint concept has
created awareness of crop water use and sustainable water consumption. To this extent water
use and water availability should become more
integrated when evaluating cropping systems for
their sustainable water use.
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Spatial multi-criteria evaluation of land suitability
for irrigation in Vojvodina Province (Serbia)
based on its soil and climate characteristics
Zorica Srdjevic1*, Atila Bezdan1, Bosko Blagojevic1, Zoltan Dunkel2, Bojan Srdjevic1

Abstract: This paper presents a spatially-based multi-criteria evaluation of land suitability for irrigation in the
Vojvodina Province, Serbia. Two agricultural criteria were selected to define suitability (priority) of the land for
irrigation development: soil and climate, along with five sub-criteria: the total available water in the root zone, soil
suitability for irrigation, land slope, water deficit and drought. Weights of spatial criteria and sub-criteria were derived
with the Analytic hierarchy process (AHP) by an expert in the subject area. Aggregation of weighted sub-criteria into
the final irrigation suitability map is performed in the GIS environment, and through the application of this method.
The first indication of priorities of the land to be irrigated is obtained.
Keywords: land suitability, irrigation, GIS, AHP.

1. INTRODUCTION
In the last few decades, it has been confirmed that
there has been an increase in the frequency and intensity of droughts in many parts of the world, including Serbia and Vojvodina Province (Hughes,
2012). It is estimated that agricultural production
in Serbia will be decreased by 10% in the second
half of this century due to the climate change. Vojvodina, as the main agricultural region (Fig. 1a) in
Serbia with over 75% of arable land, is especially
vulnerable.
Despite the well-known fact that irrigation lowers
the degree of dependence on climate variability and
increases agricultural productivity making the yields
of crops high and stable, the percent of irrigated
land in Vojvodina is very low (Fig. 1b). So, the variation in crop yields in Vojvodina is strongly correlated with the amount and distribution of rain
during the growing season.
In order to lessen the negative environmental, social and economic consequences of climate change
* Corresponding author’s e-mail: srdjevicz@polj.uns.ac.rs
1* University of Novi Sad, Faculty of Agriculture, Trg D. Obradovica
8, 21000 Novi Sad, Serbia.
2 OMSZ - Hungarian Meteorological Service, Budapest, Hungary.

in Vojvodina, it is necessary to define new strategies
of agricultural development in this region and increase the percentage of irrigated land.
To make a decision on where to build new, sustainable irrigation systems, policy makers are required
to carefully analyze many social, environmental,
economic, technical and agricultural criteria, and to
define which land zones are the most suitable for irrigation.
Here we concentrate on two agricultural criteria,
soil and climate. These two criteria, with the corresponding five sub-criteria (the total available water
in the root zone, soil suitability for irrigation, land
slope, water deficit and drought), are given as spatial information, i.e. presented as map layers in GIS.
Since criteria and sub-criteria can have different levels of importance in defining the suitability of a plot
of land, it is common to combine GIS with one
other multi-criteria decision making method in land
suitability evaluation.
We asked an expert in irrigation to evaluate criteria
and sub-criteria importance levels using the Analytic
hierarchy process (AHP) (Saaty, 1980), a well-known
multi-criteria method. Weights of importance obtained by AHP are then multiplied with the raster
values of corresponding layers.

Water footprint applications
for water resource management in agriculture

Riassunto: In questo articolo presentiamo una valutazione spaziale multifattoriale di idoneità dei suoli all’irrigazione
nella provincia di Vojvodina, Serbia. Per la definizione dell’idoneità (priorità) delle diverse zone allo sviluppo
dell’irrigazione sono stati scelti due criteri agronomici, suolo e clima, e cinque sottocategorie: acqua totale disponibile
nella fascia di suolo occupata dalle radici, idoneità del suolo all’irrigazione, pendenza, deficit idrico e siccità. L’incidenza
dei criteri spaziali e delle sottocategorie sono stati ottenuti tramite Analytic hierarchy process (AHP) mentre
l’aggregazione dell’incidenza delle sottocategorie all’interno della mappa finale di land suitability è stata sviluppata in
ambiente GIS. Sono state così individuate le zone che evidenziano la massima priorità per l’adozione della pratica
irrigua.
Parole chiave: idoneità dei suoli, irrigazione, GIS, AHP.
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Fig. 1 - Vojvodina Province
and distribution
of irrigated land.
Fig. 1 - Provincia
della Vojvodina
e distribuzione
dei terreni irrigati.

Water footprint applications
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The final irrigation suitability map for Vojvodina
Province, based on its soil and climate characteristics, is obtained by overlaying the weighted layers in
GIS environment. It provides the first indication of
where the land that is most suited for irrigation is
located in Vojvodina Province.
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2. GIS AND MULTI-CRITERIA DECISION
MAKING
Multi-criterion decision making (MCDM) is a part of
operational research that deals with multiple, usually
conflicting criteria, and tries to find compromise instead
of a mathematically strict optimal solution. GIS-based
MCDM involves a set of geographically defined basic
units (e.g. polygons in vectors, or cells in rasters), and a
set of evaluation criteria represented as map layers. A
spatial MCDM is performed by deriving a utility of
these spatial entities through (1) defining decision
maker’s preferences as a set of criterion weights, (2)
defining a particular ranking schema for each criterion
layer, (3) multiplying the weight of given criterion with
each cell rank value on that layer, and (4) overlaying
weighted criterion maps. Therefore, besides criterion
selection, criterion weights severely impact the results
of the spatial MCDM (Chen et al., 2007; Chen et al.,
2010; Srdjevic et al., 2010).
There are different MCDM methods for deriving
criterion weights. One of the most popular is AHP,
and that is because of its transparency, simplicity,
capacity to integrate a large amount of heterogeneous data, possibility to be used for individual and
group decision making, etc. Successful applications
of combined AHP and GIS include (Carver, 1991;
Malczewski, 1999, 2004; Marinoni, 2004; Marinoni
et al., 2009; Chen et al., 2010; Srdjevic et al., 2010;
Zelenovic Vasiljevic et al., 2012), recommended
AHP for the analysis of land irrigation suitability in
Vojvodina Province.

2.1. Analytic hierarchy process
The AHP method requires a well-structured problem, represented as a hierarchy. At the top of the hierarchy is the goal; the next level contains the
criteria and sub-criteria, while alternatives lie at the
bottom of the hierarchy. AHP determines the preferences among the set of alternatives by employing
pair-wise comparisons of the hierarchy elements at
all levels; following the rule that, at a given hierarchy level, elements are compared with respect to
the elements in the higher level by using Saaty’s importance scale (Tab. 1). Here, value 1 corresponds
to the case in which two elements contribute in the
same way to the element in the higher level. Value
9 corresponds to the case in which one of the two elements is significantly more important than the
other.
The results of the comparison are placed in socalled comparison matrices. After all judgments are
made, the local priorities of the hierarchy elements
are calculated from related matrices by using their
principal eigenvectors, as suggested by Saaty (1980).
Computing eigenvectors is usually called prioritization. Worthy to mention is that several other methods can be used for prioritization (e.g. see overview
in (Srdjevic, 2005). Eigenvector is dominant in practice and thus used here also.

Tab. 1 - Saaty’s importance scale.
Tab. 1 - Scala di importanza di Saaty’s.
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The synthesis is performed by multiplying the priorities of the elements from one hierarchy level by
the priority of the parent node, and then adding for
all such nodes. The highest value of a synthesized
priority indicates the most important element with
respect to the goal stated at the top of hierarchy.
2.2. Combining GIS and AHP
To locate the zones most suitable for irrigation in
Vojvodina Province, based on the criteria of soil and
climate, we applied the following major steps in
combining GIS and AHP:
1. Develop a hierarchy structure of the decision
problem, i.e. select criteria and sub-criteria.
2. Standardize each sub-criterion (GIS layer):
a) all GIS layers are identically geo referenced
and with the same pixel resolution, which
enables GIS overlay analyses;
b) each cell in each raster is classified in the 15 suitability class, where 5 means most suitable for irrigation.
3. Obtain pair-wise comparisons of selected criteria and sub-criteria from an expert in AHP
standards.
4. Compute the local weights of criteria and sub-criteria and global (final) weights of sub-criteria.
5. Multiply the cell values in each of the sub-criterion layers by the corresponding final weight of
the sub-criterion.
6. Aggregate weighted layers into the final irrigation
suitability map in GIS environment.
7. Reclassify final map into five suitability classes.
3. DECISION PROBLEM
Hierarchy of the decision problem is defined
through discussion with several academic agricultural experts, as seen in Fig. 2. Two global agricultural criteria were selected to define the suitability

of land zones for irrigation developments, namely
soil and climate. They are considered as the most
important factors for taking the first steps towards
determining the priority land plots for the sustainable implementation of irrigation in Vojvodina. Criteria are divided into five corresponding subcriteria, as will be briefly described in the following
subsections.
3.1. Soil suitability sub-criteria
Successful irrigation requires a suitable physical
medium for an appropriate crop development. To
evaluate soil suitability levels for irrigation we used
as sub-criteria land slopes, the total available water
in the root zone and soil irrigability classes.
Land slope (LS) influences runoff and soil
drainage as well as the erosion hazard to which the
field is exposed. Moreover, farmland management
and irrigation techniques depend on the slope. The
slope gradient was determined on the basis of the
Shuttle Radar Topography Mission (SRTM3) digital
elevation data imagery acquired by NASA. The
SRTM3 data is publicly available and has an approximate resolution of 90 meters (3 arc second).
Values assigned to different classes of slope depending on their significance in suitability for irrigation are presented in Tab. 2 and their spatial
distributions are presented in Fig. 3.

Tab. 2 - Values assigned to different classes of slope gradient.
Tab. 2 - Valori assegnati alle diverse classi di gradiente di
pendenza.

Fig. 2 - Decision problem
hierarchy.
Fig. 2 - Gerarchia
del problema decisionale.
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Fig. 3 - Spatial distribution of suitability for irrigation regarding
slope gradient.
Fig. 3 - Distribuzione spaziale della idoneità dei suoli all’irrigazione legata al gradiente di pendenza.

Fig. 4 - Map of suitability for irrigation regarding total available
water in the root zone (Bezdan et al. 2012).
Fig. 4 - Mappa di idoneità dei suoli allirrigazione legata all’acqua
disponibile totale nella zona delle radici (Bezdan et al., 2012).

The total available water in the root zone
(TAW) was determined as a difference between the
water content at field capacity and wilting point in
the root zone. In Vojvodina, the topsoil depth varies
from 0.1 m to 1.5 m, the water content at field capacity ranges from 0.09 m3m-3to 0.4 m3m-3, the
water content at wilting point ranges from 0.03
m3m-3to 0.27 m3m-3 and the range of total available
water in the root zone is from 5 mm to 200 mm.
Taking into account suitability for irrigation, TAW is
divided into five classes and numerical weights are
assigned accordingly (less than 40 mm (1); 40 - 80
mm (2); 80 - 120 mm (3); 120 - 160 mm (4); 160 200 mm (5), where class (5) is the most suitable for
irrigation). The map of suitability for irrigation regarding the total available water in the root zone is
presented in Fig. 4.

water-table, humus content, CaCO3 status, pH,
salinity, sodicity, etc. The classes are defined according to the degree of soil limitations. Soil limitation represents ability to irrigate without
deterioration of the soil over long periods of time.
Similar approach is presented in FAO (1979). Soil
irrigability classes (IC) are presented in Tab. 3 and
the irrigation suitability map is presented in Fig. 5.

