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34.1 Introduction

Evapotranspiration (ET), the core of ecohydrology, represents a major component of an ecosys-
tem’s water and energy budget, reflecting multiple biophysical processes in the Earth system
(1-3). This flux represents the sum of evaporation from soil and plant surface, water bodies, and
plant transpiration. Accurately quantifying ET at multiple scales is increasingly recognized to be
critical for water resource management and sustainable agriculture under a changing climate (3).

As with the biosphere-atmosphere exchange of other gases, ET is fundamentally unmeasurable
in situ. This is because any in situ method either alters the local environment and artificially affects
ET or is unable to unambiguously account for all sources of this well-mixed gas from a known
area. Thus, all quantification of ET relies on estimates. Nevertheless, because of water’s unique
physical properties, a set of robust estimation methods exists. Water in liquid and gas phases can
be described by the first principles of physics. Water molecules’ polarity, which is necessary for
cohesion and adhesion properties, also enables a range of sensing methods. Both hydrogen and
oxygen have stable isotopes with distinct characteristics in ecohydrologic processes (4, 5). In addi-
tion, most water molecules are not transformed through chemical reactions and are fairly stable in
the environment.

Despite its significance in ecohydrology, there is not a single “best” method for quantifying ET,
and the “best” approach will depend on ecosystem characteristics, available resources, and objec-
tives. In this chapter, we provide an overview of the main methodological approaches for quantify-
ing ET, including some of the strengths and weaknesses of specific approaches (Table 34.1). We
note that methods using remote sensing are addressed elsewhere in this book.

34.2 Field measurement methods

34.2.1 Water balance method

ET can be quantified at a soil column or a watershed scale using the principle of water balance. This
approach assumes a one-dimensional model where ET is estimated as the residual of precipitation
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Table 34.1 A summary of major methods for estimating ET at multiple scales

Method

Strengths

Weaknesses

Key References

Direct field-based
approaches

Catchment water
balance

Plot scale water
balance

Porometer and
cuvette

Weighing lysimeter

Heat balance/heat
dissipation sap
flow

Eddy covariance

Bowen ratio

Surface renewal

Instrumentation and analyses

are relatively simple, existing

monitoring networks may exist

sensor measurements

process

water use

Continuous estimates of
transpiration at single plant scale;
good detection of temporal trends

Determined by in situ soil water or

Quantifies leaf-level physiological

Single, whole tree, or soil monolith

Measuring fluxes continuously over
moderately large areas, offering

high temporal resolution data,

combines water, energy, and other

mass fluxes (e.g., CO,, CH,)

the canopy surface

Continuous estimate of ET over
moderately large areas, works for
both crops and natural vegetation

Low cost, works for both crops
and natural vegetation including
forests. Can be applied close to

Only long-term average is
reliable, establishing new
streamflow gauges can
be expensive for larger

catchments

Sensors require calibration

and may have time
resolution limitations,
soils are spatially
variable, hard to
characterize runoff or
deep percolation

Difficult to scale up due

to uncertainty of the
influence of boundary

layers and variability of
leaf age, radiation, and
humidity; high equipment
costs and labor-intensive
High installation and

maintenance cost; for
small trees or short
vegetation

Challenges for accurately
upscaling due to
variability in flow at

the plant, species, and
community scales;

tradeoffs with sensory

accuracy and cost

High cost in

instrumentation, gap

filling required, energy
balance closure problems

Relies on several

assumptions, errors
associated with low
gradients

Requires extensive fetch

requirements.

(6

(7. 8)

©
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(11-1

3)

(14-17)

18)

(19)
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Table 34.1 (Continued)

Method Strengths Weaknesses Key References

Remote sensing

approaches
MODIS, OpenET, Provide large spatial area coverage = Uncertainties due to (20, 21)
ECOSTRESS errors generated by
measurement of sparse
canopies, data mostly
from clear sky conditions,
snapshot of ET, large
uncertainty without field
correction
Mathematical
modeling for
ET alone or the
full hydrological
cycles
Theoretical Widely tested, including all Require site-specific (22)
models (e.g. conditions and scales, low cost parameters, not easy
Penman-Monteith to apply to data-poor
equation) regions
Isotope tracers
Stable isotope of H ~ Process-based understanding Cost and scaling up to (23, 24)
and O water source of ET; Partitioning stand-level

evaporation and transpiration

(P) minus drainage (Q) measured below the root zone or at the watershed outlet, and change in
water storage (AS):

P-Q-AS=ET (34.1).

