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Water availability for irrigation throughout the world has

been reduced in recent years due to a combination of fre-

quent droughts and competition for water resources among

agricultural, industrial, and urban users. In addition, some

major agricultural areas face moderate to significant

reductions of rainfall, or changes in timing of stream flow

due to changes in timing of snowmelt, as a result of global

climate change. Under such conditions, sophisticated irri-

gation water management will be required to optimize

water use efficiency and maintain sufficient levels of crop

productivity and quality. A key factor to achieve these

targets is the estimation of actual evapotranspiration (ET).

Accurate determination of ET can be a viable tool in better

utilization of water resources through well-designed

irrigation management programs. Reliable estimates of ET

are also vital to develop criteria for in-season irrigation

management, water resource allocation, long-term esti-

mates of water supply, demand and use, design and man-

agement of water resources infrastructure, and evaluation

of the effect of land use and management changes on the

water balance.

ET is commonly calculated using grass or alfalfa-

reference evapotranspiration (ETo) multiplied by grass or

alfalfa-reference-based crop-specific coefficients (Kc). The

Penman–Monteith combination equation is widely accep-

ted as the best-performing method for reference evapo-

transpiration estimates from a well-watered hypothetical

grass or alfalfa surface having a fixed crop height, albedo,

and surface canopy resistance. The Kc is basically the ratio

of ET to ETo where ET can be measured using a lysimeter,

soil water balance approach, eddy covariance method,

Bowen ratio energy balance system, or surface renewal

method. Advances over the last two to three decades in

instrumentation, data acquisition systems, remote data

access, and the off-the-shelf availability of aforementioned

ET measurement tools have significantly enhanced our

understanding of ET and its relation to microclimatic

conditions. Advances also enabled the availability and

affordability of data for practitioners for use in irrigation

management.

While the reference ET and Kc approach provides a

simple and convenient way to estimate crop water

requirements for a variety of crops and climatic conditions,

a major uncertainty in this approach is that many Kc values

reported in the literature are empirical and often not

adapted to local conditions. This is due to the fact that

ratios of ET to ETo depend on nonlinear interactions

of soil, crop and atmospheric conditions, and irrigation

management practices. This consideration is especially
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important for row crops, orchards, and vineyards which

present sparse canopies and high spatial variability of soil

and vegetation coverage.

Locally calibrated Kc values are required because water

consumption in sparse canopies is controlled by the energy

absorbed by plants or trees and the soil surface. The energy

absorbed by the vegetation and/or soil surface depends on

plant growth, canopy size, leaf area index, soil character-

istics, and fraction of soil surface covered by vegetation

(fractional cover). In addition, canopy cover of orchards and

vineyards is generally non-uniform as a result of the canopy

geometry generated by training systems. Under these con-

ditions, Kc values should be adjusted using the fractional

cover and height of the vegetation to improve the estimation

of ET. Alternatively, two- or three-source models based on

the Penman–Monteith approach can be used to directly

compute ET. These models take into account plant tran-

spiration and soil evaporation from under the canopy or

between plant rows. In these models, ET is calculated as the

sum of the Penman–Monteith equation for evaporation and

transpiration, weighted by the fractional cover and/or a set

of coefficients that represent the combination of soil and

canopy resistances. Finally, satellite-based energy balance

models have been used to assess the spatial and temporal

variability of Kc and ET. Remote sensing data can be from

various ground, aerial, and satellite platforms and are now

increasingly used to derive ET data from surface tempera-

ture, reflectance, and vegetation indices. Advances in this

new ET estimation technology will likely provide improved

capability for routinely mapping ET, especially at the

watershed or regional scale. It can also be a viable tool for

assessing the spatial distribution of ET for more detailed

management and planning of water resources.

This special issue on evapotranspiration measurement

and modeling contains eight papers describing modeling

techniques to estimate Kc and actual evapotranspiration.

These papers were originally solicited to the Evapotrans-

piration in Irrigation and Hydrology Committee (American

Society of Civil Engineers). Each paper has received sub-

stantial peer review and editing prior to its publication in

this issue.

First, the paper by Jia, Dukes, and Jacobs (Bahiagrass

Crop Coefficients from Eddy Correlation Measurements in

Central Florida) describes the bahiagrass crop coefficient

determined using the eddy correlation method over a three

and half year period under generally well-watered and

humid conditions. Numerous corrections were made to the

raw eddy correlation data and a Bowen ratio adjustment

was applied. These findings indicate the importance of

monthly crop coefficients in an environment such as

Florida and the difference in warm season turfgrass crop

coefficients depending on the study site and experimental

methods.

The paper by Allen and Pereira (Estimating Crop

Coefficients from Fraction of Ground Cover and Height)

describes a relatively simple approach for estimating the

Kc value based on a physical description of the vegetation.

The procedure is intended for estimating both basal and

average Kc for natural vegetation, orchards and landscape

systems for different portions of the growing season based

on amount of vegetation present and background evapo-

ration from soil. The generalized method does not replace

measurement of Kc for developing crop coefficient curves.

