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Preface

In April 2014, the global scientific community dedicated to the pursuit of 
knowledge about the issues surrounding the use of water in agriculture met in Fortaleza 
in the II INOVAGRI INTERNATIONAL MEETING to discuss irrigation, salinity and 
water resources.

The event was a realization of the Institute for Research and Innovation in 
Irrigated Agriculture (INOVAGRI), National Institute of Science and Technology in 
Irrigation Engineering (INCT- EI) and the National Institute of Science and Technology 
in Salinity (INCTSAL). 

It was very important, especially for our country, because it is a fact, that 
the current situation in Brazil, related to agriculture is experiencing a period of 
transformation. Brazil is now, one of the largest potential for expansion of irrigated 
area. Regarding to the Irrigation we are sure it is necessary to find ways to increase 
the water use efficiency in irrigated areas.

We introduce now comprehensive texts about several subjects divided in 
11 chapters, discussed in the round tables in the 2014 meeting on technological 
innovation, planning, management and new technologies applied in irrigation and 
salinity. 

This book aims to promote an upgrade of the technological innovations applied 
to the irrigated agriculture by presenting the last event as a tool for discussion of R&D 
in irrigation and drainage. We hope this publication may be a guide for new researchers.

Sincerely, 

Sílvio Carlos Ribeiro Vieira Lima
President of II INOVAGRI INTERNATIONAL MEETING





Acknowledgment

We would like to thank to the following institutions and people:
The Institutions which gave us support and sponsored the organization of 
the II INOVAGRI INTERNATIONAL MEETING;
The National Institute of Science and Technology in Irrigation Engineering 
(INCT-EI) and the National Institute of Science and Technology 
(INCTSAL);
The author of each published text in special to Dr. Hans Raj Gheyi for 
being in charge of the organization of this textbook and all those who 
attended the meeting.
All the Note Speakers of this event in special to Dr. Richard Allen by 
the wonderful contribution for the Irrigation in the world and for the 
participations at all meetings in Brazil since 2007.





Contents

Preface .................................................................................................................... v
Acknowledgment ................................................................................................. vii

1 Advances in in situ Measurement of Crop Evapotranspiration
and Estimation of Crop Coefficients ................................................................... 1

Richard L. Snyder & Cayle Little
1 Introduction ...................................................................................................................... 2
2 Measuring Evapotranspiration ....................................................................................... 8
3 Results .............................................................................................................................. 10
4 Conclusions ..................................................................................................................... 12

References ....................................................................................................................... 13

2 Measuring Water Use and Crop Coefficients for Full and Deficit
Irrigated Crops .................................................................................................. 15

Thomas J. Trout
1 Introduction ................................................................................................................... 16
2 Methods .......................................................................................................................... 17
3 Results ............................................................................................................................. 20
4 Conclusions .................................................................................................................... 24

References ...................................................................................................................... 24

3 Adoption of Irrigation Technology: Three Contrasting Cases ......................... 25
Luciano Mateos

1 Introduction ................................................................................................................... 26
2 Adoption of Center Pivot Site-Specific Irrigation ..................................................... 27
3 Types of Irrigation Systems in Sub-Saharan Africa (SSA) ........................................ 30
4 Baixo Acarau Irrigation District ................................................................................... 31
5 Concluding Remarks ..................................................................................................... 32
6 Acknowledgements ....................................................................................................... 33

References ...................................................................................................................... 33



4 Designing Farm Reservoirs under Climate Change Uncertainty .................... 37
Keith Weatherhead & Michael Green

1 Introduction ................................................................................................................... 39
2 Research Question ......................................................................................................... 41
3 Methodology .................................................................................................................. 42
4 Results ............................................................................................................................. 43
5 Conclusions .................................................................................................................... 45
6 Acknowledgements ....................................................................................................... 45

References ...................................................................................................................... 46

5 Performance and Efficiency: Interaction between Large Scale
Distribution System and On-Farm Sprinkler Irrigation ................................. 47

Nicola Lamaddalena, Andrè Daccache & Roula Khadra
1 Introduction ................................................................................................................... 48
2 The Proposed Approach ................................................................................................ 49
3 Materials and Methods .................................................................................................. 52
4 Results and Discussion .................................................................................................. 56
5 Conclusions .................................................................................................................... 59

References ...................................................................................................................... 60

6 Avanços no Conhecimento sobre a Tolerância e a Aclimatação
de Plantas à Salinidade ...................................................................................... 61
Enéas Gomes-Filho, Elton Camelo Marques & José Tarquinio Prisco

1 Introdução ...................................................................................................................... 63
2 Tolerância e Aclimatação à Salinidade ........................................................................ 64
3 Considerações Finais ..................................................................................................... 75
4 Agradecimentos ............................................................................................................. 75

Referências ..................................................................................................................... 76

7 An Overview in to Energization of Proton Pumps in Plant Cell
Membranes and Its Significance under Salt Stress ........................................... 81

Luciana Maia Nogueira de Oliveira, Deborah Moura Rebouças,
Francisco Yuri Maia de Sousa, Alana Cecília de Menezes Sobreira,

Maria de Lourdes Oliveira Otoch & Dirce Fernandes de Melo
1 Introduction ................................................................................................................... 82
2 Plant Salinity Stress and Mechanisms of Salt Tolerance ........................................... 84
3 How do Vacuolar and Plasma Membrane Proton Pumps and Secondary

Transporters Function in Plant Salt Tolerance? ........................................................ 86
4 The Significance of Vacuolar Proton Pumps and Na+/H+ Antiporter on Plant

Physiological Responses to Abiotic Stresses ............................................................... 89



5 Molecular Approaches in Salinity Tolerance .............................................................. 93
6 Conclusion and Future Perspectives ............................................................................ 95
7 Acknowledgements ....................................................................................................... 95

References ...................................................................................................................... 96

8 Recurso Água e Sensoriamento Remoto ......................................................... 103
Eunice Maia de Andrade, Fernando Bezerra Lopes

& Luiz Carlos Guerreiro Chaves
1 Introdução .................................................................................................................... 104
2 Precipitação .................................................................................................................. 105
3 Armazenamento Hídrico ............................................................................................ 107
4 Águas Superficiais ........................................................................................................ 108
5 Monitoramento ............................................................................................................ 112
6 Sensoriamento Remoto ............................................................................................... 113
7 Propriedades Ópticas da Água .................................................................................. 114
8 Interação da Radiação Eletromagnética com Água ................................................ 116
9 Propriedades Ópticas dos Componentes Opticamente Ativos na Água

do Reservatório Orós, Ceará ...................................................................................... 116
10 Modelos de Estimativas de Variáveis Limnológicas Usando Dados

de Sensoriamento Remoto ....................................................................................... 119
11 Considerações Finais ................................................................................................. 121

Referências ................................................................................................................. 123

9 Remotely Sensed Estimates of Actual Evapotranspiration
and Water Stress .............................................................................................. 129

Virginia Venturini, Daniela Girolimetto & Leticia Rodríguez
1 Introduction ................................................................................................................. 130
2 Methods Description .................................................................................................. 131
3 Application ................................................................................................................... 138
4 ET and WSI Errors ...................................................................................................... 140

References .................................................................................................................... 144

10 Sistema Solo-Água-Planta-Atmosfera e Manejo da Irrigação
em Plantas Perenes ........................................................................................ 149

Lucas Melo Vellame & Alisson Jadavi da Silva
1 Introdução .................................................................................................................... 150
2 Manejo da Irrigação – Controle de Processo ........................................................... 150
3 Transpiração em Laranjeiras Jovens .......................................................................... 152
4 Variabilidade de Extração da Água do Solo ............................................................. 154



5 Considerações Finais ................................................................................................... 157
Referências ................................................................................................................... 158

11 Strawberry Irrigation in the Environment of the National Park
of Doñana (Spain). Evapotranspiration, Crop Coefficients
and Irrigation Efficiency ............................................................................... 161
Pedro Gavilán Zafra, David Lozano Pérez & Natividad Ruiz Baena

1 Introduction and Objectives ....................................................................................... 162
2 Materials and Methodology ....................................................................................... 163
3 Results and Discussion ................................................................................................ 165
4 Conclusions and Recommendations ......................................................................... 168
5 Acknowledgments ....................................................................................................... 169

References ..................................................................................................................... 169



Advances in in situ Measurement of Crop 
Evapotranspiration and Estimation of Crop 

Coefficients
Richard L. Snyder1 & Cayle Little2

1 University of California, California, USA
2 California Department of Water Resources, California, USA

1

1  Introduction
2  Measuring Evapotranspiration
3  Results
4  Conclusions

References

INOVAGRI Book 2014 - Irrigation and Salinity:
Researches and Technological Innovations

ISBN 978-85-67668-09-3

Fortaleza - CE
2015



Irrigation Science and Technology
to the Service of Farmers, Food Security, and 
Environment

ABSTRACT

-

1  INTRODUCTION

Efficient Irrigation and Evapotranspiration

1
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Reference Evapotranspiration in California
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grass for estimating ETo

While CIMIS has many stations, it does not completely cover all microclimates 

estimate ETo

there is an advantage in having estimated ETo prior to the irrigation date so that 
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cloud cover, so the solar radiation is estimated from cloud cover using the rela-
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Crop Coefficients
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Estimating Evapotranspiration
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Figure 2. Plots of ETr versus ETo for the locations in Figure 1
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Where the ETc = ETa
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2  MEASURING EVAPOTRANSPIRATION
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volumetric heat capacity of the air, the ratio of the amplitude to the duration of the 

-

-

-

Figure 3. 
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6 -3 -1

3  RESULTS

Rice Evapotranspiration
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Validating the REB Method to Determine ETa
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Figure 5. 
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a 

Comparing ETa Calculated with the EC and SR Methods 
-

timates of ETa

a

o and ETa calculations over turfgrass in an 

a

Figure 7. Plots of ETo and ETa

o and ETa measured over turfgrass about 40 m east 

4  CONCLUSIONS

of ETa

can provide accurate ETa

a

s a big advance for the 
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science of measuring ET since it should greatly increase the ability of scientists and 
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Measuring Water Use and Crop Coefficients
for Full and Deficit Irrigated Crops

ABSTRACT

As water scarcity increases in irrigated areas, precise scheduling of irrigation timing 

way to maintain their productivity and income with limited water supplies. The USDA-
Agricultural Research Service in Colorado is measuring yields and crop water use with 

and closely monitor water applications, soil water content, and crop responses. We 
develop water production functions (yield per unit water use), plant stress indicators 
such as elevated canopy temperature and reduced growth, and estimate crop water use 

The volume balance method is an accurate way to estimate crop water use if water 
applications are uniform and deep percolation is small. Canopy temperature is a good 

1  INTRODUCTION

Irrigation water supplies in the U.S. Central Plains and much of the western U.S. 
are declining. Supplies originally developed for irrigated agriculture are being diverted 
to growing urban areas and for ecosystem restoration. Groundwater use in many 

Temperature increases due to climate change will likely reduce the mountain snowpack 
accumulation that is critical to surface water supplies. Irrigated agriculture will very 
likely have less water available in the future than it had in the past. Sustaining irrigated 
agriculture will require increasing the economic productivity per unit of water.

Careful irrigation management can lead to increased water productivity – more 
yield per unit water. Applying the correct amount of water at the correct time is 

2
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crop water requirement and schedule irrigation is to use the FAO-56 procedure (Allan 
et al, 1998) of estimating the evapotranspiration of a reference crop from weather 

dividing by the reference ET (ETr).
Crop ET can be measured by energy balance methods (Eddy Covariance, Bowen 

Ratio Energy Balance), or water balance (lysimetry, soil water measurement). Energy 

water measurement can be a good alternative if rainfall is low and irrigation is carefully 
managed such that water loss to deep percolation and runoff are small.

In 2008, USDA-Agricultural Research Service in Fort Collins, Colorado began a 

from fully irrigated to about 40% of full irrigation. We measure ET of the crops under 

consumed. We also strive to better understand and predict the responses of the crops 

2  METHODS

A 20 hectare research farm northeast of Greeley, CO – the Limited Irrigation 
Research Farm, or LIRF - was developed to enable the precision water control and 

in the area, predominately sandy-loam soils and good groundwater well are ideal for 
irrigation research.

reduce stress during reproductive stages.

treatments were randomized (randomized block design). Water was regulated, 
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with drip irrigation tubes placed on the soil surface along each crop row to insure that 
the water was applied uniformly and precisely. This was essential to be able to complete 

Figure 1. Aerial view of the water productivity plots at LIRF. Crops from left to 

instrumentation

A CoAgMet (Colorado Agricultural Meteorological Network) automated weather 
station was installed on the farm near the center of a 1 acre grass plot. Hourly weather 
data from the station were used to calculate ASCE Standardized Penman-Monteith 
alfalfa reference evapotranspiration (ETr). Soil water content between 15 cm and 200 
cm depth was measured by a neutron probe from an access tube in the center of each 
plot. Soil water content in the surface 15 cm was measured with a portable TDR system 
(MiniTrase, SoilMoisture, Inc., Santa Barbara, CA). Soil evaporation was estimated 

adapted from Table 8.8 in Allen et al. (2007) based on full cover date. Irrigations were 
scheduled using both predicted soil water depletions based on ETr measurements, 
and measured soil water depletion.

Crop ET was measured by water balance. Figure 2 shows a diagram of the water 

In the diagram:

ETc I P SW DP R

content, DP = deep percolation of water below the root zone, and R = surface runoff. 
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to minimize DP and R. To accomplish this we use a very uniform irrigation method 
(drip) and careful irrigation scheduling on the plots. The low seasonal rainfall in the 

store water in the root zone (soil water depletion), and soil water content increased 
in layers below the root zone.

Plant measurements were taken periodically to determine crop responses to the 

cover, Fc. Canopy cover was measured with a digital camera attached to the boom 

Figure 2. Water balance for irrigated crops

Figure 3. 
and temperature
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Indicators of crop water stress such as stomatal conductance, leaf water potential, 
and photosynthesis were measured periodically. Canopy temperature was measured 
continuously with stationary infrared thermometers and periodically with the mobile 
platform (Bausch et al., 2010).

At the end of the season, seed yield and quality as well as total biomass were 
measured from each plot.

3 RESULTS

Table 1 summarizes the overall results for the four crops in terms of water 
requirements and productivity. Productivity is listed in terms of kilograms of grain 
produced per cubic meter of water consumed, or evapotranspiration, often referred 

early, it can be a good rotation crop if well capacity or late season water supply is 
limited. Pinto beans use less water than the other crops studied because of the shorter 
season. Our beans were grown on 30 inch rows which result in a little lower water 
use and yields than if planted in narrower rows.

Table 1. Water productivity and total water requirements of 4 crops grown at LIRF

I will use the 2011 corn crop (Dekalb DKC52-59 (VT3)) to demonstrate use 
of water balance to measure crop ETc. Figure 4 shows the seasonal water balance 
for the 2011 corn crop for the 6 irrigation treatments. The 200 mm of seasonal 

which lost about 10 mm to deep percolation. The high irrigation treatments (100% 
and 85%) ended the season with a little more water in soil storage than at the 

storage and used it for ETc. The irrigation applications varied between 450 – 170 
mm. With deep percolation and storage changes, the ET varied between 630 – 370 
mm. In other years, ET of the fully-irrigated crop averaged 580 mm and of the 
most stressed crop, 330 mm. Irrigations were timed such that plant water stress 

stages VT to R4).
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The wide range of irrigation applications resulted in substantial differences in 
crop growth. Figures 5 and 6 show a comparison of plant height and ground cover in 
early August as the corn was beginning to tassel.

Figure 4. Water balance for the 2011 corn crop showing precipitation, irrigation, and 
seasonal soil water storage changes. Bars below zero represent additions to storage 
or deep percolation losses. Dotted areas represent irrigation or precipitation stored or 
percolated. Treatments represent the target percentage of full ETc

Figure 5. Comparison of corn growth condition just before tasseling. Rows at the 
left and background are fully irrigated; rows at right are the lowest irrigation level

iiiiiiii ffffffffffffff hhhhhhhh ddddddddddddddddiiiiiiiii iiiiiiiii jjjjjjjjjjj bbbbbbbbbbbbbb ffffffffffffff llllllllliiiiiiiii
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Figure 6. Left photo: Full irrigation with 91% ground cover. Right photo: Low 
irrigation with 63% ground cover

Although water balance ETc based on soil water measurement is fairly accurate 

to estimate ETc over the short term due to errors in soil water measurement. When a 
calculation is based on small differences between measurements which have can have 
small errors, the relative error in the difference can be large. To reduce the errors, 
water balance calculations should be made over several days and preferably when 
soil water conditions are similar such as just before irrigation.

corn crop. The points represent individual measurements based on irrigation and 
precipitation amounts and changes in soil water content measured just before each 
irrigation. The brown line represents a smoothing of these points as an 11 day running 
average. Although there is some variation in the trends, the general shape of the curve 

(2007) based on planting date and date of full (80%) cover (yellow line), and the crop 

for the growth of the crop as represented by canopy ground cover (blue line). It is 

for the 2011 corn crop. Irrigation treatments (1 – 6) represent decreasing irrigation 
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Figure 7. 
crop measured by water balance (brown points and line) predicted by Allen et al 
(2007) (yellow line) and adjusted for crop growth (blue line)

Figure 8. 
for the 2011 corn crop

in Figure 4. They are related to plant water stress that cause decreased canopy ground 

Figure 9 shows how relative ETc (from Fig 4) and relative mid-season Kc (Fig. 8), 

the FAO-56 method (Allen etal 1998)) and relative measured canopy ground cover, 
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Figure 9. 

