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EVAPOTRANSPIRATION: PROGRESS IN MEASUREMENT
AND MODELING IN AGRICULTURE

H. J. Farahani, T. A. Howell, W. J. Shuttleworth, W. C. Bausch

ABSTRACT. This article provides a focused survey of progress in crop evapotranspiration (ET) measurement and modeling,
with particular emphasis on the aspects of interest to the irrigation profession. The significant advances in understanding
and quantifying crop ET during the past few decades are largely due to our increased ability to measure near-surface climate
variables and surface energy and momentum exchanges, complemented by progress in soil and plant sensor technology.
However, ET measurement is not commonly practiced, and modeling is mostly preferred. Much theoretical progress in ET
modeling originated with the 1948 work of Penman and the subsequent modification to the Penman-Monteith (P-M) equation
and to multi-layer and sparse canopy models. These advances strengthened confidence in using the combination equation
and encouraged a significant step forward through the adaptation of the P-M equation to provide a standard estimate of
reference crop ET for use in the long-established, two-step, crop coefficient (K.;) methodology. Recently, there has been a
continued progress in this field via the one-step application of the P-M equation to estimate crop ET directly using effective
stomatal resistance rather than K.. This article concludes by drawing attention to a general need to improve crop water
productivity by reducing non-beneficial soil evaporation and, in this context, the potential value of using improved methods
and models to partition ET and to aid scheduling limited irrigation.
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his article highlights developments and trends in

evapotranspiration  (ET) measurement and

modeling. As the water resources available for

agriculture become limited due to population
growth, competition from other users, drought, and quality
degradation, the importance of ET as a major component of
water use in agriculture grows. The study of ET, the sum of
evaporation (E) from the soil and transpiration (T),
i.e., evaporation of water through plant stomata, has been
popular, resulting in great progress and many publications,
some dating back centuries. In such a rich and active field,
where should this review start and what should it cover? In
the present context, arguably, a century-long synthesis is
most appropriate. However, because space is limited, the
scope of this review is necessarily more focused on ET
research and applications of interest to the profession. Past
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ET symposia (ASAE, 1966, 1985, 1996) provide a useful
backdrop, and we start by elaborating on where ET concepts
were when these symposia took place. We then emphasize
the progress made since then and draw attention to areas
where more work is needed. For broader scope and insight,
refer to Jensen (1973), Brutsaert (1982), Hoffman et al.
(1990), and Jensen et al. (1990), as well as to Shuttleworth
(1993, 2007).

OVERVIEW OF PAST PROGRESS IN
EVAPOTRANSPIRATION

Early perceptions of ET were that surface-atmosphere
exchange was a simple physical phenomenon little
influenced by any overlying vegetation cover. This promoted
empirical relationships between the then-limited surface and
atmospheric data available and the hypothetical “potential”
rate of E, or ET. Some equations were based on temperature
alone (Thornthwaite, 1948; Blaney and Criddle, 1950) or pan
evaporation (Christiansen, 1968) or radiation and
temperature (Jensen and Haise, 1963; Hargreaves and
Samani, 1985), and some of these equations are still in
general use, albeit with modifications to fit different
environments and data. In this mix, the equation of Penman
(1948, 1963) was undoubtedly a benchmark. Penman’s
contribution was pure physics. He derived a “combination
equation” by combining two terms, one of which accounted
for the energy required to maintain evaporation, an
“available energy” term, and the second for the atmosphere’s
ability to remove water vapor, an “aerodynamic” or “sink”
term. However, to facilitate application, Penman introduced
empiricism in his wind function and estimated net radiation
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from sunshine hours. A well-recognized simplification of
Penman’s equation was later introduced by Priestley and
Taylor (1972) for humid environments, in which the
aerodynamic term was set equal to a fixed fraction (0.26) of
the energy term. The significance of Penman’s basic concept
gained momentum in the 1960s when Monteith (1965)
extended it to plant communities by explicitly recognizing
the dependence of transpiration on canopy controls.
Rearranging Monteith’s original equation results in the
formulation that has become known as the Penman-Monteith
(P-M) ET equation, written as:

AR, -G)+pc,(VPD)/r,
- A+y(1+r,/1,)

ET 1)

where R, and G are the net radiation and soil heat flux
(W m2), respectively; A is the rate of change of saturated
vapor pressure at air temperature (kPa °C-1); p is the density
of air (kg m); ¢p is the specific heat of moist air (J kg'l°Cly
y is the psychrometric constant (kPa °C-1); VPD is the vapor
pressure deficit (kPa) measured at a reference level; 7y is the
canopy surface resistance to vapor transfer (s m™1), and 7, is
the aerodynamic resistance (s m'!) between the crop and the
reference height where measurements of the meteorological
variables are made. Because experimental and/or theoretical
formulations of ry were not available for all stages of crop
growth and all climate conditions, interest at that time
remained mostly limited to using equation 1 backwards to
investigate the value of rg from measurements of ET.

By the mid-1960s and early 1970s, many facets of ET
measurement and theory emerged, including the energy
budget and aerodynamic transfer, but aspects of turbulence
theory, advection, plant feedback mechanisms, and eddy
correlation measurement remained challenging. By then, the
classic circular lysimeters at the University of California,
Davis, were operational, measuring ET and exploring above-
canopy energy and mass transfers (Pruitt and Lourence,
1985). Difficulties in applying combination formulas and the
established popularity of the potential (or reference) ET
concept led researchers towards an alternate two-step
approach to estimating crop ET (ET¢). In the first step, the
rate of ET was estimated for a reference crop (ET,). This rate
was then multiplied by a crop-specific coefficient with the
objective of estimating ET,. for different crops relative to this
reference rate. The ratio of ET, to the ETj, for a reference crop
(short grass or alfalfa), called the crop coefficient, K. (Jensen,
1968), was then experimentally determined by growth stage
for many crops as the basis for this now long-established two-
step approach for estimating crop water use. The use of ET,
(estimated using local climate data) and associated crop
coefficients, K., became an accepted way to estimate ET,. for
well-watered crops, and the K, methodology was adopted by
the UN’s Food and Agriculture Organization (FAO) in the
1970s (Doorenbos and Pruitt, 1977). Its subsequent
worldwide promotion was a significant step forward in
irrigation engineering and water management. With care,
using an appropriate model for ET, and reliable K, the two-
step approach arguably produces estimates of ET, within the
accuracy of most field-irrigation systems to deliver water
(Jensen et al., 1990). This prompts the question, “How
precisely does ET; need to be, since irrigation application
(depth or volume) and inherently field soil and crop
variability can be much greater than ET, errors?”
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In the 1970s and early 80s, there were rapid advances in
electronics and sensor technology. By then, most current
measurement methods and instrumentation were available,
including improved evaporation pans, lysimeters, net
radiometers, and neutron scattering. Rather than using a
single value for K. per growth stage, multiple factors were
used to better account for soil evaporation and crop water
stress (Wright, 1979, 1981). Studies had largely substantiated
the validity of using the simplifying big-leaf assumption
(Shuttleworth, 1976) in the P-M equation. This supported the
use of bulk values of r, and r to represent the canopy as a
whole. However, as pointed out by Itier and Brunet (1996),
“The price to pay for this simplicity is to find good
expressions for these bulk resistances, which is not a trivial
task.” Later, in the 1980s and 1990s, there was further rapid
progress in data acquisition, remote data access, automation,
and in eddy correlation and other measurement techniques.
With these advances, short-term (within day) investigations
of ET blossomed, but Saxton and Howell (1985) wondered
whether many of these were “more progress in doing than
thinking, and more methods than theories.” Progress was also
made in building compartment models describing sparse
canopies that allowed partitioning of ET (e.g., Shuttleworth
and Wallace, 1985). Transfer of technology made available
daily values of reference ET (Heermann, 1985), facilitating
early computer applications for irrigation scheduling (Martin
et al., 1990). Of particular significance, the superior realism
and value of combination equations was recognized, and the
P-M equation was adapted to estimate ET, in the K. approach
(Allen et al., 1994).

Towards the end of the century, the expert consensus was
that advanced techniques for measuring crop ET were still
used more in research than application (Howell, 1996), and
transfer of theoretical models into irrigation practice
remained slow (Pereira et al., 1996). Greater reliance on
theory was emphasized, including advocating the direct
(i.e., one-step) application of the P-M equation to estimate
crop water requirements (Shuttleworth, 1993). Later in this
article, we return to describe improvements in the K
methodology together with recent theoretical progress
towards one-step estimates of crop water use, but first we
summarize other recent advances.

RECENT PROGRESS AND TRENDS IN ET

MEASUREMENT AND MODELING

Measurements of ET are essential to validate models and
valuable for irrigation scheduling and water management,
but measurement of ET is difficult and costly, and modeling
is mostly preferred. Evapotranspiration can be measured
directly using weighing lysimeters or the eddy correlation
technique, or indirectly from changes in soil water or via the
surface energy budget, using the conservation of mass and
energy, respectively. The past few decades have brought
advances, largely due to an increased ability to measure near-
surface climate variables and surface energy exchange. The
rapid developments over the last three decades in
instrumentation, data acquisition and remote data access,
computer control and automation, and the off-the-shelf
availability of measurement tools have enhanced the
reliability and affordability of data for use in ET research and
practice.
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The most significant recent progress results from the
ability to measure such near-surface meteorological
variables as temperature (of air and soil), humidity, solar
radiation, wind (speed and direction), and precipitation
routinely using automated climate stations (Snyder et al.,
1996). This has greatly facilitated the use of models of ET.
Calculation of reference ET was a major task in the 1960s
when climate data were measured manually at most once a
day using simple instruments and stored in paper records, but
its calculation is now routine. Networks of automated climate
stations in the U.S. and elsewhere offer a wealth of online
data for research and practice, including hourly data that can
improve ET, estimates by better accounting for diurnal
variations in microclimate (Irmak et al., 2005; Gavilan et al.,
2007). Example networks in the U.S. are CIMIS in California
(Snyder, 1983), HPRCC-AWDN in Nebraska (Hubbard et al.,
1983), Mesonet in Oklahoma (Brock et al., 1995), CoAgMet
in Colorado (Duke, 1996), the Texas North Plains ET
Network (Marek et al., 1996), and AZMET in Arizona
(Brown, 1998). Some networks offer advanced features such
as soil moisture monitoring, 5 minute data availability, and
dual-level air temperature and wind speed monitoring
(e.g., Mesonet) that have aided large-scale surface flux
analysis (Brotzge and Crawford, 2000). There is now greater
emphasis on climate data quality (e.g., Meek and Hatfield,
1994; Allen, 1996; Shafer et al., 2000; Feng et al., 2004),
including efforts by ASAE to standardize sensor
specifications and placement (e.g., Ley et al., 1994; ASAE,
2004). Recently, these were enhanced by standardizing the
definition and computation of ET, (ASCE-EWRI, 2005) and
defining detailed but easily invoked procedures for quality
controlling the weather data required to calculate ET, for
grass and alfalfa, together with a common basis for
determining or transferring K. curves. Continuing effort is
needed to further encourage the wider use of now readily
available climate data by consultants and practitioners.