Incident P can be quantified using a variety of methods. Manual precipitation gauges are simple,
inexpensive methods to quantify P at a given point. Some precipitation gauging networks use a
standardized approach. For example, the United States National Weather Service uses eight-inch
diameter cylindrical gauges and provides guidance on deployment and operations. However, a
variety of other commercial and custom-built gauges are often widely used. As the name implies,
manual gauges require human effort to record water accumulation and empty the collection vol-
ume. Measurement frequency is determined by how often a person visits the site and if left unat-
tended for too long, the gauges can either overflow or lose water through evaporation. Recording
rain gauges improve upon manual gauges because they are able to log data and determine more
precise timing and accumulation rate of precipitation. The most commonly used recording gauges
employ one of the following mechanisms: tipping buckets, in which water is funneled into a small
collection cup of a known volume that tips over once filled and triggers a pulse-counter; load-cells,
in which the mass of a collection vessel is measured over time and the increase represents P; or
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capacitance gauges, in which the electrical capacitance of a metal rod installed in a collection
vessel quantifies increases in water height. Other approaches that use optical or acoustic methods
for detecting raindrops can be more accurate at quantifying small rain events and characterizing
raindrop size and intensity (25, 26). For recording rain gauges, data are stored with a recording
device that links P to a time of day. Early versions logged these data on paper charts, and modern
dataloggers store data digitally. Depending on the spatial extent of the study area and characteris-
tics of storm events, multiple precipitation gauges may be required. In locations where wind speed
near the gauge is high, wind baffles may also be needed. Most gauges that are designed to collect
liquid precipitation may include funnels or other components to limit evaporation. However, these
gauges are typically not well-suited for collecting snow and ice. Because snow may be blown out
of certain gauges and may sublimate over time, specialized snow gauges are often deployed where
significant amounts of P are in solid form.

Where P is not measured locally, nearby weather stations associated with permanent monitoring
sites or airports are often used. Additionally, several regional data products provide interpolated
and/or modeled precipitation data (e.g., PRISM; https://prism.oregonstate.edu/). In agricultural
systems, inputs from P may also need to be supplemented with irrigation.

Drainage (Q) from the study area can be partitioned among deep percolation below the root
zone, and surface runoff, which includes overland flow as well as channel flow. Surface flow
can be gauged using water stage height at a fixed point with a known channel geometry. This
approach often uses experimental watersheds with weirs or flumes, or in natural basins using
natural channels. United States Geological Survey (USGS) gauging stations represent perhaps the
most integrated approach for continental scale streamflow monitoring for continental USA (https://
dashboard.waterdata.usgs.gov/app/nwd/en/) and the US Forest Service has extensive long-term
climate and streamflow data from a network of experimental forests (27). Agricultural runoff,
deep percolation, and drainage can be difficult to quantify and can vary based on many character-
istics, including soil type, ground cover, slope, rainfall amount and intensity, antecedent soil water
condition, and engineered structures such as berms, dams, and tile drainage. The installation of
streamflow gauging equipment may require substantial investments of resources; however, once
operational, the approach relies on relatively simple technology to make measurements.

At some time scales, AS is negligible, such as if soil water storage reaches saturation or a low
threshold (e.g., hygroscopic point) annually. However, AS can also be estimated using various
types of soil water sensors or probes (e.g., neutron probe, time domain reflectometry, tensiom-
eters), which typically measure either volumetric soil water content or matric potential (28) and
can have varying levels of accuracy (29). Sensors can typically be installed with minimal distur-
bance to plants and soil. However, soil moisture sensors provide an estimate of soil water for a
volume that extends several centimeters from the probe. The soil water content estimates from
each sensor represent only a single point in space, so in heterogeneous soil media or at scales
from meters to hectares, the total soil water content will be inferred from a small subsample of the
actual soil. Additionally, soil water balance may not be well constrained in areas where ground or
surface water is influenced by lateral inputs and outputs. In wetlands or areas with shallow ground
water table, ET can be estimated by the diurnal change of the water table by the water balance
Equation 34.1 (30).

