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[1] This review surveys the basic theories, observational
methods, satellite algorithms, and land surface models for
terrestrial evapotranspiration, E (or AE, i.e., latent heat flux),
including a long-term variability and trends perspective. The
basic theories used to estimate E are the Monin-Obukhov
similarity theory (MOST), the Bowen ratio method, and
the Penman-Monteith equation. The latter two theoretical
expressions combine MOST with surface energy balance.
Estimates of E can differ substantially between these three
approaches because of their use of different input data.

Surface and satellite-based measurement systems can provide
accurate estimates of diurnal, daily, and annual variability
of E. But their estimation of longer time variability is largely
not established. A reasonable estimate of £ as a global mean
can be obtained from a surface water budget method, but its
regional distribution is still rather uncertain. Current land
surface models provide widely different ratios of the transpi-
ration by vegetation to total £. This source of uncertainty
therefore limits the capability of models to provide the sen-
sitivities of E to precipitation deficits and land cover change.

Citation: Wang, K., and R. E. Dickinson (2012), A review of global terrestrial evapotranspiration: Observation, modeling,
climatology, and climatic variability, Rev. Geophys., 50, RG2005, doi:10.1029/2011RG000373.

1. INTRODUCTION

[2] Terrestrial evapotranspiration, E, is the water trans-
ferred from the land surface to the atmosphere. This water
exchange usually involves a phase change of water from
liquid (or ice) to gas, which absorbs energy and cools the
land surface. The latent heat accompanying F is \E, where A
is the latent heat of vaporization. This review uses E or \E
interchangeably depending on whether water or energy flux
is the primary consideration. These terms are required by
short-term numerical weather predication models and longer-
term climate simulations and for diagnoses of climate change.
In such models, E is generally parameterized as a sum of soil
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evaporation, vegetation evaporation, and vegetation transpi-
ration; the latter is a process that couples with carbon uptake
through photosynthesis.

[3] The influence of AE on atmospheric processes [Pielke
et al., 1998] has been frequently recognized [Kanemasu et al.,
1992; Rind et al., 1992] and has been estimated using land
surface models (LSMs) [Sellers et al., 1997]. The increase in
heat wave variability in central and eastern Europe has also
been attributed to changes in E [Seneviratne et al., 20006].
Summer precipitation (P) over Europe has been linked with
local E [Zveryaev and Allan, 2010]. Land surface feedbacks
have also been found to increase Sahel rainfall variability both
on interannual and interdecadal time scales [Zeng et al., 1999].

[4] Provided that the energy storage by the canopy is
negligible, AE can be calculated as a residual of the surface
net radiation (R,,), the sensible heat flux (H), and ground heat
flux (G),

M =R, —H—G, 1)

where R, is determined from the sum of incident downward
and upward shortwave and longwave radiation,

Rn = Rx - R.&'u + Rld - le (2)
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Figure 1. Airflow can be imagined as a horizontal flow of numerous rotating eddies, that is, turbulent
vortices of various sizes, with each eddy having horizontal and vertical components. The situation
looks chaotic, but vertical movement of the components can be measured from a tower. From http://
www.instrumentalia.com.ar/pdf/Invernadero.pdf. Reprinted with permission.

and where R, is the surface incident solar radiation, Ry, is the
surface reflected solar radiation, and R,; and R;, are the
surface downward and upward longwave radiation.

[5] The energy required for evaporating a given mass of
liquid water corresponds to approximately 600 times the
energy required to increase its temperature by 1 K and to
2400 times the energy required to increase the temperature
of a corresponding mass of air by 1 K [Seneviratne et al.,
2010]. The cooling effect of AE is so large that the North-
ern Hemisphere would be 15°-25°C warmer [Shukla and
Mintz, 1982] if terrestrial A\E were assumed to be zero.

[6] On average, terrestrial \E uses approximately three
fifths of R,, with estimates from different models varying
from 48% to 88% [Trenberth et al., 2009]. It is a major
component not only of the surface energy balance but also of
the terrestrial water cycle. From the latter, £ can be estimated
from surface water balance at basin or continental scale by

E=P—Q—dw/dt, 3)

where P is precipitation, Q is river discharge, and dw/dt is
the change of terrestrial water storage. On annual time
scales, the storage term can be neglected so that £ can be
derived from observation of P and Q [Hobbins et al., 2004;
Teuling et al., 2009]. It accounts for about two thirds of the
average 700 mm/yr of P that falls over the land [Chahine,
1992; Oki and Kanae, 2006]. The other one third of P dis-
charges into oceans, compensating for the water vapor
transferred from ocean to the land through the atmosphere
[Jackson et al., 2001].

[7] Water is transferred from the land surface to the
atmosphere through turbulence, which is several orders of
magnitude more effective at transporting such quantities than
molecular diffusivity. Turbulence can be viewed as consist-
ing of many different size eddies superimposed on each other
(Figure 1). Although long recognized, our understanding of

turbulence is still advancing [Lumley and Yaglom, 2001].
Monin-Obukhov similarity theory (MOST) was developed in
the 1950s [Monin and Obukhov, 1954]. It estimates \E and
sensible heat fluxes (H) from measurements of near-surface
winds, temperature, and humidity by relating turbulence
fluxes to gradients of mean wind, temperature, and humidity
(e.g., as Ohm’s law relates current to voltage).

[8] Various aspects of this topic have been reviewed many
times. The impact of land cover and land use change on
cumulus convective rainfall through A\E and H was reviewed
[Pielke, 2001] and for the West African Sahel region
[Nicholson, 2000]. The impacts of global warming and
the elevated greenhouse gases on hydrological cycle were
reviewed [Gleick, 1989; Huntington, 2006]. Most such review
studies depend on model simulations for lack of reliable
long-term observations, in particular, of AE. The modeling of
AE and H in regional and global models has been summa-
rized [Brutsaert, 1999; Parlange et al., 1995; Sellers et al.,
1997]. Models on the effects of vegetation and its heteroge-
neity were reviewed [Arora, 2002; Giorgi and Avissar,
1997]. The development of AE in the past 30-35 years has
been well documented [Shuttleworth, 2007]. Shuttleworth
[2007] reviewed the instruments and techniques to measure
the diurnal variation of \E and how to use the understanding
of \E for study of land surface processes.

[s] The present review is distinguished from these past
reviews by taking a long-term variability and trends per-
spective to survey the basic theories, observational methods,
satellite algorithms, and land surface models of AE. It
focuses on the process of water evaporating from land sur-
faces. What happens to water vapor molecules after they
evaporate from the surface and where will they precipitate
are addressed elsewhere [Dominguez and Kumar, 2008;
Dominguez et al., 2008; Eltahir and Bras, 1996], as well as
the impact of water vapor on convection and dynamics of
climate changes [Held and Soden, 2000; Schneider et al.,
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Figure 2. Evapotranspiration includes transpiration from dry leaves and evaporation from water,
wet leaves, and soil. Tree transpiration extracts soil water through their root system.

2010; Sherwood et al., 2010], and the monitoring of land
surface water and floods from space [Alsdorf et al., 2007,
Schumann et al., 2009].

[10] Section 2 examines the basic theories of E and their
assumptions. Section 3 discusses the advantages and dis-
advantages of the current observational methods. The
methods to partition total £ are also highlighted for their
importance in evaluation of the climatic variability of satel-
lite retrievals and LSM simulations. Section 4 provides a
survey of current understanding of the factors that control
variability of E over different time scales. This understand-
ing and its underlying theory provide a basis for satellite
retrieval and land surface modeling of E. Section 5 focuses
on how this basic theory and the understanding can be
used to relate satellite-derived land surface variables to E. As
the development of LSMs has been previously reviewed,
section 6 focuses on how they have been evaluated and what
the sources are of uncertainty in existing evaluations. The
climatology and climatic variability of £ from observations,
satellite retrievals, and land surface modeling are explored
in sections 7 and 8. Section 9 highlights topics that require
additional research.

2. BASIC THEORIES OF A\E

[11] Turbulence, the gustiness superimposed on mean
wind, can be visualized as consisting of irregular swirls of
air motion called eddies (Figure 1), which are of many dif-
ferent sizes superimposed on each other. Turbulent eddies
have horizontal spatial scales that are up to 1-2 orders of
magnitude larger than their vertical dimension [Brutsaert,

1999]. Thermals of rising, warmer air caused by solar heat-
ing of the ground during sunny days provide large eddies.
Boundary layer eddies range in size up to the depth of the
boundary layer, i.e., 0.1 km to 3 km in diameter.

[12] Water is transferred both by aerodynamic and by
biological processes (Figure 2). Transpiration, the evapora-
tion of water in the vascular system of plants with loss
through leaf stomata, is overall the largest contributor to
total E [Dirmeyer et al., 2006; Lawrence et al., 2007] and is
closely coupled to leaf carbon uptake through leaf conduc-
tance [Niyogi et al., 2009]. In addition to stomatal conduc-
tance, mesophyll conductance could also contribute to the
regulation of photosynthesis and transpiration during periods
of water stress [Keenan et al., 2010; Vesala et al., 1996].
This section considers MOST and the Penman-Montheith
equation. The Bowen ratio method is discussed in section 3.2
as an observational technique based on MOST.

2.1. Monin-Obukhov Similarity Theory (MOST)

[13] Within the constant-flux layer, turbulent fluxes are
assumed to be height-independent (about 10% of the fully
developed daytime atmospheric boundary layer, i.e., 100 m
above the roughness layer). MOST is designed for use with
meteorological data. It relates turbulent fluxes to the differ-
ences of mean temperature and humidity at two levels in the
constant-flux layer through its universal stability functions
[Businger et al., 1971; Dyer, 1974]. The estimation of \E
and H from time-averaged mean variables in the constant-
flux layer is called the flux profile method. MOST was the
starting point for modern micrometeorology, including the
development of new measuring devices and the execution of
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several important experiments [Foken, 2006; Monin and
Obukhov, 1954].

[14] MOST is valid for horizontally homogeneous and
stationary surface layers. Under ideal conditions, this theory
has errors of about 10-20% [Foken, 2006; Hégstrom and
Bergstrom, 1996]. It assumes steady, horizontally homoge-
neous flow for averaging times from 10 min to about an hour
[Monin and Obukhov, 1954], not always satisfied because
of the large ratio of vertical to horizontal gradients of
the observed mean scalar concentrations and wind speed
(Figure 1).

[15] The gradients of temperature and humidity over the
surface can be very small, especially for forest and irrigated
croplands and grasslands. After the development of the
similarity theory for the constant-flux layer in the 1950s,
much experimental effort went into determining its universal
functions. Fluxes can be obtained directly by eddy covari-
ance (EC) measurements, i.e., by the average of the product
of fluctuating vertical velocity and the transported quantity,
e.g., humidity. The widely used universal functions were
based on EC observations from the Kansas experiment
[Businger et al., 1971]. The value of the von Kérman con-
stant of 0.35 found by the Kansas group [Businger et al.,
1971] was questioned because of flow distortion problems
from the tower, as well as over-speeding of cup anem-
ometers, and the unstable performance of the phase shift
sonic anemometers [Wieringa, 1980]. Improved data have
resulted in a reformulation of the universal functions
[Hégstrom, 1988].