The contribution of complementary advances in plant
sensor technology should also be acknowledged
(e.g., Kirkham, 2005). Nowadays, once-per-day measure-
ments of pre-dawn leaf water potential, mid-day stomatal
resistance, or canopy-air temperature difference are well
recognized indicators of crop water stress that can be used to
trigger irrigation (e.g., refer to the overview in Phene et al.,
1990). The availability of precise, hand-held infrared
thermometers allows rapid monitoring of canopy
temperature to identify crop water stress (e.g., Ehrler, 1973;
Jackson, 1982; Farahani, 1987; Farahani et al., 1993;
Colaizzi et al., 2003; Peters and Evett, 2007) for irrigation
timing and automatic scheduling (Slack et al., 1981, 1990;
Stegman and Soderlund, 1992; Irmak et al., 2000). Sap flow
heat gauges can now be used to measure transpiration. This
technique has been useful in plant-scale research studies of
differential sap flow in plant parts; however, to capture
spatial representation, many gauges are needed on many
plants. When combined with micrometeorological flux
measurements, sap flux techniques are useful for partitioning
ET (Hutley et al., 2001), but scaling transpiration sap flux
estimates to the footprint of the area-average fluxes measured
by, say, eddy correlation systems presents unique challenges
(Schaeffer et al., 2000; Williams et al., 2004). Recently, there
has been interest in the use of stable isotopes to estimate and
partition ET. This technique, introduced into hydrology in the
1960s, now complements conventional flux measurements
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by identifying the E and T contributions to ET (e.g., Wang
and Yakir, 2000; Yepez et al., 2003). It was recently applied
to semi-arid grassland (Ferretti et al., 2003) and compared to
sap flow and eddy correlation measurements in an irrigated
olive orchard (Williams et al., 2004).

Over the last two decades, there has been significant
interest in and progress towards deducing area-average
values of surface fluxes for large areas. Large-scale flux
measurement methods include airborne eddy correlation
(Shuttleworth, 1991; Mahrt et al., 2001; Savige et al., 2005),
ground and airborne lidar (light detection and ranging)
(e.g., Eichinger and Cooper, 2007), scintillometry (e.g., de
Bruin et al., 1995), and thermography using remotely sensed
radiometric surface temperature measurements. Lidar
measurements of the water vapor content directly above corn
and soybean canopies revealed a high degree of spatial
variability in ET possibly associated with variations in soil
type and crop cover (Eichinger et al., 2006). Lidar has
particular utility in heterogeneous environments because it
provides an integrated value of ET from a surface. Its main
drawbacks are very high equipment cost and the need for an
independent ET measurement to assess accuracy. Optical
methods based on the analysis of atmospheric scintillation
offer the ability to integrate surface fluxes of heat and vapor
along a path ranging up to a few kilometers (e.g., refer to the
review in Hill, 1992). Large-aperture scintillometers (LAS)
are now an interesting alternative (Kohsiek et al., 2002) to
micrometeorological methods such as eddy correlation,
which provide more local flux values at the scale of hundreds
of meters. Remote sensing data from ground, aerial, and
satellite platforms are now used to derive surface temperature
and reflectance and vegetation indices, which can be
combined with near-surface meteorological data in energy
budget models to calculate heat and vapor fluxes
(e.g., Norman et al., 1995; Bastiaanssen et al., 1998; Gieske,
2003). This capability provides opportunity for routinely
mapping ET across large areas, such as an irrigation district
(Savige et al., 2005) or a basin (Kite and Droogers, 2000; Mo
et al.,, 2004), and may soon allow the routine web
presentation of regional maps of reference and crop ET for
spatial analysis, management, and planning. Gowda et al.
(2007) describe recent, noteworthy studies using airborne
and satellite imagery at regional scale.

ET MEASUREMENT
Soil Water Budget

Evapotranspiration can be measured by monitoring the
change in soil water over a given depth over a specified
period in conjunction with measurements or estimates of
other components of the water budget (i.e., precipitation,
irrigation, deep percolation or upward flow, runoff or run-on,
and lateral subsurface flow). Soil sampling and gravimetric
analysis of water content is nearly a century old in the U.S.,
but new and advanced soil water measuring devices such as
resistance blocks, tensiometers, neutron probes, TDR, and
capacitance sensors have replaced profile sampling (Phene et
al., 1990; Evett et al., 1993; Evett and Parkin, 2005). A major
source of error in the mass balance method is deep
percolation because it is difficult to quantify, especially when
the measured depth is less than the wetting front
(e.g., Wright, 1990). Extraction by deep roots and soil
disturbance during sensor placement are also sources of
uncertainty, in addition to the fact that water budget
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measurement are usually representative of a small area.
Capillary rise, fluctuating water tables, and subsurface
drainage present even greater challenges with this method
(Ayars and Soppe, 2002; Nachabe et al., 2005). In addition,
the spatial non-uniformity of rooted crops, e.g., orchards,
also poses a challenge when defining a representative depth
for sensor placement (Choi and Jacobs, 2007). Nonetheless,
this method is among the most common used by irrigation
advisors. Because changes in water content over a single day
are small and the precision of soil water sensors is limited, the
soil water budget method is most appropriately applied over
several days (Carrijo and Cuenca, 1992), while 15 minute
measurement periods are possible with precision lysimetry.

The combination of advances in electronics and success
of TDR technology have led to the availability of many new
and relatively inexpensive soil water sensors. Several of
these are based on soil dielectric properties and can be
described as “TDR like” (Seyfried, 2004). Automated
sensors are becoming more common and are particular
import in the context of wireless sensor networks, which offer
a promising technology for remote monitoring of soil and in-
canopy microclimate with high spatial and temporal
resolution across farms or irrigation districts. However, the
network cost and energy consumption of the sensors are of
concern (e.g., refer to the evaluation by Bogena et al., 2007).
At present, neutron probes are the most accurate soil water
sensing method, while capacitance sensors are less consistent
and show sensitivity to the electrical conductivity and
temperature of irrigated soils, even when using soil-specific
calibrations (Evett, 2007). Evett (2007) found no soil sensor
to be practical for on-farm irrigation scheduling, with the
possible exception of tensiometers and granular matrix
resistance sensors, because they are either too inaccurate
(e.g., capacitance sensors) or too costly and difficult to use
(TDR and neutron probes). Research and development in
pursuit of new and better, but inexpensive, sensor systems is
certainly needed.

Surface Energy Budget

Crop ET can be estimated as the residual term in the
energy budget equation (Tanner, 1960) that includes net
radiation (R,), soil heat (G), and sensible heat (H) fluxes,
applied to a field or to a pixel in a satellite image. Net
radiation can be measured using a (relatively costly) four-
component system to obtain short-wave and long-wave
radiation balance, or using net radiometers (Brotzge and
Duchon, 2000), although these are prone to systematic bias.
In practice, R, is most commonly estimated from solar
radiation with the aid of temperature data (Jensen et al.,
1990). Soil heat flux can be measured using soil heat flux
plates (Fuchs, 1986) but is commonly either estimated,
e.g., from R, (ASCE-EWRI, 2005; Payero et al., 2005), or
assumed negligible in daily calculations. Neither R, nor G is
currently routinely available from automated climate station
networks, and their estimation is therefore a potential source
of uncertainty in ET estimates (Batchelor, 1984). Sensible
heat flux can be determined using standard meteorological
observations in profile methods or estimated instantaneously
from radiometric surface temperature measurements. The
Bowen ratio-energy budget method is widely employed to
estimate ET from measured height differences in
temperature and humidity, along with measurements of R,
and G. This method is simple and is still used as a standard
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against which to evaluate alternative ET measurements or
model estimates (Farahani and Bausch, 1995; Payero et al.,
2003), but it is problematic when temperature and humidity
gradients are too low (Tyler et al., 1997). The problems
associated with different humidity sensor offset errors are
now resolved: most Bowen ratio systems use pumps to
alternatively route the sampled air from different heights to
a common humidity sensor (Bausch and Bernard, 1992;
Cellier and Olioso, 1993), but the need for frequent
maintenance still limits use of this method at remote sites.

Using remotely sensed measurements of surface
temperature to estimate H (and consequently ET from the
energy budget) has advanced significantly since the 1970s
(Brown, 1974; Heilman and Kanemasu, 1976), with studies
now made at regional scales (Nieuwenhaus et al., 1985; Hall
et al., 1992; Moran et al., 1994; Boegh et al., 2002). A
common approach is to estimate H from the canopy-air
temperature differences (I; - 7;) in the formula H =
-cp (I¢ - T;)/rq, where r, is the only variable that cannot be
measured (but it is easily computed). This method can be
implemented to obtain ET more easily than the P-M equation
because it does not require specification of surface
resistance. Several researchers have successfully used this
approach to determine fluxes from field crops (Hatfield et al.,
1984; Slack et al., 1986), sparse canopies (Kustas et al., 1989;
Shuttleworth and Gurney, 1990; Chehbouni et al., 1996), and
in a greenhouse (Takakura et al., 2005). The current
challenge is to separate the canopy and soil contributions and
to cope with uncertainties in the value of emissivity that lead
to discrepancies between estimated and measured ET from
crops with partial canopy cover. The method is more relevant
to large-scale ET estimation using airborne or satellite
thermal scanners than irrigated fields. Another issue is that
this method provides instantaneous values of H (and thus
ET), and there is a need to scale up to a full day. Notable early
investigations of how to do this include that of Jackson et al.
(1977), who estimated daily ET from midday measurements
of (1. - T,). Instantaneous aerial or satellite-based remotely
sensed data may also be infrequently available, but daily
values of ET are often needed in practice (e.g., Colaizzi et al.,
2006).