34.2.2 ET chambers

Chamber-based methods for estimating ET involve enclosing a control volume, typically over a
vegetated or water surface, and monitoring changes in water vapor concentration. Chambers can
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vary in size and complexity, depending on the spatial scale of interest and the level of control over
covariates. The smallest chambers enclose a surface area on the order of centimeters to measure
portions of individual leaves to tens of centimeters, capable of laboratory or in situ measurements
of bare soil or short vegetation. These small chambers may be a part of a portable hand-held sys-
tem or a semi-permanent, field-deployed automated system. Larger chambers may cover a surface
area up to tens of meters and enclose a whole tree or mesocosm experiment.

Chamber systems can be roughly categorized as closed, open-top, and flow-through. Closed
chambers do not allow gas exchange with the surrounding atmosphere to occur during active
sampling. Thus, after accounting for temperature and pressure effects, increases in water vapor
concentration are driven by ET. Chamber-based approaches may also include enclosing a soil vol-
ume to quantify water fluxes through the system. Because of the closed volume, ET will increase
relative humidity and can cause feedback on subsequent ET. Therefore, closed chambers need
to be periodically vented. Chambers are typically designed to allow for light to enter and main-
tain conditions similar to the ambient environment (31); however, proper temperature control is
required to avoid artificially affecting vapor pressure deficit. For these reasons, closed chambers
are typically sampled for relatively short periods at a time, on the order of several minutes, and
then removed.

Open-top chambers control lateral air exchange, but allow for a limited vertical exchange of air.
This approach is useful for longer-term and larger-scale experiments because it allows for better
regulation of temperature and gas concentrations, as well as incoming precipitation. To quantify ET,
the chamber may require modifying the chamber top to funnel gas exchange for measurements (32).

In the past ten years, a flow-through chamber method that directly measures the isotope end
members of ET has been developed (33). This method is based on the basic gas exchange princi-
ples and benefits from high-frequency laser spectroscopy. This method allows continuous moni-
toring of both gas exchange and isotopic composition of the exchange over time. The chamber is
closed but not completely sealed and allows ambient-chamber gas exchange. The advantages of
the flow-through chamber method include providing a method for estimating isotope end mem-
bers of ET without using complex isotope models, and no need to completely seal a chamber. The
flow-through chamber method has been successfully applied to forest ecosystems (34), grassland
ecosystems (35), and agricultural ecosystems (24).

If closed chambers are operated periodically for short periods, they can leave the measurement
area undisturbed for most of the time and have limited effects on the underlying biophysical pro-
cesses. On the other hand, open-top chambers may introduce some local decoupling from the envi-
ronment but may be more suitable for applications requiring continuous, long-term measurements.
The effect of the chamber on the response of ET is a caveat for this approach; however, because
chambers also allow for manipulation of key drivers of ET (among other biophysical processes),
it is also an advantage.

34.2.3 Weighing lysimeters

A lysimeter is defined as “a device for measuring the percolation of water through soils and for
determining the soluble constituents removed in drainage” (36). For applications for quantifying
ET, weighing lysimeters typically consist of a soil volume enclosed within a chamber or a tank,
which allows for measurements of inputs and outputs of water (see Equation 34.1), as well as the
change in the mass of the total volume. The lysimeter is typically open to the atmosphere and may
contain vegetation to represent a larger soil-plant-atmosphere microcosm. As such, lysimeters can
range in size from tens of square centimeters to several square meters and may be installed in a
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greenhouse or outdoor settings. Inputs of precipitation and irrigation can be measured using stand-
ard methods (e.g., rain gauges, flow meters) and drainage output can be measured by collecting
water that percolates through the bottom of the chamber. For small, greenhouse-based experi-
ments, weight may be measured using an electronic balance, whereas a larger-scale, field-based
experiment may require specialized scales and infrastructure. The difference in inputs and drain-
age represents a change in soil water balance attributed to ET.