Fc, and the product of these two factors. It is evident that these indicators of stress 
relate well to reductions in ETc and Kc.

4 CONCLUSIONS

Water balance can be used to accurately measure seasonal crop water use and to 

measured accurately, irrigation is applied uniformly, and water loss to deep percolation 
and runoff are small.
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Figure 1. 
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Figure 2. 
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3 TYPES OF IRRIGATION SYSTEMS IN SUB-SAHARAN AFRICA (SSA)
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Figure 3. 

4 BAIXO ACARAU IRRIGATION DISTRICT
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Designing Farm Reservoirs under Climate 
Change Uncertainty

ABSTRACT

Climate change in England is expected to simultaneously increase water demand 
and reduce summer water availability. Our farmers are being encouraged to build 
on-farm irrigation reservoirs as an adaptation to water resource shortages. However, 
building farm reservoirs is much more expensive than using direct abstraction from 
rivers or boreholes. Optimising the reservoir capacity raises issues of balancing the 
high costs against the uncertainty in climate change predictions.

Climate change projections are increasingly being presented in terms of probability 
distributions rather than median or “most-likely” values. The current UK national 
climate change projections, UKCP09, provide 10,000 probabilistic projections for 
each of three future emission scenarios (high, medium, low). This highlights some 
(though still not all) of the uncertainty in climate change forecasts, but complicates 
the adaptation planning.

This chapter describes the application of probabilistic climate change projections to 
the design of irrigation reservoirs at three sites in England. We compare the optimum 
reservoir sizes calculated using the median or “most likely” projection against the 
sizes calculated using all 10,000 probabilistic projections, using alternative decision 
making criteria. 

The results show that the differences in optimum reservoir capacity between the 
three emission scenarios were actually very small. However, there is a substantial 
range in the optimum capacity across the 10,000 probabilistic projections within each 
emission scenario. Some extreme scenarios suggested doubling the median capacity, 
whilst other suggested not building a reservoir at all. 

Whether and how that additional information should affect the choice of reservoir 
capacity depends on the risk appetite of the farmer.

Keywords:  Farm reservoirs, probabilistic scenarios, uncertainty, UKCP09, adaptation 
planning. 

4
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1  INTRODUCTION

Although most crops in the UK can be grown with rainfall alone, irrigation is 
essential for the production of some high value crops, such as potatoes, soft fruit and 
vegetables, where continuous and reliable supplies of premium quality are demanded 
by the major food processors and supermarkets. Irrigation is particularly important 
in the drier south and east. However, this is also the region where water resources 
are in highest demand for public water supply, and environmental pressures are most 
intense. In most catchments, no more water is available, and in many the government 
needs to reduce the volumes already licensed for abstraction (Figure 1).

Figure 1. Summer water available for abstraction licensing in England and Wales. 
Source: Environment Agency
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Faced with these water shortages and the declining reliability of direct abstraction 
from rivers and boreholes, our farmers are being encouraged to build on-farm 
reservoirs. Most of these reservoirs are constructed off-stream, with 360 degree 
embankments, avoiding the environmental, safety, regulatory and cost issues that 
building a dam across a river would create. They are typically designed with balanced 

embankments – hence the bottom is below ground level and the top is well above 
ground level. The water is pumped in when available in the winter months, and then 
pumped out again when needed in the summer months. Capacities range from 5,000 
to 250,000 m3. Survey data suggests there could already be around 2000 reservoirs, 
with a total capacity around 100x106 m3; this is about 30% of the total volume licensed 
for irrigation. 

Reservoirs are expensive to construct, with the major costs in earth moving and 
bank compaction. Unless constructed in suitable clay soils, the reservoirs also have 
to be lined to ensure they are watertight, using either some form of plastic material 
or imported clay. A survey of 73 recently constructed on-farm reservoirs (Patel, 
2012) was used to estimate costs (Figure 2). Unexpectedly, the results did not show 

related to site surveys, legal fees and planning studies, further costs were linearly 
related to additional storage capacity. These marginal capital costs were about £0.72 

Figure 2.  Reported construction costs for farm reservoirs in the UK (Patel, 2012)
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(US$1.2) /m3 capacity for unlined (clay) reservoirs, and £1.4 (US$2.4) /m3 for plastic 
lined reservoirs.

Optimising the capacity of the reservoir to the area and crop to be irrigated is 
important. Too small a reservoir would run out of water in a dry year; too large a 

therefore used to calculate the required irrigation need. Traditionally the irrigation 
needs of each crop have been modelled using the last 20 years of weather data. The 
needs are then ranked from low to high (i.e. wet summers to dry summers) and the 
design capacity selected, typically using the 16th driest year in the 20 (e.g. Figure 3). 

Figure 3. Ranked modelled irrigation needs (mm per year) for potatoes grown near 
Cambridge, England

2  RESEARCH QUESTION

Climate change is now complicating this process. For England, the climate change 
forecasts are mostly for warmer wetter winters and warmer drier summers. This 
would both increase the water required for irrigation (e.g. Daccache et al., 2011) and 

there remains a lot of uncertainty in these forecasts.
Most climate change forecasts still provide only a central scenario, perhaps for a 

few different emissions scenarios. However, the latest climate change projections for 
the UK are presented in a probabilistic format. For any given site, year and emission 
scenario, the previous UKCP02 dataset gave one single mean projection. Now 
UKCP09 provides 10,000 probabilistic projections (PP) and also 11 spatially coherent 
projections (11SCP), plus a calibrated weather generator. The SCPs are recommended 
for use in studies covering an area rather than a point, for example catchment studies. 
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This extra data should theoretically be highly valuable in calculating the optimum 
reservoir size, but it certainly complicates the process and is often not used.

The research question we addressed (Green and Weatherhead, 2015) therefore 
was: how should knowledge of this uncertainty affect the design of irrigation 
reservoirs? 

3  METHODOLOGY

We modelled the present and future irrigation need at three sites, two sites 
in the East and one site in the North West of England. Brooms Barn is located 
in the county of Suffolk, near Bury St Edmunds, approximately 30 km east of 
Cambridge. Woburn is situated in the county of Bedfordshire, 50 km north-west of 
London. It is marginally wetter than Brooms Barn and has slightly lower annual 
evapotranspiration. Slaidburn is further north in an area of lower irrigation need. 
Observed daily weather data was extracted for the 30 year baseline period from the 
weather station record for each site.

For future scenarios, this baseline data was perturbed with the UKCP09 monthly 
change factors for that site, to give 30 year daily weather data for each site; this 
produced 10,000 scenarios from the probabilistic projections for each site for each 
emission scenario, as well as for the 11 SCPs.

The computer model WaSim used to calculate irrigation need for the baseline 
and each scenario. WaSim is a one-dimensional daily, soil water balance capable of 

in response to climate, irrigation and seepage where relevant (Hess and Counsell, 
2000). WaSim has proven invaluable across a range of previous studies including 
determining irrigation requirements, optimising water management, assessing the 
performance of sub-surface drainage systems and studying the effects of climate 
change on water resources.

each reservoir was calculated on the basis of average water use, assuming an average 
-3 of water used (Morris et al., 1997).

The observed baseline and each of the 10,000 sequences was then used to calculate 
the net present value (NPV) of a range of reservoir sizes, with usable storage capacities 
equivalent to 0 to 1,000mm over the area irrigated (i.e. 0 to 10,000 m3.ha-1).  The 
reservoir capacities that would be designed were selected by applying different non-
probabilistic decision making criteria (Laplace; Maximin; Maximax; Minimax regret; 
Hurwicz’s criterion) to each of the 10,000 projections and the 11SCP, plus various 
sub-samples of the complete probabilistic dataset obtained using different sampling 
techniques, for each site and emission scenario. The differences in irrigation reservoir 
capacities were then assessed.
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4  RESULTS

Irrigation Water Requirements
The calculated irrigation requirements showed an increase in the average depth 

Figure 4) for both emission scenarios. 

Irrigation requirements for the high emission scenario were typically around 10% 
higher than for the low emission scenario. Once converted into optimum reservoir 
capacities however, using the Laplace decision criteria (which averages the Net Present 
Value across all the projections), the differences between the emission scenarios are 
not so evident. The optimum capacity for the high scenario was only a few % larger 
than for the low scenario at both sites in the East, and all three emission scenarios 
suggesting not building a reservoir at Slaidburn (Table 1).

Figure 4. Example of effect of climate change and emission scenario on optimum 
reservoir capacity for potatoes grown near Cambridge, England

Table 1. Optimum reservoir capacities (as mm on the irrigated area) calculated using 
Laplace across all of the 10,000 probabilistic projections (PP) and the 11 spatially 
coherent projections (11SCP), for Brooms Barn, Slaidburn and Woburn, for the 2050s 
low, medium and high emission scenario
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Range of PP and 11 SCP Projections
The ranges in the optimum reservoir capacities obtained from the full datasets were 

compared with those using just the 11 spatially coherent projections. The comparison 
showed that while the 11 SCPs did show some variation between the 11 projections, 
there were much bigger ranges within the 10,000 probabilistic datasets, and slightly 
larger median capacities (e.g. Figure 5). Using the 11 SCPs would therefore give a 
misleading impression.

Figure 5. Comparison of range in optimum irrigation reservoir (mm) capacities for 
Brooms Barns, using each of the 10,000 probabilistic projections and each of the 
11SCP projections individually. {Plots show minimum, Q1 (25th percentile), median, 
mean (X), Q3 (75th percentile) and maximum optimum irrigation reservoir capacity 
for each dataset. Upper error bar calculated using Q3 + 1.5 (Q3-Q1), lower error bar 
calculated ysing Q1 – 1.5 (Q3-Q1)}

Effect of Decision Criteria
The choice of decision making criterion has a major impact on the decision 

outcome, as might be expected. What was noticeable was how this interacted with the 
size of the dataset. The decision outcomes resulting from an individual who considers 
themselves risk neutral (i.e. someone who would typically use Laplace, based on 
mean net present value) would not be substantially different regardless of whether 
the “most likely” projection was used instead of the complete dataset. In contrast, 
the differences when using the other decision criteria were much larger and far more 
variable. When used with the complete probabilistic dataset certain decision criteria 
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such as Maximax and Maximin resulted in very extreme and sometimes contrasting 
decision outcomes such as taking no action or building very large reservoirs. With 
increasingly large datasets, methods based on extreme values will choose increasingly 
extreme and unlikely outcomes. 

Effect of Sub-Sampling

of multiple sub- samples were compared to each other and the results using the full 
datasets. 

The Laplace results were reproduced well from the sub-sampling. However, sub-
sampling again highlighted the shortcomings of some of the other decision methods: 
the reservoir capacities using Maximin, Maximax and Hurwicz’s criterion were 
poorly reproduced.

Simple random sampling, optimum LHS and Maximin LHS performed 
comparably. It has been suggested previously that LHS is an appropriate sampling 
approach for use with the probabilistic dataset; however, it did not noticeably improve 
the “reproducibility” of the design reservoir capacities from the sub-samples. All three 
sampling approaches yielded similar decision outcomes to each other, regardless of 
the decision criteria and site used. 

5  CONCLUSIONS

Four of the main conclusions are highlighted here: 
Using probabilistic projections highlights (some of) the potential range 

(uncertainty) in future climates, and alerts users to potentially unexpected outcomes. 
However, many uncertainties are still not included. In situations where uncertainty 

than to optimise.
The difference between emission scenarios in the decision outcome is small 

relative to the uncertainty from the modelling. Using different emission scenarios 
to illustrate the possible future range could give a very misleading indication of the 
uncertainty present. 

The choice of decision making criteria is an important consideration - Laplace 
and the median projection gave similar reservoir capacities, but some decision criteria 
gave extreme results when used with the probabilistic projections. 

Finally, all sampling methods risk missing extreme vales; random sampling was 
unexpectedly a good as the more complicated Latin Hypercube Sampling
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Performance and Efficiency: Interaction 
between Large Scale Distribution System
and On-Farm Sprinkler Irrigation

ABSTRACT

In on-demand water distribution systems, hydrant pressure is subjected to large 

of hydrant pressure variation on the performance of on-farm sprinkler network was 

stochastic simulation model using a random procedure to generate a large number of 

An iterative model was developed for generating the characteristic curve of the 

the hydrant were computed by intersecting the characteristic curves of the hydrant 

An application of such a methodology was carried out on an existing irrigation 

This study highlighted that the performance of the on-farm sprinkler network is 
greatly affected by the variation of the pressure head at the hydrant and by its technical 

1 INTRODUCTION

During the last decades pressurized distribution systems have been developed 
with considerable advantages over open canals as they guarantee better services 

On-demand delivery offers great 

lowing in these systems vary considerably depending on the number 
of hydrants simultaneously opened hence on the cropping pattern, meteorological 

affect the hydrants pressure serving the on-farm sprinkler networks (Lamaddalena 

5
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During peak demand periods, hydrant pressure head may drop to unacceptable 
values, causing a decline in the uniformity and in the amount of water applied to the 

et al.

low irrigation uniformity conditions, if the farmer decides to apply enough water 
to adequately dampen the dry spots, he will be placing too much water on the wet 

The purpose of this study is to analyse the effect of pressure head variation at a 

curve of the hydrant and the water distribution pattern of a typical sprinkler were 
studied in a hydraulic laboratory, while the characteristic curve of the on-farm network 

Hydrant pressure variation under different operating conditions was assessed using 

of the on-farm network performance is then evaluated using the classical uniformity 

2 THE PROPOSED APPROACH

Performance Analysis of On-Demand Distribution Systems
Distribution system analysis is used to determine the adequacy of the existing 

2000) allows the performance analysis of an on-demand pressurized irrigation system 
by computing the pressure head at each hydrant of the system under different operating 

appropriate on-farm network operation, so a measure of hydraulic performance for 
each hydrant is obtained through the computation of a performance indicator called 
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r

j,r minH H

where:
H j,r r;
H min is the minimum required head in m for the appropriate operation of the on-

 j, r, at each hydrant j r, 

j,r min
j,r

min

H H
H

H

 j, r 

Table 1. 

Flow Regulator

cross-section, thus increasing the head loss; consequently the discharge is maintained 

j, having an upstream pressure head Hj

Performance Analysis of the On-Farm Sprinkler Network
Irrigation uniformity and distribution efficiency were used to identify the 

performance of the on-farm sprinkler irrigation network at ea

(1)

(2)
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The two main indicators used to assess the water application uniformity are (Heermann 

Figure 1. a) Head losses induced by the hydrant flow regulator b) Hydrant 
characteristic curve

lq

av

where:
Zlq average of the lowest one-quarter of the measured values, cm3 cm-2

Zav 
3 cm-2

where:
Z - individual depth of catch observations from uniformity test, cm3 cm-2

|Z-m| - absolute deviation of the individual observations from the mean, cm3 cm-2

m - mean depth of observations, cm3 cm-2

Minimum net depth received by wet test Pa  of area
DEpa 100

Average net depth received over entire area

where:

(3)

(4)

(5)
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DEpa - 
Pa

3 MATERIALS AND METHODS

Site Description
In order to better clarify the interaction between the operating parameters of both 

the distribution system and the on-farm networks, the proposed approach was applied 
on an existing Italian pressurized distribution system equipped with hydrants serving 

The selected distribution system is district 4 of the ‘Sinistra Ofanto’ irrigation 
scheme (Fig.2), managed by the Consorzio of Capitanata (Altieri, 1995) covering 

is supplied by a daily storage and compensation reservoir with a capacity of 28 000 
m3

The district 4 network starts from the reservoir with a steel pipe of 1200 mm in 

peak discharge and piezometric elevation of the system are 1200 l s-1

Sagardoy, 2000) model with respect to a minimum pressure head, Hmin 

Figure 2. The Sinistra Ofanto irrigation scheme
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The hydrant used in this study has a nominal discharge of 15 l s-1 and serves a 

sprinkler network consists of a main line with six laterals carrying seven sprinklers 
each, with a 18 m x 18 m sprinkler spacing (Fig 4

Figure 3. 

