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Sustainable management and utilization of natural resources is part of the Global Goals of 
FAO Member Countries and essential to the mandate of FAO.

The latest FAO assessment of the state of the world’s land and water resources clearly 
indicated that these resources, already scarce today, will be increasingly scarce as we move 
into the future, threatening food security. In fact, the outstanding food demand projected 
for the next decades, due to the world population growth and to the anticipated shift in 
consumption patterns, will face very limited opportunities for further land expansion and the 
finite availability of fresh water resources. Such a food demand may be satisfied only if we 
are able to act effectively and sustainably on both sides of the food equation, i.e., production 
and consumption, and on the inter-linkages between these two variables, including trade, 
distribution and access.

Efforts are being made by FAO to address major issues on the production side, on the fairness 
of trade, on the consumption side (reduction of post-harvest losses and food waste; promoting 
nutritious and healthy diets) and other emerging challenges. Among these emerging challenges 
are: food price volatility, revealing the vulnerability of some countries in their dependency 
on imports, leading to increase production inside their national boundaries; climate change, 
causing greater uncertainties on rainfall patterns, thus requiring higher levels of adaptation 
and increased resilience of the local production systems; transboundary rivers and competing 
demands for land and water resources by other sectors of society and by ecosystems.

Under such circumstances, and looking into the future food demand, it is imperative that 
agriculture improve the efficiencies of use of the limited resources and ensure substantial 
productivity gains. In the case of water, scarcity is a major threat to the sustainability of food 
production in many areas of the world. The effective management of water in rainfed and 
irrigated agriculture is thus a major knowledge-based pathway to increase productivity and 
farmers’ income.  To combine increased productivity with sustainable management of natural 
resources, without repeating the mistakes made in the past, will be a challenge.

With the contribution of numerous experts, professionals and scientific institutions around 
the world, including a few Institutes of the Consultative Group on International Agricultural 
Research (CGIAR), “Crop yield response to water” is published at a time of high demand for 
assistance by member countries in order to implement effective water management strategies 
and practices that are environmentally safe and climate-resilient, and enhance sustainable 
water productivity and yield of their farming systems, therefore alleviating the risks of food 
insecurity.

Foreword

José Graziano da Silva
Director-General
Food and Agriculture Organization
of the United Nations
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The FAO Land and Water Division is engaged extensively in the enhancement of global 
agricultural performance. A part of this effort is the production of landmark publications and 
guidelines that address food production and water use problems using analytical methods 
that often serve as standards worldwide.

In the face of growing water scarcity, declining water quality, and the uncertainties of climate 
change, improving the efficiency and productivity of crop water use, while simultaneously 
reducing negative environmental impact, is of utmost importance in responding to the 
increasing food demand of the growing world population. To this end, irrigated and rainfed 
agriculture must adopt more knowledge-intensive management solutions.

Moreover, competing demands for water from other economic sectors and for ecosystem 
services will continue to grow. As agriculture is by far the largest consumer of water, efficiency 
and productivity gains in this sector would free significant amounts of water for other uses.

Abstracting from the scientific understanding and technological advances achieved over 
the last few decades, and relying on a network of several scientific institutions, FAO has 
packaged a set of tools in this Irrigation and Drainage Paper to better assess and enhance 
crop yield response to water. These tools provide the means to sharpen assessment and 
management capacities required to: sustainably intensify crop production; close the yield-
gap in many regions of the world; quantify the impact of climate variability and change on 
cropping systems; more efficiently use natural resources; and minimize the negative impact 
on the environment caused by agriculture. These tools are invaluable to various agricultural 
practitioners including, but not limited to: water managers and planners; extension services; 
consulting engineers; governmental agencies; non-governmental organizations and farmers' 
associations; agricultural economists and research scientists.

Representing FAO’s state-of-the-art work in water and crop productivity, it is our hope that this 
publication provides easy access to, and better understanding of, the complex relationships 
between water and food production and, in this way, help improve the management of our 
precious water resources.