[16] Since the late 1980s, it has been realized that the sum
of H and \E as measured by the EC method has been gen-
erally less than available energy, i.e., the turbulent fluxes
have had a closure problem [Foken, 2008] (see section 3.1).
This difficulty indicates that previous MOST universal
functions may underestimate the H and AE in using the
profile flux methods by approximately 30% in comparison
with the energy balance Bowen ratio (BR) method [Malek,
1993] (see section 3.2). The BR method uses equation (1)
evaluating the ratio BR to estimate H# and A\E. The BR is
obtained from the MOST theory and measured temperature
and moisture differences and with the usual assumption that
the MOST coefficients for H and AE are the same.

[17] The universal stability functions are not valid in the
roughness sublayer [Sun et al., 1999] of vegetated surfaces
so that the profile equations must be modified by using a
universal function depending on the thickness of this
roughness sublayer [Garratt et al., 1996]. For tall vegetation
or an urban area, the roughness sublayer may be tens of
meters thick while the constant-flux layer, for which the
similarity theory is valid, may be much shallower. Such a
difference in scale has important implications for the use
of satellite-derived land surface temperature (7) to estimate
AE because T is the temperature of the surface skin in the
roughness sublayer (see section 5.1).

2.2. Penman-Monteith Equation

[18] The Penman and Penman-Monteith equations were
developed to wuse surface radiation, temperature, and
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humidity data to estimate E. The Penman equation describes
evaporation from an open water surface or from short veg-
etation [Penman, 1948]. It requires T,, wind speed (WS),
relative humidity (RH), R,,, and G. With canopy resistance as
needed for vegetated surfaces, it becomes the Penman-
Monteith equation [Monteith, 1965]. The Penman equation
can be viewed as combining MOST with surface energy
balance (see http:/biomet.ucdavis.edu/Evapotranspiration/
PMDerivation/PMD.htm) with values at the surface being
one of the levels for MOST using the aerodynamic resis-
tances for heat r, and moisture r, that are inferred from
MOST,

TofTa
H=pC, - ) 4)
T'h
C (Ty) —
AE:—’O*"-L )—e (5)
Y T

where p is the density of air, C, is the specific heat of air, and
~v* = (r,/r) - v, where ~ is the psychometric constant. 7, is
the aerodynamic air temperature at the surface, 7, is the air
temperature at the reference level, and 7, is the aerodynamic
resistance to heat transfer from surface to air.

[19] If A =dey/dT is the derivative of the saturated vapor
pressure (eg) with respect to 7, then a first-order approxi-
mation of ey(T,) is

es(Tu) = ex(Ta) +A- (Tu - Ta)~ (6)

Substituting equations (6), (1), and (4) into equation (5), and
rearranging the resulting terms of equation (5), we have

ARy G) 406, feT) e

M =
A4 A*

)

If the surface can be regarded as a “big leaf” [Deardorff,
1978], r, can be separated into the canopy resistance ()
and the aerodynamic resistance (),

’V*:[(rc+rh)/rlz]'7:(1+rc/”h)'% (8)
and then we have

8-Ry=§)+ G, fedT) s

\E =
A+ (L+r./r) v

©)

Equation (9), the Penman-Monteith equation [Monteith,
1965], is widely regarded as an accurate expression [A/len
et al., 1998]. If r, = ry, then v* = ~, and equation (7) reverts
back to the Penman equation. The factor [ey(T,) — e] in
equation (7) or (9) is called the water vapor pressure deficit
(VPD):

es(T,) —e=e(T,)
= VPD.

— ey(T,) * RH/100 = ey(T,)(1 — RH/100)
(10)

The factors A and +y in equations (7) and (9) depend solely on
T, at a given location [K. Wang et al., 2006]. The Penman-
Monteith equation requires a vegetation specific parameter,
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i.e., 7. [Beven, 1979], which is difficult to measure directly.
Therefore, it has commonly been used as a diagnostic
equation to estimate this term [Alves and Pereira, 2000].

[20] The term AE is most sensitive to 7. for forests [Rana
and Katerji, 1998]. In well watered conditions, 7. is sensi-
tive to R, variations in the case of low crops or grasslands
and is sensitive to VPD for both medium and tall crops,
while in water-stressed conditions it is sensitive to soil
moisture ().

[21] Canopy resistance r. can be modeled by scaling up
from the leaf stomatal resistance r,. Two widely accepted
empirical models of 7, have been developed to capture the
response of plant stomata to the environmental variables.
The first is the Jarvis-Stewart equation, which describes the
response of 7, to environmental and biological controls
including VPD, T,, the solar radiation incident on the can-
opy (Ry), and the soil moisture () in the upper soil where the
plant roots are found [Jarvis, 1976; Stewart, 1988],

g =2 =g folVPD) fr(T)) - SR fu(6),

N

(11)

where g, is a plant functional type dependent maximum
value of stomatal conductance, and fp, f7, f;, f,, (all in the
range of 0—1) are the stress factors associated with VPD, T,
R,, and 0, respectively. Equation (11) may underestimate g
when RH is high because it correlates g, linearly to RH
[Wang et al., 2009], and a nonlinear function of RH or VPD
may reduce the bias [Leuning, 1995; Wang et al., 2009].

[22] The second model of 7 is the “Ball-Berry” equation
[Ball et al., 1987],

1 A e

= = __P) b7
8s re mCS e am +

(12)
where m is a plant functional type and 6 dependent param-
eter, 4 is carbon flux into the leaf, C, is the CO, partial
pressure at the leaf surface, e is the water vapor pressure at
the leaf surface, e, is the saturation vapor pressure inside the
leaf, P,,,, is the atmospheric pressure, and b is the minimum
stomatal conductance when 4 = 0. Net carbon assimilation 4
can be estimated from

A = min(W,, W;, W,), (13)
where W,, W;, and W, are functions expressing the assimi-
lation rates limited by Rubisco enzyme, light, and export
capacity, respectively, for C3 and C4 plants [Collatz et al.,
1991; Sellers et al., 1996a, 1996b]. These W functions all
depend on plant functional type, leaf temperature, 6, leaf
nitrogen, and internal carbon dioxide concentrations, while
W; also depends on leaf level light intensity [Dickinson
et al., 2002].

[23] Although the above two models of r, (equations (11)
and (12)) use similar environmental variables [Zhao et al.,
2010a], they can be substantially different in value [Lawrence
and Chase, 2009; Niyogi and Raman, 1997] because of their
parameterization of environmental stress factors, especially
soil water deficit and maximum conductance [Dickinson
et al., 1991; Shuttleworth, 2007]. The 0 required by ry
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parameterizations is unavailable at the regional or global
scale [Dirmeyer et al., 2004, 2006; Entin et al., 1999; Gao
and Dirmeyer, 2006; Schaake et al., 2004].

[24] Simplifications of the Penman-Monteith equation
have therefore been developed, in particular, that of Priestley
and Taylor [Priestley and Taylor, 1972],

M =«

- G), (14)

. Rn
Aty (

where «, the so-called Priestley-Taylor parameter, is typi-
cally of the order of 1.2-1.3 under water unstressed con-
ditions [Bailey and Davies, 1981; Culf, 1994; McNaughton
and Spriggs, 1986] but can range from 1.0 to 1.5 [Brutsaert
and Chen, 1995; Chen and Brutsaert, 1995; Singh and
Taillefer, 1986] and vary with 6 limitations, i.e., decreasing
with 6 [Burba and Verma, 2005; Detto et al., 2006; Granier
etal.,2007; Guo et al.,2006; Mu et al., 2007b; Phillips et al.,
2009]. Applications of the Priestley-Taylor equation to water
stressed conditions have assumed « to be a linear function of
the 6 in the rooting zone [Fisher et al., 2005; Koster and
Suarez, 1999]. It does not consider explicitly the impact of
VPD and r.,.

3. OBSERVATIONS OF E

[25] Observational and estimation methods used for £ in
agricultural research under a Mediterranean climate have
been reviewed [Rana and Katerji, 2000]. Measurement
methods available for £ have been reviewed [Shuttleworth,
2007; Verstraeten et al., 2008], including wetlands
[Drexler et al., 2004]. The present paper is not intended to
be an exhaustive and complete review of all the existing £
methods, but rather to have a focus on the methods that can
be used to provide long-term observations (see Table 1).

[26] The Bowen ratio (BR) and the eddy covariance (EC)
techniques provide measurements of AE over a diurnal
cycle. They are well established and widely used for
continuous measurement projects, such as the FLUXNET
network [Baldocchi et al., 2001] and the Atmospheric
Radiation Measurement (ARM) project (http://www.arm.
gov/). Values of E can be estimated by measuring and bal-
ancing all the other water budget components of a lysimeter
container [World Meteorological Organization (WMO),
2008]. Such lysimeter measurements can only represent a
scale of several square meters, but the footprints of EC and
BR measurements of A\E are much larger (Table 1). Scin-
tillometers supply H and AE over a scale from hundreds of
meters to kilometers [DeBruin, 2009; Moene et al., 2009;
Solignac et al., 2009].

[27] On an even larger scale, such as that of a river basin,
region, or continent, £ can also be estimated from the sur-
face water budget or atmospheric water balance. The surface
water budget method provides a robust estimate for multi-
year averaged E at regional or global scale. However, this
estimation highly depends on the quality of precipitation and
streamflow observations. Furthermore, its accuracy is less
when used for a finer spatial or temporal scale, such as for
monthly estimates.
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TABLE 1. Summary of AE Observation and Estimate Methods

Method Temporal Scale Spatial Scale Advantages Disadvantages
Eddy covariance half hour to yearly  hundreds of meters depending direct measurement of energy closure problem; gap in bad
on measurement height above turbulence fluxes (AE and H) weather and other conditions
canopy layer and wind speed and independent observation
Bowen ratio half hour to yearly  hundreds of meters depending energy is balanced diffusivity for water and heat is

on measurement height above
canopy layer and wind speed

Lysimeter half hour to yearly point measurement

Scintillometer half hour to yearly tens of meters to tens
of kilometers

Surface water balance ~ monthly to yearly hundreds to thousands

of kilometers

Atmospheric water monthly to yearly hundreds to thousands
balance of kilometers

assumed to be equal; energy balance
is assumed (energy components and

G are point measurements, and fluxes
(AE and H) have a large footprint)

direct observation of A\E environment is disturbed

capture H and \E over large depends on MOST?*

scale with known footprints universal functions

direct estimate; regional and accuracy can only be guaranteed at
global estimation can be made low temporal (multiyear average)

and spatial resolution
regional and global estimation low accuracy
can be made

“Monin-Obukhov similarity theory.

3.1. Eddy Covariance (EC) Method

[28] The EC technique measures H and AE from the
covariance of the heat and moisture fluxes, respectively, with
vertical velocity using rapid response sensors at frequencies
typically equal to or greater than 10 Hz. Scientists from the
Commonwealth Scientific and Industrial Research Organi-
sation (CSIRO) in Australia first applied this approach in the
1950s [Garratt and Hicks, 1990; Hogstrom and Bergstrom,
1996], and it has been regarded as the best method to
directly measure H and AE and been used for many important
boundary layer experiments [Aubinet et al., 1999; Baldocchi
et al., 1996, 2001; Wilson et al., 2002].