Figure 4. 
462 (i represents the number of iterations from 0 to N)
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Sprinkler characteristic equations relating pressures, discharges and wetted radius 
are:

1

2

where:
q - discharge, m3 h-1

H - working pressure head, m
R - wetted radius, m

1 2

Agros 40 sprinkler used in this study was analysed indoor in the hydraulic 
laboratory of Castilla la Mancha (Spain) and the following values were obtained:

1 

2

On-Farm Network Characteristic Curve
Starting from a given arbitrary low pressure head at the most downstream sprinkler 

(H1,1) of the lateral, the head losses in the pipes network are calculated upward till 

The same procedure is repeated but with a pressure head at the downstream 
sprinkler of the lateral slightly increased respect to the one used in the previous iteration 
and consequently another point (pair of pressure-discharge) on the lateral curve will 

The pressure head of sprinkler K at iteration i is obtained using the following 
equation:

ii l

where:

(6)

(7)

(8)
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Hk,i - Pressure head corresponding to emitter k and iteration i ,m 
ZK - Elevation head at the dripper k , m a.s.l.
ii  - index of the pipe located upstream the emitter K
Yii,i ii of the iteration i , m
hLii,i - Local loss within the pipe ii of the iteration i, m

where
KLoss ii,i  within the 

pipe ii 
Vii,i - downstream mean velocity within the pipe ii of the iteration i, m.s-1

g - gravity acceleration, m.s-2

2
ii,i

ii,i Loss ii,i

V
2g

jj,i
jj lii

ii,i 2
ii ii

Q
LY f
D 2gA

where:
Lii - Length of pipe ii corresponding to the upstream reach of dripper ii , m
Dii - Diameter of pipe ii , m
Aii - Cross sectional area of pipe ii , m2

Qjj,i - Flow Discharge of emitter jj, at iteration i , m3.h-1 
f - Friction factor depends on Reynolds number (Re) and on the relative roughness 

of the pipe
The general equation of the lateral characteristic curve has the following form: 

LX
L

where:
QL - Discharge at the upstream end of the lateral, m3h-1

HL - Pressure head at the upstream end of the lateral, m
KL and XL - parameters depending on the lateral hydraulic characteristics and on 

Once the characteristic curve of all the lateral of the network are generated, the head 
losses calculation from the downstream end of the manifold, with a low pressure head 

pressure increment at the downstream lateral will add another point on the network 

(9)

(10)

(11)
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curve is as following:

mX
m

where:
Qm - Discharge at the upstream end of the network, m3.h-1

Hm - Pressure head at the upstream end of the network, m
Km and Xm - parameters depending on the network hydraulic characteristic and on 

4 RESULTS AND DISCUSSION

The range of pressure variation at hydrant level varies in time but also depends 

hydrant pressure head (or higher values) may be obtained during the operation of the 

discharge of 1200 l s-1 and minimum required pressure head (Hmin) for appropriate 

head lower than Hmin

Figure 4 shows that district 4 hydrants have a wide range of pressure variation 

Hydrant number 462 supplying the sprinkler network under study shows a relative 

correspond to a hydrant pressure head equal to H462 = 26 m, H462 = 39 m, H462 = 54 

These pressure head values are obtained from 1000 random generations of hydrants 

The intersection point between the sprinkler network and the hydrant characteristic 
curves (at different probabilities of occurrence) provides the actual pressure and 

the actual pressure head at the upstream end of the on-farm sprinkler network is 21 

(12)
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-1 

l s-1

This example highlights that, even with high pressure head available at the hydrant, 
the actual pressure available at the on-farm network depends on its characteristic 

pressure head available for the on-farm network but they only produce great localised 

In case of hydrant pressure head lower than 39 m, the available pressure head at 

Once the pressure and the discharge at the upstream end of the on-farm network 
are obtained, by calculating the head losses down to the on-farm network, it is possible 
to obtain the pressure head and consequently the discharge at each sprinkler in the 

The on-farm network performance is expressed through irrigation uniformity and 

Figure 5. Interaction between on-farm network and hydrant characteristic curves at 

occurrence; green - network characteristic curve



58 Nicola Lamaddalena et al.

various pressure heads (15, 25, 35, 45 and 55 m) and the corresponding radius were 

Furthermore, a linear model was formulated to assess - on the basis of the wetted 
patterns measured indoor - the wetted pattern of each sprinkler in the network 

The wetted pattern overlapping was obtained by taking into account the distance 

The main advantage of this approach is that it provides a tool whereby a designer 

conditions of the distribution system and thereby gain an insight as to how the design 

The graphical analysis in Fig. 7a and Fig. 7b
when the hydrant pressure head is 26 m and at a pressure equal or higher than 39 m, 

Figure 7a. Graphical analysis of the on-farm network working at a hydrant pressure 
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5 CONCLUSIONS

realistic when on-farm networks are supplied by on-demand pressurized distribution 

on the performance of the on-farm network, a detailed analysis was performed on an 

This study highlighted that the performance of the on-farm sprinkler network is 

Therefore, a model to simulate the interaction between the irrigation distribution 
system and the on-farm sprinkler network is an useful decision-support tool for the 

Figuew 8b. Graphical analysis of the on-farm network working at a hydrant pressure 
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Avanços no Conhecimento sobre a Tolerância 
e a Aclimatação de Plantas à Salinidade

RESUMO

A salinidade é um dos estresses abióticos que mais afetam o crescimento 
e a produção vegetal. Acredita-se que o esclarecimento dos mecanismos de 
tolerância e susceptibilidade à salinidade seja de fundamental importância para 
o desenvolvimento de novas técnicas de manejo das culturas, possibilitando a 
produção nessa condição estressante. Essa tarefa, no entanto, não tem sido fácil, 
dada a complexidade desse tipo de estresse, o qual envolve dois componentes 
distintos: o osmótico e o iônico. Muitos pesquisadores têm tentado aumentar a 

de quais os genes em potencial para esse tipo de estudo requer o conhecimento 
prévio das alterações induzidas pela salinidade no padrão proteico (proteoma) dos 
diversos órgãos da planta. Em geral, esses estudos têm apresentado resultados 

dessa prática no campo ainda é limitada. Como alternativa à manipulação 
gênica, têm-se pré-tratado as plantas com compostos orgânicos, inorgânicos 

evidências de que essa abordagem condiciona as plantas a responderem mais 

com tolerância diferencial à salinidade, através da análise da expressão gênica e 

relacionados à tolerância e à aclimatação de plantas à salinidade, contribuindo 
assim para o avanço do conhecimento sobre esses processos.

Palavras-chave: estresse oxidativo; estresse salino; proteoma; expressão gênica

6
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1 INTRODUÇÃO

limita o seu desenvolvimento e pode reduzir as suas possibilidades de sobrevivência 
(LARCHER, 2000; TAIZ; ZEIGER, 2009). As plantas estão sempre sujeitas a 

expostas, encontra-se o estresse salino, um dos que mais comprometem a produtividade 

Os solos salinos podem ser encontrados em todos os continentes (exceto a 
Antártida) e em qualquer zona climática, mas se concentram em regiões de clima 
árido e semiárido, onde a evaporação intensa e a lixiviação incompleta concorrem 

lixiviação dos sais acumulados é limitada, em razão da escassez de água doce, seja 

A salinização dos solos também resulta da ação antrópica, a qual está relacionada 

baixa qualidade, associado a uma drenagem e a um manejo do solo inadequados 
et al.

2013). Em 2000, estimou-se que 19,5% das áreas irrigadas em todo o mundo — 
correspondentes a 45 milhões de hectares — enfrentavam problemas de salinidade, e 
no Brasil esse percentual encontrava-se entre 20 e 25%, concentrado principalmente 
na região Nordeste (FAO, 2000).

As consequências da salinidade às plantas devem-se principalmente aos efeitos 
desse estresse no crescimento e no desenvolvimento vegetal, os quais podem ser de 

et al.

especialmente Na+ e Cl-, que alteram a homeostase iônica da célula quando em altas 
concentrações, a qual é de importância fundamental para a atividade de muitas enzimas 

et al., 

Secundariamente, a salinidade também induz o estresse oxidativo, ao provocar o 

em altas concentrações, causando danos oxidativos às biomoléculas (MITTLER, 
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estresse (tipo de sal, concentração salina, tempo de exposição aos sais e seu modo de 
aplicação) e fatores ambientais (luz, temperatura e umidade relativa do ar, composição 
iônica e granulometria do solo), bem como da interação entre eles (SHANNON; 

inclusive um ambiente salino para que seu ciclo de vida seja completado, outras 

dos mecanismos de tolerância e susceptibilidade à salinidade seja fundamental 
para o desenvolvimento de novas técnicas de manejo das culturas, possibilitando a 
produção nessa condição estressante. Além disso, tais conhecimentos também podem 
ser utilizados no melhoramento genético, visando aumentar a tolerância ao estresse.

A resposta de uma planta à salinidade irá depender de uma sequência de reações 

etapas compreende a percepção dos componentes osmótico e iônico do estresse salino, 
que é mediada por sensores (receptores) presentes na membrana plasmática. Após 
a percepção do estresse, há um aumento na concentração citoplasmática de cálcio, 
que, por sua vez, funciona como um mensageiro secundário e induz uma cascata de 

essas alterações no metabolismo acontecem, as plantas realizam ajustes metabólicos, 

desintoxicam suas células; a esse conjunto de ajustes, dá-se o nome de aclimatação, 

GOMES-FILHO, 2010). O esquema apresentado na Figura 1 resume as mudanças 

salino.

2 TOLERÂNCIA E ACLIMATAÇÃO À SALINIDADE

As plantas respondem primariamente ao estresse salino através da ativação de um 
ou mais mecanismos, adquiridos durante o seu processo evolutivo. Entre eles, podem-
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e) indução da expressão e da atividade de enzimas antioxidantes; e f) alteração no balanço 

os danos causados pelo estresse salino às plantas, culminando no restabelecimento 

et al.

sua homeostase e de crescerem nessas condições estressantes, devido à ausência ou à 

tolerância à salinidade. Como resultado desses esforços, sabe-se atualmente que tal 

Figura 1
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crescimento de células e tecidos. Baseando-se nesse conhecimento, têm-se tentado 
aumentar a tolerância à salinidade por meio da manipulação gênica, especialmente 
através da superexpressão de um ou mais “genes do estresse”. Outra prática tem 
sido a transferência de um ou mais “genes do estresse” de uma espécie ou cultivar 

Em uma dessas primeiras tentativas, o gene NHX1 (do inglês, Na+/H+ exchanger) 
+/H+ da membrana vacuolar, 

envolvido na compartimentação de Na+

Arabidopsis, e tal intervenção garantiu o crescimento e o desenvolvimento das plantas 
et al., 1999). Apesar de esses autores 

terem destacado à época a viabilidade do aumento da tolerância à salinidade via 
engenharia genética, a ausência de produtos comerciais resultantes dessa abordagem 

desenvolvidos em laboratório e casa de vegetação, e frequentemente tais resultados não 
são extrapoláveis a condições de campo, tornando-se premente que eles sejam repetidos 
nessas condições. Além disso, a tolerância ao estresse salino depende da expressão 
coordenada de vários genes (resposta multigênica), e não pode ser conseguida com 
a simples transferência ou superexpressão de um ou dois genes. Sendo assim, não 
se deve estudar a base genética e molecular da tolerância à salinidade de maneira 
isolada e particular, e, sim, de maneira integrada, visando entender como tais genes 

A sobrevivência de uma planta sob estresse depende da sua capacidade de se 
aclimatar a essa condição adversa. Como dito anteriormente, a aclimatação é um 

na expressão gênica, que não são transmitidas para as gerações futuras, permitindo 

uma capacidade diferencial em perceber e induzir as respostas ao estresse necessárias 
para o alcance da homeostase.

Homeostase Osmótica

ajustamento osmótico, que tem a função principal de restabelecer a homeostase osmótica; 
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Esse processo, embora bastante conhecido, ainda hoje chama a atenção de diversos 

(SILVEIRA et al., 2010). Apesar de historicamente se atribuir à prolina um papel de 
destaque no ajustamento osmótico, atualmente há evidências de que a concentração 

osmótico celular, em condições de salinidade. Em favor dessa ideia está o fato de os teores 

salinidade. Acredita-se assim que o papel da prolina nesses casos esteja mais relacionado 
à proteção contra os danos causados pelo estresse, que propriamente ao ajustamento 

et al., 2012).

Homeostase Iônica
As mudanças que ocorrem durante o restabelecimento da homeostase osmótica 

da raiz, a retirada do Na+

et al., 2014). 
Na maioria das espécies, o Na+

da salinidade, com exceção de algumas arbóreas, tais como as dos gêneros Citrus e 
Vitis, em que o Cl-

essa razão, muitos esforços foram envidados ao longo dos anos para desvendar as 
respostas e os mecanismos de tolerância das plantas ao Na+, e como resultado disso hoje 

+ na célula vegetal são os canais 
de cátions não seletivos (NSCC, do inglês, non-selective cation channel), os 

+ h K+ transporter), 
os transportadores de cátions de baixa voltagem (LCT, do inglês, l cation 
transporter
voltage-insensitive nonselective cation channel

conforme as condições de crescimento, fortes evidências sugerem que essas vias podem 
operar em conjunto durante a absorção de Na+ (SILVEIRA et al.
de Na+

antiporte Na+/H+ situado na membrana plasmática, que é expresso, sobretudo, na 
epiderme da raiz, onde contribui com a exclusão do Na+ para o meio externo, e no 
parênquima do xilema, contribuindo para o carregamento de Na+
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+ é a 

Na+ + da membrana plasmática que regula a quantidade de Na+ que é translocada 

A manipulação dos genes SOS1 e HKT1 tem representado uma das principais 

SOS1 oriundo 
de Arabidopsis thaliana foi inserido e superexpresso foram mais tolerantes à salinidade 
que as plantas do tipo selvagem (Figura 2); após 24 dias de irrigação com solução de 

recuperaram-se do estresse, e seu crescimento foi quase normal, além de terem apresentado 
maior taxa fotossintética e menores teores de Na+

et al., 2012). Visando o mesmo objetivo, Munns et al. (2012) transferiram o gene HKT1 
de uma espécie não cultivada de trigo (Triticum monoccocum) para T. durum, que, 

HKT1 em seu 
genoma; em condições de campo, as plantas transgênicas (apresentando o gene HKT1) 
tiveram a concentração de Na+ na folha bandeira drasticamente reduzida. Além disso, essa 
intervenção aumentou em 24% a produtividade de grãos, em condições de salinidade, em 

et al., 2012). Apesar das implicações 

Figura 2.
) ou superexpressando o gene SOS1 

cultivadas por quatro semanas na ausência de NaCl; (B) plantas irrigadas com solução 
de NaCl (até 300 mM) por 24 dias, seguido por cultivo durante seis semanas na 
ausência de NaCl; (C) plantas da condição anterior, irrigadas com solução nutritiva, 

et al. (2012)
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que experimentos de manipulação gênica trazem, é preciso cautela e uma análise mais 
abrangente para considerá-los promissores.

Homeostase Bioquímica

intensas na expressão gênica, que alteram o transcriptoma, o proteoma e o metaboloma 
et al., 2011). Apesar da importância, mudanças na transcrição 

gênica nem sempre correspondem a mudanças no proteoma; sendo assim, estudar 

podem envolver enzimas, componentes da maquinaria de transcrição e tradução, bem 
et al., 2011), 

estresse salino, com outra cultivada sob condições normais.
O uso de genótipos/cultivares com tolerância diferencial à salinidade associado 

encontram-se relacionadas à tolerância ou à susceptibilidade das plantas ao estresse 
salino. Com esse propósito, Abreu et al.

submetê-los aos tratamentos controle (ausência de NaCl, por 17 dias), salino (NaCl a 
75 mM, por 17 dias) e de recuperação (cultivo em condições de salinidade por 12 dias, 
seguido por 5 dias sem estresse) (Figura 3). Eles observaram que, em condições de 
estresse, os cultivares de feijão-de-corda apresentaram respostas distintas para superar 
os danos causados pelos sais, que se relacionaram com sua tolerância diferencial ao 

como as enzimas ativase da rubisco, quinase da ribulose-5-fosfato e descarboxilase 
2, 

tais processos foram profundamente afetados, como indicado pela diminuição na 

de liberação de O2, e em conjunto tais mudanças, possivelmente, prejudicaram o 
metabolismo energético e consequentemente o crescimento das plantas. Além disso, 

comparáveis ao do controle; nessas condições, em que o estresse havia cessado, o 

et al., 2014).
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Figura 3.

aplicados. Fonte: Abreu et al. (2014)

Figura 4.

recuperação (em verde). O tratamento controle foi tomado como referência (em azul). 
Fonte: Adaptado de Abreu et al. (2014)
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Desintoxicação

estão aqueles que contribuem para a desintoxicação das plantas, por exemplo, a 

sido objeto de estudo de pesquisadores em todo o mundoA compartimentação de Na+ 
+/H+, presente no tonoplasto; 

a manipulação do gene que o expressa (NHX1) tem mostrado a importância desse 
NHX1 

Salsola soda foi inserido e superexpresso em alfafa, as plantas conseguiram 
crescer em condições severas de salinidade (NaCl a 400 mM) (Figura 5); apesar 

+

sérios às células, e segundo os autores isto pode ser devido à atividade aumentada 
do transportador NHX1, que manteve baixa a concentração de Na+ no citosol (Li 

Figura 5. (a) Tolerância à salinidade (NaCl de 0 a 400 mM) de plantas de alfafa do 
NHX1 

oriundo de Salsola soda. (b) Northern blot indicando a expressão do gene NHX1 em 
plantas transgênicas de alfafa. rRNA: RNA ribossomal. Fonte: adaptado de Li et al. 
(2011)
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et al., 2011). A compartimentação do Na+

célula (discutida anteriormente) são totalmente dependentes da atividade das bombas 
de prótons de membrana plasmática (H+ + +-

para a geração da força motriz de prótons que dirige o transporte de Na+ (e demais 

da tolerância à salinidade em várias espécies (OTOCH et al. et al., 2011).