Weighing lysimeters are among the most direct methods for quantifying changes in soil water
balance over time. Caution must be made to account for changes in mass over time other than
water, such as carbon accumulation or loss. The relatively limited spatial scale can be beneficial
for focused studies on small vegetation or individual plants, as well as controlled experimental
treatments (e.g., water limitations, fertilization, temperature). However, the small size of lysim-
eters limits the ability to extrapolate over larger scales. Additionally, establishing a soil sample
volume often requires soil disturbance and may limit the rooting depth of vegetation. Large soil
monoliths can be extracted using heavy machinery to force chamber sides into the existing soil,
followed by undercutting the soil to confine the lower boundary of the control volume. Such an
approach can be costly and difficult if the soil has high rock content, steep topography, or large
vegetation.

34.2.4 Interception and throughfall estimates

Canopy interception can return half of the precipitation as evaporation and is an important pro-
cess of precipitation redistribution affecting soil water content and other fluxes (37). Interception
evaporation can be inferred as the difference between precipitation and throughfall, measured with
precipitation collectors beneath the vegetated canopy. Because throughfall can be highly spatially
variable, ranging from near zero where the ground is blocked by vegetation to greater than total
precipitation where rain is funneled to a specific point, careful consideration of the number and
positioning of throughfall collectors is required. Water intercepted by the canopy may also reach
the soil not as throughfall, but channeled down the plant’s structure as stemflow. Stemflow can
be quantified by channeling water running down the trunk of larger vegetation with flexible gut-
ters or tubing into an automated or manual collection gauge (38). Although stemflow may only
account for a small percentage of total precipitation, it can be a significant component of the
hydrologic budget and supplies water directly to the base of vegetation where it is in close prox-
imity for uptake by roots. Other methods for interception evaporation, such as leaf wetness sen-
sors, or measurements of tree compression due to intercepted water (39) can provide more direct
approaches for quantifying temporal variability but require deploying and calibrating specialized
instrumentation and upscaling to the ecosystem.

34.2.5 Leaf gas exchange and sap flow

Independent estimates of transpiration from plants can be scaled up from leaf-level measurements
using gas exchange systems or from stem-level measurements of sap flow.

Leaf-level transpiration can be upscaled from leaf gas exchange measurements. Gas exchange
chambers can allow the user to control for leaf-level light, temperature, relative humidity, and CO,
concentration; however, extrapolating these measurements to predict transpiration during different
times of the day or the year assumes that aspects of leaf physiology, such as stomatal sensitivity
or photosynthetic efficiency, are constant, and it may neglect how changes in soil water avail-
ability affect transpiration. Additionally, scaling from a small gas exchange cuvette to a canopy
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requires not only an accurate estimate of leaf area but also accounting for differences in sun- and
shade-leaves.

Transpiration can also be estimated using sap flow methods. Sap flow methods involve small
sensors installed within the tree’s xylem or on the surface of a stem or branch. While multiple types
of sensors can be used, the common principle involves measuring how water moving through the
plant’s xylem affects energy transfer from a heated probe (in this section, “probe” refers to an indi-
vidual component installed in plant tissue and “sensor” refers to the integrated set of probes and
wiring). Sap flow sensors can provide sub-hourly estimates of water movement through a plant’s
xylem, which can help quantify transpiration and identify the sensitivity of plant water uptake to
environmental drivers. Sensors will measure temperature or power consumption, which can be
stored on an electronic datalogger. Conversion of raw data to either a flow velocity or flux requires
equations derived from thermodynamics and/or empirical relationships.