Soil suitability for irrigation is divided into five
classes (according to Miljkovic (2005)) based on following soil properties: soil structure and aggregate
stability, infiltration rate, permeability, depth to

3.2. Climate suitability sub-criteria
For the purpose of quantifying climatic influences
on suitability (priority) for irrigation development
(priorities in sustainable irrigation implementation),
different climatic indices can be selected. In order
for the indices to be easily interpreted by an expert,
two very basic indices were chosen in our example:
Water deficit (= potential evapotranspiration - precipitation) [mm], (W). The most common way of
elaborating irrigation necessity is by analyzing the
water deficit during the vegetation period. This
deficit leads to a reduced actual evapotranspiration
Tab. 3 - Soil irrigability
classes.
Tab. 3 - Classi di irrigabilità
del suolo.
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Fig. 5 - Suitability irrigation map regarding soil irrigability.
Fig. 5 - Mappa dell’idoneità dei suoli all’irrigazione legata
all’irrigabilità del suolo.

Fig. 7 - Drought vulnerability map based on stochastic
Markov chain modeling of SPI3.
Fig. 7 - Mappa della vulnerabilità alla siccità basata sulla
modellizzazione stocastica della catena di Markov per SPI3.

when compared to the potential evapotranspiration.
Water deficit in various crop development stages is
a cause of stagnation in growth. Finally, it reduces
the yield. Water deficit calculated here is based
purely on meteorological data. Values assigned to
different water deficits according to their significance in suitability for irrigation and their spatial
distributions are presented in Fig. 6. Note that value
5 is attributed to the highest deficit, i.e. to the most
suitable land for irrigation regarding water deficit.

Drought (D) is a complex natural disaster, usually explained through the use of the drought index, which
reflects drought characteristics including magnitude,
duration, severity and spatial extent of drought.
There are a number of drought indices. One of the
most frequently used is the standardized precipitation index – SPI (McKee et al., 1993), which calculation requires only precipitation data. Bezdan et al.
(2012) used monthly precipitation data from 9 principal meteorological stations in Vojvodina in the period from 1971 to 2010 in order to calculate the SPI
on a 3 month scale (SPI3) for each month. Authors
also analyzed stochastic behavior of drought in Vojvodina applying the four state first-order homogenous Markov chain model to the time series of SPI3.
The drought vulnerability map based on stochastic
Markov chain modeling of SPI3 for Vojvodina is
presented in Fig. 7. Value 1 represents the least vulnerable class; value 5 represents the most vulnerable class (and also the most suitable for irrigation).
The results indicated that the most vulnerable regions to drought (most suitable for irrigation) are
the central, southeast and southwest parts of Vojvodina.
4. RESULTS

Fig. 6 - Suitability irrigation map regarding water deficits.
Fig. 6 - Mappa dell’idoneità dei suoli all’irrigazione legata al
deficit idrico.

4.1 Evaluation of criteria and sub-criteria
in AHP
An irrigation expert from Faculty of Agriculture at
University of Novi Sad gave his opinion on the importance of criteria and sub-criteria by using the
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Fig. 8 - Comparison matrix: Soil (S) vs. Climate (C).
Fig. 8 - Matrice di confronto: suoli (S) vs. clima (C).

Fig. 9 - Comparison matrix: Land slope (LS) vs. Available
water (TAW) vs. Irrigability classes (IC).
Fig. 9 - Matrice di confronto: pendenza del suolo (LS) vs.
acqua disponibile (TAW) vs. classi di irrigabilità (IC).
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Fig. 10 - Comparison matrix: Water deficit (W) vs Drought (D).
Fig. 10 - Matrice di confronto: deficit idrico (WD) vs. siccità (D).

AHP methodology. First, he compared two criteria in pair-wise manner, using the scale given in
Tab. 1. Expert believed that soil is slightly more
important than climate in defining the suitability
of land zones for irrigation in Vojvodina and he
placed number 2 in the comparison matrix, as
presented on Fig. 8.
In the same pair-wise manner, the expert then compared the levels of importance of sub-criteria Land
slope (LS), Available water (TAW) and Irrigability
classes (IC) regarding the criteria Soil (Fig. 9), and
sub-criteria Water deficit (W) and Drought (D) regarding criteria Climate (Fig. 10).
Judgments for comparison matrices on Fig. 8-10 are
used to calculate the local weights of criteria and
sub-criteria, Tab. 4.

Tab. 4 - Local weights of criteria and sub-criteria.
Tab. 4 - Pesi locali dei criteri e dei sotto-criteri.
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Tab. 5 - Final weights of sub-criteria.
Tab. 5 - Pesi finali dei sub-criteri.

Final weights of sub-criteria are calculated by multiplying the weight of corresponding criterion and
the local weight of sub-criterion. For example, the
final weight of sub-criterion Land slope equals
0.667*0.072=0.048 (weight of criterion Soil*local
weight of sub-criterion Land slope).
Results presented in Tab. 5 show that expert believes that sub-criteria Available water (0.317), Irrigability classes (0.302) and Water deficit (0.267) are
most important for analyzing land suitability for irrigation in the Vojvodina region.
4.2 Final-suitability map for irrigation
Weights of sub-criteria from Tab. 5 are multiplied
with the raster values (derived in Section 3) of corresponding layers (sub-criteria) and aggregated into
a final suitability map for irrigation (Fig. 11).
Considering the soil and climate, areas with the
highest suitability for irrigation (values 4 and 5) are
located in the north, east and south part of Vojvodina Province. Those areas should be considered by
farmers and by the government as priority areas
when investing in new or reconstructing existing irrigation systems.

Fig. 11 - Final suitability map for irrigation.
Fig. 11 - Mappa finale di idoneità dei suoli all’irrigazione.
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5. CONCLUSIONS
Agricultural production in the Vojvodina region has
been affected by frequent occurrences of drought
periods over the last several decades. Since Vojvodina is predominantly an agricultural region, new
agricultural polices emphasize the necessity of increasing the percentage of irrigated land.
To help decision makers define where land most suitable for irrigation development is located, the AHP
method is applied in combination with GIS. By implementing the methodology while only considering
agricultural factors such as soil properties and climate, the first indication on where the government/farmers should invest in irrigation is obtained.
Resulting map shows that the existing irrigation area
just partly match the areas with high priority, which
was expected having in mind that the Serbia is one
of the European countries with the lowest percent
of irrigated land (around 3%).
Further steps to be taken should be land suitability
analyses for smaller areas (for example, counties) located in parts of Vojvodina with the highest suitability for irrigation. Local stakeholders should
participate in defining a decision hierarchy and evaluating criteria and sub-criteria that correspond to
the real-life local situation. The same methodology
of combining GIS and AHP can be applied.
Further research should also analyze does the water
availability in the region allows to realize the recommendations related to the sustainable land use.
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Assessing irrigation performance
in a citrus irrigation district using geographic
information systems and remote sensing data
Miguel Ángel Jiménez-Bello1, Esther López-Pérez2, Juan Manzano1, Virginia Palau1, Álvaro Royuela1,
Diego S. Intrigliolo3*

Abstract: In order to asses water use in large areas, the most widely used method for estimating crops water
requirements is the FAO approach, which takes into account: i) climatic variables included in the reference
evapotranspiration and II) the crop type, characterized by the crop coefficient (Kc). In citrus trees, Kc is mostly function
of the tree ground covers (GC). In large areas, tree ground covers (GC) can be estimated by means of remote sensing
tools, and once tree water needs are calculated, this information can be implemented in geographic information systems.
The present work summarizes some of the research conducted in order to determine citrus irrigation performance in
a large irrigated area in Valencia, Spain. It is first described how tree ground covers (GC) can be obtained by using
image analysis tools applied to multispectral images. Tree water needs are obtained and they are compared with the
real water applications for a case study of a citrus water use association. The results obtained allowed to conclude that
the tools developed might be useful for estimating water needs in large areas and improving irrigation efficiency
showing some of the deficiencies currently found in irrigation management of collective water networks.
Keywords: crop coefficient, ground cover, image analysis, high-resolution remote sensing.
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Riassunto: Al fine di valutare il consumo idrico su larga scala, il metodo più diffuso per stimare il fabbisogno idrico
di una coltura è quello proposto dalla FAO, che considera: i) tutte le variabili climatiche comprese nel calcolo dell’
evapotraspiarazione e ii) la coltura, caratterizzata da un coefficiente colturale (Kc). Negli agrumi, Kc è particolarmente
legato al grado di copertura del suolo da parte della chioma (GC). Su larga scala, GC può essere stimato ricorrendo a
strumenti di telerilevamento, e una volta calcolato il fabbisogno idrico della coltura, questa informazione può essere
utilizzata all’interno di sistemi GIS. Il presente lavoro riassume alcuni studi svolti per determinare le performance
irrigue negli agrumi in una vasta area irrigata nella zona di Valencia, Spagna. Per prima cosa viene descritto come la
copertura del suolo da parte della chioma possa essere ottenuta utilizzando strumenti di analisi delle immagini
multispettrali. Il fabbisogno idrico della pianta ottenuto con questo metodo viene quindi confrontato con i reali consumi
idrici della coltura per uno specifico caso di studio svolto. I risultati permettono di concludere che questi strumenti
possono essere utili per la stima del fabbisogno idrico su larga scala ed aumentare l’efficienza irrigua mostrando alcune
carenze attualmente presenti nella gestione dell’irrigazione delle reti idriche collettive.
Parole chiave: coefficiente colturale, copertura del suolo, analisi di immagini, telerilevamento ad alta risoluzione.
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1. INTRODUCTION
Irrigated agriculture has a noticeable importance
with more than 45% of the total agriculture production in the world (Molden, 2007). Water demand has been steadily increasing during the last
years and future forecasts indicate that water
scarcity will become a major problem in many areas
of the world (Fereres and González-Dugo, 2009). It
is then very important to achieve optimum effi* Corresponding author’s e-mail: dintri@cebas.csic.es
1 Universitat Politècnica de València, Institute for Water and Environmental Engineering, Valencia, (Spain).
2 Universitat Politècnica de València, Valencia Center for Irrigation Studies, Valencia, (Spain).
3 Spanish National Research Council (CSIC), Center for applied
biology and soil science (CEBAS), Campus Universitario Espinardo, Murcia (Spain).

ciency in irrigation applications both; on and off
farm. It is striking that despite much effort has been
done in order to improve efficiency of water distribution along the whole chain; less attention has
been paid in terms of irrigation efficiency at the
farm level. In this sense, the first crucial step is to
perform irrigation application in order to closely
match the plant water needs.
The most widely used method for estimating crops
water requirement is the FAO approach (Allen et
al., 1998), which takes into account: i) climatic variables included in the reference evapotranspiration
(ETo), and II) the crop type, characterized by the
crop coefficient (Kc). The crop evapotranspiration
(ETc), which is the sum of the plant transpiration
and soil evaporation, is then calculated as ETo by
the Kc. The ETo is an estimation of atmosphere
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Tab. 1 - Crop coefficient (Kc) according to citrus tree
ground cover (GC %).
Tab. 1 - Coefficiente colturale (Kc) in accordo con la copertura
del suolo della chioma degli agrumi (GC%).