[20] The instruments for EC include a fast-response, three-
dimensional wind sensor (sonic anemometer) to obtain the
orthogonal wind components and the speed of sound (used to
derive T,) and an infrared gas analyzer to obtain the water
vapor density and the CO, concentration. The typical error of
its \E is about 5-20% or 20-50 W m > [Foken, 2008;
Vickers et al., 2010]. The technique is mathematically com-
plex and requires significant care in setting up and processing
data. To date, there is no uniform terminology or single
methodology for EC measurement, but much effort has been
made by the flux measurement networks to unify their vari-
ous approaches [Gdckede et al., 2008; Mauder et al., 2008].

[30] EC systems have been deployed over the global
FLUXNET network, which includes more than 500 sites
worldwide (Figure 3), with excellent coverage in Europe and
North America [Baldocchi, 2008]. The FLUXNET data set
offers for the first time several valuable observations of land
hydrological variables.

3.1.1. Energy Closure Ratio of the EC Method

[31] Although EC measurements are relatively accurate for
a variety of common situations, they can have inaccuracies
and/or ambiguous interpretation of their values, and improve-
ments are still needed [Mahrt, 2010]. Especially problematic is
the energy closure ratio R = (H + A\E)/(R,, — G) that has values
of about 0.8 averaged from more than 50 sites in Europe and
North America [Wilson et al., 2002] (see also Figure 4).

[32] Several reasons for this energy closure problem have
been reported and corrected [Foken, 2008; Foken et al.,

2006]. The energy storage due to photosynthesis and
release by plant and soil respiration are generally estimated
to be less than a few percent of R, [Meyers and Hollinger,
2004] but may be a more substantial part of the energy
balance for periods of less than a day, particularly for forests
[Michiles and Gielow, 2008; Moderow et al., 2009].
Including heat storage may significantly improve energy
balance closure at some sites [Lindroth et al., 2010; Sanchez
et al., 2010] but does not change the overall AE estimates.
Figure 4 shows that the median of energy closure ratio is
about 0.8 for 253 FLUXNET sites after correction of heat
storage [Beer et al., 2010].

[33] Recently, other corrections, including averaging and
coordinate rotation, and coordinate systems were recognized
and implemented [Finnigan, 2004; Finnigan et al., 2003;
Fuehrer and Friehe, 2002; Gockede et al., 2008; Massman
and Lee, 2002; Mauder et al., 2008]. These corrections
substantially increased AE and H estimates and improved the
energy closure ratio [Finnigan et al., 2003; Kanda et al.,
2004; Oncley et al., 2007]. Use of a longer averaging
period may also improve the energy balance ratio [Finnigan
etal.,2003; Foken et al., 2006; Sakai et al., 2001; Sun et al.,
2006]. However, the averaging period should be short
enough to meet the requirement of the EC technique for a
steady flow. Foken [2008] argued that the EC technique can
only measure small eddies, while large eddies in the lower
boundary layer also contribute to the energy balance, but
since they do not touch the surface and are not in steady
state, they cannot be measured with the EC method. A recent
study based on 26 European FLUXNET sites supports this
argument [Franssen et al., 2010].

[34] Given our limited understanding of the nature of the
energy imbalance [Foken, 2008], it has been suggested that
BR be preserved and that the energy balance be closed on a
larger time scale [Twine et al., 2000; Wohlfahrt et al., 2009].
However, studies have shown that the underestimation of \E
by the EC method is larger than that for A (see also Table 2
and section 3.7) [Asanuma et al., 2005; Brunsell et al., 2008;
Castellvi et al., 2006, 2008; Prueger et al., 2005; Yang et al.,
2004; Zveryaev and Allan, 2010]. Another difference

6 of 54



RG2005

WANG AND DICKINSON: GLOBAL TERRESTRIAL EVAPOTRANSPIRATION

RG2005

Koeppen-Geiger Climate Classification
- Af - Tropical/Rainforest
- Am - Tropical/Monsoon
- Aw - Tropical/Savannah
B 5\ - AridiDesert/Hot

|| BWk- Arid/Desert/Cold [

l:] Csb - Temperate/Dry_Summer/Warm_Summer
\:I Cwa - Temperate/Dry_Summer/Hot_Summer
- Cwb - Temperate/Dry_Winter/Warm_Summer
- Cwec - Temperate/Dry_Winter/Cold_Summer

I Cfa - Temperate/Without_Dry_Season/Hot_Summer

I oo - thout_Dry_

BSh - Arid/Steppe/Hot
BSk - Arid/Steppe/Cold
:’ Csa - Temperate/Dry_Summer/Hot_Summer - Dsa - Cold/Dry_Summer/Hot_Summer

_summer [l owb -

- Cfc - Temperate/Without_Dry_Season/Cold_Summer - Dwd -

@/ FLUXNET r
October 2010, 524 Sitesyiine |~

- Dsb - Cold/Dry_Summer/Warm_Summer - Dfb - Cold/Without_Dry_Season/Warm_Summer
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Figure 3. A map of FLUXNET sites and climate (Koppen-Geiger classification) (figure downloaded
from http://www.fluxnet.ornl.gov/fluxnet/graphics.cfm).

between AE and H is that AE typically has higher spatial
heterogeneity than H [Hall et al., 1992; Kustas et al., 2006;
Vickers et al., 2010; Wolf et al., 2008].

3.1.2. Gap-Filling of EC Data

[35] Data streams generated with the EC technique gen-
erally include missing data during bad weather conditions
(e.g., rainfall) and sensor failures. The average data coverage
for the EUROFLUX and AmeriFlux sites was 69% and 75%
for A\E and H, respectively [Falge et al., 2001b]. These gaps
must be filled before the data can be used to infer regional
and global long-term hydrological and meteorological time
series, and methods have been proposed to do such [A4lavi
et al., 2006; Falge et al., 2001a, 2001b; Moffat et al., 2007,
Reichstein et al., 2005]. Artificial neural network—based
techniques may be more accurate than other methods [Alavi
et al., 2006; Moffat et al., 2007].

[36] The filling of long gaps (days to weeks) will intro-
duce ~5% uncertainty into the annual values of \E [Alavi
et al., 2006; Hui et al., 2004]. In the most extreme cases,
the choice of a gap-filling methodology had a significant
impact on the estimates of annual AE, possibly altering its
annual estimate by more than 15% [Novick et al., 2009].

3.2. Energy Balance Bowen Ratio (BR) Method

[37] The BR method uses simultaneous measurements of
vertical gradients of 7, and humidity (g) to partition the
surface available energy to H and AE [Bowen, 1926]. It is
suitable for short vegetation [Denmead and Mcllroy, 1970;

Tanner, 1960]. The Bowen ratio (3 is defined as the ratio of
H to AE, which can be related to vertical gradients assuming
the aerodynamic resistances to heat and water vapor to be
equal in the constant flux layer:

7&7 Cp(Tal

_Ta2)
B=5= .

Ma1 — 42) (13

Subscripts 1 and 2 express the level. Once (3 is obtained, A\E
and H are estimated under the assumption that surface
energy is balanced from equation (1).

50
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Figure 4. Histogram of the annual mean energy balance
closure at FLUXNET sites. Locations and climate of the
FLUXNET sites are shown in Figure 3. From Beer et al.
[2010]. Reprinted with permission.
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TABLE 2. Summary of Comparisons of Different Observation Methods for AE and H*

Citation EC and BR EC and WB BR and WB EC and LAS BR and LAS
Dugas et al. [1991] AEgc = 0.72\Egg; Hge = 0.76Hggr
Bausch and Bernard [1992] Egr = 1.01Ewp
Malek and Bingham [1993] AEgc = 0.98 \Eggr
Barr et al. [1994] AEgc +Hge = 0.89 (AEgRr + Hpr);
)‘EEC = AEBR — 74 W mfz;
Hyc = Hgg + 59 W m™2
den Hartog et al. [1994] AEgc = 0.81\Egg; Hic = 0.86Hggr
Rana and Katerji [1996] AEgc = 1.06 \EgR (hourly);
/\EEC = 102)\EBR (dally)
Prueger et al. [1997] Egr =Ews
Todd et al. [2000] Egr = 1.05 — 1.15Ewg
Wilson et al. [2001] Egc = 0.98FEwg
Kohsiek et al. [2002] Hge = Hyas
Lagouarde et al. [2002] Hge = 0.9H; a5
Meijninger et al. [2002] Hge = Hyas
Zhu et al. [2003] AEgc = 0.9\EgR; Hgc = Hpr
Pauwels and Samson [2006] AEgc = 0.91 \Eggr
Gavilan and Berengena [2007] Egr = 1.06Ewg
Li et al. [2008] Egc =0.98Ewp Egr = 1.05Ewp
Pauwels et al. [2008] Hgr = Hy s
Zeggaf et al. [2008] Egr = 0.94Ewg
Alfieri et al. [2009] AEgc = 0.6 \Egr; Hec = Hpr
Chavez et al. [2009] Egc = 0.7Ewg
Savage [2009] Hgc = Hgr Hgc = Hyas
Zeweldi et al. [2010] Hge = Hias
X. D. Zhang et al. [2010] Hye = Hyas

*Eddy covariance (EC), energy balance Bowen ratio (BR), water balance weighting lysimeter (WB), and scintillometer (LAS) are reported here. EC and
WB direct measure AE or H, while BR is assumed energy balance and LAS depends on MOST functions.

[38] This method requires accurate measurements of T,
and ¢ gradients that may be small as a result of turbulent
transfer, especially for irrigated croplands and grasslands.
Standard systems need to interchange sensors between dif-
ferent heights to reduce the effect of systematic offset errors
in the sensor output [Cook, 2007; Kanemasu et al., 1992;
Shuttleworth, 2007].

[39] The BR system requires less maintenance and is
generally cheaper than the EC technique. It is widely used at
various agricultural and grass sites. For example, the BR
systems of the U.S. Atmosphere Radiation Measurement
(ARM; data of its BR systems are available at www.arm.
gov) project provide more than 10 years of continuous
measurements of AE and H [Cook, 2007].

[40] In the BR method, turbulent transfer coefficients for
heat and for water vapor are assumed to be identical, as also
in the Penman-Monteith equation. This assumption applies
for conditions not too far from neutral but may not be valid
for strongly stable or strongly unstable conditions [Angus
and Watts, 1984; Blad and Rosenber, 1974]. Furthermore,
the two levels at which T, and g are measured must be
within the constant-flux layer, which becomes thin under
highly stable conditions. In addition, the BR technique
requires that the energy storage and advection be neglected.
This requirement can be met for a homogeneous surface or
for a long enough time period, e.g., daily or longer. The
radiation and ground heat flux components of BR measure-
ments are at points, but the turbulent fluxes are controlled at
the landscape scale, i.e., an extensive fetch in the upwind
direction provides an airflow over a large surface (i.c., at
least 100 times the maximum height of measurement)
[Alfieri et al., 2009; Wiernga, 1993]. Therefore, the

requirement of energy closure is unsuitable for heteroge-
neous surfaces.