The most commonly used method is thermal dissipation (TD) (11), which consists of two
small, cylindrical probes installed radially into the xylem. The difference in temperature between
a downstream, continuously heated probe and an upstream unheated reference probe will reach
a maximum equilibrium when sap is not moving, but this temperature decreases as flowing sap
conducts heat away from the heated probe. Temperature differences are converted into sap flux
density (g H,0 m™ sapwood area s™', or equivalent units) using empirically derived relationships.
TD sensors can be built inexpensively, which is advantageous for deploying a large number of
probes with a limited budget. The constant heating requires more electrical power than some other
methods, and the two-probe design cannot differentiate between normal (upward) and reverse
(downward) flow. Granier’s ((11)) original calibration coefficients are commonly used for a vari-
ety of tree species; however, species-specific coefficients may be required. The heat pulse (HP)
method also uses small cylindrical probes, employing one heated probe that supplies a short pulse
of heat to the xylem and a nearby set of probes that measure temperature. After accounting for the
effect of heat conduction, which will be the dominant force when there is no flow, the probes can
detect temperature changes driven by convection. A variation on the HP method is the heat ratio
(HR) method that compares the ratio of upstream to downstream temperatures affected by heating
(12). For the heat pulse family of methods, parameters such as wood density and tree water content
are typically required to estimate sap flow velocity (m s, or equivalent units) from measured tem-
peratures. Compared to TD sensors, HP and HR sensors have lower power requirements and are
able to detect flow direction; however, measurements are more sensitive to the spacing between
individual probes. The heat deformation (HD) method characterizes changes in the shape of the
heat field around a constantly heated probe (40). HD sensors typically require several probes to
measure the temperature around a central heating probe. The heat balance (HB) (41) method uses
a flexible heating element wrapped around a stem or branch and a series of thermocouples installed
along the plant surface measuring temperature at different distances from the heating element. HB
sensors are less intrusive than other methods because they do not require probes installed into the
xylem and are the only method described here that estimates water movement across the entire
cross-section of a stem or branch segment—all other approaches quantify flow just through the
xylem around the probes. However, the HB sensor sleeve must encircle the plant and requires
insulation materials to reduce the influence of external heat and this setup may damage plants
if installed for long periods of time as well as limit the maximum diameter of plants that can be
measured. HB typically requires constant power. Detailed descriptions of sensor principles and
performance are published in several reviews (13, 42).

Most sap flow sensors (with the exception of HB sensors) provide estimates of water movement
at one point with the xylem, so scaling to whole-plant or whole-ecosystem transpiration requires
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accounting for (1) axial and radial variability within a single plant, (2) intra-specific variability
among individuals within a given area, and (3) inter-specific variability among the vegetation
community.

34.2.6 Eddy covariance and micromet flux approaches

Eddy covariance methods utilize high-frequency measurements of wind velocity, water vapor con-
centration, and components of the energy budget to estimate the ET. For terrestrial applications,
instruments are mounted on a tower, typically extending to about 1.5 times canopy height, and
the processed data represent total ET fluxes from an upwind area that varies in size depending on
horizontal wind velocity. Several comprehensive books have been published detailing theoretical
and practical aspects of this methodology (15-17), but we provide a brief synopsis below.

Eddy covariance theory calculates the vertical flux of a gas concentration (F) as the mean
product of dry air density (p,), vertical wind speed (w), and dry mole fraction of a gas in air (s):

F=p,ws (34.2).

However, this equation can be simplified through Reynolds expansion and elimination of terms
where the averaged deviation from the mean is zero and with the assumptions that short-term
changes in air density are negligible and mean vertical flow is negligible for homogenous terrain,
such that

Fepyw's (34.3).

The equation is modified when calculating the flux of water vapor as latent heat flux (LE), substi-
tuting gas concentration for water vapor pressure (¢), and accounting for the latent heat of vapori-
zation (1), atmospheric pressure (p), and the molar masses of water and air (M, and M, ):

This method requires sufficient vertical turbulence to estimate reliable fluxes, so although it
makes continuous measurements, data are excluded under certain conditions. The theoretical
underpinning of this approach assumes a uniform canopy height on flat terrain, so it is ideally
suited for agricultural systems and plantation forests. However, the method can be applied in sys-
tems with complex canopy structures and topography, with appropriate consideration of how these
factors affect air movement (43, 44).