Tab. 3 - Effective precipitation factor (Fpe) for citrus trees
according to the tree ground cover.
Tab. 3 - Fattore di precipitazione effettiva (Fpe) per gli
agrumi in accordo con la copertura del suolo.

evaporation defined as the evapotranspiration rate
from a reference surface. Owing to the difficulty of
obtaining accurate field measurements, ETo is commonly computed from weather data. The principal
weather parameters affecting ETo are radiation, air
temperature and humidity and wind speed. Nowadays the FAO Penman-Monteith equation is the
standard method for the definition and computation
ETo (Allen et al., 1998). With this model, the ETo
(mm/day) is obtained as

minima in spring and maxima in autumn (Tab. 2) reflecting mainly changes in ground cover produced
by pruning and by growth of new leaves in spring
and autumn, but also changes in soil evaporation
due to rainfall. For computing irrigation water requirements rainfall contributions to the orchard
water balance should be also taken into account.
Since, the total amount of rainfall is often not entirely available for tree transpiration the effective
rainfall (Pef) should be estimated. This is because
some rainfall water might not be stored in the orchard due to runoff or drainage (FAO, 1978). In addition, in modern drip irrigated orchards, it is
considered that the entire soil allotted per tree is
not colonized by roots that should be more localized
within the dripper zone. In order to obtain the Pef an
empiric factor (Fpe) that relates the effective rainfall with the GC is used (Tab. 3). It is then clear that
for optimum irrigation management is crucial to
precisely estimate tree ground covers that will be
then used to both computing tree water requirements and rainfall contributions to the net water orchard balances.
To optimize the use of all inputs involved in irrigation (water, energy and fertilizers) it is necessary to
keep track of all the processes that are involved,
with the aim of detecting weaknesses in management and try to improve them. Given the large
amount of information required to do so, it is advisable to use a Decision Support System (DSS), which
feeds the processes with different alternatives assessing the results in each case. Since most of the
information used is spatial, Geographic Information
Systems (GIS) are shown as the best working tool
for this purpose.

ETo(mm/day) = (0.408Δ(RnG)+γ(900/T+
+273)U2(es-ea))/(Δ+γ(1+0.34U2))
where ETo reference evapotranspiration [mm day-1],
Rn net radiation at the crop surface [MJ m-2 day-1],
G soil heat flux density [MJ m-2 day-1], T mean daily
air temperature at 2 m height [°C], u2 wind speed at
2 m height [m s-1], es saturation vapour pressure
[kPa], ea actual vapour pressure [kPa],es - ea saturation vapour pressure deficit [kPa], Δ slope vapour
pressure curve [kPa °C-1], γ psychrometric constant
[kPa °C-1].
The other variable used for computing the ETc, the
Kc takes into account those characteristics that differentiate each crop from the reference crop (Allen
et al., 1998). Differences in resistance to transpiration, crop height, crop roughness, reflection, ground
cover and crop rooting characteristics result in different ETc levels in different types of crops under
identical environmental conditions. Most of these
parameters depend on the plant ground cover (GC).
In the case of citrus, Castel (2000) obtained an average yearly Kc based on the GC (Tab. 1). Citrus
trees crop coefficient also vary along the season with

Tab. 2 - Monthly citrus crop
coefficient (Kc) as reported
in Castel (2000).
Tab. 2 - Coefficiente colturale
(Kc) mensile degli agrumi
come riportato in Castel
(2010).
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The required data to be implemented in a DSS
comes from different sources. Data can be grouped
in two categories, according if they are used for
agronomic or hydraulic purposes. The agronomic
processes deal with crop water requirements, irrigation scheduling and fertilization. To simulate
these processes the needed data are:
• Cadastral information. This data let to know plot
features as area and location. It can be obtained
from public databases in standard formats.
• Soils. This information supplies soil characteristics like texture to calculate water crop requirements.
• Crops. In the case of citrus trees, planting spacing, ground cover, and root depth are required to
estimate water crop requirements.
• Irrigation subunits. These data are useful to calculate irrigation time for scheduling. For example, in drip irrigation, emitter flow is required to
calculate theoretical irrigation time. Moreover depending of the subunit and its management, net
water crop requirements are increased to supply a
minimum water amount to all plants (Arviza,
1996).
• Agroclimatic information. ETo ad Pef are required
to compute net water crop requirements. Irrigation Advisory Services from local governments
make available agroclimatic information obtained
from station networks with daily frequency.
This information can be incorporated to the DSS to
calculate daily water crop requirements. The hydraulic processes give information about how water
is delivered and if it is done with the required guarantees of pressure, amount and quality. Also by
means of performance indicators the system can be
assessed (Córcoles et al., 2010).
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The required data are the network layout, pumps,
control devices (control systems, valves), hydrants,
intakes, flow meters and irrigation scheduling (Fig.
1). Focusing on the agronomic management, a DSS
can calculate the crop water requirements and the
irrigation time of all plots for irrigation scheduling.
In order to assess irrigation performing a DSS can
give information about how water has been delivered to plots to meet crop water requirements. An
indicator used for this purpose is the Seasonal Irrigation Performing Index (SIPI) that relates the crop
water requirements with the water supplied (Faci
et al., 2000). Values lower than 100 indicate that a
crop it is being irrigated more than required. Values
higher than 100, are reflecting that a crop is being irrigated less than required.
MATERIAL AND METHODS
A DSS called HuraGIS (Jiménez-Bello, 2010) was
applied during three seasons (2009, 2010, 2011) in
the Water User Association (WUA) of Picassent (Valencia, Spain 39° 21’ N - 0° 27’ O, elevation 47 m).
The climate was Mediterranean with an average annual rainfall and ETo of 518 and 1114 mm, respectively. The WUA irrigates an area of 178 ha, and a
total of 434 plots, being citrus the main planted
woody crop. The network has a length of 14.019 m.
The water is delivered to the field plots directly
from the main or submain pipelines through 62 hydrants. The WUA was characterized at the hydraulic
and agronomical level by collecting hydraulic data
as well as tree ground covers and plant water status.
In each plot, the irrigation volumes applied were
registered using in line water meters and compared
with the estimated plot-to-plot water needs (ETc).
Orchard water requirements (ETc) were estimated
Fig. 1 - Data required
to be implemented
in a decision support system
for the agronomic and the
hydraulic management.
Fig. 1 - Dati necessari
in un sistema di supporto
decisionale per la gestione
agronomica e idraulica.
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Fig. 2 - Plot-to-plot variation of the Seasonal Irrigation Performance Index (SIPI, %) calculated during August of 2009 (left)
and 2010 (right).
Fig. 2 - Variazione inter parcellare dell’Indice Seasonal Irrigation Performance Index (SIPI, %), calcolato per il mese di
Agosto 2009 (sinistra) e 2010 (destra).

Finally, on July 15, 2011, in some orchards plant
water status was determined by measuring midday
stem water potential (Ψstem) by means of a pressure chamber in 5 selected trees per orchard and
two leaves per tree.
RESULTS AND DISCUSSION
The SIPI values close to 100 % indicated that
crops were properly irrigated. As an average for
the whole WUA, the SIPI values were 95, 96.2 and
107.4 for 2009, 2010 and 2011, respectively. This
suggests that pooling data from all plots, irrigation
performance was reasonably high. However, it is
important to highlight that the plot-to-plot variations in the SIPI values were considerable (see
Fig. 2 and 3). For instance in 2011, as much as

Fig. 3 - Plot-to-plot variation of the Seasonal Irrigation Performance Index (SIPI, %) calculated during August of 2011.
Fig. 3 - Variazione inter parcellare del Seasonal Irrigation
Performance Index (SIPI, %) calcolato per il mese di agosto 2011.
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using the FAO model (Allen et al., 1998), where
ETc=ETo*Kc.
Kc are the crop coefficients obtained by determining
tree ground covers from an ortophoto image with a
spatial resolution of 0.50 m and a spectral resolution
including the visible and near-infrared bands. Plots
were identified through information obtained from
cadastre offices. The used images represent reflected
solar radiation in the visible and the near infrared regions of the electromagnetic spectrum. Ground cover
estimation process was based on the spectral classification of these high resolution images. The used
method was the maximum likelihood classifier.
Each object is distinguished from others by its spectral
signature. That spectral signature shows representative simple sites of known cover type, called training
areas. These areas compiling a numerical description
of each class by a statistical standard method, called
the maximum likelihood classifier. This method evaluates the variance and covariance of the category spectral response patterns when classifying an unknown
pixel. Given the mean vector and the covariance matrix of each category pattern, the probability of a given
pixel or object being a member of a particular land
cover class can be computed (Lillesand and Kiefer,
2000). Finally, the training areas were established depending on the degree of development of the trees,
and the different status of land use.
For each plot, an analysis of the irrigation performance was assessed by obtaining the Seasonal
Irrigation Performance Indicator (SIPI) calculated
as the ratio between the crop water requirements
and the actual volumes of irrigation supplied (Faci
et al., 2000).
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34.7 % of the plots received 20% or more water
than what it was needed, while 24.8 % of the plots
were watered with 20% or less water than what it
was needed (Tab. 4). This means that 25% of the
plots were actually under deficit irrigation, what
might be detrimental to tree performance. On the
other hand, up to 35% of the plots were over irrigated. These plots were mostly young orchards
where users placed a drip line with all the emitters needed for a mature orchard operating already at the early stages of the orchard life time in
order to save labor costs. There were even plots
with young citrus plants where eight emitters were
operating.
From an analys of the data reported in Tab. 4 it
can be deducted that in the season 2009, in only
20% of the plots irrigation was applied in order to
match closely the estimated crop water needs
(SIPI values between 75 and 125%). Similarly in
2010 and 2011, only 21 and 25% of the plots respectively, were irrigated with a SIPI values between 75 and 125%.
Overall the results indicate an important inefficiency for the single plot irrigation performance.
This was mainly because the drip irrigation agronomical design could not accommodate differences in water needs among plots belonging to the
same sectors and therefore to the same turn of irrigation. This suggests that on-farm irrigation efficiency can be greatly improved. A better
harmonization of the plot-to-plot irrigation needs
with the entire WUA irrigation demand should be
conducted. This implies the use of decision support systems in order to be able to handle the different water demands, determining the proper
water turns for increasing irrigation efficiency applications.
Indeed, our results show the need to coordinate

Tab. 4 - Number of plots listed according to their Seasonal
Irrigation Performance Index (SIPI, %) range.
Tab. 4 - Numero di parcelle riportate in accordo con il range
del Seasonal Irrigation Performance Index (SIPI%).

Fig. 4 - Relationship between the Seasonal Irrigation Performance Index (SIPI, %) and midday stem water potential
(Ψstem). Each data point represents a single plot were
Ψstem measurements were carried out in August 2011.
Fig. 4 - Relazioni tra il Seasonal Irrigation Performance
Index (SIPI, %) e potenziale idrico a mezzogiorno (Ψstem).
Ogni punto rappresenta una singola parcella dove Ψstem è
stato misurato durante il mese di agosto 2011.

the subunit design of different users in order to improve irrigation time efficiency, provided the irrigation scheduling is by shifts. This can be achieved
through coordinated action during the process of
modernization of the system. Users have to take
into account the size of their crops and their future
growth and then adjust the water flow rates per
crop, activating new emitters as the plants grow up.
For existing operational irrigation subunits, the
user can be advised on the best number of emitters to operate to get similar irrigation times to the
scheduled times. However, it should be noted that
already existing subunits may not fulfill all design
criteria.
Finally, an effort was made to validate the SIPI
index as a potential indicator of the actual plot water
status. During a selected day of the 2011 irrigation
campaign, the plot-to-plot variation in the SIPI
index were highly significantly related to the tree
water status estimated by measurements of midday
stem water potential (Ψstem, Fig. 4). This indicates
that the SIPI index (an irrigation efficiency indicator) allows predicting the plant water status (a physiological indicator), which is normally well related
to the tree performance under different irrigation
regimes (Ballester et al., 2011)
Overall the results obtained indicate the adequacy
of the SIPI index obtained from remote sensing images for evaluating irrigation performance in a citrus WUA. Next work should be conducted in order
to use the HuraGis model to harmonize on-farm and
the whole WUA irrigation needs, and to look for a
link between the SIPI index and the plot agronomical responses.
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Crop Water Footprint: a methodological approach
for its estimation based on Irrigation Advisory
Services Data
Filiberto Altobelli*1, Flavio Lupia1, Francesco Vuolo2, Guido D’Urso3, Carlo de Michele4, Salvatore Falanga
Bolognesi4, Anna Dalla Marta5