3.3. Lysimeter Method

[41] Lysimeters are standard instruments to measure £
without any assumption [Holmes, 1984; Seneviratne et al.,
2010; Vaughan et al., 2007; Young et al., 1996]. The earli-
est lysimeters were constructed in 1830 [Holmes, 1984].
Traditional lysimeters generally consist of round or square
tanks that range from 1 to 5 m? in area (large-pan lysimeters
have a much larger area, e.g., 92-322 m?) and from 1 to 4 m
in depth [Scanlon et al., 1997]. A detailed review of the role
of lysimeter in £ measurement and investigation has been
made by Goss and Ehlers [2009].

[42] Nonweighable lysimeters simply measure the drain-
age rate or amount of water percolating from the base of the
lysimeter. Water storage changes can be estimated in these
lysimeters by monitoring water content with a neutron probe
or other devices. P can be measured with a rain gauge.
Weighable lysimeters measure P, storage changes, and
drainage directly, and in this way £ may be calculated over
time spans as short as 15 min [Scanlon et al., 1997].

[43] Nonweighable lysimeters are used only for long-
term measurements but are easily installed and maintained
at a low cost and are therefore suitable for network opera-
tions. Weighable lysimeters are much more expensive but
provide more reliable and precise estimates of short-term
values of E. The large weighable and recording lysimeters
are recommended for precision measurements in research
centers and for standardization and parameterization of other
methods of £ measurement and for modeling of £ [WMO,
2008]. The precision of a lysimeter is about 0.05 mm

8 of 54



RG2005

to 0.1 mm equivalent water for hourly estimates [Holmes,
1984].

[44] Lysimeter measurements are considered to provide the
most accurate determination of £ [Holmes, 1984] and are
used to compare other techniques [Scanlon et al., 1997].
They are widely used in laboratories and for fieldwork,
mainly for agronomic research. In Europe, 117 institutions
operate 2930 lysimeters in 18 countries, and among them
269 containers are weighable (see http://www.lysimeter.at/
HP_EuLP/reports/Update_lysimetersites 2006 _CL.pdf).
However, due to their costs, very few weighing lysimeters
worldwide have multidecadal measurement records, for
instance, the sites of Rietholzbach (http://www.iac.ethz.ch/
url/rietholzbach/, in operation since 1976) and Rheindahlen
(http://www.niederrheinwasser.de, since 1982).

[45] Disadvantages of lysimeters include the expense of
their construction and maintenance, limited areal extent,
boundary effects, and disturbance of the natural system
[Rana and Katerji, 2000; Scanlon et al., 1997; WMO, 2008;
Young et al., 1996]. Lysimeter measurement of £ has a scale
much less than that of the EC and BR methods.

3.4. Scintillometer Method

[46] The scintillometry technique for measuring surface
fluxes is newer than the EC, BR, and lysimeter methodolo-
gies, but it is widely accepted due to its ability to quantify H
and AE at the landscape scale, i.e., over several kilometers
[Solignac et al., 2009], in particular, by using large-aperture
scintillometers (LAS).

[47] A scintillometer consists of a transmitter and a
receiver. The receiver measures intensity fluctuations in the
radiation emitted by the transmitter caused by scattering by
variation in refractive index due to turbulent eddies in the
scintillometer path at a height within the atmospheric con-
stant-flux layer. The LAS measures the structure parameter
of the refractive index, C. At optical wavelengths the con-
tribution of temperature fluctuations dominates. That is, the
structure parameter of temperature C2 can be deduced from
the C> measurement. On the other hand, for radio wave-
lengths (>1 mm), water vapor fluctuations contribute most to
altering the scintillometer signal, i.e., the structure parameter
of moisture Cé can be deduced from the C> measurement.
H and \E can be determined from C? and Cf, with the help of
MOST [DeBruin, 2009; Moene et al., 2009].

[48] The most important advantage of a scintillometer is that
it provides an aggregated flux over different scales [Lagouarde
et al., 2002]. Scintillometers are becoming increasingly popu-
lar for their validation of H estimates by satellite remote
sensing due to their comparable spatial resolutions.

[49] Comparisons of LAS and EC measurements have
shown that the LAS works well not only over uniform
landscapes [McAneney et al., 1995] but also over heteroge-
neous surfaces [Chehbouni et al., 2000; Lagouarde et al.,
2002; Meijninger et al., 2002] and complex terrain
[Hartogensis et al., 2003]. LAS-derived H have also been
evaluated against other methods, such as the BR technique,
and those using satellite or hydrologic models [Marx et al.,
2008; Pauwels et al., 2008].
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[50] Scintillometers do not provide the sign of the H, and
so prior information as to whether conditions are stable or
unstable is necessary to compute it [Lagouarde et al., 2002].
This can be a problem over some irrigated landscapes, where
the sign of H can be either positive or negative. Furthermore,
existing commercially available scintillometers estimate \E
as a residual of surface energy budget. Their use is further
complicated by several assumptions that are implicit in
processing the data [Parlange et al., 1995]. LAS relies on
the validity of MOST for the calculation of surface fluxes
[de Bruin et al., 1993]. X. D. Zhang et al. [2010] showed that
the overestimation of LAS-estimated H [Chehbouni et al.,
2000; Hoedjes et al., 2007; Lagouarde et al., 2002; Von
Randow et al., 2008] is associated with the higher fric-
tional velocity calculated with MOST. Furthermore, studies
reported significant differences of up to 21% between six
Kipp & Zonen large-aperture scintillometers [Kleiss! et al.,
2009, 2008].

3.5. EFrom Surface Water Balance

[51] Estimates of £ can be obtained from surface water
balance at basin or continental scales with equation (3) using
measurements of P, O, and dw/dt.

3.5.1. Precipitation (P)

[52] Precipitation is widely available from either surface
rain gauge measurements or by satellite retrievals. Gauge-
based data sets have better temporal coverage, extending
back to the early twentieth century in most parts of the world
and even earlier in some selected regions [New et al., 2001].
Their main limitation has been poor spatial coverage in
many parts of the world [Villarini et al., 2008], especially in
high latitudes, in arid regions, and in parts of the tropics. In
contrast, satellite-based data sets can provide spatially
complete coverage but suffer from various discontinuities
and do not extend back in time beyond the 1970s at the
carliest. Recently, various “merged” satellite and gauge
analyses have made attempts to maximize (minimize) the
benefits (disadvantages) of satellite and gauge P measure-
ments [Michaelides et al., 2009; New et al., 2001].

[53] The uncertainty of precipitation collected by gauge
with careful maintenance should be less than about 10% for
liquid precipitation but can be much larger for satellite
retrievals. Hence, climatologies from gauges, aside from
solid precipitation, can usually be expected to have errors
under about 10%. However, it is difficult to even establish
any form of climatology from satellite products, in large part
because their algorithms often change. Continental P records
are available from several data sets [Trenberth et al., 2007Db]
(see Table 3). Six data sets listed in Table 3 provide a variety
of trend estimates for annual P, ranging from —4 to 16 mm
per decade over the period from 1980 to 2004.

[s4] Two major corrections made to the measurement of P
affect the estimated long-term trend of P. The first is
accounting for environment-related problems, such as wind,
evaporation, environmental noise, and the spatial and tem-
poral variation of the drop size distribution [Adam and
Lettenmaier, 2003; Groisman and Legates, 1994; Groisman
et al., 1996; Karl et al., 1993; Legates and Willmott, 1990;

9 of 54



RG2005

WANG AND DICKINSON: GLOBAL TERRESTRIAL EVAPOTRANSPIRATION

RG2005

TABLE 3. Global Land Precipitation Trends and Characteristics of the Six Global Land Area Precipitation Data Sets Used to

Calculate Trends®

Precipitation Trend
(mm per decade)

Gauge Satellite and Spatial
Series Period Only Gauge Infilling 1951-2005 1979-2005 Citation

GHCN 19002005 yes no no —4.56 +4.34 4.16 + 12.44 Vose et al. [1992]
PREC/L 1948-2002 yes no yes —5.10 £3.25 —6.38 £8.78 Chen et al. [2002]

GPCP 1979-2002 no yes yes —15.60 £ 19.84 Adler et al. [2003]

GPCC VASCIlimO 1951-2000 yes no yes 1.82 £532 12.82 £ 21.45 Beck et al. [2005]

GPCC v.3 1951-2002 yes no yes —6.63 £5.18 —14.64 £ 11.67 Rudolf et al. [1994]

CRU 19012002 yes no yes —3.87 £ 3.89 —0.90 £ 16.24 Mitchell and Jones [2005]

“From Trenberth et al. [2007b]. All trends are based on annual averages.

Michaelides et al., 2009; Yang et al., 2005]. Temperature,
snow percentage (percentage of snowfall P), and WS are
major factors controlling bias corrections [Ye et al., 2004].
These variables vary between years and result in interannual
variations in the appropriate bias correction [Ye et al., 2004].

[s5] The second correction is that for the dependence of
gauge catch efficiency on WS and snow percentage.
Decreases in WS and snow percentage due to the tempera-
ture increase will lead to increases in gauge catch over time.
Such increases of gauge catch efficiency would indicate a
positive trend in the gauge-measured records even without
changes of the true P amount [Forland and Hanssen-Bauer,
2000]. Trends in P days, affecting changes of wetting
and trace corrections, can also affect trends of corrected P.
Positive (negative) trends in the number of P days will also
transfer to positive (negative) changes in corrected P.
3.5.2. Fresh Water Discharge (Q)

[s6] The world’s rivers carry, on average, 30—40% of total
land P to oceans or inland sinks [Kundzewicz et al., 2007].
According to U.S. Geological Survey (USGS) standards, the
uncertainty of discharge measurement from a well-gauged
river should be within 5-10% on a daily basis. The accuracy
of monthly estimates is expected to be higher. However,
relatively few global analyses of river outflow have been
made to quantify variations and changes in global O from
land into the oceans, partly because of a lack of reliable,
truly global data sets [Peel and McMahon, 2006]. Further-
more, flows external to rivers connecting to coastal sur-
face waters such as from submarine groundwater discharge
or seawater inflow have not been adequately observed
[Michael et al., 2005]. Incomplete records also reduce the
accuracy of estimates of O from the land to oceans [Di
Baldassarre and Montanari, 2009; Legates et al., 2005;
Peel and McMahon, 2006]. These errors in river flow data
are far from negligible [Di Baldassarre and Montanari,
2009], resulting in large uncertainties in global averages of
0 and its trend [Peel and McMahon, 2006]. Estimates of the
trend of Q into oceans have huge discrepancies [Dai et al.,
2009; Gedney et al., 2006; Piao et al., 2007].

3.5.3. Terrestrial Water Storage Change (dw/db

[57] The least constrained item in equation (3) is dw/dt.
Figure 5 shows that it has substantial seasonal variation, as
also shown elsewhere [Giintner, 2008; Niu et al., 2007,
Ramillien et al., 2005; Rodell et al., 2009; Schmidt et al.,
2006; Tiwari et al., 2009]. Without accurate estimates of

dw/dt, it must be negligible for use of equation (3) so that
only yearly estimates of £ can be so derived. However, even
annual dw/dt is not negligible in all regions. For example,
water storage can have large interannual variability due to
human water use [Rodell et al., 2009].