Lysimetry

Lysimetry has been around in rudimentary form for
several hundred years, but major advances in precision
lysimetry have been made in the past 50 years (Howell et al.,
1991). The contribution of precision weighing lysimetric
measurements to advances in understanding of crop water
relations and the development of crop coefficient
(e.g., Wright, 1982; Pruitt, 1991; Tyagi et al., 2000; Ayars et
al., 2003; Lovelli et al., 2004; Williams and Ayars, 2005) is
well recognized. Lysimetry is widely accepted as being an
unparalleled standard against which to compare and validate
other ET methods and models. The importance of lysimetry
is now also recognized in water rights engineering, with
lysimeters used to provide basic data on crop water use and
return flows (Walter et al., 1991). Increased competition for
water resources and more frequent droughts have recently
renewed interest and investment in precision lysimetry. A
good example is the large monolithic lysimeters that have
lately been installed in southeast Colorado to obtain ET data
for major crops as the basis for determining the water use and
stream depletion that affect the South Platte and Arkansas
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rivers in the context of interstate compacts (StreamLines,
2004). The proceedings of the international symposium on
lysimetry studies around the world (ASCE, 1991) and the
recent in-depth article by Howell (2004) represent a good
starting point for the reader interested in review of past efforts
in this area.

Lysimeters can contain monolithic or reconstructed soil
and be weighing and non-weighing, with measurements of
the soil water balance required to determine ET in non-
weighing lysimeters. Weighing lysimeters can determine soil
water changes over short periods with high precision
(~0.02-0.05 mm water) by weighing the entire lysimeter
mass, and may involve a counter balance and load cells or
hydraulic scales. Over the past 35 years, the advent of
computers and data loggers and advances in instrumentation
have simplified continuous automatic weighing and data
recording. The most representative lysimeters have
monolithic cores in which the soil structure remains
unchanged because disturbed soil cores can affect plant
growth conditions (Schneider and Howell, 1991). The
locations of some large lysimeters were given by Schneider
and Howell (1991), with more recent ones now in Arizona
(Young et al., 1996), Florida (Jia et al., 2006), China (Yang
et al., 2000), and Spain (Gavilan et al., 2007). Agricultural
engineers, including those at the USDA-ARS facility at
Bushland, Texas, have developed methods to acquire large
monolithic cores using hydraulic jacks to reduce costs
(Schneider et al., 1988; Marek et al., 2006). Because of the
many potential sources of errors in lysimetry, it is important
to know when to trust and when to question lysimeter data.
Refer to Howell (2004) for an in-depth discussion of many
important factors in lysimetry. These include lysimeter shape
and area (area-to-volume ratio), monolithic or reconstructed
samples, weighing mechanisms (resolution, counter-
balancing), soil profile and depth, field location (site and
fetch), variations in plant density and distribution, cultural
practices and management on and around the lysimeter, soil
profile disturbance, interruption of deep percolation and
lateral flow, bypass flow along the walls, and heat flux
distortions caused by conductive walls. A carefully installed
and well-managed lysimeter should be indistinguishable
from its surroundings and, as suggested by Howell et al.
(1991), “Many problems can be avoided by reviewing
lysimeter literature before designing new lysimeters.”

Eddy Correlation

In the past few decades, the eddy correlation method has
overtaken the Bowen-ratio energy budget as being the
preferred  micrometeorological  technique for ET
measurement because it involves minimal theoretical
assumptions (Shuttleworth, 1993) and is now affordable and
available off-the-shelf. This technique requires precise, fast-
response (~10 Hz) sensors of vertical wind speed,
temperature, and humidity, and electronic computation of the
correlation between vertical air motion and the constituent of
interest to deduce the flux (e.g., refer to the review by Kaimal
and Finnigan, 1994; Campbell and Norman, 1998). The
preferred sensor for wind velocity is the sonic anemometer
and, for humidity, the fast response ultraviolet or infrared
hygrometer. Recent interest in climate change has stimulated
an explosion in the use of eddy correlation to measure surface
energy and COp fluxes (e.g., FLUXNET with over
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400 towers worldwide). Shuttleworth (2007) recently
cautioned against “irrational exuberance” when applying the
eddy correlation technique, mainly because of the potential
systematic underestimation of surface fluxes, especially at
night, a problem that is not as important for evaporation
measurement as for CO, measurement.

Progress in instrument development has resulted in the
adoption of eddy correlation as the method of choice for
assessing other methods of turbulent flux measurement.
Nonetheless, poor closure of the energy balance is common
when making eddy correlation measurements. An average
imbalance of 20% across 22 FLUXNET eddy correlation
sites was attributed to underestimated (H + ET) and/or
overestimated available energy (Wilson et al., 2002). A 10%
to 30% underestimation of (H + ET) was reported even over
relatively flat homogonous short vegetation (Twine et al.,
2000), and the closure error is typically higher over strongly
evaporating surfaces such as irrigated crops. Use of the eddy
correlation method therefore requires proper recognition of
flux correction procedures and of the effects of flow
distortion and sensor orientation. The method is arguably
best viewed as providing a measurement of area-average
Bowen ratio, with concurrent measurements of R, and G to
allow a check on energy balance closure and independent
verification of the eddy flux estimates. At present, there is
little use of eddy correlation in irrigation and scheduling
practice, but its deployment in agricultural research settings
is growing, with interest in expanding its use for calibrating
and testing simpler models and developing crop coefficients.
Recent applications in irrigated environments include
Williams et al. (2004), as well as Jia et al. (2006, 2007) for
the purpose of developing citrus and grass K. curves. In some
studies, good agreements (10% or better) were reported
between eddy correlation and the soil water balance method
(Testi et al., 2004) and between eddy correlation and sap flow
measurements (Rana et al., 2005) in orchards. However,
more work is needed before eddy correlation can be used to
provide an unquestioned measurement of surface energy
fluxes.

Thus, both lysimetry and eddy correlation are now
accepted methods for directly measuring ET, but where
should future investments in ET be made? With the cost of
most single precision lysimeters exceeding $50,000, the
practical and cost-effective alternative of deploying multiple
eddy correlation systems across a wider area is perhaps more
attractive and should result in a more spatially representative
measurement that is less prone to individual equipment
malfunction if area-average ET is required. The recent
growth in understanding of how micrometeorological
measurements of ET are representative of the vegetation
canopy over which they are mounted will aid in this (Gash,
1986; Horst and Weil, 1992). The source area of an eddy
correlation measurement is generally considered to extend an
upwind distance of about 100 times the sensor height above
the canopy (Campbell and Norman, 1998), and it therefore
provides an integration of spatial variability not feasible
using a lysimeter or soil water sensors. However, lysimetry
and soil water budget methods remain preferable if local,
crop-specific measurements of ET are needed. Because
precision lysimeters are difficult and costly to construct and
require special care to operate and maintain, their future use
is more likely to be in research and other specialized settings.
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ET MODELING

In most practical situations where crop ET rates are
desired, the available instrumentation or resources are not
sufficient to allow use of the ET measurement techniques
described above, and models are used instead. There are
several models that seek to estimate crop ET from near-
surface climate data; see reviews in Brutsaert (1982), Jensen
et al. (1990), Hatfield and Fuchs (1990) and Shuttleworth
(1993, 2007). For the purpose of this article, discussion is
limited to recent developments in the K. approach and in the
use of the combination equations (including compartment
models). As described in more detail below, each of these
approaches has its merits and demerits, but the most
important and reassuring observation is that currently these
two approaches are converging. This is mainly because there
is a greater call to theory to improve accuracy and the range
of applicability of the K. approach on the one hand, and a
greater determination to address the need for a practical
means to specify the difficult-to-define surface resistances in
the P-M equation on the other. In recent decades, improved
measurement and technology have led to increased
understanding of the ET process, and this has enhanced the
credibility of using combination equations to calculate ET.
This, together with the increased availability of climate data,
has resulted in the P-M equation now being selected as the
preferred method for estimating ET,, in a revised version of
the K. approach (Allen et al., 1998). However, because of a
lack of consolidated information on the required aero-
dynamic and surface resistances for different crops, the P-M
method was adopted only for estimating ET,, not yet ET.
Shuttleworth (2006) provided the theoretical framework to
facilitate this next step, i.e., implementing a one-step
estimation of ET, for all crops using the P-M equation, as
discussed below.

Crop Coefficients

Two definitions of the K. curve are provided in Allen et
al. (1998). The first integrates the relationship between ET,
and ETj, into a time-averaged K. curve that does not separate
E and T in ET. This is commonly referred to as the “single”
K. approach. The second, called the “dual” K. approach,
splits K, into the algebraic sum of a basal crop coefficient
(Kcp) and a soil evaporation coefficient (K,), i.e., K, = K¢p +
K., and is intended to separate the difference between E and
T. The K,p is defined as the ratio of ET, to ET, when the soil
surface is dry with little soil evaporation but when
transpiration is occurring at a non-water-limiting rate
(Wright, 1982; Allen et al., 1998). For water-limiting
conditions (or other field and crop conditions that limit ET),
K¢p is reduced by a water stress factor (Ks) described, for
example, as a function of the soil water depletion below a
threshold stress level (Wright, 1981; Allen et al., 1998).
Several recent studies have shown that the dual K. procedure
can provide good estimates of daily ET, for full-irrigated
cotton (Hunsaker, 1999), sorghum (Tolk and Howell, 2001),
and alfalfa (Hunsaker et al., 2003a). Howell et al. (2004)
reported good ET, estimates using the dual K. approach for
full-irrigated cotton but suggested that more research was
needed before using the water stress factor (Ky) for deficit-
irrigated and dryland cotton. The dual K, approach is more
relevant for E calculations and more suitable for scheduling
with frequent wetting [e.g., refer to the performance
comparison of single and dual K. in Allen et al. (2005)]. The
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single K. approach is more popular and less input data-
intensive than the dual K, approach, and it is better suited for
irrigation management and basic scheduling with infrequent
wetting (ten days or more). The generalized K, values used
in the single K, approach are suitable in subhumid climates
with average daily minimum relative humidity values of
about 45% and calm to moderate wind speed averaging 2 m
s'L. For other climate conditions, adjustments are recom-
mended (Allen et al., 1998).