é a produção de EROs, que são subprodutos inevitáveis do metabolismo celular 

de hidrogênio (H2O2) e os radicais superóxido ( O2
-) e hidroxil (HO

normal, entretanto, em condições adversas, ela pode ser drasticamente aumentada, 
et al., 

EROs podem causar danos aos diversos componentes da célula, como ácidos nucleicos, 
et al.

HANSSON, 2007).
Embora sejam consideradas subprodutos do metabolismo celular, as EROs 

passaram a ser empregadas pelas plantas, ao longo da evolução, como moléculas 
sinalizadoras em diferentes processos celulares, tais como no crescimento e 
desenvolvimento, no ciclo celular, na apoptose, na senescência e nas respostas aos 

menos dois processos de regulação das concentrações dessas espécies nas células: 

sinalização, e outro que permita a eliminação de EROs em excesso, especialmente em 
condições de estresse (MITTLER, 2002). Em função disso, as plantas desenvolveram 
mecanismos para manter a relação produção/eliminação de EROs constante no interior 

enzimático e não enzimático (ASADA, 1999). A importância da coordenação entre 
esses dois sistemas no processo de remoção de EROs está cada vez mais evidente 
e isso está relacionado com a tolerância das plantas à salinidade (MITTOVA et al., 
2002; MELONI et al., 2003; AZEVEDO NETO et al., 2005).

antioxidantes (LEE et al. et al., 2013). Como já destacado, os resultados 
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a um estresse anterior (de mesmo tipo ou diferente), têm-se a tolerância cruzada. 
Nas condições de campo, as plantas estão submetidas frequentemente a estresses 

desempenho delas, o qual dependerá ainda do estádio de desenvolvimento em que 
elas se encontrem (COMINELLI et al.
cruzada torna-se importante, principalmente para a agricultura, pois, através desse 
processo, as plantas podem ser selecionadas por tolerarem mais de um tipo de estresse 

é a aplicação de compostos orgânicos, inorgânicos ou reguladores do crescimento 

contato com a substância, ou por aspersão desses compostos nas folhas (ASHRAF et 
al., 2008). Em todos esses casos, as plantas podem ser mantidas na presença dessas 
substâncias exógenas durante todo o desenvolvimento delas, ou apenas em um 

Entre as substâncias utilizadas para induzir aclimatação, estão aquelas que, 
dependendo da sua concentração, ora atuam como indutores de estresse, ora como 
moléculas sinalizadoras; o H2O2
et al. et al. (2005) avaliaram o 
efeito do H2O2

2O2 a 
1 mM, aplicado na solução nutritiva, por dois dias, e em seguida, submeteram-nas à 

sob estresse e que foram pré-tratadas com H2O2 cresceram bem mais que aquelas 
não pré-tratadas, sob as mesmas condições (Figura 6). Além disso, houve mudanças 
favoráveis no sistema enzimático antioxidativo das plantas pré-tratadas, tanto nas 

2O2 foi capaz de induzir 
tolerância cruzada e que provavelmente esteve envolvido na sinalização ocorrente 
durante a aclimatação à salinidade em milho (AZEVEDO NETO et al., 2005). Quando 
se testou a aplicação foliar de H2O2 em plantas de milho, observou-se um resultado 
semelhante, em que as plantas pré-tratadas com essa molécula tiveram seu crescimento 
menos afetado pela salinidade e seu sistema antioxidativo enzimático foi induzido, 
especialmente a catalase, que é a principal enzima removedora de H2O2 (Figura 7) 
(GONDIM et al., 2012) .

mencionados no tratamento das sementes, antes da semeadura (ASHRAF et 
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Figura 6. Efeitos do pré-tratamento com H2O2, aplicado via solução nutritiva, no 
crescimento de plantas de milho submetidas aos tratamentos controle (NaCl a 0 mM) 
e salino (NaCl a 100 mM). Fonte: Azevedo Neto (2005).

Figura 7. Crescimento (A) e atividade da catalase (CAT; B) em folhas de plantas 
de milho pré-tratadas com H2O2 (0 ou 10 mM) via pulverização foliar e submetidas 
à salinidade (NaCl a 0 ou 80 mM). As plantas foram coletadas antes (0 h) e após 
(48 a 240 h) a pulverização da solução de H2O2, e o tratamento salino iniciou-se 
decorridas 48 h do pré-tratamento. Tratamentos: (    ) H2O2 a 0 mM/NaCl a 0 mM; 
(   ) H2O2 a 10 mM/NaCl a 0 mM; (    ) H2O2 a 0 mM/NaCl a 80 mM; (   ) H2O2 a 

pré-tratamento com H2O2, não diferem estatisticamente entre si (p > 0,05). Fonte: 
Gondim et al. (2012)
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al., 2008), visando obter uma germinação rápida e um estande de plântulas 
uniforme; se os efeitos nocivos do estresse puderem ser atenuados nos estádios 
iniciais do desenvolvimento, as chances da planta estabelecer-se com sucesso são 
consideravelmente aumentadas (ASHRAF; FOOLAD, 2005). Ainda utilizando o 
H2O2, Gondim et al. (2010) observaram que o pré-tratamento das sementes com 
essa substância, na concentração de 100 mM, acelerou a germinação de milho, e 

na atividade das enzimas catalase e peroxidase do ascorbato. Ademais, plantas 
oriundas de sementes pré-tratadas com H2O2 a 100 mM também foram mais 
tolerantes à salinidade que aquelas oriundas de sementes não pré-tratadas, 
indicando que os efeitos desse pré-tratamento na semente perduraram até as 
plantas terem se desenvolvido.

3 CONSIDERAÇÕES FINAIS

maior de pesquisadores dedicados a entender tais mecanismos, e muitos têm 
usado da manipulação gênica e de outras ferramentas de biologia molecular para 
o alcance desse objetivo, porém é necessário ter em mente que a tolerância é uma 

e não de um tecido ou órgão. Sendo assim, não se deve estudar a base genética 
e molecular da tolerância à salinidade de maneira isolada e particular, e, sim, 

contribuem e se relacionam para conferir tolerância à salinidade. A abordagem 

relacionadas com a tolerância à salinidade, especialmente ao se estudar genótipos 
com tolerância diferencial.

Apesar de ainda não haver produtos comerciais viáveis, resultantes da manipulação 
gênica voltada ao aumento da tolerância à salinidade, há alternativas que têm se 
mostrado promissoras para a indução de aclimatação a esse estresse, como o pré-
tratamento das plantas ou sementes com substâncias indutoras de tolerância cruzada, 
e os resultados obtidos têm apresentando potencial para uso no campo.
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An Overview in to Energization of Proton 
Pumps in Plant Cell Membranes and Its 
Significance under Salt Stress

1  INTRODUCTION

and a growing population. World population is rapidly expanding being estimated 
et al.

for an urgent increase of crop productivity through selection of tolerant cultivars or 

equilibrium. Consequently, these constraints lead to a reduced production of biomass 
et al. et al.

Salinity, drought and chilling are among the most hostile environmental factors 

stresses are aggravated by anthropogenic activities and in some cases leads to a lost 

plant development through a mechanical constraint, otherwise, salinity and drought 
affect plant development at the cellular level. Soil salinity severely disturbs crop 
performance decreasing plant development and crop yield and it is expected to increase 
in future years, mainly due to climate changes, as well as a consequence of irrigation 

et al.
et al.

To overcome the abiotic stresses, plants have developed a highly flexible 

 
et al.

 waves, or perhaps through long distance electrical signaling 
et al.

7
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of intracellular ion homeostasis. Ion homeostasis could be reached by a selective 
 and Cl  accumulation in the leaf blade by 

 from cytosol is therefore crucial for the maintenance of an adequate 
cell metabolism. The strategies that plant cells employ for ion exclusion involve 

.  from cytosol across the plasma 
et 

al.  into the vacuoles by 

 
exchange activities are driven by the electrochemical proton gradient generated by the 
proton pumps such as the plasma membrane H
and H

Figure 1.
and chilling are important environmental factors that limit plant development. 

photosynthesis, disorder in cell membranes and osmotic stress. Salinity includes 

many stress conditions is the oxidative stress, caused by imbalance in production and 
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 exclusion out of 
the cell or sequestration into intracellular compartments for plant tolerance under 

et al.
Recent advances in molecular biology and genome sequencing have recognized genes 

 

is the energetic demands since energy is consumed in ion transport to regulate net 
 and Cl , as well as in the synthesis of 

 In this chapter, we highlight the biochemical mechanisms, the transcript and 
protein expressions involving the proton pumps and the secondary transporters of 
plasma membrane and tonoplast which control plant acclimation and development 
under salt stress conditions. In addition, we discuss the salinity effects on plants and 
the mechanisms to improve salinity tolerance. Finally, we summarize the majors 
results obtained by our group emphasizing the latest advances in the understanding 

salt stress in cowpea cultivars with different degrees of tolerance. 
 

2  PLANT SALINITY STRESS AND MECHANISMS OF SALT TOLERANCE 

Salt tolerance is the ability of plants to grow and complete their life cycle on a 
substrate that contains high concentrations of soluble salt. Plants that growth in a soil 

energy and lipid metabolism. Considering that salt stress has many different effects 

 from soil into the cytoplasm of root 
epidermal and cortical cells is favoured by both gradient concentration and diferential 

 to the root cells appears to be mediated by Ca  sensitive 

 toxic effect, at least in part, due to the inibition 
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AtHKT1;1, OsHKT1;4, 
OsHKT1;5 and OsHKT2;1

et al.
 
 

 is required for maintaining the osmotic balance, having a role in 

 is toxic to cell metabolism and has deleterious effect on the functioning 
 in the cytoplasm 

is harmful to plant cells due, not only to its toxicity but, also by the disruption of 
ionic equilibrium, osmotic imbalance, membrane disorganization, production of 

leading to reduction in growth and reduction in photosynthesis. To improve salt stress 
tolerance others factors besides interplay of these ions are important and continue 

H
AtSOS1

et al.

et al.
et al.  exchange activity 

et al.
the electrochemical potential through secondary active transport that is driven by the 
H

It must be highlighted that HKT
et al. et al. et al.

et al.
SHI et al. et al.

 transport within a plant. Members of 
 retrieval from the 
et al.

(HTX)  
 retrieval from the xylem according to their ion selectivity 

 concentration 
within the cytoplasm of cells will be augmentaded and the most important strategie 
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 into the vacuole in exchange 
for H

Figure 2. Primary and secondary transporters involved in the mechanism of 
 in the cytosol is harmful to plant cells and its 

 transport from the cytosol to apoplast or 
vacuole is mediated by primary and secondary transport systems. The proton pumps 

and the formation of the electrochemical gradient that can be used by the secondary 

 retrieval

3  HOW DO VACUOLAR AND PLASMA MEMBRANE PROTON PUMPS AND 
SECONDARY TRANSPORTERS FUNCTION IN PLANT SALT TOLERANCE? 

 across 
 sequestration 

transporters reveals that theirs overexpression led to increased plant salinity tolerance. 
The H
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vacuolar H

 
V-ATPase 

In plant cells, the vacuolar H
acidify vacuolar compartment through the transport of protons across the tonoplast 

1 domain, which 

et al.
1

1 to V  domain. The V  domain is composed of six 

The enzymatic mechanism for proton pumping induces conformational changes 

1 
and V

et al.

 antiporter 

 
V-PPase 

uses inorganic pyrophosphate as a substrate to generate the proton electrochemical 
gradient across the vacuolar membrane, acidifying vacuoles in plant cells 

et al.

et al.
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important role in the maintenance of the proton gradient across the vacuolar membrane 
 within vacuoles. 

 
NHX Antiporter 

secondary transport system that move H  down its electrochemical potential, generated 
 against its electrochemical 

et al.
12 hydrophobic regions that potentially constitute the transmembrane helices in the 

et al.
The ability to compartmentalize salt into the vacuoles is an important step towards 

 ions at the plasma 
 in the vacuoles 

. Several studies have shown that the exposure to salt increases 
et al. et al. NHX 

et al. et al.
et al.

has been shown that NHX genes family also play a crucial role in pH regulation and 

et al.
 

P-ATPase 

. This activity creates a proton 
electrochemical gradient across the plasma membrane that is utilized by membrane 
proteins for secondary transport, facilitating solute and ion exchange across the 

 

and phosphatases. In addition to regulation via phosphorylation, protein abundance 
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SOS1 Transporter 

gradient generated by the plasma membrane H

 antiporter 

et al.
signaling pathway has been proposed to mediate cellular signaling under salt stress 

et al.

resembles a web of signaling components allowing input from many stress sensors. 

prerequisite for salt tolerance.

4  THE SIGNIFICANCE OF VACUOLAR PROTON PUMPS AND NA+/H+ 
ANTIPORTER ON PLANT PHYSIOLOGICAL RESPONSES TO ABIOTIC 
STRESSES 

 
Salinity 

Cowpea, Vigna unguiculata
tropical world. It is considered one important source of protein for human consumption. 
The genus Vigna presents several species and cultivars endowed with different degrees 

et al.

investigated the role of both vacuolar proton pumps in Vita 3 and Vita 5 cultivars in 

et al.
 showed that the tonoplast H
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plant stages of development as well as the role of those proton pumps revealing an 

PPase activities decreased when compared to control conditions. The protein level 

V. unguiculata 

those subunits transcription and translation is important for V. unguiculata plant to 
manage salt stress without spending too much energy even if a reorganization of the 

More recently, our group explored the vacuolar proton pumps regulation in 

response to salt stress. The data highlighted that these pumps were up regulated at 

et al.

 concentrations in plant cells. Therefore, our group 

in two other V. unguiculata cultivars, Pitiúba and Setentão, more and less tolerant to 

expression revealed that all evaluated genes were enhanced in Pitiúba roots while in 
Setentão roots their expression was variable, being some genes similarly stimulated and 
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, hindering the 

 

also observed that Pitiúba, in control conditions, still presented a major proline level 

osmotic stress component of the salt stress. So, it is clear that both cultivars envisage 

VuNHX2 and VuNHX6 were different in roots and leaves. The 
transcript levels for VuNHX2
and 24h revealed a higher increase in roots than in leaves while transcript expression 
of VuNHX6 

are effective to promote available energy to secondary transports and that the cellular 

or the development stage but even on the harvest. 
 

Drought 

Plants acquire resistance to stress environment by reprogramming metabolism 
and gene expression, gaining a new equilibrium between growth, development and 

.
VuVHA-A, VuVHA-E, VuVHP

VuNHX2 and VuNHX6) in leaves and roots of cowpea plants were 
VuVHA-A and VuVHA-E

responsive for plant tolerance to drought stress. However, the VuVHA-E expression 

a down regulation could be observed. This suggests that the V-ATPase genes can 

in NHX

expression of AtNHX1 
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responses, regulating plant water balance and cellular dehydration tolerance 

of this enzyme would be to maintain the proton gradient under conditions of limited 

 
Chilling 

et al. et 
al.

carbohydrate composition, the activation of ion channels and activation of numerous 

et al., 

et al., 
et al.

Many reports showed divergent opinions about the activities of vacuolar proton 

et al.

oC or 4 o o

differential regulation for the vacuolar proton pumps. The moderate treatment 
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in response to chilling stress maintaining the proton motive force, essential for plant 
et al.

 
5  MOLECULAR APPROACHES IN SALINITY TOLERANCE 

and survive salt stress requires an integrated approach of the complex physiological 

of salinity tolerance in plants. In order to attaint this aim, it is required new genetic 

in salt tolerance. Indeed, every day new molecular tools for manipulating genetic 
resources are becoming available. 

 in the plant cell is 

AtNHX1

et al.
et al., 

GhNHX1, was overexpressed in tobacco, 

more than 26 reports on acquired salt tolerance mediated by the overexpression of 
et al.

the overexpression of vacuolar H

et al.

 accumulation 
et al.  transporters 

 transport from root to 
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shoots, transgenic studies have produced somewhat inconsistent results with TaHKT1 
et al. AtHKT1 et al.

of AtHKT1 et al.
 transport is important. The HAL1 gene 

et 
al.

 In brief, it is important to highlight the critical leaps towards understanding the 
molecular mechanism of salinity tolerance in plants in the last 15 years. However, 
many challenges still lie ahead as the regulation of gene expression and signaling 

 transporters. 