Abstract: Earth Observation (EO) for agricultural water management is a mature technology and it is ready for being
transferred to operational applications. Presently, some systems based on EO data are used in Irrigation Advisory Services
(IASs) and are recognized as useful tools for improving water management in agriculture. EO-based IASs provide new
services for water managers and food producers at field scale, and a range of additional products for a sustainable irrigation
management at district scale, especially for areas affected by water scarcity and drought (e.g. Southern Italy). Such systems
use EO datasets as the core information for the irrigation decision support systems that produce irrigation requirement
maps at different scales: from farm to irrigation district up to the entire watershed. In addition, data on crop development
and irrigation requirements are timely produced and distributed to farmers by Information and Communication tools (e.g.
smartphones and e-mail). This contribution provides an overview of one of the most developed EO-based IAS in Italy and,
by analyzing the main data used and results produced, proposes a simple method for blue water footprint estimation.
Keywords: Blue water, crop water requirements, Earth Observation.
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Riassunto: L’Osservazione della Terra (EO) per la gestione idrica in agricoltura è una tecnologia ormai matura e pronta
per essere trasferita verso applicazioni operative. Attualmente, alcuni sistemi basati su dati provenienti da EO sono già
utilizzati nei Servizi di Consulenza all’Irrigazione e sono ampiamente riconosciuti come utili strumenti per il miglioramento
della gestione idrica in agricoltura. I Servizi di Consulenza all’Irrigazione che si basano su dati di EO forniscono ad
agricoltori e gestori dell’acqua servizi innovativi a scala di campo e una varietà di altri prodotti utili per una gestione
sostenibile dell’irrigazione a livello di distretto irriguo, in particolare laddove sussistono problemi di scarsità idrica e siccità
(i.e. Italia meridionale). Questi sistemi usano dati di EO come informazioni di base nei sistemi di supporto decisionali per
la produzione di mappe di fabbisogno irriguo a diversi livelli: dalle aziende agricole, ai distretti irrigui fino all’intero bacino.
Inoltre, i dati riguardanti lo stato di sviluppo delle colture e i loro fabbisogni irrigui sono tempestivamente distribuiti agli
agricoltori attraverso strumenti di informazione e comunicazione (es. smartphones e e-mail). Il presente contributo descrive
uno dei più sviluppati Sistemi di Consulenza all’Irrigazione in Italia basato su EO e, analizzando i dati utilizzati e i principali
risultati ottenuti, propone un metodo semplice per la stima del blue water footprint delle colture irrigue.
Parole chiave: Blue water footprint, fabbisogno idrico delle colture, Osservazione della Terra.
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INTRODUCTION
The challenge on freshwater resources has been
increasing during decades due to a growing
population, economic growth, and increased demand
for agricultural products [1]. The Food and
Agriculture Organization (FAO) projections indicate
that the global demand for water withdrawals from
agriculture will increase by 11% from the 2006
baseline to 2050 [2]. In the Mediterranean countries,
water resources are limited and unequally distributed
* Corresponding author’s e-mail: altobelli@inea.it
1* Council for Agricoltural Research and Economics - CREA
(Italy).
2 University of Natural Resources and Applied Life Sciences Vienna.
3 University of Naples Federico II.
4 Ariespace srl.
5 Department of Agrifood Production and Environmental Sciences,
University of Florence.

in space and time. In fact, Southern countries receive
10% of total annual average rainfall and the
Mediterranean receives only 3% of global water
resources [3]. Moreover, water availability in this
region has been steadily declining since the late 1950s.
Water scarcity is one of the main challenges in
Mediterranean, and the most important limiting factor
for agricultural growth. In this context, the
development of a framework of tools that aim to
improve water use and its efficiency can bring a
valuable contribution to alleviate the problem.
Irrigation Advisory Services (IASs) are suitable
management instruments to achieve a better
efficiency in the use of water for irrigation. IASs
help farmers to optimize crop productivity and costeffectiveness by providing them with irrigation
scheduling information based on the actual crop
development [4].
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The current methodology used by IASs for this
purpose is generally based on the standards
recommended by FAO [5]. This method, also known
as the crop coefficient approach, consists of two parts.
Firstly, reference evapotranspiration (ET0) is obtained
from measurements of an agrometeorological station.
Secondly, the crop coefficient (Kc) is determined from
calibrated look-up tables and phenological
observations across the IAS area. Then, crop
evapotranspiration (ETc) is obtained by multiplying
these two quantities. In the final step, crop water
requirement is calculated as the difference between
observed precipitation and ETc [5]. The irrigation
scheduling information obtained is then transferred to
the end-user, the farmer, in various ways [6; 7]. IASs
are key instruments for a sustainable agriculture water
management in the Mediterranean, especially under
current and expected climate change and variability.
Nevertheless, existing IASs based on traditional
methodologies are labor- and cost-intensive, yet
unable to cover extended areas at regular short time
intervals.
Earth observation (EO) is naturally destined to fill
such a gap. EO has long been a useful tool in global
climate studies and hydrology, since it provides
physically based, worldwide, consistent spatial
information [8; 9], which is a major improvement
compared to the traditional point measurements. In
the last few decades, the advances in science and
technology have led to an increasing series of remotely
sensed systems for Earth observation and monitoring,
with applications in various fields of the environmental
sciences, such as agriculture and hydrology [10].
Moreover, recent studies initiated to investigate the
potential of using EO technologies in the field of
irrigation water management, through the assessment
of crop water footprint.
The water footprint (WF) is a consumption-based
indicator of freshwater use, accounting for the
appropriation of natural capital in terms of the water
volumes required for human consumption [11]. It
looks at both the water formed by rain infiltrated into
the soil (green component) and the water formed by
rainfall, thus water that escapes evaporation and can
be found in rivers and aquifers (blue component).
More specifically, the WF of crops is defined as the
volume of water consumed for its production provided
by natural soil water content (green) and by irrigation
(blue). The proportion of blue and green water
depends on many factors, including climate, soil type,
crop and crop management, and irrigation practices.
In this paper we devise a methodology for
estimating the blue component of the WF of
irrigated crops in an Italian pilot area. The proposed

approach exploit the data provided by an EO-based
IAS during the 2013 irrigation season.
METODOLOLOGY
Water Footprint of Crops: the classical
approach
The WF of growing crops is determined by the
evapotranspiration, which can be either measured
or estimated by means of empirical or physically
based models. Based on the origin of water
evapotranspirated by the crop, it is possible to
distinguish a green (effective rainfall) and a blue
(effective irrigation) crop water use. A third
component, referred to as grey, does not depend on
actual crop requirement, but by an eventual
pollution load derived from production activities
(fertilizations, chemical applications, etc.). The gray
WF is defined as the volume of water required to
dilute pollutants and to restore quality standards.
Thereafter, the total WF of a growing crop (WFproc),
according to the Water Footprint Assessment
Manual, is the sum of green, blue and grey
components:
WF proc = WF proc, green + WF proc, Blue+ WF proc, grey

(volume/mass) (1)

The green and blue WF of growing a crops is
calculated as crop water use (CWU, m3/ha) dived by
crop yield (Y/, ton/ha):
(volume/mass) (2)
(volume/mass) (3)

The green and blue CWU are calculated by
accumulation of the daily evapotranspiration over
the complete growing period [19], from sowing to
harvest. Among the most used are FAO models,
CROPWAT [12; 13] and ACQUACROP, specifically
developed for estimating crop growth and ETc
under water deficit conditions [14]. The models use
the FAO-56 approach [13], based on the calculation
of the ETo and Kc, and they can be used to
determinate maximum crop evapotranspiration.
FAO provides the largest source of data at global
level for calculation of the water footprint of
‘growing a crop’ (Climate data Crop parameters,
crop maps, crop yields, Soil maps, irrigation maps).
Irrigation Advisory Services (IAS) the Italian experience in South Italy
The IAS methodology adopted in Campania region
(South Italy) consists of the direct application of
Penman-Monteith equation (FAO-56 approach)
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with appropriate canopy variables such as crop
height (h), surface albedo (r) and leaf area index
(LAI) [15; 16] estimated from satellite observations.
Traditionally, the semi–empirical Clair model [17]
has been used to calculate LAI, based on
logarithmic relationship between LAI and Weighted
Difference Vegetation Index (WDVI) [18], and the
approach has been validated in a number of studies
[19; 21]. Spatial and temporal variations of
vegetation parameters, retrieved from EO data, are
used to map Kc and CWR according to the
mentioned approach. The calculation of CWR at
district and farm scale is implemented in a nearreal-time service tool to guide decision makers for a
sustainable management of irrigation practices. The
described method has been included into an
operational processing chain in order to distribute
CWR information to the users within 24 to 48 hours
after satellite acquisition. The service is addressed to
different levels of user: level I - the consortium
administrations, which are associations of water
users, and level II - individual farmers.
In year 2013, 1400 farms participated at the IAS,
involving 3 irrigation and land reclamation consortia
mainly cultivated with corn, tomatoes, alfalfa, fruit
trees and vineyard.
A method for deriving the blue component
of WF from EO-based IAS data
To estimate the blue component of the WF we use
the equation (3) where the CWUblue term is
provided by using the data produced by the
methodology described in the Introduction. In
particular, we assume that CWUblue is the potential
evapotranspiration (ETp) computed by the EO-IAS
methods. The IAS computes ETp values in order to
provide the irrigation advice to farmers for the time
range 1st June – 30th September, corresponding to
the irrigation season in the study area.
Concerning the Yield term of the equation, we
acquired the statistical data provided by the
National Institute of Statistics (Istat). Istat carries

Tab. 1 - Cultivated areas and yield of each province in the
study (year 2013).
Source: ISTAT (http://agri.istat.it/sag_is_pdwout/jsp/Introduzione.jsp?id=15A).
Tab. 1 - Superfici coltivate e resa per ogni provincia studiata
(fonte: ISTAT, http://agri.istat.it/sag_is_pdwout/jsp/Introduzione.jsp?id=15A).

out, on a yearly basis, a survey on the areas
cultivated with the main crops at provincial level
by estimating the crop production. The following
table reports the area cultivated with maize and
the estimated yield in the provinces of the study
area.
Maize yield shows a strong variability in the
provinces of the study area ranging from 5.08 to
9.16 tons/ha (Tab. 1). Several aspects, such as
different cultivars, soil characteristics and
agronomic management, can explain the observed
variability. To take into account this variability we
compute the blue WF component of maize for the
minimum and maxim yield values reported in the
study area (5.08 and 9.16 tons/ha).
Study area
The study area covers three Irrigation and Land
Reclamation Consortia (ILRCs) (Destra Sele,
Paestum, Sannio Alifano) of Campania (Italy) (Tab.
2). The “Consorzio di Bonifica Sannio Alifano” is
located in Southern Italy, North of the Campania
region. The administrative area measures 194.937
ha. The irrigated surface measures 18 970 hectares.
The irrigation perimeter is organized into two
irrigation districts: Dx Volturno and Sx Volturno.
Both districts are divided into irrigation subdistricts. Main water resources are taken from the
Volturno and Lete Rivers.

Tab. 2 - Land Reclamation Consortia located in the study area.
Tab. 2 - Consorzi di bonifica presenti nell’area di studio.

112

2-12-2015

10:31

Pagina 113

Tab. 3 - Number and surface of maize parcels for each irrigation district.
Tab. 3 - Numero e superficie delle parcelle di mais per ciascun distretto irriguo.