The practical simplicity of using a K. approach is
undisputable, including global standardization of the
procedures that invoke general energy limits on ET rates, and
the recent efforts towards decoupling K. into basal and
evaporation components described above. Acceptance of the
K. methodology is, however, compromised by uncertainties
in generalized K. curves that can lead to errors in ET,
(Hunsaker et al., 2003b). Since local development of K.
requires measuring ET, during the season (a difficult task),
most practitioners rely on published values for their crop.
This practice may be unwise because of the empirical nature
of K, which may limit its transferability into locations where
the local climate and management factors deviate from the
conditions in which the tabulated value was developed. The
literature is mixed in this regard, and it is difficult to infer the
exact sources of discrepancy (or otherwise) in field
applications with certainty. To some extent, discrepancies are
caused by the conditions for crop growth being less than the
ideal, pristine growing conditions assumed in the generalized
K. (Allen et al., 2005), and to some extent they are caused by
the effect of local climate, soil, management, irrigation
method, wetting pattern and frequency, and varietal
variations.

Towards a One-Step Approach

Shuttleworth (2006) pointed out that, in practice,
respected advocates of the K. approach implicitly accept the
theoretical realism of the P-M equation because this is the
starting point for recent attempts (e.g., Pereira et al., 1999) to
redefine K, so that K.-based estimates match P-M estimates.
Redefining K_ in this way leads to the proposal (Pereira et al.,
1999) that multiple definitions of reference crop ET for
groups of crops with similar aerodynamic properties be
defined, and new field studies be made to index the ET rate
for crops in each group to the most relevant of these different
reference crop estimates. Shuttleworth questioned whether
this approach is preferable to the alternative approach of
making a simple calculation of aerodynamic resistance based
on crop height and carrying out field studies to define the
effective whole-canopy stomatal (i.e., surface) resistance, r;,
for different crops. However, adopting this alternative one-
step use of the P-M equation requires that two outstanding
issues be addressed.

The first issue is that the meteorological variables from
which crop ET estimates are made are often available at a
fixed height (usually 2 m). However, when using the P-M
equation, these values are required at some level (the
reference level) above the crop for which calculations are to
be made, and some crops are taller than 2 m. This issue can
be resolved theoretically by specifying a hypothetical
blending height (at, say, 50 m) near the interface between the
surface layer and the mixed layer in the atmospheric
boundary layer (ABL) where meteorological conditions are
assumed to be independent of the underlying -crop.
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Shuttleworth (2006) derived expressions that allow
calculation of the aerodynamic resistances to this blending
height and the vapor pressure deficit at the blending height
from the climate variables measured at 2 m, thus allowing the
P-M equation to be used to estimate ET, from 2 m climate
data and crop-specific values of effective stomatal resistance
(refer to eq. 28 in Shuttleworth, 2006).

A second issue is that, currently, there are no tables of the
effective all-day average values available for the stomatal
resistance of different crops equivalent to those that exist for
K.. Shuttleworth (2006) called for field studies to address this
need as a simpler alternative to redefining K. (e.g., Pereira et
al., 1999) and using multiple definitions of ET, as discussed
above. However, recognizing the need for an interim source
of crop-specific rg estimates pending results of such field
studies, Shuttleworth (2006) also proposed a methodology
for translating existing K, values into equivalent r values for
different crops. Doing this is complicated because K, values
are not a pure measure of crop characteristics but also depend
on the climate prevailing at the time of their development.
Using results from modeling studies of the coupled
interaction between land surfaces and the ABL as
background, and by making additional assumptions, a simple
equation for transforming generalized K. into r; was derived
(refer to eq. 39 in Shuttleworth, 2006). Replacing this 7 in the
P-M equation (using 2 m data as described above) provides
the one-step P-M equation, referred to as the Matt-
Shuttleworth (M-S) equation (refer to eq. 40 in Shuttleworth,
2006). Pending the availability of a table of field-calibrated
values of effective all-day average stomatal resistance, the
Matt-Shuttleworth ET equation provides an interim
opportunity to make a one-step estimate of ET. from the
values of K. using 2 m climate data.

Challenges: Partial Canopy and Water Stress

In the face of the increasing global concern about water
scarcity and sustainability, the importance of the role of ET
is perhaps best captured by the UN’s slogan “more crop per
drop.” Alternative slogans are “same crop, less drop,” the
more ambitious “more crop, less drop,” or the more realistic
“less crop, lesser drop.” These slogans reflect alternate ways
of improving water use efficiency, or the now preferred term
“water productivity,” which is defined as value (i.e., yield or
biomass) per unit ET or water used. A major pathway to
increase the “crop per drop” in irrigated agriculture is
through reducing soil evaporation (e.g., refer to Howell,
2006, for major pathways in irrigated agriculture), the
relatively “easy” water to conserve with much less cost to
yield. Improving water productivity by reducing evaporation
will surely benefit from methods and models that allow
partitioning of ET, particularly those capable of describing
partial cover under conditions of changing surface soil
moisture.

Notwithstanding the above, E and T are rarely measured
separately. Notable modeling efforts include the widely used
functional soil evaporation model of Ritchie (1972) for
incomplete cover, the dual K, approach (Allen et al., 1998),
and the two-source model of Shuttleworth and Wallace (the
S-W model; Shuttleworth and Wallace, 1985). The dual K
approach allows E computation (i.e., K, coefficient) and is
appealing (e.g., Allen, 2000). Procedures to estimate K, are
detailed in Allen et al. (1998) and require a daily soil water
budget computation for the top soil in addition to estimates
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of fraction of wetted surface. This approximation method
affords good accuracy when applied -carefully and
thoughtfully, and it is capable of incorporating impacts of
varying soil wetness (i.e., drip vs. flood) and frequency. The
S-W model has also been widely applied in agriculture
(e.g., Lafleur and Rouse, 1990; Wallace et al., 1990;
Farahani and Bausch, 1995) and has recently been extended
to inter-cropping systems (e.g., Wallace, 1996) and to
residue-covered fields (e.g., Farahani and Ahuja, 1996).

Above we described the one-step application of the P-M
equation in the form of the Matt-Shuttleworth equation to
estimate water use in fully irrigated crops, with a changing
crop height and the (traditional) linear interpolation of K if
this is required for the crop stage. Because the calculation is
made using the P-M equation, it makes proper allowance for
the different aerodynamic characteristics of crops in all
atmospheric aridity. However, the P-M equation only applies
to crops with full cover, and using the P-M equation to
improve estimates of ET for crops with partial cover is,
strictly speaking, not theoretically correct and has been
shown experimentally to underestimate ET during the early
season (Lafleur and Rouse, 1990; Farahani and Bausch,
1995). The interim formulation of surface resistance in the
one-step model uses K, although K, might have been more
appropriate as K. is an average value that includes soil
evaporation. The use of K., however, implies an implicit
accounting of soil evaporation in the interim one-step
approach at all growth stages. We speculate that for well-
irrigated crops during early and late season, the ambient leaf
area index may provide a basis for an interpolation between
the effective resistance of moist soil and the effective
stomatal resistance for different well-watered, fully grown
crops. However, further development of the two-source S-W
model is the preferred approach to a P-M based modeling of
ET for canopies with partial cover. The two-source model
also better relates to the need for a model capable of giving
separate representation of E and T for use in water
productivity studies, and for evaluating and calibrating
simpler models for use in irrigation practice. An ongoing
challenge with the S-W model is how to quantify the soil
surface resistance, which so far has most successfully been
described as an exponential function of the near-surface soil
moisture (e.g., Farahani and Bausch, 1995; Daamen and
Simmonds, 1996).

A rapidly growing need is to estimate crop ET under
water-limiting conditions, i.e., deficit irrigation. This is of
great importance in many dry areas of the world with a
shrinking share of agricultural water, including nearly all
western U.S. states with current and pressing water allocation
and stream depletion issues. The K. approach with an
empirical K stress coefficient has been proposed and used
(e.g., Doorenbos and Kassam, 1979; Wright, 1982; Allen et
al., 1998). The parameter K describes the effect of water
stress on crop transpiration, and its use requires a daily soil
water budget computation for the root zone. Other
formulations using climatological resistance weighted by
pre-dawn leaf water potential (Rana et al., 1997) or soil water
content (Ortega-Farias et al., 2006) have also been used to
adjust rg in P-M type applications. Mechanistic models are
needed to better quantify the weighing, i.e., K, factors and
understand the effect of stress on leaf expansion, stomata
closure, and early senescence as these affect growth and
transpiration. We suggest more research to allow better
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understanding of the use of the P-M equation for water-
stressed crops.

Most challenging is modeling the yield response to water
availability, which requires a capability to model ET for all
canopy cover and stress conditions in addition to a capability
to model biomass accumulation as affected by abiotic
stresses. Predicting yield is becoming increasingly important
to optimize irrigation under limited water supplies for
enhanced sustainability and profit. Heermann (1985)
anticipated this more than twenty years ago:

“Managers will in the future, use yield models to
implement management strategies for limited available
water. These models will require accurate estimates of ET
and some models will require separating evaporation and
transpiration” (p. 333).

Past progress in this area is plentiful (e.g., Hanks, 1974;
Doorenbos and Kassam, 1979; Taylor et al., 1983), and the
resulting understanding is currently being recaptured in the
relatively simple and robust FAO model, AquaCrop, which
is built on the premise of conservative behavior of biomass
water use efficiency (Steduto et al., 2007). Early evaluations
of the AquaCrop model under a range of irrigation regimes
for cotton (Farahani et al., 2007) and maize (Hsiao et al.,
2007; Heng et al., 2007) show promising results in crop ET
and yield predictions.