Figure 3. 
understanding of the mechanisms that plants employ to respond and survive 
salt stress requires an integrated approach of the complex physiological traits, 

osmotic and ionic toxicity stress that activate a signal transduction system. How 
these signals are effectively is still unclear. However, it has been showed that 
Ca2  and hormones participate in this system and activate genes involved in the 

 transport. In Vigna unguiculata, it was 
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6  CONCLUSION AND FUTURE PERSPECTIVES 

conditions that contribute to increased soil salinity, and negatively impact the growth, 
development, and yield of crops. In recent years, the biochemical responses of plants 
to salt stress have been intensively studied. Information on the tolerance mechanism 

to the intricate cascade of signalization and responses, describe salt tolerance has 

diversity of plant responses. In addition, new investigations considering molecular 
approaches are needed to reveal the fundamental protection mechanisms against salt 
stress. In this chapter, we tried to summarize the roles of the proton pumps and the 
secondary transporters in a physiological, biochemical and molecular context of plant 

and the secondary transports regulation during plant stress responses. Science has 

but also enhance crop yield and quality. In this context, biotechnological approaches 

improve plant defense mechanisms against harsh environments. Finally, as should 
be apparent from the studies summarized here, there is optimism that in a near future 
the development of new plant cultivars capable of adapting to severe environmental 
stresses, including those caused by global climate change will come true. However, 
laboratory and greenhouse research results could not rigorously be extrapolated to 

models that are tolerant to abiotic stress conditions. So, we believe that agricultural 
biotechnology applications will help achieve a second green revolution in a not to 
distant future. 
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1  INTRODUÇÃO

O conceito de qualidade da água refere-se às suas características, que podem 
afetar sua adaptabilidade para um determinado uso, ou seja, trata-se da relação 
entre a qualidade da água e as necessidades de cada usuário, podendo a mesma ser 

WESTCOT, 1999).
Na região Nordeste do Brasil, de modo particular na região semiárida, a qualidade 

da água é merecedora de peculiar atenção em função das condições edafo-climáticas 
que caracterizam essa região. As altas taxas de evaporação presente nesta região 

1.000 mm ano-1 no litoral da Bahia e Pernambuco e atingir 2.000 mm ano-1 no interior, 
sendo que na área de Petrolina – PE, pode chegar a 3.000 mm ano-1 et al., 
2014). Adicionado a esta condição climática, a região apresenta predominância da 

O arranjo dessas características conduziu para a construção de reservatório como 
a forma viável de armazenamento de água para os diversos usos deste recurso. O 
fato é que a elevada densidade de reservatórios no semiárido brasileiro determina 

maior pressão sobre este recurso. A demanda hídrica, seja para consumo humano, 
dessedentação, indústria ou agricultura irrigada é cada dia mais competitiva, existindo 
uma constante redução da água percapita. 

Naturalmente, as altas taxas de evaporação do clima semiárido causam 

níveis dos reservatórios, podem levar a um aumento na concentração dos elementos 

Em adição as altas taxas de evaporação e a crescente demanda hídrica, adiciona-se 
a redução da disponibilidade decorrente da perda de qualidade das águas pelo uso 
improprio das áreas a montante dos reservatórios e no entorno da bacia hidráulica dos 

8



105Recurso Água e Sensoriamento Remoto

et al. et al., 2014a) com qualidade impropria para consumo humano 
sem tratamento prévio. 

O conhecimento e controle da qualidade das águas dos reservatórios são efetivados 
pelo monitoramento dos mesmos, tal ação demanda tempo, equipe campo capacidade 

monitoramento em escala regional vêm sendo elaboradas e propostas pelo emprego 
do sensoriamento remoto. 

O uso de dados de sensoriamento remoto apresenta grande potencialidade para a 

et al., 2014b). 
Com o sensoriamento remoto é possível avaliar as respostas decorrentes de 

perturbações introduzidas pela atividade humana, de modo a prever o impacto dessas 

Este capitulo abordar as fontes indutoras da disponibilidade hídrica, sazonalidade 

técnica de sensoriamento remoto como ferramenta para monitoramento de grandes 
corpos hídricos.

2  PRECIPITAÇÃO

A disponibilidade hídrica de uma região é função das fontes indutoras das 

e a capacidade de armazenamento da mesma. As regiões de maiores precipitações 
são aquelas que se encontram nas faixas de baixas pressões como a zona equatorial. 
Apesar do Semiárido Nordestino se encontrar inserido nesta região, está sujeito, 

semipermanente do Atlântico sul, cuja atuação é condicionada pelas circulações de 

do Maranhão. As chuvas se devem, principalmente, ao avanço da ZCIT, entre janeiro 
e maio, com um máximo em março-abril sobre o Nordeste brasileiro. O movimento 
ascendente do ar, associado a ZCIT origina precipitações habitualmente intensas, de 

ponto de vista da precipitação, com uma distribuição espacial e temporal muito 
variável. A região se caracteriza por uma alternância dentre anos secos e anos chuvosos 
e poucos na normalidade. 

Essa variabilidade se faz presente em toda a extensão do semiárido brasileiro. 
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do Ceará. Registram-se precipitações totais anuais de apenas 133 mm em 1915 e dois 

ocorreu entre os anos de1983 e 1985, onde a precipitação total variou de 433 mm 
para 2075 mm, respectivamente. 

Figura 1.
Iguatu, Ceará

total anual foi inferior a 564 mm. Em contra partida, analisando-se o limite superior 

três eventos foram superiores a este limite, enquanto que nos últimos 56 anos, 9 anos 
registraram valores do total precipitado anual superior a 1178 mm. Esta variabilidade 

do total precipitado anual ao longo dos 103 anos. Tais resultados expressam a incerteza 
com que os eventos, mesmo em escala anual se registram no semiárido cearense 

anos possa representar um longo período em uma escala de tempo para os humanos 

Um melhor conhecimento do regime pluviométrico de uma determinada 

u

precipitação pluviométrica total anual devem ser previamente ordenados para então 
U) para cada ano, empregando-se a seguinte 

equação:
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-1).

U
PI
P

Tabela 1. U

uma distribuição muito similar do número de anos com precipitação superior ou 
inferior ao normal. O maior número de eventos extremos foi registrado pelos classe 
Muito seco. Tal fato expressa que secas não deveriam ser consideradas como eventos 

Tabela 2

3  ARMAZENAMENTO HÍDRICO

Em semiáridos tropicais onde a média do total anual é superior a isoieta de 750 
mm ou 800 mm, a limitação da disponibilidade hídrica é decorrente das incertezas 

et al., 2010) e das elevadas taxas de evaporação, 
normalmente superior a 2000 mm ano-1. Um bom exemplo deste tipo de ocorrência 
é o semiárido cearense, onde 80% dos eventos pluviométricos podem ocorrer em 
dois meses do ano. Tais características conduzem a anos secos alternados por anos 
de cheias como discutido por Ponte, 1997. 

Quando esta característica climática esta associada as condições de solo rasos 
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uma extensão de 659 km. Em regiões com estas características é comum o uso de 
grandes reservatórios estratégicos para suprimento da demanda hídrica. O estado 

armazenamento de 18,6 bilhões de m3

30,7% desta capacidade. Além dessa preocupação com a disponibilidade quantitativa, 

et al. et al., 2014). Tal 
cenário determina a necessidade urgente de um monitoramento em escala regional 

boa qualidade quanto a salinidade, existindo pontos concentrados de alta salinidade 
-1

Metropolitana.
 

4 ÁGUAS SUPERFICIAIS

armazenadas em barragens, açudes, lagos, represas em geral e indo lançar-se nos 
et al

FILHO, 2013) e, correspondem a apenas 0,007% volume total da água existente no 

fazendo as Regiões do Nordeste, Sudeste e Centro-Oeste sentir problemas de escassez 

salinização e a contaminação dos mananciais advindas do manejo inadequado das 

2014).
É de nosso conhecimento que desde a construção do Açude público do Cedro 

em 1890, no município de Quixadá, o Estado do Ceará, continuou praticamente sem 
interrupção com a política de açudagem, chegando, com exceção das faixas serranas, 
a cobrir praticamente toda a extensão territorial do Estado. Segundo mapeamento 
realizado pela FUNCEME, em 2008, foram identificados 5.598 reservatórios 
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distribuição espacial desses reservatórios pode-se considerar que ela representa, quase 

Figura 2.

A qualidade dessas águas, com relação à salinidade, geralmente apresenta 

Sobrinho), localizado no município de Choró, na bacia Metropolitana e Santo 

et al., 2010). De fato, as águas do Açude Pompeu Sobrinho, entre os anos de 
1999 e 2000 já apresentavam valor médio de CEa de 5,5 dS m-1

2002), o que o destacava como o reservatório da bacia Metropolitana em que as 
águas apresentavam maior salinidade. O acúmulo de sais nesse reservatório está 
relacionado, principalmente à litologia predominante da região, bem como ao 
superdimensionamento do açude, fazendo com que o mesmo passe por muitos 
amos sem sangrar e, consequentemente sem a renovação das suas águas que, aliada 
à alta evaporação, acaba por ocasionar o acúmulo dos sais. Para se ter uma noção 
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da importância dos fatores acima mencionados, a última sangria do Açude Pompeu 
Sobrinho ocorreu em 1974.

Palácio et al
reservatórios distribuídos nas 11 bacias do Estado, entre 1998 e 2009 e levando 
em consideração os principais parâmetros relacionados à salinidade como: teor de 
Cálcio, Cloreto, Sódio e Magnésio, bem como a Condutividade Elétrica da água 

se distribuem territorialmente em quatro grupos, atribuindo essa diferenciação à 
composição química das rochas de origem onde estão assentados os reservatórios, às 
condições de evaporação potencial e presença de aerossóis marinhos e, às atividades 
antrópicas exercidas nos entornos desses reservatórios. De fato, a antropização das 
áreas às margens dos açudes, ou ao longo de suas bacias de contribuição é uma 
situação já corriqueira tanto nos pequenos reservatórios, quanto naqueles ditos como 

de imagens de satélite investigou o uso e ocupação da terra para a bacia hidráulica 
desse reservatório entre os anos de 1992 e 2008, constatou que 26,94% da mesma 
está antropizada. Entretanto, é importante ressaltar que o termo antropizada citado 
neste estudo, engloba todo o solo que está sem cobertura vegetal, podendo está 
relacionado a áreas desmatadas, estradas, aglomerados urbanos e área de expansão 
urbana, áreas de culturas abandonadas ou desestruturadas, bem como aquelas para 
uso da pecuária.

Desde a chamada “revolução verde” o Nordeste brasileiro tem se destacado como 
área com considerável potencial para a irrigação. Devido ao Ceará deter 16,63% de 

preponderante na gestão dos Recursos Hídricos no Estado. Como, quando se trata 

a ótica dos parâmetros físico-químicos, ou mesmo biológicos, no caso dos alimentos 
que são consumidos in natura
pelo USDA – Salinity Laboratory, que leva em consideração a Condutividade Elétrica 

em sua maioria, de boa qualidade, tanto no período seco quanto chuvoso. Foi o que 
observaram Chaves et al

É interessante observar que para o período chuvoso as águas se apresentaram 
com salinidade um pouco inferior, com o surgimento das classes C3S2 e C4S2. Tal 

das chuvas, principalmente das regiões várzeas onde é comum o uso dessas áreas 
como agricultura de subsistência por pequenos agricultores, bem como, ao fato de 
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Figura 3.

et al., 2010)

que nesta área que abrange parte das bacias Metropolitana e Banabuiú é onde está 
localizado o Açude Público Pompeu Sobrinho, que também segundo estudo realizada 
por Santos et al
severa restrição para uso na irrigação, quando considerado o potencial de toxicidade 

Com enfoque na agricultura irrigada, a qualidade das águas dos açudes do Estado 
do Ceará monitorados pela COGERH, foram analisados por Andrade et al.

aparecem como detentoras das maiores limitações do uso da água para irrigação, com 

maiores potenciais de água de boa qualidade para uso na irrigação estão nas bacias do 

relacionados com a irrigação, causando entupimentos e corrosões nos equipamentos, 

de luz e, no consumo humano conferem sabor desagradáveis às águas. O CONAMA 
em sua Resoluções nº 357 de 2005 estabeleceu como padrão de qualidade, valores 

1, 2 e 3, de 500 mg L-1 e, a Portaria nº 518 de 2004 do Ministério da Saúde, estabelece 
valor máximo permitido de 1.000 mg L-1 de sólidos dissolvidos totais para águas para 
consumo humano. Neste parâmetro, apenas a Metropolitana apresenta valores acima 
do limite máximo estabelecido pelo CONAMA.
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Figura 4.
et 

al., 2010)

Tabela 3.

Fonte: Adaptada de Andrade et al

5  MONITORAMENTO

O monitoramento da qualidade das águas superficiais é o conjunto de 
atividades que visam o acompanhamento das alterações nas características 
físicas, químicas e biológicas da água, resultante de processos antropogênicos 

processo essencial à implementação de instrumentos de gestão das águas, já que 
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permitem obter informações estratégicas, acompanhar as medidas efetivadas, atualizar 
bancos de dados e direcionar decisões. Inserido nesse contexto, o monitoramento 

associada à análise de dados e informações de qualidade da água para propósitos de 

al., 2008).
O termo “qualidade de água” não se refere, necessariamente, a um estado de pureza, 

mas às características químicas, físicas e biológicas determinantes na estipulação de 
seus diferentes usos. As alterações na qualidade da água dos ecossistemas podem 
ser causadas por processos predominantemente naturais ou antropogênicos e seu 

o seu uso adequado.
Como uma importante ferramenta na gestão de recursos hídricos, a avaliação da 

qualidade da água deve abranger o acompanhamento das tendências de evolução 

só será possível com programas sistemáticos de monitoramento, que resultem em 

distribuição sazonais e espaciais.
Neste sentido, o sensoriamento remoto tem grande potencial na superação da 

limitação espaço-temporal dos métodos tradicionais in situ, pois permite a aquisição 
das informações necessárias em diferentes escalas espacial e temporal, propiciando 
a análise estrutural dos ecossistemas aquáticos, assim como, sua análise funcional de 

remoto é possível avaliar as respostas decorrentes de perturbações introduzidas pela 
atividade humana e processos naturais, de modo a prever o impacto dessas ações sobre 

O monitoramento da qualidade da água nos dias atuais é essencial, e os dados de 
sensoriamento remoto podem torna-lo mais bem sucedido.

6  SENSORIAMENTO REMOTO

O conceito em si, de sensoriamento remoto, é muito amplo e existem várias 

– SR refere-se a um conjunto de técnicas destinado à obtenção de informação sobre 

os mesmos.



114 Eunice Maia de Andrade et al.

sendo a utilização conjunta de sensores, equipamentos para processamento de dados, 
equipamento de transmissão de dados colocados a bordo de aeronaves, espaçonaves, 

ocorrem na superfície do planeta Terra a partir do registro e da análise das interações 
entre a radiação eletromagnética e as substâncias que o compõem em suas diversas 
manifestações.

A água possui assinatura espectral distinto de acordo com as formas como se 

em 70%) em todo o espectro óptico, porém apresentando algumas bandas de absorção 

Figura 5

7  PROPRIEDADES ÓPTICAS DA ÁGUA

absorção, espalhamento e função volumétrica de espalhamento. Essas propriedades 
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da concentração e tipo de substâncias opticamente ativas presentes na água.
A assinatura espectral da água pura é determinada, basicamente, pela absorção 

e espalhamento molecular nos comprimentos de onda mais curtos da radiação 

580 nm e cresce rapidamente no infravermelho com máximo de absorção em 750 

Figura 6.

O espalhamento da água pura, ao contrário da absorção, é máximo na região do 

disso, a água pura apresenta alta transmitância na região do visível contribuindo para 

Figura 7.
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As propriedades ópticas aparentes são afetadas pela composição da água como 

Porém, tais comportamentos podem sofrer interferência das propriedades aparentes da 
água, que são fatores externos, como a condição de iluminação, capazes de mudar a 

em função de fatores externos.

2001).

opticamente ativas são aquelas que podem afetar o espectro de absorção e 

8  INTERAÇÃO DA RADIAÇÃO ELETROMAGNÉTICA COM ÁGUA

haver absorção e espalhamento seletivo dependendo da proporção dos COAs presentes 

radiação espalhada e absorvida seletivamente pelos COAs.

são ilustrados na Figura 8.