Preface

Parviz Koohafkan
Director
Land and Water Division

Alexander Müller
Assistant Director-General
Natural Resources and Environment
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List of principal symbols  
and acronyms
B 	 Dry biomass, of shoot for non-root crops, and of shoot plus storage root or tuber 

for root crops [tonne/ha or kg/m2]

Ca 	 Mean atmospheric CO2 concentration for the actual year [ppm]

Ca,o	 Mean atmospheric CO2 concentration for the year 2000 [ppm] 

cco	 Canopy size of the average seedling at 90% emergence [cm2]

CC	 Green canopy cover [percent or fraction]

CC*	 Green canopy cover adjusted for micro advection [percent or fraction]

CCmeas	 Canopy cover measured [percent or fraction]

CCsim	 Canopy cover simulated [percent or fraction]

CCo 	 Initial canopy cover, canopy cover at 90% emergence [percent or fraction]

CCpot	 Potential canopy cover [percent or fraction]

CCx	 Maximum green canopy cover [percent or fraction]

CDC	 Canopy decline coefficient [percent or fraction of canopy decline per unit time] 

CGC 	 Canopy growth coefficient [percent or fraction of canopy growth per unit time] 

CN	 Curve number or surface runoff coefficient

[CO2]	 Carbon dioxide concentration of the atmosphere [ppm]

CWSI	 Crop water stress index 

d	 Day

dp	 Plant density [plants per unit surface]

dref 	 Reference plant density [plants per unit surface]

Dr	 Soil water depletion of the root zone [mm] 

DAE	 Days after emergence [day]

DAP	 Days after planting [day]

DI 	 Deficit irrigation 

DP 	 Deep percolation [mm per unit time]

DU	 Distribution uniformity

E	 Soil evaporation [mm per unit time]

Edz 	 Surface evaporation from the rest of the soil surface outside the emitter wetting 
pattern [mm per unit time]

EStage I	 Soil evaporation at Stage I (wet soil surface) [mm per unit time]

EStage II	 Soil evaporation at Stage II (drying soil surface) [mm per unit time]

Ewz 	 Surface evaporation from the soil wetted by the emitters [mm per unit time]
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ECe	 Electrical conductivity of the saturated soil-paste extract [dS/m]

ECen 	 Electrical conductivity of the saturated soil-paste extract: lower threshold (at which 
soil salinity stress starts occurring) [dS/m]

ECex 	 Electrical conductivity of the saturated soil-paste extract: upper threshold (at which 
soil salinity stress has reached its maximum effect) [dS/m]

ET	 Evapotranspiration [mm per unit time]

ETa	 Actual evapotranspiration [mm per unit time]

ETc	 Crop evapotranspiration under standard conditions [mm per unit time]

ETx	 Maximum evapotranspiration [mm per unit time]

ETo	 Reference evapotranspiration  [mm per unit time]

fage 	 Reduction coefficient describing the effect of ageing on Kc,Trx [1/d]

fcc	 Fraction of the orchard ground surface occupied by the cover crop

fCO2	 CO2 factor for atmospheric CO2 normalization

fHI	 Adjustment  factor for HIo

FC	 Field capacity

FI 	 Full irrigation

FDR 	 Frequency domain reflectometry 

FTSW	 fraction of transpiring soil water

gs	 Stomatal conductance [m/s]

G	 Ground cover fraction of the tree canopy

GDD	 Growing degree days [°C d]

GIR	 Gross irrigation requirement [mm or m3/ha per unit time]

GIS	 Geographical information systems  

HI	 Harvest index [percent or fraction]

HIo	 Reference harvest index [percent or fraction]

I	 Infiltration [mm per unit time]

Kc	 Crop coefficient 

Kcb	 Basal crop coefficient  representing Kc for a dry soil surface having little evaporation 
but full transpiration 

Kcc	 Cover crop coefficient

Kext	 Radiation extinction coefficient

Kp	 Pan coefficient (for the pan evaporation method to determine ETo)

Kr,t	 Empirical coefficient relating the ETc of an orchard of incomplete cover to that of a 
mature orchard

Ksat	 Saturated hydraulic conductivity [mm per unit time]

Ks,e	 Empirical soil evaporation coefficient

Ky	 Yield response factor 
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Kc,Tr	 Crop transpiration coefficient

Kc,Tr x	 Crop transpiration coefficient for when the canopy fully covers the ground (CC = 1) 
and stresses are absent 