ConcLUDING COMMENTS

Recent progress has been substantial, but the transfer of
advances in ET modeling and measurements into irrigation
practice remains slow. Irrigation researchers have
contributed to and embraced the advances in the science and
technology of ET, but many practitioners still operate
scheduling using crude procedures, including intuition and
experience and the “feel” method. The measurement of ET
from irrigated fields is rare, mainly because of the lack of
resources at the farm level to apply most of the measurement
techniques discussed here. Modeling is preferred, yet there is
limited opportunity for the blind application of any model to
a field condition without some parameter calibration and
verification to ensure on-site behavior. There is a real need
for innovative methods that can provide sound and affordable
estimates of ET that use “plug-and-play” features to link
better with on-farm managerial skills.

This review also draws attention to the substantial
progress towards greater reliance on current ET theory and
the use of combination equations. The P-M equation has been
adapted to estimate reference crop ET, and recent theoretical
developments enable continuing progress towards the one-
step application of the P-M equation for crop water use
estimation based on effective stomatal resistance rather than
a crop coefficient. The one-step approach is attractive, but its
use warrants careful examination and field testing before it
becomes an operational method. Strategies to increase water
productivity and sustain available water resources that
involve deficit or supplemental irrigation are increasingly
advocated, and application of both the simple and advanced
models discussed in this article also need significantly more
field testing in stressed conditions. In principle, the P-M
equation provides a basis to estimate ET in all conditions of
crop water stress, but its use in deficit irrigation management
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requires better quantification of the effect of stress on
stomatal control. In fact, this need was recognized decades
ago when Monteith (1985) suggested:

“It is time that soil physicists and root physiologists got
together with microclimatologists and leaf physiologists to
do some comprehensive work on the soil-plant-atmosphere
continuum of crops throughout the growing season. A better
understanding of how effective stomatal resistance changes
with time when water is limiting is needed” (p. 10).

We concur, and we complement our call for renewed
investigation of the one-step P-M based approach for
estimating ET by also advocating research to better
understand and model the effect of water stress on surface
resistance.

In the past, the lack of simple and affordable tools to
measure ET in the field has been a major shortcoming. The
soil water budget approach is currently the most popular field
method used to estimate ET, but most of the available sensors
used in this approach are considered by experts to be either
too inaccurate or too costly and difficult to use, and therefore
not practical for on-farm irrigation scheduling. Relevant
equipment research needs to continue because, looking
forward, this presents the only opportunity for measurement-
based irrigation scheduling for individual fields.

ACKNOWLEDGEMENTS

Farahani was partly supported by the CGIAR Challenge
Program on Food and Water. Howell was partly supported by
the Ogallala Aquifer Program through a consortium between
USDA-ARS, Kansas State University, Texas A&M
University, Texas Tech University, and West Texas A&M
University. Shuttleworth was supported by SAHRA
(Sustainability of semi-Arid Hydrology and Riparian Areas)
under the STC Program of the National Science Foundation,
Agreement No. EAR-9876800 and NSF award
DEB-0415977.

REFERENCES

Allen, R. G. 1996. Assessing integrity of weather data for use in
reference evapotranspiration estimation. J. Irrig. Drain. Eng.
ASCE 122(2): 97-106.

Allen, R. G. 2000. Using the FAO-56 dual crop coefficient method
over an irrigated region as part of an evapotranspiration
intercomparison study. J. Hydrol. 229(1-2): 27-41.

Allen, R. G., M. Smith, A. Perrier, and L. S. Pereira. 1994. An
update for the definition of reference evapotranspiration. ICID
Bull. 43(2): 1-34.

Allen, R. G, L. S. Pereira, D. Raes, and M. Smith. 1998. Crop
evapotranspiration. Irrig. and Drain. Paper No. 56. Rome, Italy:
United Nations FAO.

Allen, R. G., A. J. Clemmens, C. M. Burt, K. Solomon, and T.
O’Halloran. 2005. Prediction accuracy for projectwide
evapotranspiration using crop coefficients and reference
evapotranspiration. J. Irrig. Drain. Eng. 131(1): 24-36.

ASAE. 1966. Evapotranspiration and its Role in Water Resource
Management: Conf. Proc. M. E. Jensen, ed. St. Joseph, Mich.:
ASAE.

ASAE. 1985. Advances in Evapotranspiration: Proc. National
Conf. on Advances in Evapotranspiration. ASAE Publ. No.
14-85. St. Joseph, Mich.: ASAE.

ASAE. 1996. Evapotranspiration and Irrigation Scheduling: Proc.
Intl. Conf. C. R. Camp, E. J. Sadler, and R. E. Yoder. eds. St.

TRANSACTIONS OF THE ASABE



Joseph, Mich.: ASAE.

ASAE. 2004. Measurement and reporting practices for automatic
agricultural weather stations. Engineering Practice 505. St.
Joseph, Mich.: ASAE.

ASCE. 1991. Lysimeters for Evapotranspiration and
Environmental Measurements: Proc. Intl. Symp. Lysimetry. R. G.
Allen, T. A. Howell, W. O. Pruitt, I. A. Walter, and M. E. Jensen,
eds. New York, N.Y.: ASCE.

ASCE-EWRI. 2005. The ASCE standardized reference
evapotranspiration equation. Task Committee on Standardization
of Reference Evapotranspiration, Technical Committee Report.
New York, N.Y.: ASCE.

Ayars, J. E., and R. W. Soppe. 2002. Irrigation scheduling of cotton
with FDR probes in the presence of shallow saline groundwater.
In Proc. 1st Intl. Symposium on Soil Water Measurement using
Capacitance, Impedance, and Time Domain Transmission
(TDT), CD-ROM. 1. Paltineanu, ed. Laurel, Md.: Paltin
International.

Ayars, J. E., R. S. Johnson, C. J. Phene, T. J. Trout, D. A. Clark, and
R. M. Mead. 2003. Crop water use by late-season drip-irrigated
peaches. Irrig. Sci. 22(3-4): 187-194.

Bastiaanssen, W. G. M., M. Menenti, R. A. Feddes, and A. A. M.
Holdslag. 1998. A remote sensing surface energy balance
algorithm for land (SEBAL): 1. Formulation. J. Hydrol.
212-213: 198-212.

Batchelor, C. H. 1984. The accuracy of evapotranspiration
estimated with the modified Penman equation. Irrig. Sci. 5(4):
223-233.

Bausch, W. C., and T. M. Bernard. 1992. Spatial averaging Bowen
ratio system: Description and lysimeter comparison. Trans.
ASAE 35(1): 121-128.

Blaney, H. F., and W. D. Criddle. 1950. Determining water
requirements in irrigated areas from climatological and irrigation
data. TP-96. Washington, D.C.: USDA Soil Conservation
Service.

Boegh, E., H. Soegaard, and A. Thomsen. 2002. Evaluating
evapotranspiration rates and surface conditions using Landsat
TM to estimate atmospheric resistance and surface resistance.
Remote Sensing Environ. 79(2-3): 329-343.

Bogena, H., J. A. Huisman, C. Oberdorster, and H. Vereecken.
2007. Evaluation of a low-cost water content sensor for wireless
network applications. Geophysical Res. Abstracts 9: 01916.

Brock, F. V., K. C. Crawford, R. L. Elliott, G. W. Cuperus, S. J.
Stadler, H. L. Johnson, and M. D. Eilts. 1995. The Oklahoma
mesonet: A technical overview. J. Atmos. Oceanic Tech. 12(1):
5-19.

Brotzge, J. A., and K. C. Crawford. 2000. Estimating sensible heat
flux from the Oklahoma mesonet. J. Applied Meteor. 39(1):
102-116.

Brotzge, J. A., and C. E. Duchon. 2000. A field comparison among
a domeless net radiometer, two four-component net radiometers,
and a domed net radiometer. J. Atmos. Oceanic Tech. 17(12):
1569-1582.

Brown, K. W. 1974. Calculations of evapotranspiration from crop
surface temperature. Agric. Meteor. 14(1-2): 199-209.

Brown, P. W. 1998. AZMET computation of reference crop
evapotranspiration. Arizona Meteorological Network. Available
at: http://ag.arizona.edu/azmet/et2.htm.

Brutsaert, W. H. 1982. Evaporation into the Atmosphere.
Dordrecht, The Netherlands: D. Reidel Publishing.

Campbell G. S., and J. M Norman. 1998. An Introduction to
Environmental Biophysics. 2nd ed. Ann Arbor, Mich.: Edwards
Brothers.

Carrijo, O. A., and R. H. Cuenca. 1992. Precision of
evapotranspiration estimates using neutron probe. J. Irrig.
Drain. Eng. 118(66): 943-953.

Cellier, P., and A. Olioso. 1993. A simple system for automated
long-term Bowen ratio measurement. Agric. Meteor. 66(1-2):
81-92.

Vol. 50(5): 1627-1638

Chehbouni, A., D. Lo Seen, E. G. Njoku, and B. A. Monteny. 1996.
Examination of the difference between radiative and
aerodynamic surface temperatures over sparsely vegetated
surfaces. Remote Sens. Environ. 58(2): 176-186.

Choi, M., and J. M. Jacobs. 2007. Soil moisture variability of root
zone profiles within SMEX02 remote sensing footprints. Adv.
Water Resources 30(4): 883-896.

Christiansen, J. E. 1968. Pan evaporation and evapotranspiration
from climate data. J. Irrig. Drain. Div. ASCE 94(2): 243-265.
Colaizzi, P. D., E. M. Barnes, T. R. Clarke, C. Y. Choi, P. M. Waller,
J. Haberland, and M. Kostrzewski. 2003. Water stress detection

under high-frequency sprinkler irrigation with water deficit
index. J. Irrig. Drain Eng. 129(1): 36-43.

Colaizzi, P. D., S. R. Evett, T. A. Howell, and J. A. Tolk. 2006.
Comparison of five models to scale daily evapotranspiration
from one-time-of-day measurements. Trans. ASAE 49(5):
1409-1417.

Daamen, C. C., and L. P. Simmonds. 1996. Measurement of
evaporation from bare soil and its estimation using surface
resistance. Water Resour. Res. 32(5): 1393-1402.

de Bruin, H. A. R., B. J. J. M. van den Hurk, and W. Kohsiek. 1995.
The scintillation method tested over a dry vineyard area.
Boundary-Layer Meteor. 76(1-2): 25-40.