9  PROPRIEDADES ÓPTICAS DOS COMPONENTES OPTICAMENTE ATIVOS 
NA ÁGUA DO RESERVATÓRIO ORÓS, CEARÁ

na região do azul decrescendo em direção ao infravermelho próximo. Em águas 
naturais, a presença de determinadas substâncias interfere na absorção e espalhamento 

e concentração dos componentes opticamente ativos presentes. A dinâmica espaço-
temporal da composição e concentração das massas de água no reservatório Orós, foi 
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Figura 8.

ser observado na Figura 9 na qual se apresentam os conjuntos de espectros obtidos 
durante as campanhas de campo realizadas nos meses de março de 2011 e agosto de 

Em termos de amplitude, os espectros dos pontos amostrais localizados na 

9A), referentes ao período da estação chuvosa, foram os que apresentaram maior 

de retroespalhamento e que este, por sua vez, é altamente correlacionado com a 
concentração de sólidos em suspensão. O maior valor de sedimentos inorgânicos 
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Figura 9. Comportamento espectral do sistema aquático do reservatório Orós, para as 

de LOPES, 2013)
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e absorção mínima por todos os componentes opticamente ativos, incluindo a água 

Os principais componentes opticamente ativos na modelagem da forma dos 

orgânica dissolvida. Constata-se que as regiões de absorção em torno de 438 e 670 nm 

10  MODELOS DE ESTIMATIVAS DE VARIÁVEIS LIMNOLÓGICAS USANDO 
DADOS DE SENSORIAMENTO REMOTO

melhores resultados de correlação, foram testadas para estimar as variáveis: Sólidos 
Inorgânicos Suspensos – SIS, turbidez, transparência e condutividade elétrica – CE 
para as estações amostradas em março de 2011 no reservatório Orós.

O comprimento de onda de 720 nm apresentou correlação positiva com a variável 

* FR

do sensoriamento remoto para estimativas das concentraçõe de sedimentos em 
2 de 0,96 

de 
sensoriamento remoto hiperespectrais de campo e as concentrações de sedimentos 
inorgânicos em suspensão foi não linear. Portanto, águas continentais da região 

semelhantes foram encontrados por 

 – 
2) de 0,90 e p < 2,9 x 10-8. 
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estimando a turbidez da água a partir de dados sensoriamento remoto.
O modelo de regressão ajustado para a transparência das águas do reservatório 

2) 

encontraram R2 ajustado explicando 47,8% da variabilidade dos dados.
O modelo de regressão ajustada para a condutividade elétrica das águas do 

2

condutividade elétrica da água a partir de dados de sensoriamento remoto. Apesar 
da condutividade elétrica da água não ser um componente opticamente ativo e não 
ter uma assinatura espectral, mas no caso de Orós, ela co-varia com sedimentos em 
suspensão que é um componente opticamente ativo. A condutividade elétrica da 
água apresentou correção com a turbidez de 0,95 e 0,77 para os sólidos inorgânicos 

de sedimentos inorgânicos em suspensão e condutividade elétrica da água com 
2

De acordo com o resultado obtido para as bandas selecionadas, os modelos 
in situ para 

a campanha de campo realizada em agosto de 2012 no reservatório Orós, Ceará.
Os parâmetros usados para analisar o desempenho do modelo para a variável SIS 

apresentam R2

o R2 e r, satisfatório para o d e aceitável para o NSE, Figura 11A. O modelo apresenta 
-1). 

O desempenho do modelo para a variável turbidez apresentou R2 de 0,91, r de 
2 e r, 

satisfatório e adequado, Figura 11B. O modelo apresenta erro de estimativa com EMA 

sólidos em suspensão como o silte, argila, sílica, coloides e matéria orgânica.
O modelo para a variável condutividade elétrica apresentou R2 de 0,72, r de 0,85, 

O modelo apresenta baixo erro de estimativa com EMA de 0,0217 e RQEM de 0,0224 
-1). Apesar de o modelo subestimar as concentrações de condutividade elétrica, 

apresenta a mesma tendência, ou seja, de subestimar os valores menores e maiores 
de condutividade elétrica da água.
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Figura 10.

Verifica-se pelos índices aplicados, que os modelos ajustados apresentam 

de sensoriamento remoto de campo.

11  CONSIDERAÇÕES FINAIS

A limitação da disponibilidade hídrica é função não só do quantitativo, mas do 
qualitativo. Atualmente, facilmente encontramos corpos hídricos onde a água já não 
se tem acessibilidade na sua forma natural, é requerido tratamentos prévios para 
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Figura 11.

leva-la a condição de potabilidade. Tais fatos apontam a necessidade de mudanças de 
paradigmas do uso dos recursos naturais em escala global, uma vez que o problema 
já não é pontual. 

Uma técnica que vem se mostrando adequada em grandes escalas é o sensoriamento 
remoto, onde pode-se efetuar monitoramentos em tempos reais em escala de grandes 

espectrais “in situ”.
Portanto, com o uso do sensoriamento remoto é possível melhorar o gerenciamento 

dos recursos hídricos, uma vez que auxilia na formação de banco de dados e apresenta 
a vantagem na superação da limitação espacial dos monitoramentos tradicionais in situ, 
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gerando informações úteis à tomada de decisões pelos gestores, e interação contínua 
e permanente entre gerentes e pesquisadores da área básica, vital para a implantação 
de políticas públicas em nível municipal, regional, estadual e federal.
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Remotely Sensed Estimates of Actual 
Evapotranspiration and Water Stress

1  INTRODUCTION

Water resources will determine the Countries welfare and wealth in the coming 
centuries. Freshwater is essential for food and energy production, yet it is unevenly 
distributed over the Earth´s surface. Thus, some areas suffer from water shortage 
whilst others are blessed with abundant water resources. In this context, measuring, 

In the end, the obtained results would contribute to assess is whether there is a scarcity 
situation or not (Islam and Susskind, 2011). 

attention to the ET impact on global circulation models, devoting efforts to estimate 
how much water is globally evaporating (Vinukollu et al., 2011). Even today, a precise 
ET calculation is a real challenge for agronomists and water resources engineers 
and managers since the world´ food security depends largely on water availability. 
Thus, it is critical to assist farmers to optimize water use in order to maximize food 
production for mankind. 

The need to monitor extensive regions has motivated the development of new 
methods for calculating ET from remote sensing data. Satellite remote sensing 

campaigns. Consistent, frequent coverage enable monitoring changes on the land 

(i.e. urban and suburban surfaces).  One of the main disadvantages of optical and 
thermal sensors is the unfeasibility to obtain data through cloud cover, on the contrary, 
microwave sensors image the surface through clouds. In addition, the need to correct 

information on particular variables. 

9
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Although thermal infrared sensors fail to deliver information throughout clouds, 
the advent of this technology allowed monitoring land surface temperature (Ts) relating 
it  to vegetation index (VI) to estimate ET.  The simplicity and robustness of these 
type of semi-empirical models made them a widely applied tool with varying results 
(Jiang and Islam, 2001; Nishida et al., 2003; Norman et al., 2003; Venturini et al., 
2004).  Water stress (WS) indexes were also derived from Et models, e.g., Jackson et 
al., (1977), Moran at al., (1994), Pertovt et al., (2008), Mendez-Barroso et al., (2008), 
Girolimetto and Venturini, (2013).

In the last decade, after Ramirez et al. (2005) publication, the complementary ET 
relationship (Bouchet, 1963; Granger, 1989) gotresearchers´ attention. Ramirez et al. 
(2005) work provided direct observational evidence of the complementary relationship 
in regional ET hypothesized earlier by Bouchet in 1963. Since then, Venturini et al. 
(2008), Szilagyi and Jozsa (2008, 2009), Crago et al. (2010) among others, developed 
new methods based on the complementary relationship using remotely sensed data. 

Residual methods, that calculate ET as the residual of the energy budged, also 
employ remote sensing data, for instance SEBAL approach ( Bastiaanssen, 2000) and 
METRIC approach (Tasumi and Allen, 2007) are widely use.

common goal, i.e. to achieve reliable and accurate estimates of ET and its sub-products. 
In this work, two methods to calculate ET and water stress indexes  are presented. 

satellite data available nowadays. Girolimetto and Venturini (2013) models make use 
of atmospheric products, such as MODIS products. An error analysis complement 
the models presentation and results discussion.

2  METHODS DESCRIPTION

Jiang e Islam (2001) ET Model (ETJ-I)
The Jiang-Islam´s interpretation of the NDVI-Ts relationship provides the basis 

to estimate ET by modifying Priestley and Taylor’s equation (Priestley and Taylor, 
 to account for unsaturated areas, 

). The resulting 

J I nET R G

where 
n is the net radiation at the surface level and 

(1)
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The parameter  varies from zero, for a dry bare soil surface, to 1.26 for a 
saturated or well vegetated surface, i.e. it becomes equal to the parameter in Priestley 
and Taylor’s equation. This parameter  is calculated by a simple two-step linear 
interpolation between the sides of the NDVI- Ts triangle, as shown in Figure 1. Jiang 
and Islam interpreted the upper edge, with high temperatures and low values   of , as 
the minimum value of  ET for each class of NDVI, while the cold edge, associated 
with low Ts and maximum values   of , represents maximum ET rate. Therefore, the 
value of  vary within the limits of the triangle.

These authors proposed a two-step linear interpolation scheme to obtain value 
 value for 

 >0). The global minima and maxima of  can be 
easily determined min = 0 for the driest bare soil pixel, and max can be found on the 
pixel with the maximum NDVI). Given these two bounds (NDVI = 0, min), (NDVI 
= NDVImax, max) and the range of NDVI, the i

max    can be linearly interpolated for 
each NDVI interval (NDVIi

max). The i
max

 for each NDVIi can be obtained from the 
pixel corresponding to the lowest surface temperature within each NDVI interval. 

After the lower and upper bounds of  values for each NDVI class have been 
determined, the second step is to interpolate within each NDVI class between the 
lowest temperature pixels, i.e. the pixels with highest evaporation within this NDVI 
class, i.e., (Ti

min
i
 max ), and the highest temperature pixel, where the evaporation 

is lowest within this NDVI class, i.e., (Ti
max

i
 min ). Consequently, the  values 

for each pixel can be ascertained using the surface parameters estimated from the 
aforementioned interpolation, as follows:

max i
i

max min

T T1.26
T T

where Tmax and Tmin are the maximum and minimum Ts for a given vegetation class, 
respectively, and Ti is the radiometric temperature for a given pixel. The value of Tmax 
is the temperature obtained extrapolating the upper edge of the triangle to intersect 
the Ts axis (Figure 1) for a NDVI = 0, while Tmin is obtained as the average Ts of those 

 calculation can 
be found in Jiang and Islam (2001).

The Water Stress Index Based on Jiang and Islam method
Moran et al.  (WDI) based on the 

interpretation of the trapezoidal VI – (Ts-Ta) plot, where Ta is the air temperature. 
The WDI considers two important assumptions associated to the relationship 

between VI and the difference Ts-Ta. First, the authors assume that the difference Ts-Ta 
is linearly related to the percentage of vegetated area and canopy, and soil temperatures. 
Another important statement made by the authors is that, given a certain Rn, the 

(2)
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temperature of the foliage and soil are linearly related to transpiration and evaporation, 
respectively. Therefore, the variations in Ts-Ta would be associated to ET, as follows: 

Figure 1. NDVI-Ts triangle space with upper and lower bounds and Jiang- Islam´s 
parameters 

pot

ETWDI 1
E

where (ET/ Epot) is the relative evaporation. 
In equation 3, Epot assumes unlimited water supply, consistent with Penman-

Monteith equation (Monteith and Unsworth, 1990) with the vegetation aerodynamic 
resistance (rcp) close to zero, without being canceled out. Therefore, it can be assumed 
that in this formulation, the surface water supply is the limiting factor and the 

In the absence of water, moisture content in the root zone will be reduced as a result 
of crop intake. In turn, water stress causes the closure of the plants stoma and, hence, 
a reduction in the transpiration rate. Then, the wet environment evapotranspiration 
(Ew) only considers the surface moisture and the available energy, as in Priestley 
and Taylor´s equation. Thus, Ew can replace Epot in equation (3), so the WDI can be 
written as

w

ETWDI 1
E

In this new form of WDI, ET can be replaced by equation 1 and Ew by the Priestley 
and Taylor´s equation. The new index, WSIEw, is

(3)

(4)
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replacing by equation 2, the WSIEw becomes 

EwWSI 1

i min
Ew

max min

T TWSI
T T

where Ti is the radiometric temperature for a given pixel and Tmax and Tmin are the 
Jiang and Islam´s parameters.

Venturini et al. (2008) Model (ETV-V)
Granger (1989) derived a physically based complementary relationship between 

ET, Ew and Epot, proposing the inequality Epot Ew ET,where Ew can be either Penman 
or Preitley-Taylor equations. Granger (1989)  demonstrated the following relationship:

pot wET E E

where ET is not symmetric with respect to Epot and Ew.
Granger and Gray (1989) proposed their ET model for unsaturated surfaces 

following the combination approach and the relative evaporation concept. The relative 
evaporation expression proposed by these authors is based on a Dalton-type equation:

u s a
*

pot u s a

f e eETGG
E f e e

where fu is a function of the wind speed and the canopy height,  es is the surface actual 
water vapor pressure, e*

s is the surface saturation water vapor pressure, and ea is the 
air actual water vapor pressure.

Venturini et al. method uses Granger’s methodology, particularly the relative 

would render an expression of ET as a function of only one potential evaporation 
concept, Ew.   Furthermore, the advantage of using the ratio ET/Epot, is that eliminating 
the wind speed function and resistance factors reduces the uncertainty and complexity 
of the ET calculation, as will be shown later.

s-ea), since 
there is no simple way to relate es to any readily available surface temperature.  
Thus, the authors assumed that fu affects similarly ET and Epot
temperature Tu as the temperature of the surface if it is brought to saturation without 

(5)

(6)

(7)

(8)
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changing the actual surface vapor pressure, which is analogous to the dew point 
temperature. 

Considering that the water vapor pressure can be calculated from the SVP curve 
with the corresponding temperatures, see Figure 2, F is approximated as follows,

s a u d 1
*

pot s d 2s a

e e T TETF
E T Te e

where Td 1 and 2 are the slopes of the SVP curve at 
Td and Ts, respectively.

Figure 2. SVP curve, Tu, Ts, es, e*s relationship in de Ts context

Therefore, from equation (9), Epot= ET/F . If combined with Granger´s 
complementary equation [ET+ Epot w w, 

w
ETET E
F

In this case, the Priestley and Taylor´s equation (Priestley and Taylor, 1972) was 
used to compute Ew. Consequently, by combining Priestley and Taylor´s expression 
with equations (9) and (10), the following model  was derived,

V V n
FET R G

F

where  is a Priestly-Taylor parameter, assumed equal to 1.26 for saturated surfaces. 

(9)

(10)

(11)
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In this formulation it is necessary to determine the new variable , Tu, in order to 
calculate es and then F (see equation 9). The authors estimated Tu from the SVP curve 
using Ts and Td (see Figure 2), however they recognized that Tu calculation did not 
follow the physics of the problem (Venturini et al., 2011),

*
s a 2 S 1 d

u
1 2

e e T T
T

Once Tu is estimated, es can be computed, and then F and ET.

Girolimetto and Venturini (2013) ET Model (ETG-V)
The es estimation could be enhanced by using a surface variable such as surface 

moisture content. The new es calculation involves the surface water availability 
proposed by Barton (1979) as follows,

s
*
s

e
e

Barton (1979) analyzed ground evaporation data in terms of 

data for the Deniliquin (Australia) region calculated with data from active microwave 
sensors. He also  proposed 
areas. Barton derived  for bare soil surfaces, though it is not evident how it varies for 
mixed soil-vegetation. For instance, Deniliquin is a semi-arid region where the bare 
soil surface saturates for moisture contents larger than 37.5% (Barton, 1979). The soil 
is clayey with a patchy vegetation pattern dominated by mesophytic species forming 
a relatively dense sward. In this region the mean annual rainfall and evaporation are 
40 cm and 161 cm, respectively and the mean temperature varies from 40 C in July 
and 24 C in January. 

From the remote sensing point of view, the shortwave infrared (SWIR) energy is 
absorbed by water; therefore, these bands are sensitive to the surface moisture content 
variations (Chen et al., 2005). Many authors combined near-infrared (NIR) and SWIR 

to study changes in foliar water content (Penuelas et al., 1997; Hunt et 
al., 1987; Gao, 1996; Ceccato et al., 2001; Fensholt and Sandholt, 2003; Sims and 
Gamon, 2003; Zarco-Tejada et al., 2003; Maki et al., 2004; Chen et al., 2005; Cheng 
et al., 2006; Trombetti et al., 2008). Fensholt and Sandholt (2003)  explained that even 
though  the atmosphere, leaf/surface internal structure and dry matter content might 

 are negligible compared with  water 
absorption. Simulatio over 50% of 

(12)

(13)
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the changes  of the SWIR region are due to the absorption caused by 
the water content in the vegetation (Cecatto et al., 2002a).

of the soil and vegetation are negatively related to moisture (Zerco-Tejada et al., 
2003; Yilmaz et al., 2008). Consequently, considering the surface as a vegetation-soil 

due to the water content of the surface, we approximate  as,

Rsat
Ri

th-pixel.
Rsat is easily obtained from the relation between Ri and SM, where ground data 

are available. Otherwise, it can be calculated from the mean 
as water in an image. In any case, the values of Ri close to zero would be associated 
to saturated pixels and can be considered as Rsat. 

s 
(es s). Introducing es in equation (9), 

(14)

*
s a

*
s a

e eF
e e

Thus, ET is estimated from equation (11) with the new F which incorporates the 
physically consistent Tu
will be referred hereinafter as ETG-V.