[s8] The Gravity Recovery and Climate Experiment
(GRACE) satellite [Tapley et al., 2004a, 2004b], launched in
2002, allows an estimate of dw/dt on a regional and global
scale [Giintner, 2008]. Its month-to-month gravity variations
can be inverted for global estimates of vertically integrated
dwl/dt with a spatial resolution of 400 km or greater [Chen
et al., 2005], with higher accuracy at larger spatial scales
[Ramillien et al., 2005; Schmidt et al., 2006; Swenson and
Wahr, 2002; Swenson and Milly, 2006, Syed et al., 2005;
Tapley et al., 2004a; Wahr et al., 2004]. The low-resolution
gravimetry products do not provide reliable estimates at the
scale of a modest river basin [Werth and Giintner, 2010].
GRACE also has problems with near-coastal rivers and
watersheds due to coastal “leakage.” However, assimilation
of GRACE dw/dt into land surface models can improve E
estimates at spatial scales smaller than those that GRACE
can observe directly [Giintner, 2008].

[s9] To derive dw/dt at the scale of river basins, appro-
priate filter techniques have to be applied to the GRACE
gravity fields to get a higher spatial resolution [Swenson and
Wahr, 2002; Werth et al., 2009; Zhang et al., 2009]. Such a
spatial filter significantly biases the estimates of the ampli-
tude of annual and monthly mean water storage variations
[Klees et al., 2007], but hydrological models can be used to
substantially improve the quality of GRACE estimates
[Klees et al., 2007; Werth et al., 2009].

3.6. E From Atmospheric Water Balance Method

[60] Estimates of £ can also be obtained from the atmo-
spheric water budget [4bdulla et al., 1996; Kustas and
Brutsaert, 1987; Lenters et al., 2000; Oki et al., 1995;
Rasmusson, 1967, 1968] at the basin or regional scale. It can
be written as an equation [Hirschi et al., 2007; Yeh and
Famiglietti, 2008; Yeh et al., 1998],

- = oW
E=P+VH'C+E, (16)
where W represents the column storage of atmospheric water

vapor and C is the vertically integrated two-dimensional
atmospheric water vapor flux. The operator (V -) represents
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Figure 5. Modeled river basin—averaged anomalies of the terrestrial water storage (unsaturated soil
water + groundwater, SW + GW, except for the Mississippi River, where snow water is also included)
and groundwater storage (GW) in comparison with Gravity Recovery and Climate Experiment (GRACE)
water storage anomaly [Niu et al., 2007]. GRACE1 and GRACE2 represent two versions of GRACE

data.

the horizontal divergence, and the overbar signifies temporal
average (e.g., monthly means).
[61] This approach requires reanalysis data to estimate

Vu - C and oW/ot [Abdulla et al., 1996; Berbery and
Rasmusson, 1999; Lenters et al., 2000; Maurer et al.,
2002], but such data have substantial errors [Roads, 2003].
For example, the differences between values of derived £
over the central United States from different studies have
been larger than 100% [Dominguez and Kumar, 2008;
Dominguez et al., 2008].

[62] This atmospheric budget approach provides a quasi-
independent estimate of £ but can be applied only to areas
large enough that errors in estimates of atmospheric con-
vergence are small [Lettenmaier and Famiglietti, 2006].
Studies show that monthly estimates of E from the atmo-
spheric water balance method match favorably with those of

the Tropical Rainfall Measuring Mission (TRMM), with
correlation coefficients of 0.69. However, the accuracy of
annual average E estimates has been significantly less (cor-
relation coefficient dropping to 0.19) [Roads, 2003] due to
the accumulation of the systematic errors in the reanalysis
data.

3.7. Comparisons of the Methods

[63] Methods that observe or estimate AE all have
assumptions, and intercomparisons of the methods help to
identify their advantages and disadvantages. This section
surveys published intercomparisons between the various A\E
observed or estimated from methods discussed above
(Table 2).

[64] The surface water balance method and atmospheric
water balance methods can only estimate £ at low temporal
resolution over a large region. Their scales are substantially
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different from those of other methods, which can estimate £
at higher temporal resolution, e.g., 30 min, at finer spatial
resolution. The flux footprint of BR and EC are similar
[Horst, 1999], while the flux footprint of a scintillometer
depends on the distance between transmitter and receiver.
The footprint depends on wind speed and direction,
stability, and measurement heights, and it may be more than
100 times the maximum height of measurement for the
BR and EC techniques [Angus and Watts, 1984; Kanemasu
et al., 1992].

[65] The AE estimates from scintillometers depend on the
MOST functions as calibrated with EC measurements.
Therefore, studies have generally found that scintillometers
agree with EC measurements (Table 2). Some studies
reported that scintillometer-derived H is higher than that of
the EC technique [Chehbouni et al., 2000; Hoedjes et al.,
2007; Lagouarde et al., 2002; Von Randow et al., 2008],
an overestimation that has been attributed to the selection
of the roughness parameterization and universal function of
MOST [X. D. Zhang et al., 2010] or to a selection of
instrument type [Kleiss! et al., 2009, 2008].

[66] Weighable lysimeters supply independent measure-
ments of £. However, they represent a much smaller area
than that of the EC and BR measurements. Consequently,
comparisons between lysimeter and BR and EC measure-
ments have much scatter. Generally, AE measurements by
EC have values that are a little lower than those of weighable
lysimeter measurements, while those by BR have values a
little higher (Table 2).

[67] Comparisons between EC and BR measurements are
the most widely reported, as they have similar footprints.
Table 2 shows that EC-measured H can be less or equal to
the BR-measured H, while the EC-measured AE is consis-
tently and significantly less than BR-measured \E [Brotzge
and Crawford, 2003; Dugas et al., 1991].

[68] In addition, estimates of H from the surface renewal
analysis method are found to be in good agreement with the
values measured by scintillometers [4nandakumar, 1999]
and EC [Castellvi and Snyder, 2009; Castellvi et al., 2006,
2008]. H estimated from the flux variance method has also
demonstrated good agreement with surface renewal analysis
[Katul et al., 1996] and EC methods [Kustas et al., 1994].
Therefore, the energy closure issue of the EC technique has
been regarded by many scientists to be a result of an
underestimation of AE [Castellvi et al., 2006, 2008]. In
particular, the MOST-based method and the surface renewal
method derive similar A at both arid and humid sites, but
both methods have higher AE estimates than that of the EC
method [Zhao et al., 2010b]. Studies shown in Table 2 tend
to support this conclusion. Other evidence also demonstrates
that the EC technique tends to accurately estimate H while
substantially underestimating AE [Asanuma et al., 2005;
Brunsell et al., 2008; Castellvi et al., 2006, 2008; Yang
et al., 2004].

3.8. Partitioning of Total E

[69] The partitioning of total £ in a model between
evaporation and transpiration influences its sensitivity to
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environmental factors. For example, evaporation from soil
can tap only near-surface water because deeper soil layers
become largely disconnected from the surface during the dry
season for bare soil [Heitman et al., 2008]. Transpiration, on
the other hand, extracts soil water from the rooting zone,
down to a meter or more (Figure 2 and Figure 8). Observa-
tions in a semiarid olive orchard site showed that the soil
evaporation rate to be positively correlated with VPD but
not the transpiration [Williams et al., 2004]. Soil evaporation
occurs primarily during and immediately after P, but tran-
spiration more slowly taps deeper soil water and depends on
biological controls as well as solar radiation (Ry).

[70] Transpiration is overall the largest contributor to total
terrestrial evapotranspiration [Dirmeyer et al., 2006; Lawrence
et al., 2007]. When it is incorrectly partitioned into its three
components, the £ from land surface models may have the
wrong sensitivity to environmental factors and so may pro-
vide questionable predictions of how E varies climatically.
Section 3.8.1 will focus on how the partitioning of total £
into its three components is measured.

3.8.1. Transpiration
3.8.1.1. Sap Flow Technique

[71] Transpiration rates for whole plants, individual bran-
ches, or tillers can be determined by techniques that measure
the rate at which sap ascends through stems [Rana and
Katerji, 2000; Shuttleworth, 2007; Smith and Allen, 1996].
Three sap flow techniques have been widely used to measure
tree transpiration in forests: heat pulse velocity, tissue heat
balance, and radial flowmeters (for reviews, see Swanson
[1994]). In tissue heat balance methods, the stem is heated
electrically and the heat balance is solved for the amount of
heat taken up by the moving sap stream, which is then used
to calculate the mass flow of sap in the stem. For heat pulse
methods, short pulses of heat and the mass flow of sap are
determined from the velocity of the heat pulses moving
along the stem.

[72] Absolute sap flux rates are estimated by transforming
sap velocity to sap flux density via specific wood density
and multiplying flux density with conducting sapwood area.
Sapwood depth and the number of growth rings within
sapwood are important factors affecting flux density [Dye
et al., 1991]. Depending on site conditions and tree species,
the sapwood cross-sectional area within trees (and within the
stand) may vary from rather regular (e.g., plantations, con-
stant growing conditions) to very irregular [Dye et al., 1991;
Phillips et al., 1996]. The sap flow method suffers from
sampling errors caused by the nonuniformity of flow across
the sapwood and the spatial variability of sapwood cross
sections throughout the forest [Ferndndez et al., 2006;
Saugier et al., 1997].

[73] To scale up from trees to landscape, measurements
have to be made on a representative sample of trees [Smith
and Allen, 1996]. The variability of sap flux densities
among trees is usually low (10-15%) in close stands of
temperate coniferous or deciduous forests but is much higher
(35-50%) in a tropical rain forest. This variability also
increases during a dry spell [Granier et al., 1996]. A set of
10 sap flow sensors usually provides an accurate estimate of
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stand transpiration [Granier et al., 1996], but the require-
ment for the number of sap flow measurements can be
more depending on species, conducting type of the xylem,
and spatial heterogeneity of the site [Kdstner et al., 1998].
Furthermore, it is difficult to use sap flow in estimating the
E from the understory. The understory accounted observa-
tionally for about 50% of total E at a site in eastern Siberia,
Russia [Kelliher et al., 1997].

[74] Intercomparisons have indicated that sap flow mea-
surements give transpiration values similar to those obtained
by the water balance method [Granier, 1987]. Ecosystem-
level transpiration and soil evaporation estimated by the
isotope approach were within 4% and 15% of those esti-
mated by scaled sap flow, respectively [Williams et al.,
2004].

[75] Sap flow probes can be typically left in place during
one vegetation period, without any apparent modification of
water transfer properties of the xylem [Kostner et al., 1998].
Tissue heat balance as well as heat pulse velocity methods
are appropriate for continuous long-term measurements of
tree xylem sap flow [Késtner et al., 1998]. Sap flow can
separate tree transpiration from total forest water vapor flux
with the help of the EC technique [Kdstner et al., 1998;
Sauer et al., 2007]. Furthermore, this technique can be used
to examine the spatial heterogeneity of fluxes within forest
stands.
3.8.1.2. Stable Isotope Technique

[76] Use of stable isotopes of water to determine the pos-
sible origins of water used by vegetation relies on the prin-
ciple that the isotopic composition of water in a plant is the
same as that of the source of water used by the plant; this is
generally the water in nearby soil, from where it is extracted
by the roots [Brunel et al., 1997]. The approach of using
stable isotopes of water to determine water sources of veg-
etation relies upon a number of assumptions [Brunel et al.,
1995], as follows: (1) There is no isotopic fractionation of
water when it is extracted by the roots; (2) there is no sig-
nificant change in the isotopic composition of sap water
within the plant except in the vicinity of the leaf; (3) no
significant errors are associated with the sampling of iso-
topes or in the extraction and analysis of water from plants
and soil; (4) the isotopic composition of the soil water is
laterally homogeneous within the rooting area; and (5) the
time of sampling was such that time delays associated with
transport of isotopes up the plant were not important.