However, it does provide a consistent means to assess

measured values for reasonableness as well as providing a

means to estimate change in values for Kc with change in

the fraction of ground covered by vegetation. This is

important when estimating Kc for orchard crops which can

vary widely in plant spacing (i.e., stand density, tree

pruning, groundcover and age). Adjustments to Kc for

climates different from a standard climate are indicated.

Adjustments for crop stomatal control are described and

adjustments for percent groundcover are used to present

tabulated Kc values which go beyond those presented in

the FAO irrigation and drainage paper No. 56 (FAO-56).

The paper of Chávez, Howell, and Copeland (Evaluating

Eddy Covariance Cotton ET Measurements in an Advective

Environment with Large Weighing lysimeters) evaluates the

accuracy of eddy covariance (EC) systems in measuring ET

over irrigated cotton fields in the advective environment of

the US Southern High Plains. The procedures to adjust EC-

based ET for lack of closure of the energy balance outlined

in this study seemed to have adequately reproduced irri-

gated cotton ET measured with precision large weighing

lysimeters in this advective/semi-arid climate. In addition, it

was shown that estimating ET as a residual of the energy

balance, assuming that the sensible heat flux was correctly

measured by the eddy covariance system, is not an adequate

procedure and instead the Bowen ratio method should be

adopted to force energy balance closure on eddy covariance

measured sensible and latent heat fluxes.

The paper by Lagos, Martin, Verma, Syker, and Irmak

(Surface Energy Balance Model of Transpiration from

Variable Canopy Cover and Evaporation from Residue-

Covered or Bare-Soil Systems) describes a multiple-layer

surface energy balance model that accounts for the effects

of canopy and crop residue on ET. The paper describes the

development of the model and the procedures used to

compute parameters for use in the energy balance. The

model provides a method for partitioning ET into soil and

crop residue evaporation and plant transpiration, and a tool

to estimate the effect of crop residue on ET and conse-

quently on water balance computations. Comparison

between estimated ET and eddy covariance flux measure-

ments from an irrigated maize field provides support for the

validity of the surface energy balance model.
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Poblete-Echeverrı́a and Ortega-Farias (Estimation of

Actual Evapotranspiration for a Drip-Irrigated Merlot

Vineyard Using a Three-source Model) evaluate the

Clumped model to estimate ET and LE over a drip-irri-

gated Merlot vineyard trained on a vertical shoot posi-

tioned (VSP) system under semi-arid conditions. The

results suggest that the Clumped model could be used to

directly estimate the evapotranspiration for a drip-irrigated

vineyard under dry atmospheric conditions. In this case, the

application of the Clumped model for irrigation scheduling

requires a good characterization of canopy architecture and

an accurate estimation of the fractional vegetated cover

which takes into account the differences between soil

evaporation, divided into two components of soil evapo-

ration (under vine canopy and bare soil between rows) and

vine canopy transpiration.

The paper by Chávez, Gowda, Howell, Neale, and Co-

peland (Estimating Hourly Crop ET Using a Two-Source

Energy Balance Model and Multispectral Airborne Imag-

ery) evaluates the performance of a two-source energy

balance model (TSM), where the energy exchanges of the

soil/substrate and vegetation are evaluated separately, in

deriving instantaneous estimates of actual evapotranspira-

tion (ETi) using high-resolution airborne remote sensing

imagery under advective conditions of the Southern High

Plains. Data from four precise weighing lysimeters were

applied to obtain ground-truth. Results indicated that crop

height, roughness length for momentum transfer, clumping

factor, and soil resistance sub-models need to be refined.

Nevertheless, the application of the TSM using high-reso-

lution remote sensing imagery in the Southern High Plains

is shown to be promising.

Samani, Bawazir, Bleiweiss, Skaggs, Longworth, Tran,

and Pinon (Using Remote Sensing to Evaluate the Spatial

Variability of Evapotranspiration and Crop Coefficient in

the Lower Rio Grande Valley, New Mexico) study the

spatial and temporal variability of Kc and evapotranspira-

tion for pecan orchards using remote sensing information

from Landsat-5 and Landsat-7, combined with ground-

level measurements, on a field scale in the Lower Rio

Grande Valley (LRGV) in New Mexico. The Regional ET

Estimation Model (REEM) applied in this study shares the

surface energy balance approach of the Surface Energy

Balance Algorithm for Land (SEBAL) and Mapping

Evapotranspiration at High Resolution (METRICTM)

models. The findings in this paper reveal that LRGV con-

sumptive use for pecan varies widely over the region.

Finally, Irmak and Kamble (Evapotranspiration Data

Assimilation with Genetic Algorithms and SWAP Model for

On-Demand Irrigation) develop a conceptual methodology

for estimating parameters of an agro-hydrological model

via data assimilation and remotely sensed ET. The model

output is used to control on-demand irrigation (ODI)

management. The surface energy balance method

employing the SEBAL algorithm is applied to remote

sensing data from the Moderate Resolution Imaging

Spectroradiometer (MODIS) satellite data to quantify ET.

The model output is coupled with a soil–water–atmo-

sphere–plant (SWAP) simulation model in a data assimi-

lation scheme to estimate the soil water state for ODI

management. Although the analyses were limited to the

conditions imposed on the water management optimization

model, useful findings were developed to make the best

possible use of the ODI supply in an irrigation system.
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