Doorenbos, J., and A. H. Kassam. 1979. Yield response to water.
FAO Irrig. and Drain. Paper No. 33. Rome, Italy: United Nations
FAO.

Doorenbos, J., and W. O. Pruitt. 1977. Guidelines for predicting
crop water requirements. Irrig. and Drain. Paper No. 24. 2nd ed.
Rome, Italy: United Nations FAO.

Duke, H. R. 1996. COAGMET: Colorado Agricultural
Meteorogical Network. In Proc. Intl. Conf. on
Evapotranspiration and Irrigation Scheduling, 704-709. C. R.
Camp et al., eds. St. Joseph, Mich.: ASAE.

Ehrler, W. L. 1973. Cotton leaf temperatures as related to soil water
depletion and meteorological factors. Agron. J. 65(3): 404-409.

Eichinger, W. E., and D. I. Cooper. 2007. Using lidar remote
sensing for spatially resolved measurements of evaporation and
other meteorological parameters. Agron J. 99(1): 255-271.

Eichinger, W. E., D. I. Cooper, L. E. Hipps, W. P. Kustas, C. M. U.
Neale, and J. H. Prueger. 2006. Spatial and temporal variation in
evapotranspiration using Raman lidar. Advances Water
Resources 29(2): 369-381.

Evett, S. R. 2007. An overview of soil water sensing technologies
and problems. Abstract in Intl. Soil Moisture Sensing
Technology Conference: Current and Future Research
Directions in Soil Moisture Sensing. Honolulu, Hawaii:
University of Hawaii-Manoa.

Evett, S. R., and G. W. Parkin. 2005. Advances in soil water content
sensing: The continuing maturation of technology. Vadose Zone
J. 4(4): 986-991.

Evett, S. R., T. A. Howell, J. L. Steiner, and J. L. Cresap. 1993.
Evapotranspiration by soil water balance using TDR and
neutron scattering. In Proc. National Conf. on Irrigation and
Drainage Engineering - Management of Irrigation and
Drainage Systems, Integrated Perspectives, 914-921. R. G.
Allen and C. M. U. Neale, eds., New York, N.Y.: ASCE.

Farahani, H. J. 1987. Crop water stress parameters for turfgrass and
their environmental variability. MS thesis. Tucson, Ariz.:
University of Arizona.

Farahani, H. J., and L. R. Ahuja. 1996. Evapotranspiration
modeling of partial canopy/residue covered fields. Trans. ASAE
39(6): 2051-2064.

Farahani, H. J., and W. C. Bausch. 1995. Performance of
evapotranspiration models for maize: Bare soil to closed canopy.
Trans. ASAE 38(4): 1049-1059.

Farahani, H. J., D. C. Slack, D. M. Kopec, and A. D. Matthias.
1993. Crop water stress index models for Bermudagrass turf: A
comparison. Agron. J. 85(6): 1210-1217.

1635



Farahani, H. J., G. 1zzi, P. Steduto, and T. Oweis. 2007.
Parameterization and evaluation of FAO AquaCrop model for
full and deficit irrigated cotton. Abstract in Proc. Symp. Yield
Response to Water: Examination of the Role of Crop Models in
Predicting Water Use Efficiency. Madison, Wisc.:
ASA-CSSA-SSSA.

Feng, S., Q. Hu, and W. Qian. 2004. Quality control of daily
meteorological data in China, 1951-2000: A new dataset. Intl. J.
Climatol. 24(7): 853-870.

Ferretti, D. F.,, E. Pendall, J. A. Morgan, J. A. Nelson, D. LeCain,
and A. R. Mosier. 2003. Partitioning evapotranspiration fluxes
from a Colorado grassland using stable isotopes: Seasonal
variations and ecosystem implications of elevated atmospheric
COa,. Plant Soil 254(2): 291-303.

Fuchs, M. 1986. Heat flux: Part I. Physical and mineralogical
methods. In Methods of Soil Analysis, 957-968. 2nd ed. A.
Klute, ed. Madison, Wisc.: ASA.

Gash, J. H. C. 1986. A note on estimating the effect of a limited
fetch on micrometeorological evaporation measurements.
Boundary-Layer Meteor. 35(4): 409-413.

Gavilan, P, J. Berengena, and R. G. Allen. 2007. Measuring versus
estimating net radiation and soil heat flux: Impact on
Penman-Monteith reference ET estimates in semiarid regions.
Agric. Water Mgmt. 89(3): 275-286.

Gieske, A. 2003. The iterative flux-profile method for remote
sensing applications. Intl. J. Remote Sensing 24(16): 3291-3310.

Gowda, P. H., J. L. Chavez, P. D. Colaizzi, S. R. Evett, T. A.
Howell, and J. A. Tolk. 2007. Remote sensing based energy
balance algorithms for mapping ET: Current status and future
challenges. Trans. ASABE 50(5): 1639-1644.

Hall, G. H., K. F. Huemmrich, P. J. Sellers, and J. E. Nickerson.
1992. Satellite remote sensing of surface energy balance:
Success, failure, and unresolved issues in FIFE. J. Geophys. Res.
97: 19061-19089.

Hanks, R. J. 1974. Model for predicting plant yield as influenced by
water use. Agron. J. 65(5): 660-665.

Hargreaves, G. H., and Z. A. Samani. 1985. Reference crop
evaporation from temperature. Applied. Eng. in Agric. 1(2):
96-99.

Hatfield, J. L., and M. Fuchs. 1990. Chapter 3: Evapotranspiration
models. In Management of Farm Irrigation Systems, 33-59. G.
J. Hoffman, T. A. Howell, and K. H. Solomon, eds. St. Joseph,
Mich.: ASAE.

Hatfield, J. L., R. J. Reginato, and S. B. Idso. 1984. Evaluation of
canopy temperature-evapotranspiration over various crops.
Agric. Meteor. 32(1): 41-53.

Heermann, D. F. 1985. ET in irrigation management. In Proc.
National Conf. on Advances in Evapotranspiration, 323-334.
St. Joseph, Mich.: ASAE.

Heilman, J. L., and E. T. Kanemasu. 1976. An evaluation of the
resistance form of the energy balance to estimate
evapotranspiration. Agron. J. 68(4): 607-611.

Heng, L. K., S. Evett, T. A. Howell, and T. C. Hsiao. 2007.
Calibration and testing of FAO AquaCrop model for rainfed and
irrigated maize. Abstract in Proc. Symp. Yield Response to
Water: Examination of the Role of Crop Models in Predicting
Water Use Efficiency. Madison, Wisc.: ASA-CSSA-SSSA.

Hill, R. J. 1992. Review of optical scintillation methods of
measuring the refractive-index spectrum, inner scale, and surface
fluxes. Waves in Random Media 2(3): 179-201.

Hoffman, G. J., T. A. Howell, and K. H. Solomon. 1990.
Management of Farm Irrigation Systems. ASAE Monograph.
St. Joseph, Mich.: ASAE.

Horst, T. W., and J. C. Weil. 1992. Footprint estimation for scalar
flux measurements in the atmospheric surface layer.
Boundary-Layer Meteor. 59(3): 279-296.

Howell, T. A. 1996. Irrigation scheduling research and its impact on
water use. In Proc. Intl. Conf. on Evapotranspiration and

1636

Irrigation Scheduling, 21-33. C. R. Camp et al., eds. St. Joseph,
Mich.: ASAE.

Howell, T. A. 2004. Lysimetry. In Encyclopedia of Soils in the
Environment, 379-386, D. Hillel, ed. Oxford, U.K.: Elsevier.
Howell, T. A. 2006. Challenges in increasing water use efficiency in

irrigated agriculture. In Intl. Symp. on Water and Land
Management for Sustainable Irrigated Agriculture, CD-ROM.
Adana, Turkey: Cukurova University.

Howell, T. A., A. D. Schneider, and M. E. Jensen. 1991. History of
lysimeter design and use for evapotranspiration measurements.
In Proc. ASCE Intl. Symp. Lysimetry: Lysimeters for
Evapotranspiration and Environmental Measurements, 1-9. R.
G. Allen, T. A. Howell, W. O. Pruitt, I. A. Walter, and M. E.
Jensen, eds. New York, N.Y.: ASCE.

Howell, T. A., S. R. Evett, J. A. Tolk, and A. D. Schneider. 2004.
Evapotranspiration of full-, deficit-irrigated, and dryland cotton
on the northern Texas high plains. J. Irrig. Drain. Eng. 130(4):
277-285.

Hsiao, T. C., L. K. Heng, P. Steduto, D. Raes, and E. Fereres. 2007.
AquaCrop: Model parameterization and testing for maize.
Abstract in Proc. Symp. Yield Response to Water: Examination
of the Role of Crop Models in Predicting Water Use Efficiency.
Madison, Wisc.: ASA-CSSA-SSSA.

Hubbard, K. G., N. J. Rosenberg, and D. C. Nielsen. 1983.
Automated weather data network for agriculture. J. Water
Resour. Planning Mgmt. 109(33): 213-222.

Hunsaker, D. J. 1999. Basal crop coefficients and water use for early
maturity cotton. Trans. ASAE 42(4): 927-936.

Hunsaker, D. J., P. J. Pinter Jr, and H. Cai. 2003a. Alfalfa basal crop
coefficients for FAO-56 procedures in the desert southwestern
U.S. Trans. ASAE 45(6): 1799-1815.

Hunsaker, D. J., P. J. Pinter Jr., E. M. Barnes, and B. A. Kimball.
2003b. Estimating cotton evapotranspiration crop coefficients
with a multispectral vegetation index. Irrig Sci. 22(2): 95-104.

Hutley, L. B., A. P. O’Grady, and D. Eamus. 2001. Monsoonal
influences on evapotranspiration of savanna vegetation of
northern Australia. Oecologia 126(3): 434-443.

Irmak, S., Z. H. Dorota, and R. Bastug. 2000. Determination of crop
water stress index for irrigation timing and yield estimation of
corn. Agron. J. 92(6): 1221-1227.