[77] The partitioning of E into transpiration and evapo-
ration can be assessed using continuous measurements of
near-surface variations in the stable isotopic composition of
water vapor [Liu et al., 2010; Rothfuss et al., 2010; L. X.
Wang et al., 2010]. The catchment scale £ was derived
from the long-term P and Q data. Using stable isotope data
for P and Q along with other hydrometeorological infor-
mation, £ can be partitioned into evaporation from soil and
water surfaces, evaporation from intercepted rainfall, and
transpiration [Ferguson and Veizer, 2007; Lee et al., 2010].
3.8.2. Canopy Interception

[78] Interception by the canopy of P (i.e., canopy eva-
poration) can be measured with two rain gauges, one
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measuring total rainfall and the other measuring the rainfall
under vegetation, so that the interception is calculated as a
difference between these two numbers (gross and net rain-
fall) measured by the rain gauges [Herbst et al., 2008].
However, this term is highly variable [Bréda et al., 2006]
due to (1) rain gauge measurements under the canopy being
highly dependent on vegetation structure, making them
highly variable in space at small scales; (2) climate, espe-
cially rain intensity distribution and irradiance, WS and
VPD; (3) tree species (higher interception rates are generally
recorded in coniferous stands); and (4) leaf area index, upon
which the water storage capacity of canopies depends
directly. Even the most commonly used methods [Gash
et al., 1995] to estimate intercepted P may have substantial
errors [Klaassen et al., 1998; Zhang et al., 2006]. Fog may
be another important source for canopy water [Brauman
et al., 2010; Katata et al., 2010; Liu et al., 2010].
3.8.3. Ratio of Transpiration to Total E

[79] The ratio of transpiration to total £ depends on veg-
etation coverage, surface wetness, and the availability of soil
water for vegetation root transpiration uptake. In an arid and
semiarid olive orchard site, transpiration may account for
100% of the total E prior to irrigation, but only 69—-86% of E
during peak midday fluxes over the 5 day period following
irrigation [ Williams et al., 2004]. However, when the surface
is wet and vegetation coverage is low, soil evaporation tends
to dominate [Gong et al., 2007]. The ratio of plant transpi-
ration to total £ increases with vegetation coverage, reaching
up to 0.87 during the growing period at an apple orchard
[Gong et al., 2007]. Observations show that on average,
transpiration accounts for about 70% of £ in the Amazonian
tropical forest [Kumagai et al., 2005].

4. ENVIRONMENTAL AND BIOLOGICAL
CONTROLS OF E

[so] Table 4 lists recently published studies as to what
controls E under different conditions. Generally, vegetation
plays an important role under conditions from arid to humid.
Recent modeling studies have confirmed this dependence on
vegetation [Jung et al., 2010; Wang et al., 2010b]. Interannual
changes in vegetation activity predominantly control inter-
annual changes in £ in the growing season [Lawrence et al.,
2011; Suzuki et al., 2007]. Satellite-derived vegetation indices
can be related to E [Glenn et al., 2010]. Sections 4.1-4.6 will
discuss the controls in specific climate regions.

4.1. Tropical Rain Forests

[s1] Most humid lands are characterized by shallow water
tables that may be reached by deep roots in a forest during
dry seasons [Rodriguez-Iturbe et al., 2007]. Turbulent flux
measurements have also shown that R, controls the seasonal
variation of E over the rain forest in Amazonia [Costa et al.,
2004, 2010; Fisher et al., 2009; Hutyra et al., 2007], a result
confirmed by analysis of surface water budget over the
Amazon River basin [Hasler and Avissar, 2007; Nepstad
et al., 1994]. These observations support the hypothesis that
most Amazonian trees sustain elevated £ rates during the dry
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season through deep roots, which tap into large reservoirs of
soil water that are replenished during the following wet
season [Judrez et al., 2007; Karam and Bras, 2008]. Studies
show that the deeply rooted systems of the Amazon rain
forests can resist drought for up to 1-2 years [Baker et al.,
2008; Markewitz et al., 2010], although how sensitive the
Amazon forests are to severe drought has not been estab-
lished [Huete et al., 2006; Lima et al., 2010; Myneni et al.,
2007; Phillips et al., 2009; Saleska et al., 2007; Samanta
et al., 2010]. Differences in drought tolerance of tree spe-
cies can have a strong impact on the soil water extraction
during periods when available soil water is low [Bittner
et al., 2010].

[82] In particular, Saleska et al. [2007] found from satel-
lite-derived enhanced vegetation index (EVI) that the Ama-
zon forest greened-up more during the 2005 severe drought
than during nondrought years. Fewer clouds during drought
permit more R, to reach the surface and the forest to become
greener [Huete et al., 2006; Myneni et al., 2007]. However,
other studies [Samanta et al., 2011, 2010] indicated that the
Amazon forests did not green-up during the 2005 drought
after they removed cloud-contaminated EVI data, but a
recent study reconfirmed that EVI over the Amazon during
the 2005 drought was larger than that for normal years [Zhao
and Running, 2010]. However, the same paper also con-
firmed that both gross primary production and net primary
production over the Amazon were less in 2005 than in nor-
mal years [Zhao and Running, 2010]. A special issue on the
Amazonian rain forests and drought has been published
[Meir and Woodward, 2010; Tollefson, 2010]. Thirteen
papers of this special issue cover studies using model,
remote sensing, and ground measurements and show that
researchers are still grappling with the impact of the drought
on plant growth [Tollefson, 2010].

[83] As the carbon uptake and transpiration rates are
tightly coupled, this debate has important implications for
the climatic variation of £ in the Amazon during the 2005
drought. Evidently we lack reliable estimates of these vari-
ables. The most reliable data for understanding the response
of forests to drought are ground measurements, but these
inevitably are limited in their spatial and temporal coverage.
Remote sensing offers a partial solution, but any remote
sensing—based assessment of ecological responses remains
uncertain in the absence of good correlations with ground
data [Meir and Woodward, 2010], as is also the case for
simulations with land models.

[84] Evidence for deep-rooted vegetation has been repor-
ted from many regions [Canadell et al., 1996; Schenk and
Jackson, 2002; Stone and Kalisz, 1991]. Such roots have
an important impact on E [Guswa, 2008]. For example, the
highest transpiration rates occur during dry summer in
southern Portugal [David et al., 2004], Thailand evergreen
forests [Kume et al., 2007], Australian savannas [O 'Grady
et al., 1999], and secondary woody vegetation in the Brazilian
Amazon [Sommer et al., 2002]. However, with shallow roots,
the £ may be reduced because of water stress during dry
periods [Kume et al., 2007; Vourlitis et al., 2002].
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4.2. Semiarid and Arid Regions

[85] In semiarid and arid areas, P is the dominant factor in
determining £. Annual E is generally equal to a large frac-
tion of the total P [Ferguson and Veizer, 2007]. However,
where roots of the vegetation reach groundwater, P may not
be a good indication of annual E. For example, it was equal
to P at a savanna site in tropical Australia but greater than P
at a forest site during a drought year because trees were able
to extract water from deep within the soil profile [Leuning
et al., 2005]. Transpiration shows a significant linear corre-
lation with R,, T,, and RH in a desert riparian forest in
an extreme arid region [Si et al., 2007]. In another study in
an arid region, observations found that variation in VPD
accounted for 75% of the variation in tree conductance
[Chang et al., 2006].

[s6] Vegetation in semiarid regions often depends on
underground water. However, only in recent years has the
impact of surface water—underground water interaction on
vegetation transpiration become a subject of major research
interest [Kalbus et al., 2006]. If this dependence were not
considered, £ would be substantially underestimated during
the dry season [Jiang et al., 2009]. Furthermore, the
recharge of soil moisture in semiarid regions depends on the
P intensity. Only frequently intense storms resulted in
infiltration to the root zone, increasing water availability for
uptake by deeper roots in a semiarid forest site [G. Wang
et al., 2010; Yaseef et al., 2010]. Rainfall with pulses of
less than 20 mm did not significant increase transpiration in
a water-limited Australian woodland [Zeppel et al., 2008].
However, observations have shown that areas in Africa with
similar seasonal rainfall totals have higher fractional woody
cover if the local rainfall climatology consists of frequent,
less intense P events [Good and Caylor, 2011].

[87] Another factor that buffers effects of water stress from
P deficits on E is irrigation. Approximately 16% of the
world’s cropland uses irrigation to supplement its situ rain-
fall [Food and Agriculture Organization of the United
Nations (FAOUN), 1991], and between 1961 and 2002, the
area of irrigation in Asia more than doubled [Mukherji et al.,
2009]. Irrigation affects both £ and Q. In particular, the
long-term average river Q has decreased by more than 10%
on one sixth of the global land area due to irrigation [Doll
et al., 2009]. Globally, the supply of irrigation water from
reservoirs increased from around 18 km® yr—' (adding 5% to
the surface water supply) at the beginning of the twentieth
century to 460 km® yr~' (adding almost 40% to surface
water supply) at the end of the twentieth century [Biemans
etal.,2011].

4.3. Boreal Forests

[s8] High-latitude ecosystems have generally less E than
do freely evaporating surfaces [Eugster et al., 2000; Kelliher
et al., 1997; Saugier et al., 1997; Sellers et al., 1995], and
evergreen conifer forests have a canopy conductance that
is half that of deciduous forests [Eugster et al., 2000].
Most boreal forests are not water stressed because of their
slow transpiration. Available energy is the most important
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parameter in determining £ in these ecosystems [Admiral
et al., 2006; Nemani et al., 2003; Saugier et al., 1997]. E in
boreal forests is also related to VPD [Admiral et al., 2006;
Hogg and Hurdle, 1997; Kelliher et al., 1997]. In particular,
observations at a southern boreal forest and aspen parkland
of Saskatchewan, Canada, showed transpiration to increase
linearly with VPD from 0 to about 1 kPa but then to remain
remarkably constant at VPD > 1 kPa [Hogg and Hurdle,
1997]. During drought, 6 [Kelliher et al., 1997] or moss
water content [Admiral et al., 2006] may affect E over boreal
forests, but the response to 6 was found to be very small
even in peak drought at a boreal aspen forest because even
though near-surface soil water was depleted, the water table
remained in the root zone [Krishnan et al., 2006].

4.4. Wetland or Peatland

[s9] A wetland is not water stressed, and observations
show that potential evaporation may supply a good proxy
estimate of E over it [Mao et al., 2002]. Its observed value is
closely related to its potential value as calculated from the
Penman equation (equation (7)) [Jacobs et al., 2002; Lafleur
et al., 2005].

[90] However, over a wetland, the additional effect of
vegetation complicates estimation of £ as compared to open
water. A wetland £ may be predominantly controlled by
vegetation composition [Brown et al., 2010; Juan and Shih,
1997], and values larger than that of open water were
observed over a natural wetland and attributed to surface
heterogeneity and related roughness effects [Lott and Hunt,
2001; Pauliukonis and Schneider, 2001]. Northern peat-
lands have lower latent and higher ground heat fluxes than
those over other peatlands [Sottocornola and Kiely, 2010].