The different types of irrigated surface (under
pressure and gravity) allow different irrigation types
at farm level, with different levels of efficiency. The
most efficient system is represented by sprinkler
irrigation (in recent times, drip irrigation - more
efficient - is being applied to tree crops), and the
lowest by the border and furrow system. The range
of efficiency is, especially for sprinkler irrigation and
border and furrow systems, linked with the different
local conditions and soil properties.
The most common crops in the ILRCs are springsummer field crops, tobacco and maize, which

constitute 36% of the UUA (Tab. 1). The other
irrigated crops widespread within the territory are
vegetables. The vineyards and olives are very
common, but not regularly irrigated.
The Paestum-Sinistra Sele is located in Salerno
Province of Campania Region. The administrative
area comprises 100.605 ha. Irrigation infrastructures
are present in an area of 12.000 ha. The main
irrigation water supply is from the Sele River. The
irrigation district of Destra Sele is located in Salerno
Provice of Campania Region. The administrative
area comprises 70.963 ha. Irrigation infrastructures
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Tab. 4 - Statistics on maize irrigated parcels for each irrigation district.
Tab. 4 - Statistiche per le parcelle di mais irrigato per ciascun distretto irriguo.
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are present in an area of 16.375 ha. The main
irrigation water supply is from the Sele River, and
31% of the UAA is irrigated. The area is mainly
cultivated with spring field crops and summer
vegetables. This irrigation district lies in the richest
region in terms of water, due to the presence of the
Sele River. The flood plain within the ILRC is very
fertile, thus agriculture is very productive.
The number of parcels per irrigation districts is
variable, ranging from 2 to 323, as well as their size
belonging to the interval 0.007 - 21.33 ha (Tab. 4).
The blue WF component for maize was computed
for 441 parcels of different size located in 8 distinct
irrigation districts (Tab. 5 and 6).
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CONCLUSIONS
The proposed approach demonstrates the feasibility
of using the available data produced by the EO-based
IASs for deriving all the input data required by the WF
assessment method, through the estimation of the
blue water. As reported [20], the most widespread
approach for calculating evapotranspiration from a
field can be either measured or estimated by means
of empirical models with the objective of estimating
blue and/or green water use of growing crops. This
implies several limitations, such as the assumption of
ideal conditions, and the use of the data with a coarse
spatial resolution, mainly from statistical databases. On
the other hands, EO techniques provide global

Tab. 5 - Statistics on crop blue water requirement (CWU blue) for each irrigation district. The total is computed by summarizing the CWU blue values over the total irrigated areas.
Tab. 5 - Statistiche sul fabbisogno di acqua blu (CWUblue) per ciascun distretto irriguo. Il totale è calcolato sommando i valori
di CWRblue di tutte le aree irrigue.
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coverage, variable temporal and spatial resolution and
broad spectral information, thus obviating such
limitations. In fact, the ability to monitor crops during
their growing season allows better estimates of blue
and green water use.
Then, the IAS methodology applied in Campania
has a great potential for improving the WF
assessment of growing crops. The main expected
impact is a more efficient use of water for irrigation,
which is the main source of water consumption.
Results presented are a first exercise carried out by the
research group for demonstrating the applicability of
this methodology to the crop WF assessment. The
research will continue by focusing on the similarities
and differences between EO-based IASs actually
operating in Italy, and on the identification of the most
useful data for the WF estimation. A comparison of
the WF estimates by using the data derived from
different IASs will be also undertaken.
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Effects of climate change and elevated CO2
on wheat water consumption, yield and water
footprint in three contrasting regions of Germany
Kurt Christian Kersebaum1*

Abstract: Impact of climate change on crop growth, crop water consumption and water footprint of winter wheat was
assessed for three contrasting regions using the agro-ecosystem model HERMES with a downscaled (WETTREG)
climate change scenario A1B from the ECHAM5 global circulation model. The model considers the effect of elevated
atmospheric CO2 concentration on photosynthesis and on transpiration using a Penman-Monteith approach which
includes a simple stomata conduction model to reduce transpiration under rising CO2 concentrations.
Keywords: Water footprint, climate change, CO2 effect, wheat.

1. INTRODUCTION
Climate change including increasing CO2
concentration of the atmosphere will affect crop
growth as well as soil water dynamics. Agricultural
production systems are very vulnerable to a
potential decrease in water availability. The impacts
of climate change (increasing temperatures, shifts
of seasonal precipitation and decreasing summer
rainfall) could cause water availability to reach
critical limits in many areas of Europe (Trnka et al.,
2011). However, increasing atmospheric CO2
concentration, further referred to as [CO2], directly
increases photosynthesis in C3 plants (Gaastra,
1959) and decreases stomatal conductance, which
in turn increases crop water use efficiency
(Manderscheid and Weigel, 2007). The water
footprint WF (Hoekstra 2003) is a life-cycle
indicator that relates human consumption of a
product to global water resources. The water
footprint of a crop is defined as the volume of water
consumed for its production, where green and blue
WF stand for rainfed and irrigation water usage,
respectively. Crop productivity and water
consumption together form the basis to calculate
the water footprint of a specific crop. Therefore, a
change of currently estimated water footprint values
* Corresponding author’s e-mail: ckersebaum@zalf.de
1* Leibniz-Centre for Agricultural Landscape Research, Institute of
Landscape Systems Analysis, D-15374 Müncheberg, Germany.

is expected under climate change. However, it is not
clear, how far the above mentioned negative impacts
of a changing climate can be compensated by the
positive effects of increasing [CO2]. Moreover, crop
response to climatic drivers strongly depends on the
site conditions of their habitat (Wassenaar et al.,
1999, Kersebaum et al., 2005, Kersebaum & Nendel
2014). While irrigation plays a minor role for wheat
production in most regions of Germany, areas with
shallow water table can contribute to crop water
supply by capillary rise for nearly 30% of arable land
in Germany (Kersebaum & Nendel 2014).
Therefore, we selected three regions along a WestEast transect across Germany representing
contrasting climatic and site conditions to analyze
the combined effect of climate change, site
conditions and elevated [CO2] on wheat production
and the water footprint,. The impact was studied
under the SRES-A1B scenario (Nakićenović and
Swart, 2000) on winter wheat yield and related
water consumption using the agro-ecosystem model
HERMES (Kersebaum 2011).
2. MATERIALS AND METHODS
2.1. Applied model
The model HERMES was used (Kersebaum, 2007),
a process-oriented, one dimensional agro-ecosystem
simulation model, which was designed to simulate
crop growth, water and nitrogen uptake, and the
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Riassunto: in questo lavoro è stato stimato l’impatto dei cambiamenti climatici sulla crescita, il consumo idrico e il water
footprint del frumento invernale in tre differenti regioni geografiche utilizzando il modello agro-ecologico HERMES e
considerando lo scenario A1B ottenuto da downscaling dal modello di circolazione globale ECHAM5. Il modello considera
l’effetto di un’elevata concentrazione di CO2 nell’atmosfera sulla fotosintesi e sulla traspirazione utilizzando l’approccio
Penman-Monteith che include un modello di conduzione stomatica per ridurre la traspirazione in seguito all’aumento della
concentrazione di CO2.
Parole chiave: Impronta idrica, cambiamenti climatici, effetto della CO2, frumento.
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nitrogen dynamics in the soil for applied purposes.
This implies that simple and robust model
approaches were used, which are able to operate
under restricted data availability. A detailed
description of the model is provided by Kersebaum
(2007) and Kersebaum (2011).
The CO2 algorithms implemented in HERMES
were calibrated to the data of the control treatment
of the German FACE experiment (Weigel and
Dämmgen, 2000), using the output variables soil
moisture (sum of 0 – 60 cm soil depth), aboveground crop dry matter, and yield (Kersebaum et
al., 2009, Nendel et al., 2009). For the present study
we selected the approach of Mitchell et al., (1995)
who used a set of algorithms based on the ideas of
Farquhar and von Caemmerer (1982) and Long
(1991), calculating the maximum photosynthesis
rate Amax using
(1)
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with Ci and Oi as the intercellular CO2 resp. O2
concentrations, Γ* as the CO2 compensation point of
photosynthesis in absence of dark respiration. Vcmax
represents the maximum Rubisco saturated rate of
carboxylation, and KC and KO are Michaelis-Menten
constants for CO2 and O2. The calculation of the latter
four parameters is carried out according to Long
(1991). The approach was combined with a mixed
Allen/Yu approach describing the CO2 impact on crop
transpiration. Evapotranspiration was calculated using
the Penman and Monteith formula according to Allen
et al., (1998) using the stomata resistance rs calculated
as suggested by Yu et al., (2001) as
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(2)
where a is a constant, Ag denotes the gross
photosynthesis rate, D/D0 describes the air water
vapour deficit and Cs is the ambient CO2
concentration at leaf level, which was set equal to
Ca in this case. D0 and a were used for parameter
calibration using the data of the German FACE
experiment (Weigel and Dämmgen, 2000).
Crop-specific potential evapotranspiration during
the growing season is calculated using crop-specific
factors (kc) which are linked to the developmental
stages of the crops. Model runs were performed
with and without the CO2 algorithms.

2.2. Data base
A 1:1.000.000 soil map (BÜK 1000; Hartwich et al.,,
1995b) was intersected with a map of arable land,
which was extracted from the digital CORINE 2000
land cover map to identify the soils of the potential
cropping area for winter wheat. Soil profile
descriptions were available from Hartwich et al.,
(1995a). A constant depth of groundwater layer was
assumed for gley soils or fluvisols at riverside areas
from the upper boundary of the Gr horizon, below
which the soil pores are permanently water-filled
and anoxic. Groundwater distances in these soils
were between 0.9−1.9 m.
The climate change scenarios were based on the
SRES-A1B scenario (Nakićenović and Swart 2000)
and the output of the global climate model (GCM)
ECHAM5/MPI-OMT63L31. The GCM output was
downscaled using a statistical generation of
classified weather situation sequences based on a
data analysis of long term historical data of single
meteorological stations by the WETTREG model
(Enke et al., 2005). Daily weather data were used
from three realizations (normal, wet, dry) for
wetness for the period from 1961 to 2050. Two 30year time slices were used: 1962-1991 as a reference
scenario and 2021-2050 as a near future scenario.
Three regions around the meteorological stations of
Müncheberg (lat.: 52°31´N; lon.: 14°07´E; alt.: 63
m), Magdeburg (lat.: 52°06´N; lon.: 11°38´E, alt.: 76
m) and Aachen (lat.: 50°47´N; lon.: 6°06´E; alt.: 202
m) were selected which represent a transect from
East to West across Germany with contrasting site
and climate properties. Coordinates and climate
characteristics of the two stations for the reference
and the future scenario are shown in Tab. 1.
Soils were dominantly silty loess soils in the regions of
Aachen and Magdeburg. In the Müncheberg region
sandy soils are dominating except the lowlands of the
Odra river, which has mainly clay loam soils with a
shallow groundwater in 1 m depth. Additional water
supply by capillary rise is calculated for such soils by
the model using a simplified method described by
Kersebaum (2011). While shallow groundwater sites
contribute with 35% to the arable land at
Müncheberg, the percentage at Magdeburg and
Aachen are 17 and 16 %, respectively.
3. RESULTS
Fig 1A shows an overview of winter wheat yield
changes within the three regions without
consideration of the CO2 effect. It becomes obvious
that in most regions grain yield was affected negatively
compared to the reference time slice. This decrease
was mainly due to decreasing precipitation, especially
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Tab. 1 - Climatic characteristic of study areas und present and future conditions (A1B).
Tab. 1 - Caratteristiche climatiche delle aree di studio in condizioni presenti e future (A1B).