Eddy covariance integrates total ET from the spatial area upwind of the sensor. This “footprint”
can range from tens to hundreds of square meters and depends on the instrument height (taller tow-
ers have larger footprints) and the mean horizontal wind velocity. Because the size and orientation
of the footprint are temporally variable, it can create some challenges for data interpretation if
the surrounding ecosystem is highly spatially variable; however, this can also be leveraged as an
opportunity to contrast patches with a single set of instruments.

Early implementation of eddy covariance methods began in the 1970s and progressed using
a small number of custom-built systems through the 1980s (17). Subsequent advances in com-
mercially manufactured equipment and standardized data-processing approaches have helped to
expand the use of this method to a wider group of ecohydrologists. Additionally, regional and
global networks for disseminating eddy covariance data have provided an important link between
site-level studies and integrated multi-site syntheses and modeling studies (14, 45).

Eddy covariance systems can be deployed beneath the vegetated canopy to capture the under-
story or subcanopy ET, which includes transpiration from short vegetation along with soil surface
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evaporation (46, 47). In this latter case, quantifying understory transpiration using sap flow or gas
exchange measurements may be prohibitively difficult, due to factors such as highly diverse her-
baceous species composition or plant size limitations on sap flow methods.

The costs of instrumentation are still relatively high. These costs can be dramatically increased
in ecosystems with tall canopies, because of the tower infrastructure required to install sensors.
However, once installed, the systems can run continuously for multiple years with only minor,
periodic maintenance. Because ET is typically calculated at half-hourly intervals, this approach
provides a temporal resolution that captures sub-daily changes in ET.

In addition to cost considerations, other limitations for the use of these systems include a reli-
able power supply (e.g., solar panels and backup batteries or AC connection), protection from
severe storms, protection from vandalism, and other safety considerations. Because some of the
sensors in an eddy covariance system may not function correctly when wet, this approach may
underestimate ET, particularly the evaporation of precipitation intercepted by the canopy.

34.3 Modeling approaches

As with other fluxes that are difficult to directly measure, estimates of ET are often derived from
models, which can range in theoretical basis, complexity, and data input requirements. Because
the process of ET is understood and explained by first principles, modeling provides a theoreti-
cally sound approach. The distinction between field measurements and modeling approaches may
be blurry because neither actually measures ET, but both use data to derive an estimate of ET. For
practical purposes, the previously described field methods tend to focus on attempting to follow
the movement of liquid and vapor water through the ecosystem, whereas the models described
below use standard meteorological and vegetation data to derive ET.

34.3.1 Penman-Monteith

Among the most commonly used is the Penman-Monteith (1965) equation, which estimates ET
based on surface and aerodynamic resistances to water vapor flow. The inputs include many vari-
ables commonly measured at climate stations, including net radiation, air temperature, relative
humidity, and wind speed. However, the incorporation of surface resistance by vegetation can
introduce uncertainty and may incorporate simplifying assumptions about canopy physical char-
acteristics (e.g., roughness and heterogeneity) and plant ecohydrological factors (e.g., leaf char-
acteristics and stomatal behavior). A reference ET (ET, ) is a useful concept to simplify these
plant characteristics, which provides a benchmark for the environmental demand of ET. The
Penman-Monteith model is recommended by the Food and Agriculture Organization (FAO) of
the United Nations as the sole method for determining ET_ (7) with the stipulation that “The ref-
erence surface closely resembles an extensive surface of green grass of uniform height, actively
growing, completely shading the ground and with adequate water.” The ET . methodology based
on Penman-Monteith was later standardized to consider either short or tall (i.e., grass or alfalfa)
reference surfaces, and are represented by the abbreviations ET and ET, respectively.