[01] Observations also indicate that the controlling factors
over a wetland are different for different time scales ana-
lyzed. Based on the analysis of seasonal variation, during
summer months, E from the wetland was driven primarily by
R, whereas it was driven by VPD in an upland forest.
During the leaf expansion period in the upland forest, the
dominant driver was R,. Interannually, however, the E from
the upland forest exhibited near-linear responses to VPD
[Mackay et al., 2007].

4.5. Temperate Regions

[92] The E in temperate regions is complicated, with no
one driving variable being dominant. A comprehensive
analysis of the direct and indirect impact of 8, VPD, and R,
on surface energy partitioning was conducted at a U.S.
temperate deciduous forest site [Gu ef al., 2006]. The direct
effect of @ is a rapid decrease in the Bowen ratio § with
increasing 6 for dry soil but an insensitivity of the 3 to
variations in 6 when the soil was wet. The rate of decrease in
the 3 when the soil was dry and the level of § above which
the 3 became insensitive to changes in 6 depend on atmo-
spheric conditions. The direct effect of increased R, is to
increase the (8. The direct effect of VPD is very nonlinear:
Increasing VPD decreases the 3 at a low VPD but increases
the 3 at a high VPD. The indirect effects are much more
complicated [Gu et al., 2006].
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[93] Annual E was found to vary with P, while R, (or
photosynthetically active radiation, or PAR) was only a
minor source of variability in £ over a broadleaved decidu-
ous forest [Wilson and Baldocchi, 2000]. However, PAR
and VPD together explained 82% of the daytime hourly
variation transpiration in a mixed hardwood forest in north-
ern Michigan [Bovard et al., 2005].

[94] In temperate regions, tolerance to drought depends on
root depth and groundwater table level. £ at EUROFLUX
sites in 2003 was reduced by drought, due to stomatal clo-
sure, when the relative extractable water in soil dropped
below 0.4 in 2003 during a severe drought [Granier et al.,
2007]. A higher sensitivity to drought was found in beech
and in broadleaved Mediterranean forests. The coniferous
stands appeared to be less drought-sensitive [Granier et al.,
2007].Woody vegetation has a stronger tolerance to long
droughts than grass [Detto et al., 2006; Granier et al., 2007].

4.6. Nighttime E

[95] At the leaf scale, it is a long-held assumption that
stomata close at night in the absence of light, causing tran-
spiration to decrease to zero. £ models generally rely on R,
as an upper bound, and some models reduce E to zero at
night when there is no R, [Dawson et al., 2007; Fisher et al.,
2007]. Advances in sap flow methods [Burgess et al., 2001;
Granier et al., 1996, Kostner et al., 1998] have facilitated
precise and continuous measurement of plant water use over
day-night cycles. Nighttime transpiration and nighttime
nonzero stomatal conductance to water vapor have been
found to be widespread among a range of tree and shrub
species, both C3 and C4 plants, inhabiting a broad range of
environments [Dawson et al., 2007; Snyder et al., 2003].

[96] Observations indicate that nighttime transpiration
may constitute a significant fraction of the total transpiration
[Novick et al., 2009], with higher rates in plants for wetter
soil and in plants from ecosystems that are less prone to
atmospheric or soil water deficits [Dawson et al., 2007].
VPD and T, were both well correlated with nighttime tran-
spiration at two AmeriFlux sites in California [Fisher et al.,
2007; Tolk et al., 2006]. Another study showed nighttime
total £ to be driven primarily by WS and VPD [Novick et al.,
2009]. The ratio of nighttime to daily total £ may increase
with surface wetness, varying from 3% to 12% at an irri-
gated cropland in a semiarid environment [7olk et al., 2006].

4.7. Impact of CO; on E

[97] At the leaf level, stomatal apertures tend to close in
response to increased CO, concentrations [Ball et al., 1987],
as reported in numerous experiments (Table 5). Most of
these studies have used open-top chambers in which plants
are exposed to higher CO, concentrations while 7,, RH, and
R, are kept at ambient levels. Large deviations of the sensi-
tivity of stomatal conductance to increased CO, occur in
Table 5 [Hetherington and Woodward, 2003; Kruijt et al.,
2008].

[98] However, the response of transpiration and A\E to
elevated CO, is complicated. The reduction in stomatal
conductance effectively reduces water loss associated with
CO, uptake through the same stomata. In this way, water use
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TABLE 5. Observed Effects of CO, Increases on Stomatal Conductance g, Modified From Kruijt et al. [2008]
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Vegetation/Species [CO,] (ppm) Agilg (6, %) References Crop Height (cm) Photosynthesis Type
Potato 680 —59 (6) Cure and Acock [1986] 30 C3
Potato 700 —32(30) Bunce [2004] 40 C3
Alfalfa 700 —15 Bunce [2004] 50 C3
Birch 700 —10 (10) Beerling et al. [1996] 1000 C3
Birch 800 —25%(10) Wayne et al. [1998] 50 c3
Beech 700 —12 (10) Beerling et al. [1996] 1000 C3
Beans 700 —38 (10) Bunce [2004] 50 C3
Trees 550 —15.9 (2.4) Ainsworth and Long [2005] 1000 C3
Brassica campestris 600 —41 Mishra et al. [1999] 20 C3
Brassica carinata 600 —83 Mishra et al. [1999] 20 C3
Brassica juncea 600 -20 Mishra et al. [1999] 20 C3
Brassica nigra 600 —28 Mishra et al. [1999] 20 C3
Douglas fir 550 —40 (43) Apple et al. [2000] 150 C3
Oak 700 —30 (10) Beerling et al. [1996] 1000 C3
Alder 600 -29 Liang et al. [1995] 150 C3
Alder 900 —43 Liang et al. [1996] 150 C3
Forb 550 —18.7 (5.1) Ainsworth and Long [2005] 50 C3
Barley 680 —52 (30) Cure and Acock [1986] 100 C3
Barley 700 —33(8) Bunce [2004] 50 C3
Grass 550 —22.2 (5) Ainsworth and Long [2005] 20 C3
Grass 550 —24.9(7.2) Ainsworth and Long [2005] 50 C4
Grass 700 -33 Bunce [2004] 20 C3
Peat bog 560 —25% Heijmans et al. [2001] 20 C3
Young tree 700 -25(3) Medlyn et al. [1999] 150 C3
Legume 550 —229 (4.1) Ainsworth and Long [2005] 50 C3
Lolium perenne 700 —20° Schapendonk et al. [1997] 20 C3
Maize 680 —-37 (3.5) Cure and Acock [1986] 200 C4
Aspen poplar 560 -30 Noormets et al. [2001] 200 C3
Soybean 680 —23(1.5) Cure and Acock [1986] 50 C3
Soybean 700 —25° Serraj et al. [1999] 50 C3
Shrub 550 —11.6 (3.9) Ainsworth and Long [2005] 200 C3
Wheat 680 —22(15) Cure and Acock [1986] 50 C3
Adult tree 700 -9(5) Medlyn et al. [1999] 2000 C3
Winter wheat 700 -21° Dijkstra et al. [1999] 50 C3
Summer wheat 550 -30 Hunsaker et al. [2000] 50 C3
Summer wheat 600 -17 Agrawal and Deepak [2003] 50 C3

“Derived from evapotranspiration measurements [Witte et al., 2006]. Where possible, an estimate of standard error (§) is given.

efficiency is increased. Elevated CO, usually leads to
enhanced biomass production. If this enhancement is com-
bined with increased water use efficiency, it may lead to a
near-zero net direct CO, effect on E [Kruijt et al., 2008].
Furthermore, a reduced E leads to less depletion of soil
water, hence less water stress, hence more growth, and thus
less reduction of £ [Kruijt et al., 2008], a feedback that may
be important, especially in drier climates and with natural
vegetation.

5. SATELLITE RETRIEVAL OF E

[99] This section concentrates on satellite retrieval algo-
rithms for E, their limitations and assumptions associated
with these algorithms, and their capability for estimating
climatic variability of E. Satellite remote sensing provides
reasonable estimates of land surface variables, but these
estimates do not measure E. Therefore, most satellite E
algorithms relate satellite-derived land surface variables to £
using either MOST or the Penman-Monteith equation.

[100] During the past decade a large number of techniques
have been proposed to estimate E from satellite observations
[Kalma et al., 2008; Mercado et al., 2009]. Methods that use
the surface air temperature gradient require unbiased 7,, — T
retrievals and 7, interpolated from ground-based point

measurements [7immermans et al., 2007]. Two different
approaches have been proposed to reduce the sensitivity of
the flux estimates to uncertainties of 7 and 7,: (1) methods
using the temporal variation of T [Anderson et al., 1997,
Caparrini et al., 2003, 2004b; Norman et al., 2000] and
(2) methods using the spatial variation of 7y [Carlison,
2007; Jiang and Islam, 2001; K. Wang et al., 2006]. Many
empirical or semiempirical models relate £ to more easily
obtained data for radiation, temperature, satellite-derived
vegetation index (VI), and VPD from meteorological
observations [J. B. Fisher et al., 2008; Jung et al., 2009;
Sheffield et al., 2010; Wang and Liang, 2008; Wang et al.,
2010b].

[101] The issue of satellite remote sensing of E has been
reviewed [Kustas and Norman, 1996; Moran and Jackson,
1991; Quattrochi and Luvall, 1999], and Overgaard et al.
[2006] addressed it from a hydrological perspective and
with particular reference to plant sciences, agronomy, and
irrigation applications [Glenn et al., 2007; Gowda et al.,
2007]. Progress in the measurement and modeling of crop
evaporation has been surveyed including also the use of
remote sensing for mapping AE across large areas and to a
lesser extent for irrigated areas [Farahani et al., 2007].
Ground-based and remote sensing methods for assessing £
and 6 content across different scales of observation have
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Model

Advantages

Disadvantages

Conditions for Best Performance

One-source model

Two-source model

Two-source time
differencing model

T,-VI model

Empirical model

Pemnan-Montheith equation

Assimilation method

does not require local calibration

reduced sensitivity to absolute 7y — 7,
differences; no local calibration needed
and if coupled to boundary layer
growth, no observation of 7, required

low sensitivity to errors of 7; does not
require 7, or wind speed

simple, low requirements
of accuracy of T, T,
simple, low requirements
of accuracy of T, T,
temporal integrated estimation

requires parameterization of
excessive resistance; high sensitivity
to errors of 7 and 7,; only available
for clear-sky conditions
sensitive to errors of 7 and 7; only
available for clear-sky conditions

requires geostationary 7T
observations under clear-sky
conditions and early morning
sounding for determining
inversion lapse rate
relationship between \E and T
complicated with temperature and
energy control on AE; only available
for clear-sky conditions
most models need local calibration

most models need local calibration

high sensitivity to errors of 7, and T,

dry and sparse surface
with large 7, — T,

partial vegetation cover conditions
with significant differences between
soil and canopy temperatures
partial canopy cover conditions with
good regional boundary layer
development (convective conditions)

middle latitude where soil
moisture determines A\E

depends on calibration data

depends on calibration data

dry and sparse surface

with large Ty — T,

been reviewed comprehensively [Verstraeten et al., 2008],
and methods for estimating £ with 7 at local, regional, and
continental scales have been reviewed [Kalma et al., 2008;
Z. L. Li et al, 2009], with particular emphasis on studies
published since the early 1990s. Table 6 gives a brief sum-
mary of the algorithms reviewed here from a long-term
variability and trends perspective.