60 mm per year less than in the Müncheberg region in
the reference period as well as in the future scenario.
Although most soils in the Magdeburg region had a
higher water holding capacity the model predicted a
lower yield level (5.6 t ha-1 compared to 6.2 t ha-1) than
in the Müncheberg area. Estimated yield reduction
was in the same order of magnitude (0.72-0.74 t ha-1)

Fig. 1 - Simulated wheat yield changes under the A1B climate change scenario (period 2021-2050 versus reference period
1962-1991) A) without consideration of CO2 effect and B) with consideration of CO2 effect.
Fig. 1 - Variazioni della resa del frumento simulate utilizzando lo scenario di cambiamento climatico A1B (periodo 2021-2050,
periodo di riferimento 1962-1991) a) senza considerare l’effetto della CO2 e B) considerando l’effetto della CO2.
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in the regions in eastern Germany (Magdeburg and
Müncheberg), which already received less than 600
mm rainfall per year in the baseline scenario.
However, positive changes were predicted for subregions with shallow groundwater, which supplied
additional water to the crops by capillary rise.
Precipitation in the Magdeburg region was more than
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in both regions without considering the CO2 effect. In
the region of Aachen, production level was generally
higher (7.6 t ha-1) for the baseline scenario and yield
decrease (0.58 t ha-1) was less pronounced since
rainfall remained at a sufficient level (> 700 mm yr-1)
and soils had a high water holding capacity. Therefore,
periods of low precipitation were buffered. However,
also increasing temperature and increasing
evaporative demand of the atmosphere added to this
effect. The effect of capillary rise was more pronounced in the Müncheberg region were yields the
lowlands with shallow groundwater were estimated
more than 2 times higher compared to the mostly
sandy soils with deep groundwater. In the dry region
of Magdeburg the difference between yields on
groundwater affected and not affected sites were
estimated with + 58 %. In the Aachen region, the
effect accounted for only +38 % compared to deep
groundwater sites.
In contrast the Fig 1B shows, that consideration of the
CO2 effect partly turned the negative climate effect
into a positive direction or compensate nearly the
negative climate impact for soils with a high water
holding capacity or shallow groundwater. However, for
the sandy soils in the dry regions the CO2 effect cannot
compensate the negative impact of increasing drought
spells.
Tab. 2 summarizes the changes for the regions using
the area weighted averages of changes for the wheat
yields, actual evapotranspiration during the growing
season and the corresponding changes in the water
footprint. Regarding yields the Aachen region will
slightly benefit from changed climate if the CO2 effect
is considered. In the Magdeburg area, which is already
the driest region the increasing summer drought can
be partly compensated due to loess soils, which have
a high capacity of plant available water and by the
higher water use efficiency under elevated CO2.
Nevertheless, the drought effect in this region seems
to be overestimated since the estimated yield level was
1.9 t ha-1 lower than observed in the regional yield
statistics (1999-2011), which led to a distinctly higher

water footprint. Since the simulations were run as a
continuous wheat monoculture, in some years filling of
the soil profile to field capacity was not achieved due
to low precipitation leading to a reduced water
availability in the following year. At Müncheberg
increasing drought during the growing season cannot
fully be compensated by the CO2 effect due to the low
water holding capacity of the dominating sandy soils.
Although the evaporative demand of the atmosphere
will increase under the climate change scenario the
actual evapotranspiration will decrease since it will be
limited by the lower rainfall during summer.
Water footprints without consideration of the CO2
effect will slightly go down across the regions. Since
the elevated CO2 concentration of the atmosphere will
reduce crop water consumption due to lower stomatal
conductance, the water footprint will decrease
significantly by 13 to 24 % for the regions, which mean
a reduction of about 90 m3 per ton wheat for
Müncheberg and Aachen and more than 200 m3 per
ton for the Magdeburg area.
4. DISCUSSION
Water availability is one of the most important input
information for crop models with the available water
capacity as one of the most sensitive yield-affecting soil
properties under rain-fed conditions, which has
significant impact on crop model output, especially
when water is a limiting factor (Aggarwal, 1995;
Pachepsky & Acock, 1998; Wassenaar et al., 1999).
Water availability not only depends on soil properties
but also on hydrological boundary conditions, because
additional water becomes available at sites with
shallow groundwater table by capillary rise. This was
rarely accounted for in climate impact assessments for
crop growth (van Walsum and Supit, 2012; Nendel et
al., 2013, Kersebaum & Nendel 2014). The
importance of capillary rise on crop yields was
concluded on a field scale by several studies (e.g.
Beltrão et al., 1996; Ramirez and Finnerty, 1996)
mainly in conjunction to calculate the effects on
irrigation demand. Soil textural information as well as

Tab. 2 - Simulated relative changes of wheat yields, actual evapotranspiration (ETA) and water footprint (WF) without
(subscript 0) and with (subscript CO2) consideration of the CO2 effect.
Tab. 2 - Variazioni relative delle rese di frumento simulate, evapotraspirazione reale (ETA) e water footprint (WF) senza
considerare (pedice 0) e considerando (pedice CO2) l’effetto della CO2.
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the distance between the water depletion zone and the
ground water level has to be considered in
combination since soil texture has a significant impact
on capillary rise (Bormann, 2012). The simplified
approach to consider these factors in the HERMES
model was already tested at field scale (e.g.
Kersebaum and Richter, 1991).
Consideration of the CO2 effect shows similar effects
as in studies performed by Alexandrov et al., (2002)
who also found that climate effects turned from
negative to positive yield changes if the CO2 effect was
considered. The effect of elevated CO2 on stomatal
conductance led to a reduction in the water
consumption and a higher water use efficiency which
consequently reduces further the water footprint.
However, the study of Kersebaum & Nendel (2014)
showed, that various algorithms used in agroecosystem
models led to different results and that the effects
depend strongly on site conditions. Their results
suggest that site conditions in relation to climate
contribute to different responses to elevated [CO2].
The yield change without consideration of the CO2
effect was estimated to be negative in the three
regions mainly due to increasing risk of dry spells.
However, including the direct effect of elevated [CO2]
on photosynthesis and the indirect effect of reduced
transpiration in the simulations yielded in an increase
in crop yields in the Western region and could mainly
compensate the negative effects at Magdeburg.
However, soils with low buffer capacity due to low
water holding capacity, which were increasingly
exposed to drought like in the Müncheberg region are
likely to face yield reductions under the applied
climate change scenario.
However, variability of climate change scenarios
themselves causes additional uncertainty to the
prediction of impacts to crop production and water use
(Trnka et al., 2004). In this study, only one SRES
scenario from one GCM was used for the estimation.
Related to the new representative concentration
pathways (RCPs) used in the 5th IPCC Assessment
Report the applied A1B scenario stands between the
RCP6 and RCP 8.5 regarding the projected temperature increase until 2100. However, the transient
trajectories differ in various ways (Rogelj et al., 2012).
While in the North and South of Europe the agreement
regarding the direction of change especially for
precipitation changes was higher, higher uncertainties
were observed from the results of different GCMs
around the investigated latitude (e.g. Kjellström et al.,
2010). Therefore, the use of an ensemble of GCM
outputs, but also of crop models (Martre et al., 2015)
would be required to provide a better estimate of the
uncertainty of the impact prediction.
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Rain-fed Wheat Water Use and Water Use Efficiency
in a Changing Climate
Qunying Luo1*

Abstract: This work aims to examine the impact of future climate change on wheat water use, water use efficiency
(WUE) and grain yield at three locations in New South Wales, Australia. The daily outputs of CSIRO CCAM driven
by A2 emission scenario for periods 1980-1999 and 2046-2065 were used to derive changes in mean climate and in
climate variability and to construct local climate change scenarios (CCSs) through a stochastic weather generator:
LARS-WG. The constructed CCSs along with eCO2 of 559 ppm were then coupled with the APSIM-Wheat model to
examine the impact of future climate change on wheat water use, WUE and final grain yield. Research results show
that median transpiration (-21 ~ -4%), evapotranspiration (-17 ~ -9%), yield (-25% ~ -1%) and WUE (-10 ~ -7%) all
decreased in 2055 except WUE at a drier area where an increase of 15% was found.
Keywords: climate change, water use, water use efficiency, wheat grain yield.

1. INTRODUCTION
Atmospheric CO2 and water are fundamental
substances for crops to synthesize carbohydrate.
Climate is the major driving force of crop
production systems including wheat production
systems. Greenhouse gas induced climate change
will inevitably impact on wheat production
especially under dryland conditions such as in
Australia. A warmer and drier climate has been
projected in Australia especially for the inner part
of Australia (CSIRO, 2007), where intensive and
extensive agricultural activities occur. This will have
significant implications for the sustainable
development of the wheat production as it is highly
sensitive to climate. For example, increase in
temperature will hasten crop development, increase
soil evaporation and the frequency of exceeding
critical temperature thresholds, which can adversely
impact on crop biomass accumulation, grain quality,
final grain yield and resultant farm profitability. A
drier environment means less rainfall on average or
more frequent and severe droughts indicating
* Corresponding author’s e-mail: luo.qunying122.@gmail.com
1* PO Box 123, Broadway, 2007, NSW Plant Functional Biology
and Climate Change Cluster, University of Technology, Sydney.

negative effects on wheat production. Even though
enhanced atmospheric CO2 concentration (eCO2)
has positive effects on crop production through
stimulating photosynthesis and improving water use
efficiency (WUE), these positive effects are
constrained/impacted by high temperatures, soil
water and nutrient status (Kimball et al., 1995).
There are limited studies in Australia which
addressed the impact of climate change on wheat
crop water use and WUE (Wang et al., 2009) even
though relatively large number of studies examined
the effects of climate change on wheat yield [Luo,
2003; Luo et al., 2006, 2010, 2013; Luo and
Kathuria, 2013; Reyenga et al., 1999]. Therefore this
study aims to quantify climate change impact on
wheat crop water use, water use efficiency and final
grain yield and to identify possible management
strategies in coping with projected impacts.
2. MATERIAL AND METHODS
2.1. Study Sites
This study is focused on three major wheat
production areas in New South Wales (NSW),
Australia, namely Bingara, Peak Hill and Deniliquin
as shown in Fig. 1. These three sites span a large
geographical region and thus have quite different
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Riassunto: L’obiettivo di questo lavoro è quello di esaminare gli impatti dei cambiamenti climatici sui consumi idrici,
l’efficienza d’uso dell’acqua (WUE) e la resa in granella del frumento in tre località nel New South Wales, Australia. Gli output
giornalieri del modello CSIRO CCAM guidati dallo scenario di emissione A2 per il periodo 1980-1999 e 2046-2065 sono
stati utilizzati per ottenere indicazioni sui cambiamenti climatici medi, stimare la variabilità del clima ed impostare uno
scenario di cambiamenti climatici locale (CCSs) tramite un generatore climatico stocastico: LARS-WG. Tale scenario CCSs,
insieme a una concentrazione di CO2eq di 559 ppm, è stato combinato al modello APSIM-Wheat per esaminare gli impatti
dei cambiamenti climatici sulla coltura. I risultati mostrano che i livelli medi di traspirazione (-21 ~ -4%), evapotraspirazione
(-17 ~ -9%), produzione (-25% ~ -1%) e WUE (-10 ~ -7%) diminuiscono nel 2055 fatta eccezione per WUE nella zona più
asciutta in cui è stato individuato un incremento del 15%.
Parole chiave: cambiamenti climatici, uso dell’acqua, water use efficiency, resa in granella del frumento.
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Fig. 1 - Study locations.
Fig. 1 - Aree di studio.
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climate patterns. Bingara, located in the northeast of
NSW has a summer-dominant rainfall pattern while
Deniliquin, in the southwest of NSW wheat belt,
has a winter-dominant rainfall pattern. Peak Hill,
located in the middle of the NSW grain belt has an
intermediate rainfall pattern between the two.
These three sites have different climate regimes.
Bingara and Peak Hill belong to medium-high
rainfall areas with growing season (GS, May - Oct.
inclusive) rainfall of 349 mm and 305 mm
respectively, while Deniliquin belongs to a low
rainfall area with GS rainfall of 258 mm. The annual
average air temperatures for Bingara, Peak Hill and
Deniliquin are 19.27°C, 17.03°C and 16.09°C,
respectively. This climate information is based on
the period 1985-2012.
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2.2. Construction of Climate Scenarios
The outputs of CSIRO Conformal Cubic
Atmospheric Model (CCAM, McGregor and Dix,
2008) for the periods 1980-1999 and 2046-2065,
representing the current and future climates
respectively, were used by a stochastic weather
generator -LARS-WG to derive local climate
change and to construct long time series of climate
scenarios for baseline and future period. The
CCAM was driven by CSIRO Mark 3.5 model fields
under the A2 scenario of the Special Report on
Emission Scenarios (SRES, IPCC, 2000). The
performance of the CCAM for the three locations
considered in this study was evaluated by Luo et al.,
(2013). Description of the LARS-WG can be found
at http://www.rothamsted.ac.uk/mas-models/larswg.
php. Observed climate data (1980-1999) for
validating and calibrating the LARS-WG were
extracted from Australian Bureau of Meteorology
high quality datasets.