Irmak, S., T. A. Howell, R. G. Allen, J. O. Payero, and D. L. Martin.
2005. Standardized ASCE Penman-Monteith: Impact of
sum-of-hourly vs. 24-hour timestep computations at reference
weather station sites. Trans. ASAE 48(3): 1063-1077.

Itier, B., and Y. Brunet. 1996. Recent developments and present
trends in evaporation research: A partial survey. In Proc. Intl.
Conf. on Evapotranspiration and Irrigation Scheduling, 1-20.
C.R. Camp et al., eds. St. Joseph, Mich.: ASAE.

Jackson, R. D. 1982. Canopy temperature and crop water stress. In
Advances in Irrigation, 1: 43-84, D. E. Hillel, ed. New York,
N.Y.: Academic Press.

Jackson, R. D., R. J. Reginato, and S. B. Idso. 1977. Wheat canopy
temperature: A practical tool for evaluation of water
requirements. Water Resour. Res. 13(3): 651-656.

Jensen, M. E. 1968. Water consumption by agricultural plants. In
Water Deficits and Plant Growth, 1-22. T. T. Kozlowski, ed.
New York, N.Y.: Academic Press.

Jensen, M. E., ed. 1973. Consumptive use of water and irrigation
water requirements. ASCE Technical Comm. Report. New York,
N.Y.: ASCE.

Jensen, M. E., and H. R. Haise. 1963. Estimating evapotranspiration
from solar radiation. J. Irrig. Drain. Div. ASCE 89(IR4): 15-41.

Jensen, M. E., R. D. Burman, and R. G. Allen. 1990.
Evapotranspiration and irrigation water requirements. ASCE
Manual No. 70. New York, N.Y.: ASCE.

Jia, X., M. D. Dukes, J. M. Jacobs, and S. Irmak. 2006. Weighing
lysimeters for evapotranspiration research in a humid
environment. Trans. ASAE 49(2): 401-412.

TRANSACTIONS OF THE ASABE



Jia, X., A. Swancar, J. M. Jacobs, M. D. Dukes, and K. Morgan.
2007. Comparison of evapotranspiration rates for flatwoods and
ridge citrus. Trans. ASABE 50(1): 83-94.

Kaimal, J. C., and J. J. Finnigan. 1994. Atmospheric Boundary
Layer Flows: Their Structure and Measurement. Oxford, U.K.:
Oxford University Press.

Kirkham, M. B. 2005. Principles of Soil and Plant Water Relations.
Hoboken, N.J.: Elsevier Academic.

Kite, G. W., and P. Droogers. 2000. Comparing evapotranspiration
estimates from satellites, hydrological models, and field data. J.
Hydrol. (Amsterdam) 229(1-2): 3-18.

Kohsiek, W., W. M. L. Meijninger, A. F. Moene, B. G.
Heusinkveld, O. K. Hartogensis, W. C. A. M. Hillen, and H. A.
R. de Bruin.. 2002. An extra large aperture scintillometer for
long-range applications. Boundary-Layer Meteor. 105(1):
119-127.

Kustas, W. P, B. J. Choudhury, M. S. Moran, R. J. reginato, R. D.
Jackson, L. W. Gay, and H. L. Weaver. 1989. Determination of
sensible heat flux over sparse canopy using thermal infrared
data. Agric. Forest Meteor. 44(3-4): 197-216.

Lafleur, P. M., and W. R. Rouse. 1990. Application of an energy
combination model for evaporation from sparse canopies. Agric.
Forest Meteor. 49(2): 135-153.

Ley, T. W., R. L. Elliot, W. C. Bausch, P. W. Brown, D. L. Elwell,
and B. D. Tanner. 1994. Review of ASAE standards project
X505: Measurement and reporting practices for automatic
agricultural weather stations. ASAE Paper No. 942086. St.
Joseph, Mich.: ASAE.

Lovelli, S., S. Pizza, T. Caponio, A. R. Rivelli, and M. Perniola.
2004. Lysimetric determination of muskmelon crop coefficients
cultivated under plastic mulches. Agric. Water Mgmt. 72(2):
147-159.

Mahrt, L., D. Vickers, and J. L. Sun. 2001. Spatial variations of
surface moisture flux from aircraft data. Adv. Water Resources
24(9-10): 1133-1142.

Marek, T. H., T. Howell, L. New, B. Bean, D. Dusek, and G. J.
Michels, Jr. 1996. Texas North Plains PET network. In Proc.
Intl. Conf. on Evapotranspiration and Irrigation Scheduling,
710-715. C. R. Camp et al., eds. St. Joseph, Mich.: ASAE.

Marek, T., G. Piccinni, A. Schneider, T. Howell, M. Jett, and D.
Dusek. 2006. Weighing lysimeters for the determination of crop
water requirements and crop coefficients. Trans. ASAE 22(6):
851-856.

Martin, D. L., D. F. Heermann, and E. Fereres. 1990. Irrigation
scheduling principles. In Management of Farm Irrigation
Systems, 155-203. G. J. Hoffman, T. A. Howell, and K. H.
Solomon, eds. St. Joseph, Mich.: ASAE.

Meek, D. W,, and J. L. Hatfield. 1994. Data quality checking for
single-station meteorological databases. Agric. Forest Meteor.
69(1-2): 85-109.

Mo, X., S. Liu, Z. Lin, and W. Zhao. 2004. Simulating temporal
and spatial variation of evapotranspiration over the Lushi basin.
J. Hydrol. (Amsterdam) 285: 125-142.

Monteith, J. L. 1965. Evaporation and environment. In Proc. XIXth
Symp. Soc. for Experimental Biology: The State and Movement
of Water in Living Organisms, 205-234. Cambridge, U.K.:
Cambridge University Press.

Monteith, J. L. 1985. Evaporation from land surfaces: Progress in
analysis and prediction since 1948. In Proc. National Conf. on
Advances in Evapotranspiration, 4-12. St. Joseph, Mich.:
ASAE.

Moran, M. S., W. P. Kustas, A. Vidal, D. I. Stannard, J. H. Blanford,
and W. D. Nichols. 1994. Use of ground-based remotely sensed
data for surface energy balance evaluation of a semi-arid
rangeland. Water Resour. Res. 30(5): 1339-1349.

Nachabe, M., N. Shah, M. Ross, and J. Vomacka. 2005.
Evapotranspiration of two vegetation covers in a shallow water
table environment. SSSA J. 69(2): 492-499.

Vol. 50(5): 1627-1638

Nieuwenhaus, G. J. A., E. H. Smidt, and H. A. M. Thunnissen.
1985. Estimation of regional evapotranspiration of arable crops
from thermal infrared images. Intl. J. Remote Sensing 6(8):
1319-1334.

Norman, J. M, W. P. Kustas, and K. S. Humes. 1995. A two-source
approach for estimating soil and vegetation energy fluxes from
observations of directional radiometric surface temperature.
Agric. Forest Meteor. 77(3-4): 263-293.

Ortega-Farias, S. O., A. Olioso, S. Fuentes, and H. Valdes. 2006.
Latent heat flux over a furrow-irrigated tomato crop using
Penman-Monteith equation with a variable surface canopy
resistance. Agric. Water Mgmt. 82(3): 421-432.

Payero, J. O., C. M. U. Neale, J. L. Wright, and R. G. Allen. 2003.
Guidelines for validating Bowen ratio data. Trans. ASAE 46(4):
1051-1060.

Payero, J. O., C. M. U. Neale, and J. L. Wright. 2005. Estimating
soil heat flux for alfalfa and clipped tall fescue grass. Applied
Eng. in Agric. 21(3): 401-409.

Penman, H. L. 1948. Natural evaporation from open water, bare
soil, and grass. Proc. Royal Soc. London A 193(1032): 120-146.

Penman, H. L. 1963. Vegetation and hydrology. Tech. Comm. No.
53. Harpenden, U.K.: Commonwealth Bureau of Soils.

Pereira L. S., A. Perrier, R. G. Allen, and I. Alves. 1996.
Evapotranspiration: Review of concepts and future trends. In
Proc. Intl. Conf. on Evapotranspiration and Irrigation
Scheduling, 109-115. C. R. Camp et al., eds. St. Joseph, Mich.:
ASAE.

Pereira, L. S, A. Perrier, R. G. Allen, and I. Alves. 1999.
Evapotranspiration: Concepts and future trends. J. Irrig. Drain.
Eng. 125(2): 45-51.

Peters, R. T., and S. R. Evett. 2007. Spatial and temporal analysis of
crop conditions using multiple canopy temperature maps created
with center-pivot-mounted infrared thermometers. Trans.
ASABE 50(3): 919-927.

Phene, C. J., R. J. Reginato, B. Itier, and B. R. Tanner. 1990.
Sensing irrigation needs. In Management of Farm Irrigation
Systems, 207-261. G. J. Hoffman, T. A. Howell, and K. H.
Solomon, eds. St. Joseph, Mich.: ASAE.

Priestley, C. H. B., and R. J. Taylor. 1972. On the assessment of
surface heat flux and evaporation using large-scale parameters.
Mon. Weather Rev. 100(2): 81-92.

Pruitt, W. O. 1991. Development of crop coefficients using
lysimeters. In Proc. Intl. Symp. Lysimetry, 182-190. New York,
N.Y.: ASCE.

Pruitt, W. O., and F. J. Lourence. 1985. Experiences in lysimetry for
ET and surface drag measurements. In Advances in
Evapotranspiration, 51-69. St. Joseph, Mich.: ASAE.

Rana, G., N. Katerji, M. Mastrorilli, M. El Moujabber, and N.
Brisson. 1997. Validation of model of actual evapotranspiration
for water-stressed soybeans. Agric. Forest Meteor. 86(3-4):
215-224.

Rana, G., N. Katerji, and F. de Lorenzi. 2005. Measurement and
modeling of evapotranspiration of irrigated citrus orchard under
Mediterranean conditions. Agric. Forest Meteor. 128(3-4):
199-209.

Ritchie, J. T. 1972. Model for predicting evaporation from a row
crop with incomplete cover. Water Resour. Res. 8(5):
1204-1213.