Ke	 Soil evaporation coefficient for fully wet soil surface

Kex	 Soil evaporation coefficient for fully wet and non-shaded soil surface

Kr	 Evaporation reduction coefficient 

Ks	 Stress coefficient

Ksb,c	 Cold stress coefficient for biomass production 

Kspol,c	 Cold stress coefficient for pollination 

Kspol,h	 Heat stress coefficient for pollination

Ksaer	 Water stress coefficient for water logging (aeration stress)

Ksexp,w	 Water stress coefficient for canopy expansion

Kssen	 Water stress coefficient for canopy senescence

Kssto	 Water stress coefficient for stomatal closure

LAI	 Leaf area index [m2 leaf area/m2 soil surface]

LAIref 	 LAI of the same crop planted at a reference density

LWP	 Leaf water potential [MPa]

NIR	 Net irrigation requirement [mm per unit time or m3/ha per unit time]

p	 Fractional depletion of TAW 

pupper	 Upper threshold of p (no water stress: Ks = 1)

plower	 Lower threshold of p (maximum water stress: Ks = 0)

P	 Precipitation or rainfall [mm]

PAR	 Photosythetically active radiation [μmol per m2 of surface per s]  

PRD	 Partial root drying

PWP	 Permanent wilting point 

RDI	 Regulated deficit irrigation

RAW	 Readily available soil water in the root zone [mm]

REW	 Readily evaporable water at the top of the soil profile [mm]

RUE	 Radiation use efficiency [Kg of biomass per MJ of intercepted solar radiation]

RO	 Surface runoff [mm per unit time]

SDI	 Sustained (or continuous) deficit irrigation

t	 Time [GDD or d]

T	 Air temperature [°C]  

Tbase	 Base temperature (below which crop development does not progress) [°C] 

Tc	 Canopy temperature [°C]

Tmax = Tx	 Daily maximum air temperature  [°C]
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Tmin = Tn	 Daily minimum air temperature [°C]

Tn,cold	 Minimum air temperature at upper threshold for cold stress affecting pollination  [°C]

Tx,heat	 Maximum air temperature at lower threshold for heat stress affecting pollination [°C]

Topt	 Crop optimal daily temperature [°C]	

Tupper 	 Upper temperature (above which crop development no longer increases with an 
increase in air temperature) [°C]

Tr	 Crop transpiration [mm per unit time] 

Trcc	 Cover Crop transpiration [mm per unit time]

Trx	 Maximum crop transpiration (for a well watered crop) [mm per unit time]	

TAW	 Total Available soil Water (between FC and PWP), equivalent to the soil water holding 
capacity in the root zone [mm/m] 

TDR 	 Time domain reflectometry 

TE	 Transpiration efficiency [Kg of biomass per unit of water transpired]

VPD	 Air vapor pressure deficit [kPa]

wz 	 Fraction of the soil surface wetted by the emitters

Wr 	 Soil water content of the root zone expressed as an equivalent depth [mm]

WP	 Crop biomass water productivity [tonne of biomass per ha and per mm of water 
transpired or kg of biomass per m3 of water transpired]

WP*	 WP normalized for ETo and air CO2 concentration [tonne /ha or kg/m2]

WPB/et	 WP as the ratio of biomass to ET [kg/m3]

WPB/Tr	 WP as the ratio of biomass to Tr [kg/m3]

WPfresh y/et	 WP as the ratio of yield measured as fresh biomass to ET [kg/m3]

WPlint/ET	 WP as the ratio of lint (of cotton) to ET [kg/m3]

WPsucrose/et	WP as the ratio of sucrose (for sugar cane) to ET [kg/m3]

WPY/ET	 WP as the ratio of yield (as dry matter) to ET [kg/m3]

WPY/Tr	 WP as the ratio of yield (as dry matter) to Tr [kg/m3]

X	 Irrigation depth [mm]

XR	 Required irrigation depth [mm]

Y	 Yield [tonne/ha or kg/ha]

Ya	 Actual yield [tonne/ha or kg/ha]

Yx	 Maximum yield [tonne/ha or kg/ha]

Ze	 Effective rooting depth [m]

Zx	 Maximum effective rooting depth [m]

Zn	 Minimum effective rooting depth [m]

θ	 Volumetric soil water content [m3 of water / m3  of soil]

Ystem = SWP	 Stem water potential [MPa]

Yleaf = LWP	 Leaf water potential [MPa]