2.3. Model Setting
The Agricultural Production System sIMulator
(APSIM)-Wheat model (version 7.1, Keating et al.,
2003) was used to quantify the potential effects of
climate change on wheat crop phenology, water use,
WUE and grain yield by coupling the constructed
climate scenarios. Two cultivars (Sunvale and Janz)
were considered in this study for rain-fed
production. Sunvale is a mid-late maturity cultivar
while Janz is an early maturing cultivar. Sunvale is
sown when cumulative rainfall in three consecutive
days is ≥ 20 mm and ≥ 15 mm for medium and low
rainfall areas respectively during the period of 15
Apr -15 June. Janz is sown for the period of 16 June
-15 Aug with the same sowing criteria as Sunvale. If
these conditions cannot be met, wheat must be sown
on the last day (15th Aug) of the sowing window
associated with Janz. Tab. 1 shows crop management
information as set in the wheat model. [CO2] was set
as 559 ppm for 2050 under A2 emission scenario of
SRES. A red-brown earth soil was assumed with
plant available water capacity of 146mm.
3. RESULTS AND DISCUSSION
3.1.Climate Change in 2050
Fig. 2a shows that both GS minimum temperature
(Tmin) and maximum temperature (Tmax)
increased across the three locations with Bingara
increased most (ΔTmax: 2.8oC; ΔTmin: 2.6oC) and
Deniliquin increased least (ΔTmax: ~2.2oC; ΔTmin:
1.8oC). Tmax increased more than Tmin. Ratio
changes in GS mean rainfall, GS average wet/dry
spells and the variability of GS average temperature
are given in Fig. 2b. This figure shows that GS
rainfall deceased (-7% ~ -3%) across the three
locations with Bingara decreased most and Peak
Hill decreased least. GS wet spells decreased (-10%
~ -4%) at all locations with Deniliquin decreased
most followed by Peak Hill. On the contrary, GS
dry spells increased (4% ~ 8%) with Bingara
increased most and Peak Hill increased least. The
variability of GS mean temperature decreased at
Bingara (-4%) and Deniliquin (-10%) while
increased at Peak Hill (4%).

Tab. 1 - Management Information as set in the APSIM-Wheat
model.
Tab. 1 - Informazioni gestionali utilizzate nel modello APSIMWheat.
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3.2. Climate Change Impact on Wheat
Phenology
Absolute changes in wheat sowing time, flowering
time and maturity time are given in Tab. 2. It can
be seen that sowing time was delayed at all three
locations especially at Bingara (12.5 d) and Peak Hill
(14) as a result of delayed seasonal break or starting
rain for sowing in a drier environment. Wheat
flowering time was advanced especially at Peak Hill
(2.5 d) and Deniliquin (11.5 d) even though with a
delayed sowing indicating shortened period
between sowing time and flowing time. Mean date
of wheat maturity was advanced which is obvious for
all three locations (-13 d ~ -6 d). Delayed sowing
and advanced maturity led to reduced GS length (23 weeks) for future period centered at 2050.
3.3. Wheat Water Use, Yield and WUE
Relative changes in key soil-crop water processes
(transpiration, soil evaporation and evapotranspiration), wheat grain yield and WUE are
presented in Tab. 3. Climate change including
atmospheric [CO2] and shortened GS length have
led to decreases in the median transpiration (-21%
~ -4%), soil evaporation (-11% ~ -10 %),
evapotranspiration (-17% ~ -9%), yield (-25 ~ -1 %)
and WUE (-10% ~ -7%) in 2050 in comparison with

baseline scenario except WUE at Deniliquin where
an increase of 15% was found. Both eCO2 and
reduced GS length (2~3 weeks) contributed to the
decrease in transpiration. Even though increase in
temperature would increase potential soil
evaporation, the effects of reduced precipitation
and reduced GS length offset and outweighed
temperature effect leading to a reduction in actual
soil evaporation. A warmer and drier climate has a
high vapor pressure deficit representing low
transpiration efficiency (TE) which offsets the
positive effects of eCO2 on TE. Reduction in GS
length also contributed to yield reduction due to
shorter time period for biomass accumulation and
grain growth in addition to the adverse effects of
increased frequency, duration and severity of heat
stress on wheat yields. Increase in WUE at
Deniliquin may be due to the larger positive eCO2
fertilization effect on assimilation rates and
transpiration rates as this site is much drier than the
other two locations. This has led to slightly decrease
in median grain yield at this location in comparison
with the other two locations, where relatively large
yield decrease was found when the negative impacts
of climate change were taken into account. Another
possible reason for the smaller decrease in wheat
yield at Deniliquin may be due to less heat stress as
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Fig. 2 - Growing season climate changes for the period centered on 2050: a) average temperature change, b) ratio changes
in growing season mean rainfall and climate variability.
Fig. 2 - Cambiamenti climatici della stagione vegetativa per il periodo centrato sul 2050: a) variazione di temperatura media,
b) rapporti di variazione nella stagione di crescita di piovosoità media e variabilità climatica.

Tab. 2 - Changes of wheat sowing1, flowering time and maturity time for 2050 relative to baseline expressed as number of days.
Tab. 2 - Variazioni della data di semina del frumento, epoca di fioritura e maturazione per il 2050 espresse in numero di giorni.
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Tab. 3 - Relative changes (%) in key water processes, grain yield and WUE for the period centered at 2055 compared to
baseline.
Tab. 3 - Variazioni relative (%) nei processi idrologici chiave, resa e WUE per il periodo centrato sul 2055 rispetto alla
baseline.

this location is cooler than the other two locations.
These phenomena are in line with experimental
findings regarding crops response to eCO2.
Specifically larger positive effects of eCO2 on crop
production were found at drier sites in comparison
with wetter sites (Kimball et al., 1995). Relatively
larger decrease in grain yield at Bingara and Peak
Hill resulted in decrease in WUE at these two sites.
4. CONCLUSIONS
Decreased crop productivity calls for urgent
adaptation actions such as use and development of
drought and heat tolerant varieties and varieties
with early development, stubble retention, zero
tillage, fallow and translocation for the sustainable
development of wheat production into the future
under dryland conditions such as in Australia.
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The use of remote sensing data in the agriculture
water footprint assessment
Leonidas Toulios1*, Piotr Struzik2, Gheorghe Stancalie3, Mireia Romaguera4, Anna Dalla Marta5

Abstract: Remote sensing (RS) has long been a useful tool in global and regional applications. RS provides new tools for global
Water Footprint (WF) assessment and represents an innovative approach to regional and global irrigation mapping, enabling
the estimation of green and blue water use. In the frame of the EU COST Action ES1106 “Assessment of European agriculture
water use and trade under climate change (EURO-AGRIWAT)”, one of the objectives is the analysis of the role of satellite data
in the suitable models and indices concerned with the analysis of WF. The main tasks include: the study of satellite data
resolution requirements, in time and space; the analysis of the assimilation of satellite data into models for the determination
of green and blue water use; conclusions and recommendations concerning the possibility to integrate remote sensing into WF
accounting. The combination of RS data to assess the volume of irrigation applied, and the green and blue WF faces several
limitations with respect to discrepancies in spatial and temporal resolution and data availability. The paper presents the current
situation regarding the possibilities of remote sensing techniques to improve the assessment of the agriculture WF.
Keywords: green and blue water use, agriculture water management, regional monitoring, Earth Observation.

LIST OF ACRONYMS
AMSR-E: Advanced Microwave Scanning RadiometerEarth Observing System; AMSU: Advanced Microwave
Sounding Unit; ASCAT: Advanced Scatterometer;
ASTER: Advanced Spaceborne Thermal Emission and
Reflection Radiometer; AVHRR: Advanced Very High
Resolution Radiometer; ECMWF: European Centre
for Medium-Range Weather Forecast; GCOM-W1:
Global Change Observation Mission 1st-Water;
GLDAS: Global Land Data Assimilation System; GPM:
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fraRed; Land SAF: Land Satellite Application Facility;
LSM: Land Surface Model; LST: Land Surface Temperature; METOP: Meteorological Operation Satellite;
MODIS: Moderate Resolution Imaging Spectroradiometer; MSG: Meteosat Second Generation; NDVI:
Normalized Difference Vegetation Index; NDWI: Normalized Difference Water Index; NSIC: National Snow
and Ice Center; SEVIRI: Spinning Enhanced Visible
and InfraRed Imager; SSM/I: Special Sensor Microwave Imager; SVAT: Soil-Vegetation-Atmo-sphere
Transfer; SWE: Snow Water Equivalent; TIROS: Television Infrared Observational Satellite; TRMM: Tropical Rainfall Measuring Mission; WF: Water Footprint.
THE ROLE OF REMOTE SENSING IN THE
WATER FOOTPRINT ASSESSMENT
Remote sensing has long been a useful tool in global
applications, since it provides physically-based,
worldwide, and consistent spatial information over
space and time. In particular, remote sensing tech-
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Riassunto: Il telerilevamento (Remote Sensing, RS) è da molto tempo riconosciuto come un utile strumento per svariate
applicazioni regionali e globali. In particolare, il RS fornisce nuovi strumenti per la stima dell’impronta idrica (WF) a livello
globale e rappresenta un approccio innovativo per la mappatura irrigua sia a livello regionale che globale, consentendo
anche di operare una stima delle componenti di acqua blu ed acqua verde del WF. Nella struttura dell’Azione COST ES1106
“Assessment of European agriculture water use and trade under climate change (EURO-AGRIWAT)”, uno degli obbiettivi
è l’analisi del ruolo dei dati ottenuti da satellite all’interno di modelli e indici riferiti all’analisi del WF. Le attività principali
includono: lo studio della risoluzione spaziale e temporale dei dati ottenuti da satellite; l’analisi della capacità di assimilazione
dei dati all’interno di modelli per la determinazione dell’uso dell’acqua blu e dell’acqua verde; conclusioni e indicazioni
riguardo alla possibilità di integrare il telerilevamento nella determinazione della WF. In generale, la combinazione dei
dati telerilevati per la determinazione dei volumi di irrigazione distribuiti, il calcolo dell’impronta idrica blu e verde incontra
molte limitazioni dovute in particolar modo alla difformità nella risoluzione dei dati e alla loro disponibilità. Il lavoro presenta
la situazione attuale riguardo alle possibilità del RS di migliorare la stima del WF del settore agricolo.
Parole chiave: utilizzo di acqua verde e blu, gestione dell’acqua in agricoltura, monitoraggio regionale, Osservazione
della Terra.
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niques have been used in hydrological applications
in order to estimate relevant variables such as evapotranspiration, precipitation, soil moisture, land
cover type or vegetation indices at different temporal and spatial scales (Arino et al., 2007; de Jeu et
al., 2007; Mu et al., 2007). In this context, recent papers initiated the study of the potential of using
these data obtained from remote sensing in the field
of water management, for global water footprint
studies and green and blue water assessment (Romaguera et al., 2010, 2012, 2012b).
In this paper, preliminary study on the identification of
possible satellite products/services useful and related
to WF determination is presented. Such satellite-derived products (concerning water cycle) identified and
selected for more detailed analysis, are:

128

Precipitation
Due to its importance in water cycle, precipitation
being main source of green water is the most
widely observed parameter from satellites. It is also
one of the most problematic parameters, regarding quality. Available satellite products concern
rainfall intensity, phase and accumulated rainfall
amount, and are still not matured products. The
main limitations concern limited coverage by space
radars, lack of high-resolution microwave measurements and indirect relation between IR observations and rainfall intensity. Large variety of
algorithms is used, starting from indirect IR based
estimations available from geostationary satellites,
through passive microwave measurements using
AMSR-E, SSM/I, AMSU, to active microwave instruments which most popular is TRMM precipitation radar and expected GPM instruments
covering higher latitudes. Finally blended algorithms are used, merging frequent IR observations
from geostationary orbit having better temporal
and spatial resolution with microwave observations
from polar orbit, less frequent but physically more
direct to precipitation.
Snowfall (solid precipitation) measurements from
space, is a critical issue for high latitude countries.
Water accumulated in snow plays significant role in
water supply during most important part of vegetation season. Satellite products for measurement of
this variable are still not matured enough and generally based on microwave sensors with high frequency channels.
Soil Moisture
Soil moisture observations from space cover practically last 30 years. Different sensors were used for
this purpose according to their availability in indi-

vidual periods: visible, thermal IR, microwave passive and microwave active. The main sources of satellite data are provided by: the Advanced
Scatterometer (ASCAT) on board of the METOP-A
and METOP-B satellites (2006 – present), Soil Moisture and Ocean Salinity (SMOS) mission (2009 –
present) and the Advanced Microwave Scanning Radiometer (AMSR-E) on the (EOS) Aqua satellite
(2002 – 2011). Also assimilation of satellite data into
models for retrieval of soil moisture is interesting solution. The following products represent examples:
– ASCAT Soil Water Index (SWI) developed by HSAF/TU Vienna gives information on the surface
soil moisture retrieved from METOP/ASCAT data
H-07, daily with 25 km resolution,
– Disaggregated 1-Km product of surface soil moisture, developed by H-SAF/TU Vienna, retrieved
from METOP/ASCAT data and downscaled to 1
km resolution with use of other microwave sensors H-08;
Soil moisture Index (SM-DAS-2) developed by HSAF/ECMWF provides the liquid root zone soil
moisture of plants in 4 layers (0-7 cm, 7-28 cm, 28100 cm, 100-289 cm) with 25 km resolution. The
SM-DAS-2 product relies on the last version of HTESSEL model (The Hydrology Tiled ECMWF
Scheme for Surface Exchanges over Land), This
product is the first global product of consistent surface and root zone soil moisture, that offers useful
information on the continental water budget.
Snow Cover
Snowmelt is important part of runoff and ground
water recharge during spring; lack on snowmelt can
increase possibilities for drought during the spring
and early summer.
For snow cover extent several products are available
covering long period since 90-ties. Based mainly on
visible sensors, the cloud obstruction is the main limiting factor. Required sun elevation is also critical for
high latitudes. Separation of ice clouds and problems
at cloud edges are still challenging. Examples of
GlobSnow Snow extent, MODIS MYD10C1, US
NSIC IMS product, Cryoland FP7 project products
and H-SAF H-10 product, are presented by Struzik
et al., (2012). For snow water equivalent, microwave
sensors are applied (AMSR-E, SSMI, etc.) and additional ground measurements are frequently used.
Their limitations concern the minimum and maximum snow depth and the snow status (dry/wet). Examples: GlobSnow SWE, H-SAF snow water content
H-13, Aqua AMSR-E Level 3 Snow Water Equivalent product and the most recent GCOMW1/AMSR2 snow depth products.
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Evapotranspiration
Evapotranspiration (ET) plays important role in
water cycle, especially in the areas with warm and
dry conditions. Estimating ET using remote sensing techniques has a significant role in the assessment of the WF being a key parameter of crop
water demand assessment, crop irrigation management and for production modeling in dry land agriculture.
The following products are examples of freely available satellite datasets:
• MOD16 Global Terrestrial Evapotranspiration
Data Set, with 1km resolution on a regular grid, at
8-day, monthly and annual intervals;
• Land SAF ET 30 min products (instantaneous values) and 24 hours products (cumulated value)
with 3 – 5 Km resolution, for local studies (European coverage ET retrieved by EUMETSAT
Land-SAF from METEOSAT SEVIRI data)
(Boegh et al., 2002).
In the last years, due to the exceptional developments of satellite technology, a wide range of remote sensing-based ET methods/models have been
developed and evaluated (Serban et al., 2006). The
use of remote sensing data for ET estimation is
mainly based on land surface temperature (LST)
and reflectivity (using different spectral regions)
due to satellite ability to spatially integrate over heterogeneous surfaces at a range of resolutions and to
routinely generating real products once long timeseries data availability issues are overcome. Other
approach is to use: radiation (short and long wave),
albedo and vegetation properties retrieved from
satellite data as inputs to SVAT model for ET generation.
To estimate regional crop ET, three basic types of
remote sensing approaches have been successfully
applied (Batra et al., 2006). Approaches differ in: (i)
type and spatial extent of application (e.g. irrigation,
dry-land agriculture); (ii) type of remote sensing
data; and (iii) use of ancillary (micro-) meteorological and land cover data. The integration of remotely
sensed data into methods/models of ET facilitates
the estimation of water consumption across agricultural regions.
The first approach computes a surface energy balance (SEB) using the radiometric surface temperature for estimating the sensible heat flux (H), and
obtaining ET as a residual of the energy balance (Li
et al, 2009). There are several factors which impact
on the performance of single-source approaches,
like the uncertainties about atmospheric and emissivity effects. LST impacts on all terms of the energy balance in particular on longwave radiation.

The radiative surface temperatures, provided by an
infrared radiometer from a spaceborne platform,
are measured by satellite sensors such as LANDSAT TM/ETM+ (Stancalie and Nertan, 2012; Wood
et al., 2003), NOAA-AVHRR, MODIS (Struzik et
al., 2010) and Terra/ASTER.
The second approach uses vegetation indices (VI)
derived from canopy reflectance data to estimate
basal crop coefficient that can be used to convert
reference ET to actual crop ET, and requires local
meteorological and soil data to maintain a water balance in the root zone of the crop (Ono et al., 2010).
The third approach uses remotely sensed LST with
Land Surface Models (LSMs) and SVAT models,
developed to estimate heat and mass transfer at the
land surface (UNEP, 1997). LSMs contain physical
descriptions of the transfer in the soil–vegetation–
atmosphere continuum, and with proper initial and
boundary conditions provide continuous simulations
when driven by weather and radiation data. The energy-based LSMs are of particular interest because
these approaches allow for a strong link to remote
sensing applications (Gu et al., 2007).
Romaguera et al., (2012) showed the potential of
comparing the evapotranspiration products obtained from two datasets, a remote sensing based
model and a land surface model. They proposed a
method for identifying irrigated areas and quantifying the blue evapotranspiration (ETb), or irrigation
water evapotranspired from the field. The method
compares actual ET, or crop water use, values from
the Global Land Data Assimilation System
(GLDAS) and remote sensing based Land SAF
evapotranspiration estimates obtained from Meteosat Second Generation (MSG) satellites. Since
GLDAS simulations do not account for extra water
supply due to irrigation, it is expected that they underestimate actual ET during the cropping season in
irrigated areas. However, remote sensing techniques based on the energy balance are able to observe the total actual ET.
Vegetation state and stress
Vegetation state is well monitored from space by
many visible/near infrared sensors like AVHRR,
MODIS, SPOT VEGETATION, PROBA V, etc.
(Zhang et al., 2007). PROBA V is the new ESA
satellite, extending the data set of the long-established SPOT Vegetation, but with an improved spatial resolution of 1/3 km. For global and regional
purposes instruments onboard meteorological and
environmental satellites deliver data for calculation
of various vegetation indices (NDVI, EVI, SAVI,
etc.). Stress of vegetation related to drought can be
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monitored by indices using comparison to multiannual average (VCI, TCI, VHI).
The plants have a tolerance to water stress and keep
the vegetation moisture content, which indicates the
viability of plants, for some days. The new vegetation index named water stress trend (WST) (Ono et
al., 2010) is based on the fact that variation of vegetation temperature depends on vegetation moisture content; the WST is defined by the
temperature variation throughout the day, or during the daytime. The obtained distribution of WST
to global satellite data (NOAA/AVHRR and
Terra/MODIS), corresponds to “World Atlas of Desertification” of the United Nations Environment
Programme report (UNEP, 1997). WST is able to
detect a sign of damage from a drought, and is useful for early diagnosis of water stress and for detection of insufficiency of precipitation or damage of
drought at an early stage.
The Normalized Difference Water Index (NDWI)
is a satellite index derived from Near-Infrared
(NIR) and Short Wave Infrared (SWIR) channels
(Gu et al., 2007). The SWIR reflectance reflects
changes in both the vegetation water content and
the spongy mesophyll structure in vegetation
canopies, while the NIR reflectance is affected by
leaf internal structure and leaf dry matter content
but not by water content. The combination of the
NIR with the SWIR removes variations induced by
leaf internal structure and leaf dry matter content,
improving the accuracy in retrieving the vegetation
water content. NWDI holds considerable potential
for drought monitoring because the two spectral
bands are responsive to changes in the water content. The NDWI value ranges from -1 to 1, with
common range for green vegetation is -0.1 to 0.4.
The Normalized Difference Infrared Index (NDII)
is a reflectance measurement that is sensitive to
changes in water content of plant canopies. The
NDII uses a normalized difference formulation instead of a simple ratio, and the index values increase
with increasing water content (Zhang et al., 2007).
NDDI offers an appropriate measure of the dryness
of a particular area, because it combines information on both vegetation and water. The values of the
NDII index range from -1 to 1, with common range
for green vegetation 0.02 to 0.6.
CONCLUSION
Remote sensing provides new tools for global WF
assessment and represents an innovative approach
to regional and global irrigation mapping, enabling
the estimation of green and blue water use. Possible
satellite products useful and related to water foot-

print determination have been identified. Such
satellite products concerning water cycle and possibly used in WF assessment are the precipitation, the
soil moisture, the snow cover and the vegetation
evapotranspiration. The combination of RS data
(proposed to assess the volume of irrigation applied
and the green and blue WF obtained from the corresponding variable components) faces several limitations with respect to discrepancies in spatial and
temporal resolution and data availability, which will
be further studied in detail.
The use and applicability of satellite based products
in specific WF studies has to consider different aspects that need to be analyzed in order to select the
proper datasets like the spatial coverage and resolution of the data depending on the type of desired
WF analysis, from local to regional and global scale,
the temporal resolution of the data, the accuracy of
the data and the data availability.
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