Savige, C. L., A. N. French, A. W. Western, J. P. Walker, M.
Abuzar, J. M. Hacker, and J. D. Kalma. 2005. Remote Sensing
Estimates of Evapotranspiration at a Range of Spatial Scales,
29th Hydrology and Water Resources Symposium, CD-ROM.
Canberra, Australia: The Institute of Engineers Australia.

Saxton, K. E., and T. A. Howell. 1985. Advances in
evapotranspiration-an introduction. In Proc. National Conf. on
Advances in Evapotranspiration, 1-3. St. Joseph, Mich.: ASAE.

Schaeffer, S. M., D. G. Williams, and D. C. Goodrich. 2000.
Transpiration in cottonwood/willow forest patches estimated
from sap flux. Agric. Forest Meteor. 105(1-3): 257-270.

1637



Schneider, A. D., and T. A. Howell. 1991. Large, monolithic,
weighing lysimeters. In Proc. Intl. Symp. Lysimetry, 37-45. R. G.
Allen et al., eds. New York, N.Y.: ASCE.

Schneider, A. D., T. H. Marek, L. L. Ebeling, T. A. Howell, and J.
L. Steiner. 1988. Hydraulic pulldown procedure for collecting
large soil monoliths. Trans. ASAE 31(4): 1092-1097.

Seyfried, M. S. 2004. Measurement of soil water content in the
field. AGU Spring Meeting, Abstract No. H33B-02.
Washington, D.C.: American Geophysical Union.

Shafer, M. A., C. A. Fiebrich, and D. S. Arndt. 2000. Quality
assurance procedures in the Oklahoma mesonetwork. J. Atmos.
Oceanic. Tech. 17(4): 474-494.

Shuttleworth, W. J. 1976. A one-dimensional theoretical description
of the vegetation-atmosphere interaction. Boundary-Layer
Meteor: 10(3): 273-302.

Shuttleworth, W. J. 1991. Insight from large-scale observational
studies of land-atmosphere interactions. Surv. Geophys. 12(1-3):
3-30.

Shuttleworth, W. J. 1993. Evaporation. In Handbook of Hydrology.
D. Maidment, ed., New York, N.Y.: McGraw-Hill.

Shuttleworth, W. J. 2006. Towards one-step estimation of crop
water requirement. Trans. ASABE 49(4): 925-935.

Shuttleworth, W. J. 2007. Putting the “vap” into evaporation.
Hydrol. Earth System Sci. 11(2): 210-244.

Shuttleworth, W. J., and R. J. Gurney. 1990. The theoretical
relationship between foliage temperature and canopy resistance
in sparse crops. Quart. J. Royal Meteor. Soc. 116(492): 497-519.

Shuttleworth, W. J., and J. S. Wallace. 1985. Evaporation from
sparse crops: An energy combination theory. Quart. J. Royal
Meteor: Soc. 111(469): 839-855.

Slack, D. C., K. M. Geiser, K. W. Stange, and E. R. Allred. 1981.
Irrigation scheduling in subhumid areas with infrared
thermometry. In Proc. Irrigation Scheduling Conf., 116-124. St.
Joseph, Mich.: ASAE.

Slack, D. C., H. J. Farahani, D. M. Kopec, and A. D. Matthias.
1986. Predicting turfgrass evapotranspiration from canopy
temperature. ASAE Paper No. 862521. St. Joseph, Mich.:
ASAE.

Slack, D. C., D. M. Kopec, P. W. Brown, A. D. Matthias, and H. J.
Farahani. 1990. Evaluation and comparison of crop water stress
index models for irrigation scheduling of Bermuda grass turf. In
Proc. 3rd Intl. Irrigation Symposium, 725-730. St. Joseph,
Mich.: ASAE.

Snyder, R. L. 1983. Managing irrigation by computers. In Proc.
Calif. Plant and Soil Conf., 28-30. ASA California Chapter.
Snyder, R. L., P. W. Brown, K. G. Hubbard, and S. J. Meyer. 1996.

Automated weather station. In Advances in Bioclimatology,
1-61. G. Stanhill, ed. Heidelberg, Germany: Springer Verlag.

Steduto, P., T. C. Hsiao, E. Fereres, and D. Raes. 2007. AquaCrop:
The FAO field-crop model to predict yield response to water. In
Proc. Symp. Yield Response to Water: Examination of the Role
of Crop Models in Predicting Water Use Efficiency. Madison,
Wisc.: ASA-CSSA-SSSA.

Stegman, E. C., and M. Soderlund. 1992. Irrigation scheduling of
spring wheat using infrared thermometry. Trans. ASAE 35(1):
143-152.

StreamLines. 2004. Construction of large weighing lysimeters in the
Arkansas Valley. StreamLines: Quarterly Newsletter of the
Office of the State Engineer XVIII(4): 1-2. Denver, Colo.:
Colorado Division of Water Resources.

Takakura, T., K. Takayama, N. Nishina, K. Tamura, and S. Muta.
2005. Evapotranspiration estimate by heat balance equation.
ASAE Paper No. 054151. St. Joseph, Mich.: ASAE.

Tanner, C. B. 1960. Energy balance approach to evapotranspiration
from crops. SSSA Proc. 24(1): 1-9.

Taylor, H. M., W. R. Jordan, and T. R. Sinclair. 1983. Limitations to
Efficient Water Use in Crop Production. Madison, Wisc.:
ASA-CSSA-SSSA.

1638

Testi, L., F. J. Villalobos, and F. Orgaz. 2004. Evapotranspiration of
a young irrigated olive orchard in southern Spain. Agric. Forest
Meteor. 121(1-2): 1-18.

Thornthwaite, C. W. 1948. An approach toward a rational
classification of climate. Geography Rev. 38(1): 55-94.

Tolk, J. A., and T. A. Howell. 2001. Measured and simulated
evapotranspiration of grain sorghum grown with full and limited
irrigation in three high plains soils. Trans. ASAE 44(6): 1553-1558.

Tyagi, N. K., D. K. Sharma, and S. K. Luthra. 2000. Determination
of evapotranspiration and crop coefficients of rice and sunflower
with lysimeter source. Agric. Water Mgmt. 45(1): 41-54.

Tyler, S. W., S. Kranz, M. B. Parlange, J. Albertson, G. G. Katul, G.
F. Cochran, B. A. Lyles, and G. Holder. 1997. Estimation of
groundwater evaporation and salt flux from Owens Lake,
California, USA. J. Hydrol. 200: 110-135.

Twine, T. E., W. P. Kustas, J. M. Norman, D. R. Cook, P. R. Houser,
T. P. Meyers, J. H. Prueger, P. J. Starks, and M. L. Wesely. 2000.
Correcting eddy-covariance flux underestimates over a
grassland. Agric. Forest Meteor. 103(3): 279-300.

Wallace, J. S. 1996. Evaporation and radiation interception by
neighbouring plants. Quart. J. Royal Meteor. Soc. 123(543):
1885-1905.

Wallace, J. S., C. H. Batchelor, D. N. Dabeesing, and G. C.
Sopramanien. 1990. The partitioning of light and water in
drip-irrigated plant cane with maize intercrop. Agric. Water
Manag. 17(1-3): 235-256.

Walter, I. A., R. W. Hill, and R. D. Burman. 1991. Lysimeter use in
water rights determination. In Proc. ASCE Intl. Symp. Lysimetry:
Lysimeters for Evapotranspiration and Environmental
Measurements, 96-104. R. G. Allen, T. A. Howell, W. O. Pruitt,
I. A. Walter, and M. E. Jensen, eds. New York, N.Y.: ASCE.

Wang, X. F., and D. Yakir. 2000. Using stable isotopes of water in
evapotranspiration studies. Hydrol. Proc. 14(8): 1407-1421.

Williams, D. G., W. Cable, K. Hultine, J. C. B. Hoedjes, E. A.
Yepez, V. Simonneaux, S. Er-Raki, G. Boulet, H. A. R. de Bruin,
A. Chehbouni, O. K. Hartogensis, and F. Timouk. 2004.
Evapotranspiration components determined by stable isotope,
sap flow, and eddy covariance techniques. Agric. Forest Meteor.
125(3-4): 241-258.

Williams, L., and J. Ayars. 2005. Grapevine water use and the crop
coefficient are linear functions of the shaded area measured
beneath the canopy. Agric. Forest Meteor. 132(3-4): 201-211.

Wilson, K., A. Goldstein, E. Falge, M. Aubinet, D. Baldocchi, P.
Berbigier, C. Bernhofer, R. Ceulemans, H. Dolman, C. Field, A.
Grelle, A. Ibrom, B. E. Law, A. Kowalski, T. Meyers, J.
Mongcrieff, R. Monson, W. Oechel, J. Tenhunen, R. Valentini,
and S. Verma. 2002. Energy balance closure at FLUXNET sites.
Agric. Forest Meteor. 113: 223-243.

Wright, J. L. 1979. Recent developments in determining crop
coefficient values. Proc. 1979 Irrig. and Drain. Div. Spec. Conf.
ASCE, 161-162. New York, N.Y.: ASCE.

Wright, J. L. 1981. Crop coefficient for estimates of daily crop
evapotranspiration. In Proc. ASAE Irrig. Scheduling Conf.,
18-26. St. Joseph, Mich.: ASAE.

Wright, J. L. 1982. New evapotranspiration crop coefficients. J.
Irrig. Drain. Div. ASCE 108(1): 57-74.

Wright, J. L. 1990. Comparison of ET measured with neutron
moisture meters and weighing lysimeters. In Irrigation and
Drainage, 202-209. S. R. Harris, ed. New York, N.Y.: ASCE.

Yang, J., B. Li, and S. Liu. 2000. A large weighing lysimeter for
evapotranspiration and soil water-groundwater exchange studies.
Hydrol. Processes 14(10): 1887-1897.

Yepez, E. A., D. G. Williams, R. Scott, and G. Lin. 2003.
Partitioning overstory and understory evapotranspiration in a
semi-arid savanna ecosystem from the isotopic composition of
water vapor. Agric. Forest Meteor. 119(1-2): 53-68.

Young, M. H., P. J. Wierenga, and C. F. Mancino. 1996. Large
weighing lysimeters for water use and deep percolation studies.
Soil Sci. 161(8): 491-501.

TRANSACTIONS OF THE ASABE