The Water Stress Index Derivation from Girolimetto and Venturini ET Method
It is possible to rewrite Moran et al. (1994) formulation replacing ET/Epot by F 

(see equation 3), as follows:

*
s a s s

F **
s as a

e e e eWSI 1 F 1
e ee e

Knowing es 
*
s F can be re-

writen as follows,

* **
s ss s

F * *
s a s a

e ee eWSI
e e e e

(15)

(16)

(17)
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s tends 
to the saturation vapor pressure (e*s F would tend to 

s tends 
to ea and WSIF

3 APPLICATION 

The methods described in previous sections have been derived from universal 
relationships. Moreover, data sources do not pose  a limitation for their applicability, 
nonetheless remotely sensed data such as that provided by MODIS atmospheric 
products would empower the potential applications of the methods.

This sensor has 36 spectral bands between 0.405 and 14.385 μm whose spatial 
resolution ranges  from 250 to 500 and 1000 m. Another MODIS sensor is onboard 
of EOS-Aqua satellite, launched in May 2002..

Daytime MODIS- Aqua images for nine days in years 2009, 2010 and 2011 in 
Spring and Summer, with at least 82% of the study area free of clouds, were selected 
to apply the models described. The products MYD02, MYD07 and MYD11 were 
used to compute the models parameters and variables.

TheMOD021KM product was utilized since it provides calibrated digital 
numbers for 36 bands at 1.09 km spatial resolution. Besides the channel digital 
number of each pixel, the geolocation, i.e., latitude, longitude and viewing angle, are 

on several parameters: total-ozone burden, atmospheric stability, temperature and 

day and night for Level 2 at 5×5 km pixel. MYD07_L2 contains data collected from 

vertical levels. A simultaneous direct physical solution to the infrared radiative-

atmospheric effects for some of the MODIS products (e.g., sea-surface and land-
surface temperatures, ocean aerosol properties, etc) as well as to characterize the 
atmosphere for global greenhouse studies. MYD11, the Land Surface Temperature 
and Emissivity (LST/E) products, provide per-pixel temperature and emissivity 
values. Average temperatures are extracted in Kelvin with a day/night LST algorithm 
applied to a pair of MODIS daytime and nighttime observations. This method yields 
1 K accuracy for materials with known emissivities, the view angle information 
is included in each LST/E product. The LST/E algorithms use MODIS data as 
input, including geolocation, radiance, cloud masking, atmospheric temperature, 
water vapor, snow, and land cover (Wan and Dozier, 1996; Venturini et al, 2004; 
Venturini et al, 2010). 
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In this chapter, results obtained for the Southern Great Plains (SGP) region in USA 

variations of temperature and humidity. It extends over the State of Oklahoma and 
southern parts of Kansas, ranging in longitude from 95.5º W to 99.5º W and in latitude 
from 34.5º N to 38.5º N  (See Figure 3).

Figure 3. Southern Great Plain and NDVI map for 04-05-2011

Radiation Measurement (ARM) program. At present, the ARM program has 
three experimental sites. Scientists all over the World have access and utilize the 
information generated at this site to improve the performance of atmospheric 
general circulation models used for climate change research. This region has a 

observation stations.
Each image was geo-registered from the Lat-Lon coordinates available within 

each of them. Ta and Td images were resized to obtain pixels of 1km2 , a resolution 
comparable to the resolution of other images used in the models implementation. 
Then, the study area is extractedfrom each image in a grid of 467 columns by 444 
rows, in pixels of approximately 1 km resolution.  

Red (R) and near infrared (NIR) images were used to get the NDVI as (NIR-R/
NIR+R), which was plotted against Ts to attain NDVI-Ts scatter plot. Jiang and Islam´s 
main parameters, i.e.  Tmax and Tmin, were estimated from the NDVI-Ts graphs as shown 
in Figure 4. For each analyzed day,  was computed from Tmax and Tmin; then ETJ-I and 
WSIEw were estimated using equations (1) and (6), respectively.

On the other hand, Ta and Td images were used to compute Venturini et al.´s 
parameters, Tu and F. Then, ETV-V was calculated with equation (11).
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In order to apply Girolimetto-Venturini´s ET model, Rsat parameter must be 
estimated to obtain  from equation (14). Rsat was attained from MODIS band 7 (R7) 
and gravimetric soil moisture SM content. These data indicate that R7 turn out to be 
asymptotic at 0.06 for SM values   greater than 25%, suggesting the saturation condition 
of the surface for this region (see Figure 5). 

Figure 4. NDVI – Ts and trapezoid bond plot for day 04-05-2011

Figure 5. R7 versus soil moisture (gravimetric %) plot where Rsat limit is indicated

sat and R7 of each pixel for each selected day. ETG-V 
was calculated with equation (11) and F as a function on 

4 ET AND WSI ERRORS 

The ET estimates (ETmodeled) from the three models, ETV-V, ETG-V and EJ-I, were 
contrasted with observed ET (ETground).
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The bias and the root mean square error (RMSE) were used to analyse the reliability 
of the new model in 54 ground observation points . Table 1 shows the RMSE and 
bias for each analyzed day for ETV-V, ETJ-I and ETG-V models. In general, the RMSEs 
for ETG-V model are lower than 13% of the mean ETground of each day; the biases are 
up to 8% of the observed mean ET. Only the day 04/06/2010 presented a RMSE of 
18% with a bias of the same order. The image quality of that day is poor, few stations 
are free of clouds, which may cause uncertainties in the imagery. The ETV-V method 
presents RMSE maximum values   of approximately 30% of the observed ET mean 
and the ETJ-I model presents RMSE and bias much higher than those for ETV-V  and 
ETG-V models.

Table 1. Contrast between ETobs  and ETcalculated for each study day in terms of RSEM 
and bias

ETG-V 
sensed data. For instance, Venturini et al. (2008) published of RMSE and bias values 
of about 18% and 15% of the observed mean ET, respectively, for the same region. 
Kalma et al. (2008) conducted a thorough analysis summarizing results from about 
30 published ET validation studies. These authors reported RMSE values of about 
50Wm  and relative errors of about 15 to 30%. Long and Singh (2012) recently found 
RMSE values of 45.6 Wm and 63.1 Wm  using Landsat TM/ETM+ and ASTER 
images, respectively. 

The  preliminary results presented here suggest that ETG-V model correlates more 
closely r with  ET measurements than ETV-V model results. 

Figure 6 shows the comparison between models results and ground observations. 

the base equation for all of the three models discussed in this work,  ET estimated 
with Priestley and Taylor´s model represents Ew (red squares). ETJ-I and ETV-V models 
overestimate observation values, while ETG-V model results (pink diamonds) present 
less dispersion around the 1:1 line.
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of Tu and es V-V model. The new ETG-V 
method yields robust ET estimates being simple to apply with remotely sensed data 
and easily coded for routinely applications withoutuser´s supervision. 

Regional statistics of WSIEw were computed. Since Jiang and Islam´s method 
requires free water pixels to estimate Tmin, the minimum WSIEw is always equal to 
0 The minimum temperature represents ET=Ew, i.e. a no-stress condition; thus, no-
stress pixels are always exist in this methodology. The regional maximum ranges 
from 0.50 to 0.72. Mean values of WSIEw vary from 0.14 to 0.42. The relationship 
between WSIEw and SM (R2=0.52) provides interesting information. In Figure 7 one 
can observe that a soil with 5% moisture matches a WSIEw of about 0.45. On the other 

Figura 6.  ETobs vs ETcalculada

Figure 7. WSIEw vs observed SM (at 5 cm)
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end, a SM of 30% agrees with a WSIEw of 0.1. In other words, WSIEw would not get 
close to 1 although the SM indicates a dry surface.

Values of WSIF regional average   are greater than 0.50 for all analyzed dates, 
suggesting that the region is within a moderately stressed period. The value of WSIF 
standard deviations varies between 0.097 and 0.234, which is consistent with different 
degrees of dispersion around the mean and different regional surface moisture 
distributions.

The relationship between WSIF and SM (R2=0.8) provides information about the 
index limits. For instance, a soil with 5% of moisture matches a WSIF of about 0.8 
and a SM of 30% agrees with a WSIF of about 0.3. WSIF would get close to 0 for 
surfaces with SM in the order of 25-30%, which is a near saturation point for many 
soils (see Figure 8).

Figure 8. WSIF vs observed SM (at 5 cm)

A simple contrast between both indexes is displayed in Table 2, where their 
background assumptions are remarked. The varying range of both indexes is different 
and should be taken into account when the results are contrasted. Maps of WSIEw and 

Table 2. Contrast between WSIEw and WSIF
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WSIF for day May 4th 2011 are displayed in Figure 9, (a) and (b), respectively. In 

from one index to the other.  

Figure 9. Water Stress indexes maps for day May4th 2011. (a) WSIEw and (b) WSIF
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Sistema Solo-Água-Planta-Atmosfera
e Manejo da Irrigação em Plantas Perenes

1 INTRODUÇÃO

Informações a respeito das relações água-solo-planta-atmosfera são 
fundamentais para o desenvolvimento de estratégias no manejo dos recursos 
naturais. Essas informações são a base para projeto, planejamento e manejo da 
irrigação. Medidas meteorológicas e de variação de armazenamento de água do 
solo são as estratégias mais utilizadas por produtores e pesquisadores que visam 

cultivos anuais que cobrem uniformemente o solo, a aplicação de água também 
é uniforme e atende a evapotranspiração de forma potencial. Entretanto, essas 
condições nem sempre são satisfeitas e as metodologias usuais podem se tornar 

Esse capítulo traz algumas considerações e resultados de pesquisa de dois jovens 
pesquisadores com as relações hídricas em plantas de banana e laranja. O texto busca 
mais do que recomendar estratégias de manejo da irrigação explicitar alguns problemas 
passiveis de maiores estudos.

2 MANEJO DA IRRIGAÇÃO – CONTROLE DE PROCESSO

analisado como um sistema de controle de processo. As variáveis de processo são 
condições internas ou externas que afetam o desempenho de um processo. A variável 
controlada de um processo é aquela que mais diretamente indica a forma ou o estado 
desejado do produto. Os sistemas de controle mais elementares são o controle em 
malha fechada e o controle em malha aberta. (Figura 1)

O controle em malha fechada, também chamado de controle retroativo 
(realimentação ou feedback) necessita de informações da saída do controlador 
através de elementos sensores ou transdutores, compara o sinal da saída com o set-

10
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point (referência) e corrige a saída caso a mesma esteja desviando-se dos parâmetros 
programados.

O controlador de malha aberta consiste em um sistema que não possui 
realimentação. Mais detalhadamente o controle em malha aberta consiste em aplicar 
um sinal de controle na entrada de um sistema, esperando-se que na saída a variável 
controlada consiga atingir um determinado valor ou apresente um determinado 
comportamento desejado. Nesse tipo de sistema de controle não observamos a evolução 
do processo para determinar o sinal de controle.

No caso da irrigação a variável controlada mais comumente utilizada é o conteúdo 
de água do solo e as variáveis do processo são as características da planta e as variáveis 
meteorológicas. Esse manejo tem como objetivo do manejo repor a água do solo para 
que as plantas transpirem potencialmente. No caso do manejo com a evapotranspiração 
de referência e KC (ALLEN et al, 1998) temos um controle em malha aberta e no 
caso do manejo via solo o controle em malha fechada. Ambos têm o mesmo objetivo 
e partem pressuposto que a transpiração potencial é a que rende maior produtividade 
já que a fotossíntese depende da abertura estomática.

Apesar da maior ênfase nas medidas meteorológicas e de água do solo, o 
monitoramento da planta começa a ter destaque para algumas culturas, a exemplo da 
temperatura do dossel obtido por termômetros de infravermelho. Nesse sistema de 
controle a variável controlada deixa de ser a umidade do solo e passa a ser a condição 
hídrica da planta. Esses métodos por indicarem a condição hídrica da planta são 

Medidas de resistência estomática, potencial de água na folha, temperatura do 
dossel e turgidez do caule (dendrômetros), entre outros, tem relatos de sucesso, 

espécies de plantas. Entretanto, cada uma dessas técnicas apresenta limitações de 
uso em campo, sendo a principal limitação a pequena disponibilidade de informações 
quanto aos limites e índices recomendados para as culturas de interesse econômico. 
(MANTOVANI et al., 2007).

Figura 1. Controle em malha aberta e em malha fechada
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A automação é umas das ferramentas possíveis para tentar minimizar as perdas 
de água na irrigação. Muitos sistemas automáticos estão funcionando em campos 
de irrigação brasileiros. Todavia, o que se vê na prática é o uso de controladores 
importados, e geralmente dedicados, que controlam apenas os mecanismos de 
aplicação da água, não considerando regras de manejo para a tomada de decisão 
(QUEIROZ, 2007).

EVANS et. al. (2000) fazem em seu trabalhado um apanhado geral das tecnologias 
disponíveis para controle em irrigação de precisão. Os autores concluem que, para a 
irrigação de precisão ser praticada em larga escala é necessário o desenvolvimento de 
sensores de solo e/ou planta, de baixo custo, integrados com redes de comunicações 
e sistemas de controle e de apoio às decisões.

Diversos sensores para variáveis ambientais, muitos com transmissão por rádio-
freqüência, estão disponíveis ou sendo desenvolvidos. Entretanto, o manejo automático 

variável, isso porque a ação de controle envolve uma tomada de decisão que não é 
simples de ser tomada pelos controladores existentes no mercado.

3 TRANSPIRAÇÃO EM LARANJEIRAS JOVENS

Os resultados apresentados nesse tópico do capitulo foram oriundos de um 
experimento com laranjeiras jovens no município de Piracicaba que deram origem 

et al., 2012)

quanto a transpiração podem assumir papeis importantes sendo necessário diferenciar 
de alguma forma os componentes da evapotranspiração. Muitas formas de manejar 
os cultivos como cobertura morta e a irrigação localizada reduzem a evaporação do 
solo tornando a transpiração o principal elemento do consumo hídrico.

Grande parte dos estudos sobre medidas de transpiração de plantas, principalmente 

de calor no tronco. A estimativa da transpiração com base nesses métodos pressupõe 

et al., 2009; COELHO FILHO et al., 2005; DELGADO-ROJAS et al., 2007; LU et 
al., 2002; VALANCOGNE e NASR, 1993).

médio de 20 plantas jovens de laranja Valência em quatro dias escolhidos de forma 

fato este detectado por vários autores (HEILMAN e HAN, 1990; VALANCOGNE 
e NASR, 1993). Observa-se também que nos dias de baixa demanda (Figura 2-B) 
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superiores a 0,4 MJ m-2 15 min-1, provavelmente, devido ao fechamento estomático. 

dias de baixa demanda, indicando uma mudança da relação entre essas variáveis.
Na Figura 3 é relacionada a transpiração média de 20 plantas de laranja jovens com 

a EToPM. Observa-se que para valores de EToPM até 2,4 mm dia-1 existe uma tendência 
linear de aumento da transpiração das plantas com o aumento da demanda evaporativa 
da atmosfera. Para valores de EToPM entre 2,4 e 4,8 mm dia-1 a transpiração média 
das plantas foi de 4,4 L dia-1

tendência de estabilização da transpiração média em maiores demandas. O valor de 
EToPM = 2,4 mm dia-1

pela minimização da raiz quadrada da média dos quadrados dos desvios (RMSE) na 
estimativa geral da transpiração por regressão linear segmentada.

Devido aos altos desvios apresentados acreditamos que o modelo apresentado na 
Figura 3 não explica totalmente a transpiração das plantas. Entretanto, indica que a 

de cultura podem levar a erros elevados.
Plantas perenes não sofreram em sua maioria adaptação genética para transpirar 

potencialmente como as anuais. Os citros se caracterizam quanto à condutância foliar 
à difusão de vapor, por sua alta resistência e por algum tipo de resposta adaptativa, 

Figura 2. 
laranja ‘Valência’ em 2 dias consecutivos de alta (A) e baixa (B) demanda evaporativa 
da atmosfera (Vellame et al., 2012)
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quando expostos durante um tempo a demanda atmosférica elevada. Assim, tem-se 

regiões úmidas e em regiões secas (BONAN, 1996; HALL et al., 1975; SYVERTSEN 
e LLOYD, 1994). Quando a demanda evaporativa da atmosfera aumenta, os estômatos 
tendem a fechar, reduzindo as taxas de transpiração. Dessa forma, quando ocorre 
mudança nas condições ambientais em termos de saldo de radiação e das diferenças 
entre a pressão de vapor nas folhas e no ar, a planta responde aumentando a resistência 
estomática, diminuindo a transpiração (HALL et al.,1975; SYVERTSEN & LLOYD, 
1994). Apesar desse fato ser amplamente conhecido o manejo da irrigação com o 

estomática do dia não depende das condições meteorológicas. Algumas metodologias 

a apresentada por ALLEN e PEREIRA (2009). A questão que levantamos é: será que 

grande vantagem de ser simples, é o caminho a ser tomado pelo manejo da irrigação

regressão múltipla para estimativa da transpiração média das plantas em função do 
dia Juliano e da EToPM. Os dados foram separados em fases fonológicas das plantas 
e em grupos de transpiração em dias com EToPM < 2,4 mm dia-1 e outro com valores 
acima. Só dessa forma obteve-se um bom ajuste dos dados (Figura 4). O efeito do dia 

devem ser consideradas para a estimativa da transpiração com precisão.