The ET, . and crop coefficient approach (7) is a useful method to determine the crop or land-
scape ET, by considering both the environmental demand represented by ET,_ and the plant char-
acteristics represented by a crop coefficient (K ). The crop coefficient is multiplied by ET  to
represent the actual ET (ET ). In more detailed versions of this method, the K_ can be expanded
intoK =K, xK +K_,where K represents a basal coefficient that represents transpiration, K is a
transpiration reduction coefficient that represents water stress, and K_is an evaporation coefficient
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that represents soil surface evaporation following wetting events. Details of these methodologies
and their nuances are discussed in several useful references (7, 36, 48). Liu et al. (49) provide
“crop coefficient” values for non-crop land covers by analyzing global flux data.

Many agricultural water balance and crop models use leaf area index (LAI) or fractional canopy
cover (fc) as a basis for estimating light interception, and subsequently partitioning ET. The stand-
ardized ET _; and dual crop coefficient method (7, 36) partitions crop coefficients based on their
contribution to transpiration (K ,) and evaporation (K ), with more accurate results than general-
ized crop coefficients (K ).

34.3.2 Priestley-Taylor

Priestley and Taylor (50) developed a simplified version of the Penman-Monteith approach utiliz-
ing only radiation observations. The Priestley-Taylor equation is expressed as

ET=0-"(R,-G) (34.4)
A+y
where A is the derivative of the saturated vapor pressure (es) with respect to air temperature, y is the
psychometric constant, R is net radiation and G is ground heat flux. The so-called Priestley-Taylor
parameter (a) is typically around 1.2—-1.3 under water unstressed conditions (2). But, it can be
much smaller for humid forest conditions (51). This method has been used to derive satellite-based
ET estimates (e.g., ECOSTRESS ET).

34.3.3 Empirical ET models

In lieu of detailed meteorological variables or biophysical parameters, such as stomatal conduct-
ance, to apply physically based models, such as the Penman-Monteith model, various empirical
ET models are derived from direct ET measurements at the ecosystem scale (49). These models
may be best used as a first-order approximation under mean climatic conditions. For example, the
following model was derived from 13 sites in North America and Asia (52). The model estimates
monthly ET for any land cover types as a function of LAI, ET  (mm mo™), and precipitation (mm
mo ).

ET=11.94+4.76LAI + ET,(0.032LAI +0.0026 P +0.15) (34.5)

where ET, is the FAO56 grass reference ET as discussed above.

Similarly, Fang et al. (53) provide a series of empirical monthly ET models through analyzing
a FLUXNET dataset with over 250 sites. These empirical ET formulas offer a convenient way to
estimate ET by land cover type with limited data.

34.4 Future directions

The methods described in this chapter provide a current snapshot of the most common methods for
quantifying ET. As noted, each has limitations, but as theoretical and technological advances are
made, we anticipate that many of these approaches will become more accurate, easier to use, and
more affordable. We also refer readers to Chapter 44 on remote sensing, which provides informa-
tion relevant to spatial scaling.
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Because there is no perfect method for quantifying ET, best practices include multi-approach
syntheses, where a set of independent methods are used (3). Such syntheses can advance our
understanding of the complete hydrologic budget and can help to identify water fluxes that may
not be observed if using one or two approaches. One of the key challenges for both eddy covari-
ance and remote sensing data is partitioning the estimates of ET into its components (evaporation,
transpiration, and interception). This is an area where many of the field-based methods described
here can help to resolve some of this uncertainty.

Thus, many recent studies combine measurements that capture processes on different scales,
such as pairing eddy covariance with sap flow and evaporation measurements, or leveraging data
from eddy covariance networks with remote sensing products and small watershed water balance
monitoring. To the end, maintaining and expanding existing networks of open data will be critical.

One key challenge for quantifying ET is scaling from an intensively measured plot to the
broader landscape level. Many regions around the world are data-scarce, and we lack the field data
to validate models. Data limitations may range from basic meteorological data, information on
vegetation composition and structure, to field-based estimates of ET. Data-scarce regions include
Africa, South America, and parts of Asia. Even in regions with abundant active ecohydrological
research, we still lack information on complex terrain and wetlands.

We also acknowledge that current measurement and modeling approaches can be effective in
quantifying current fluxes and identifying key drivers, but additional research is required to deter-
mine how well existing models can predict ET under future conditions.
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