4 VARIABILIDADE DE EXTRAÇÃO DA ÁGUA DO SOLO

As variações do conteúdo de água no solo têm sido utilizadas para indicar o 
momento e a quantidade de água a se aplicar na irrigação. Atualmente existe um 

Figura 3. Transpiração média de 20 plantas de laranja ‘Valência’ em função da 
evapotranspiração de referência (Vellame et al., 2012)
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número satisfatório de métodos e instrumentos que possibilitam a determinação da 
quantidade de água existente em um determinado local do solo, podendo-se citar: 

desses métodos e instrumentos, mesmo que de forma não padronizada e sem seguir 
as normas metrológicas, têm sido bastante reportadas na literatura. A escolha de 
um ou outro método decorre principalmente da praticidade, tempo em obtenção de 
resultados e custos.

Pouco reportado na literatura, entretanto, é a indicação do local e quantidade de 
sensores necessários a serem instalados na zona radicular de uma cultura. Pouco 
se conhece da variação espacial e temporal da extração de água no volume de solo 
explorado pelas raízes das plantas, sobretudo de fruteiras, levando produtores e 
pesquisadores a instalarem seus sensores de forma arbitrária. 

Algumas recomendações de posicionamentos de sensores de leitura de umidade 
do solo para manejo de irrigação têm sido feita com base na distribuição de raízes 
no solo (Sokalska et al., 2009; Sant`Ana et al., 2012). Porém, em outros trabalhos, 

proporcional à concentração de raízes (Clothier & Green, 1994; Silva et al., 2009; 
Javaux et al., 2008). Neste sentido, algumas orientações de manejo de água e nutrientes 
já vêm sendo realizadas levando em consideração as zonas efetivas de extração de água 
pelas plantas (Coelho et al., 2007; Guohua et al., 2010). Entretanto, a variabilidade da 

do número e posicionamento de sensores, principalmente no caso de fruteiras que 
apresentam amplitude no desenvolvimento do sistema radicular. 

Monitorando de forma contínua e detalhada a extração de água da bananeira, 

na região explorada pelas raízes da cultura, instalar sensores na região de maior 

Figura 4. Relação entre a transpiração média diária observada e estimada para plantas 
de laranja ‘Valência’ (Vellame et al., 2012)
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intensidade de extração de água superestima os valores de evapotranspiração (ET) da 
cultura. As diferenças obtidas nos valores de ET devem-se justamente à variabilidade 
no espaço e no tempo do padrão da distribuição de extração de água do solo na região 
explorada pelas raízes da planta. Conforme pode-se observar na visão tri-dimensional 
da distribuição da extração de água da região radicular da bananeira na fase de 

intensa próxima ao pseudocaule da planta. 

Figura 5. Distribuição tridimensional da extração de água (cm3 cm-3) na zona radicular 
da bananeira em fase de crescimento vegetativo. Fonte: Silva (2013)

As estimativas de ET realizadas com o cálculo da variação de armazenamento de 
água no solo considerando dados de umidade obtidos em 1 e 2 baterias de sondas de 

bananeira (Figura 6). Os valores de ET estimados com uma bateria de sondas de TDR 

O curioso a se observar é que há na literatura pesquisas que fazem uso de 
sensores para monitorar umidade utilizando uma ou duas baterias no solo por 
planta (Silva et al., 2009; Souza et al., 2013; Montenegro et al., 2008). Nosso 
entendimento é de que assumir que as variações de umidade na região radicular 
de uma cultura pode ser representada por poucos pontos de coleta de umidade é 
um risco, pois em regiões onde existe maior intensidade de extração tem-se maior 
variação de armazenamento de água. Tendo em vista que os dados de extração 
de água de uma cultura podem apresentar alta variabilidade e não seguir uma 
distribuição normal, o uso do valor médio também é visto como um risco de 
pouca representatividade. Portanto, é mais seguro monitorar a umidade do solo 
em vários pontos na região explorada pelas raízes das plantas, tornando mais 
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completo o cálculo do balanço hídrico. Para tanto, existe ainda a necessidade, 
para uma dada condição, estabelecer o número mínimo de sensores necessários 

5 CONSIDERAÇÕES FINAIS

Plantas perenes não sofreram em sua maioria adaptação genética para transpirar 
potencialmente como as anuais. Dessa forma a relação com a demanda de água pela 
atmosfera nem sempre é linear e o uso do Kc pode levar a erros expressivos.

Devido à variabilidade espacial e temporal da extração de água na rizosfera, mesmo 
em condição de molhamento uniforme, a estimativa da variação de armazenamento 
se torna complicada exigindo um grande número de sensores para uma estimativa 

de variáveis como a profundidade do sistema radicular, armazenamento de água do 
solo e a evapotranspiração podem levar a resultados indesejáveis.

Se por um lado, em algumas condições, as metodologias tradicionais de 

até o momento não são simples de serem aplicadas. Dessa forma, o debate e 
esforços/investimentos em pesquisa e extensão na área ainda são extremamente 
necessários. O anseio em fornecer recomendações práticas para uso em campo 
pelos irrigantes não deve suprimir os questionamentos necessários a investigação 

Figura 6. Relação entre valores de evapotranspiração da banana estimada pelo balanço 
hídrico no solo com um número variado de baterias de sondas de TDR instaladas no 

foi composta por 4 sondas instaladas às profundidades de 0,1m; 0,3m; 0,5m e 0,7m. 
As baterias foram distanciadas entre por 0,2m. 
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of the National Park of Doñana (Spain). 
Evapotranspiration, Crop Coefficients
and Irrigation Efficiency

ABSTRACT

This paper reports the results of an experiment for the determination of strawberry 
crop evapotranspiration (ETc c
different amounts of water applied for Sabrina variety in the vicinity of P.N. Doñana, 
Southern Spain. The ETc of a strawberry crop was around 88% of the estimated 
reference evapotranspiration under greenhouse c was highly dependent on 
crop cover, reaching a maximum value of 1.1 when 95% coverage was reached. An 

3 ha-1 

of 70% and lower (T2 and T3). In all treatments production exceeded 1,000 g plant-1, 
resulting in 5% reduction of   treatments with 
respect to the third. If the application of an irrigation schedule to T1 
of less than the actual crop resulted in a production higher than 1,000 g plant-1, one 
would think that a slight increase of irrigation at the end of the season, accompanied by 
a decrease of it at the beginning, could have resulted in obtaining similar productions 
in T1 and T2 with a  amount of water. Using an irrigation schedule 
based on meteorological data and crop coverage, accompanied by measurements of 

1  INTRODUCTION AND OBJECTIVES

According to estimates by the Council of Agriculture, Fisheries and Rural 
Development of the Government of Andalusia, the surface of strawberry cultivated 
in the province of Huelva has reached 7,500 ha in the 2013/2014 season, which is an 
increase of 10% in relation to the average one of the years 2004/2007, which reached 
values close to 6,900 hectares, a period in which the average annual production reached 
300,000 tons (Consejería de Agricultura y Pesca, 2012). Strawberry is a generator 
of high economic value and employment. However, its location in the vicinity of the 

11
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National Park of Doñana requires the reconciliation of environmental conservation 
and productive activity.

Despite the widespread use of drip irrigation in this crop, there is great uncertainty 
about the strawberry irrigation requirements (Hanson y Bendixen, 2004). Most research 
on strawberry irrigation have been performed in California and Florida (USA), where 
the strawberry is cultivated outdoors (Clark y col., 1996; Grattan y col., 1998; Hanson y 
Bendixen, 2004; Trout y Gartung, 2004). However, in the province of Huelva the whole 
of this crop is performed under plastic, particularly in greenhouses of macrotunnel 

the strawberry water requirements had been determined for growing outdoors in the 
climatic conditions of California or Florida (USA). For the state of California and 
outdoor growing, Hanson and Bendixen (2004) reported estimated maximum values 

c equal to 0.7, when the maximum coverage was no greater than 75%. However, 
these authors did not get to measure crop evapotranspiration (ETc), but measured its 
coverage and used the ratios obtained by Grattan et al. (1998) for estimating the crop 

c c 
equal to 0.7 for coverage of 75%. Finally, the FAO-56 Irrigation and Drainage Paper 

the maximum crop coverage. However, no studies have been performed to estimate 

Huelva coast, where sandy soils predominate. From the 2011/2012 season, IFAPA 
is carrying out studies on the strawberry water requirements for advising farmers on 

used in the Doñana area for strawberry production were evaluated.
The objectives of this study were: 1) determining evapotranspiration of a strawberry 

cultivation, variety Sabrina, in a macrotunnel greenhouse 2) estimating the evolution 

water applied, 4) calculating the irrigation water productivity in each case and 5) 
obtaining a production function of irrigation water in the trial conditions.

2  MATERIALS AND METHODOLOGY

The work was carried out in T. M. Almonte, near the village of “El Rocio”, on 
a commercial strawberry farm of the Sabrina variety (Fragaria x ananassa). The 

and 10% clay. The company did all the tasks for strawberry cultivation in the trial 
(including fertilizer). They also took care of the irrigation management to build the 
bed, to maintain the structure before planting and of sprinkler irrigation applied 
to ensure plant establishment after transplant. The transplant was performed on 9 
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October 2012 with a planting density of 71,888 plants per ha. The trial ended on 6 
June 2013. As we mentioned before, with the exception of fertirrigation, the trial 
plants received the same tasks as the commercial part of the farm. The culture was 
planted in 0.60 m trapezoidal bed larger base, smaller base of 0.50 and  0.50 m high, 
with a separation between them of 1.1 m. Two rows of plants were placed by ridge 
with a drip irrigation tape in the center. The used tape was able to apply 5 l m-1 h-1 
at a pressure of 0.55 MPa.

A trial with three treatments with different irrigation volumes was applied and a 
randomized block design with four replications was conducted. The experimental unit 
was a complete tunnel 70 x 6.6 m2, so that the essay consisted of 12 tunnels. Using 
the entire tunnel as the experimental unit allowed the farmer to compare the results 

of 85%. T2 and T3 respectively applied 25% and 50% more water than T1.
Irrigation scheduling was programmed based on the soil water balance method 

(Allen et al., 1998), using a value of estimated reference evapotranspiration inside 
the greenhouse (ETo gre c) recommended 
by Hanson and Bendixen (2004), reaching maximum values of 0.7 at the end of the 
season with a maximum coverage of 75%. As shown below, the use of this maximum 

ETo gre  was estimated using a model based on solar radiation measured inside the 
tunnels proposed by Fernández et al. (2010). Meteorological data measured inside a 
greenhouse with similar characteristics and proximity to trial, from one station close 
to the “Aldea de El Rocío” belonging to the Agroclimatic Information Network of 
Andalusia (SIAR) (Gavilán et al., 2008), were used. For this purpose, an automatic 
weather station was used for measuring temperature and relative humidity of the air 

measured inside the greenhouse during the 2011/2012 season helped to set a value 

a weather station in the greenhouse, as in most of farms. During a measurement 
campaign performed during 2011/2012 it was estimated that an average value of 0.7 

To measure crop evapotranspiration (ETc), lysimeters drainage were installed 

dimensions 0.30 m x 1.40 m x 0.62 m. The lysimeters were buried at ground level 
and then rebuilt the bed where strawberries grow. In each lysimeter 11 plants were 
planted to an identical distance to the rest of the bed. Daily, readings of the drainage 
lysimeters were taken for obtaining ETc based on water balance method.

Flowmeters were installed at the head of each treatment, which allowed knowing the 
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volume applied to the set of the four tunnels. Moreover, in the beds where the lysimeters 

With this information the amount of water supplied to each lysimeter was calculated.
The soil moisture was measured in each of the treatments using ECH2O (Decagon 

Devices) and EasyAG (Sentek Technologies) probes. The EasyAG probe was used to 
monitor the moisture content of the T1 treatment, which received the least amount of 
water. The EasyAG probe was connected to an Internet server, such that the values of 
soil moisture could be displayed remotely, facilitating irrigation decisions. The soil 
moisture values were used to correct the weekly storage soil moisture to estimate ETc 
values and to determine the moisture content in each of the treatments. This allowed 
adjust the irrigations based on changes in soil moisture due to the different weather 
conditions along the season. 

3  RESULTS AND DISCUSSION

Irrigation Applied on Each of the Treatments
At the start of the campaign, using historical data of ETo and values of the crop 

water requirements an irrigation volume of 5.500 m3 ha-1 was estimated. An irrigation 

weather conditions. In the end, the volumes delivered to each of the treatments were 
5.610 m3 ha-1 in T1, 6.876 m3 ha-1 in T2 and 7.957 m3 ha-1 in T3. This represented 
for T2 and T3 applying 23 and 42% more water and fertilizer. Though the target of 
25 and 50% values could not be achieved due to the high sensitivity of the drip tape 
to pressure differences, these values may be considered acceptable considering the 
emitters were not self-compensating. In treatment T1, November was the month that 
less water was applied (216 m3 ha-1), while in May the maximum values of water 
applied was reached (1.524 m3 ha-1).The irrigation target was achieved since only 2% 
more water than we expected was applied in treatment T1.

19 April and subsequently one of 0.9 from the 1st of May, which was used until the 

1.1 at the end of the crop cycle.

Evapotranspiration and Crop Coefficients
The greenhouse reference evapotranspiration (ETo gre) along the irrigation season 

was 523 mm. The precipitation recorded at Almonte meteorological station, belonging 
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to the SIAR Network in Andalusia during this period was 580 mm. The average ETc 
measured with lysimeters was 463 mm, ranging from 430 mm (T3) to 498 mm (T2). 
These variations were mainly due to differences in plant growth within the lysimeters 
and the moisture measurement uncertainty, used to correct the soil water balance. 
However, these differences can be considered acceptable given the constraints resulting 
from the use of drainage lysimeters. The maximum evapotranspiration month was 
May, in which a cumulative average value of 145 mm was reached. In November 
the reached value was 15 mm. The average crop evapotranspiration along the season 
was 1.9 mm d-1.

greenhouse reference evapotranspiration was used. The evapotranspiration was 

was around 0.2, when coverage reached values of about 15% in early November 
(Figure 1). This ratio rose progressively until mid-March, reaching values close to 0.8, 

peak of 1.1 in mid-May, with a maximum coverage of about 95%. Using a maximum 

consequently, a small loss of production.

Figure 1. 

Irrigation Efficiency

of water taken up by plants in relation to the total applied water. It is also an indicator 



167Strawberry Irrigation in the Environment of the National Park of Doñana (Spain)...

vicinity of the “Village of El Rocío”, near the Doñana National Park.

campaign, starting from values lower than 20% immediately after planting, reaching 
values around 85% from February onwards, and maximum values near 100% from 

In Figure 2 we can see the difference between an irrigation of 5,500 m3 ha-1 
(treatment T1) or 8,000 m3 ha-1 (T3 treatment). This means having an irrigation 

of water and fertilizer applied around 45%. Furthermore, in terms of environmental 
impact, Figure 2 shows the volumes of drainage, which explain how the increase in 
contamination of T3 relative to T1 is about 300%. Therefore, an irrigation of 8,000 
m3 ha-1  would contaminate almost three times that one of 5,500 m3 ha-1

Figure 2. Drainage volumes (m3 ha-1

treatments of the trial

Yields, Water Productivity and Production Function
In all the treatments the production was over 1000 g plant-1 (Figure 3). In T1 and 

T2, yields of 1.039 and 1.040 g plant-1

differences between them. This indicates that T1 treatment cannot be considered 
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Figure 3. Irrigation Volume (m3 ha-1) and yield (g plant-1) in each treatment

The T3 treatment reached a production of 1,097 g plant-1 (5% more than T1 and T2) 
and was statistically different from T1 and T2. This happened because the calculation 
of irrigation requirements in the months of April and May was performed with a crop 

13.31, 10.9, 9.9 kg m-3, for T1, T2 and T3, respectively.

4  CONCLUSIONS AND RECOMMENDATIONS

The ETc of a strawberry crop was around 88% of ETo gre. This data has not been 
reported yet in the strawberry bibliography. Furthermore, ETc was highly dependent 
on crop coverage, which alerts us to be cautious in extrapolating the results to other 
varieties, such as Antilla
was very dependent on coverage, reaching maximum values of 1.1 for 95% coverage. 
Therefore, it is necessary to measure the percentage of crop coverage to make decisions 

and under. Finally, if the implementation of an irrigation schedule to T1 with a lower 
-1, one would think that a slight 

increase of irrigation at the end of the season, accompanied by a water reduction at 

less water. However, it is necessary to test this hypothesis. However, we can say that 
the use of an irrigation scheduling based on metereological data and crop coverage, 

reduce environmental impact in terms of diffuse pollution.
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