5.1. One-Source Models

[102] One-source models were first proposed to estimate
AE and H from satellite thermal infrared observations in the
1980s. Many one-source models use satellite-derived 7 at a
certain view angle to replace the aerodynamic temperature
(T,) in equation (4) to estimate H. The AE is then estimated
as a residual of surface energy budget, i.e., equation (1),
given G is known or estimated [Clothier et al., 1986;
Jacobsen, 1999; Kustas and Daughtry, 1990; Kustas et al.,
1993] as

G=R, (a-VI+b), (17)
where VI is vegetation index and a and b are constants.

[103] One widely used one-source model is the Surface
Energy Balance Algorithm for Land (SEBAL) algorithm
[Bastiaanssen et al., 1998a, 1998b]. This algorithm requires
only field information on short wave atmospheric transmit-
tance, Ty, vegetation height, empirical relationships for dif-
ferent geographical regions, and time of image acquisition.
Its empirical relationships require local calibration [7eixeira
et al., 2009a, 2009b].

[104] Another well-known one-source model is the Sur-
face Energy Balance System (SEBS) [Su, 2002]. SEBS
estimates A and AE from satellite data and routinely avail-
able meteorological data, and it has been widely used with
high-resolution (Landsat, and Advanced Spaceborne Thermal
Emission and Refection Radiometer, or ASTER) or modest-
resolution satellite data (Moderate Resolution Imaging

Spectroradiometer, or MODIS) [French et al., 2005; Su
et al., 2005].

[105] The aerodynamic temperature (7,) at the surface
used in equation (4) is a temperature near the surface where
the surface turbulent exchanges of water and heat in the
constant flux layer originate [Norman and Becker, 1995].
Satellite-derived 7 is a radiative temperature of the land
surface within a roughness layer. It is separated from 7,
because within a roughness layer water vapor and heat
exchange primarily depend on molecule diffusion, which
requires much larger gradients than the turbulent exchange
in the constant flux layer, as defined by 7,. The universal
stability functions that are used to calculate aerodynamic
resistance r, in equation (4) are not valid in the roughness
layer [Sun et al., 1999]. The system is more complicated for
sparse vegetation, i.e., where 7 is a mixture, depending
on view angle, of canopy and soil radiative temperatures.
During daytime 7 can be much higher than T, especially
for bare soil or sparsely vegetated surfaces [Chehbouni
et al., 1996; Friedl, 2002]. Therefore, use of T, for T, in
equation (4) may result in a significant overestimation of H
[Sun et al., 1999].

[106] Consequently, the utility of satellite-derived 7
for estimating A\E has been questioned [Hall et al., 1992;
Shuttleworth, 1991]. However, in many models, this
overestimation of A has been corrected by including in
equation (4) an excess resistance to heat exchange, r., =
kB! = In(z,,/z;), a function of roughness height for momen-
tum transfer (z,,) and roughness height for heat transfer (z;,)
[Bliimel, 1999; Kustas and Anderson, 2009; Su et al., 2001;
Verhoef et al., 1997]. Over sparse vegetation, kB~ ' can be
very large and variable. It is a function of the structural
characteristics of the vegetation (e.g., leaf area index, or
LAI), the level of water stress, the view angle of the radi-
ometer, and the climatic conditions [Bliimel, 1999; Kustas
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TABLE 7. Summary of Validation and Application of
Two-Source Models

Citation Validation Data

Monsoon ’90: Arizona semiarid
grassland FIFE: Kansas and
Oklahoma grasslands

Monsoon ’90 (Arizona); FIFE

FIFE

Arizona, cropland: cotton

Monsoon *90, SGP97: shrubland,
rangeland/grassland, pasture, bare soil
riparian salt cedar

SGP97

SGP97

Oklahoma Atmosphere Surface-layer
Instrumentation System (OASIS):
pasture, scrub, agricultural

SMACEX/SMEXO02: cropland, corn,
and soybean

SMACEX/SMEX02

SMACEX/SMEX02

Monsoon ’90

Monsoon ’90

Norman et al. [1995]

Zhan et al. [1996]
Anderson et al. [1997]
Kustas and Norman [1999]
Norman et al. [2000]

Kustas et al. [2003]
Norman et al. [2003]
Anderson et al. [2004]

Kustas et al. [2004]

Hogue et al. [2005]
Anderson et al. [2007b]
Kustas et al. [2007]
Timmermans et al. [2007]

Agam et al. [2008] SMACEX/SMEX02

Li et al. [2008] SMACEX/SMEX04: semiarid shrub
and grass

Anderson et al. [2008] SGP97

Gonzalez-Dugo et al. [2009] SMACEX/SMEX02

Kustas and Anderson [2009] shrub and riparian tree

and Anderson, 2009; Lhomme and Chehbouni, 1999;
Lhomme et al., 2000; Su et al., 2001; Verhoef et al., 1997,
Yang et al., 2009].

5.2. Two-Source Models

[107] Two-source models have been proposed to improve
the accuracy of A\E estimates using satellite remote sensing
data, especially over sparse surfaces [Blyth and Harding,
1995; Dolman, 1993; Huntingford et al., 1995; Kabat et al.,
1997; Norman et al., 1995; Shuttleworth and Wallace, 1985,
Wallace, 1997]. The model proposed by Norman et al. [1995]
and subsequent improvements are reviewed here.

[108] A two-source model divides the surface into soil and
vegetation components, and both parts transfer H and AE to
the atmosphere above the surface. A similar division is
made in most current land components of climate models.
Satellite-derived Ty, is considered to be a composite of the
soil (Ty;) and canopy temperatures (7,..), and H and A\E
are also divided into soil and vegetation contributions.
Canopy AE can be estimated with the Priestley-Taylor
equation [Priestley and Taylor, 1972] (equation (14)). The
two-source models use iteration to obtain T,y and Te4
from satellite-derived Ty, using an initial value of 1.3 for the
«a [Anderson et al., 2008; Kustas and Anderson, 2009].
Under moisture-stressed conditions, this nominal value of
the o will overestimate \E,,, and yield negative soil evap-
oration (AE,,;). This negative A\Ej,; is regarded as a non-
physical solution during the daytime. The « is therefore
iteratively reduced until AE,; approaches zero to obtain a
final «, as well as T,; and T,,,. The AE and H are then
calculated from these estimates.
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[109] This modeling scheme has been demonstrated to
provide reasonable estimates of system latent heating over a
wide range of climatic and vegetation cover conditions
[Anderson et al., 2004; Li et al., 2008; Norman et al., 1995,
2003]. However, observations have shown that soil evapo-
ration is an important component of total £ (see section 4).
Hence, the above described iteration may result in an over-
estimation of E,,. In a recent study [Anderson et al., 2008],
the canopy transpiration is replaced by

_ es(Theg) — €
e Te+ The

(18)

where r. is computed by using an analytical function
involved the nominal canopy light-use efficiency [Anderson
et al., 2000].

[110] Both the one- and two-source models are sensitive to
their use of the temperature differences to estimate H. For
example, Timmermans et al. [2007] showed that a +3 K
error in 7 results in an average error about of 75% of H
for a typical one-source model [Bastiaanssen et al., 1998a,
1998b] and an averaged error of about 45% for the two-
source method [Norman et al., 1995] over subhumid grass-
land and semiarid rangeland. The methods require unbiased
T, retrievals and T, interpolated from ground-based point
measurements. Attempts at estimating spatial variability in
T, at regional scales with remote sensing suggest an uncer-
tainty of 3—4 K [Goward et al., 1994; Prince et al., 1998].
The uncertainties associated with the T retrievals are on the
order of several kelvins [Wang et al., 2007a; Wang and
Liang, 2009]. Consequently, except in areas of low vegeta-
tion cover, this derived 7, — T, may be comparable in value
to its uncertainty [Caselles et al., 1998; Norman et al.,
20001].

[111] Several methods have used time series of satellite-
derived 7, to reduce the sensitivity of the flux estimation
to errors [Anderson et al., 1997, 2007a, 2007b; Mecikalski
et al., 1999; Norman et al., 2000]. These two-source models
have been evaluated over a broad range of cover and climate
conditions in grass and croplands in semiarid, subhumid,
and humid climates, sparse shrub and grasslands, and
densely vegetated riparian sites in arid climates and for
canopies having unique canopy structures (e.g., orchards and
vineyards) (see Table 7). More testing and validation of the
two-source model will be undertaken with particular atten-
tion to taller canopies (forests) (Bill Kustas and Martha
Anderson, personal communication, 2011).

5.3. T.-VI Space Methods

[112] In contrast to the one or two-source models, the
T,-VI space method uses spatial variation of T to partition
R, into A\E and H. If a sufficiently large number of satellite
pixels are sampled, the shape of the pixel envelope resem-
bles a triangle or trapezoidal 7,-VI space (Figure 6). The
T,-VI method was first introduced by Price [1990]. Its
principle is simple: Absorbed R, heats the surface during the
daytime. However, the T changes at wet surfaces are small
because wet surfaces use more energy for AE and have
higher thermal inertia [K. Wang et al., 2006]. The cooling
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Figure 6. Schematic explaining the Prestley-Taylor parameter, o, from VI-T, space methods. The trap-
ezoid represents the edges of the VI-T§ space. From K. Wang et al. [2006]. Reprinted with permission.

effect of AE and high thermal inertia of wet surfaces together
result in low T or changes of 7,. Therefore, the warm edge
of the T;-VI space has the lowest evaporative fraction or AE,
and the cold edge of the space represents highest evaporative
fraction or AE [Carlson, 2007; Murray and Verhoef, 2007,
Nemani and Running, 1997; Verhoef et al., 1996].

[113] The T;-VI method is based on an interpretation of the
image (pixel) distribution in 7,-VI space [Carison, 2007].
Linear interpretation of the Priestley-Taylor parameter o
is widely used to estimate AE for given surface available
energy (Figure 6) [Jiang and Islam, 2001; Nishida et al.,
2003a, 2003b; K. Wang et al., 2006]:

. A . ];nax - Tz
A + Y T;nax - Tmin

AE = (R, — G)

amin) + Qumin | -
(19)

The Ty and Ty, are derived by visual checks from T-VI
space (Figure 6). The ay,x is the maximum « without sur-
face water stress and o, is often assumed to be zero,
corresponding to the fraction of the energy used for AE over
the driest bare soil. Because the T,-VI method makes use of
the spatial information of 7, it does not need accurate values
of T,, i.e., \E (or evaporative fraction) can be accurately
derived from satellite brightness temperature without con-
verting to T, [Batra et al., 2006]. The AE derived from
equation (19) primarily depends on 7 and does not depend
on VI. Therefore, other methods interpreting spatial varia-
tion of Ty, such as albedo-Ty, also work [Sobrino et al.,
2007].

[114] Because of its simplicity, the 7,-VI method has been
widely accepted. It is reviewed in detail by Petropoulos et al.
[2009] and Carlson [2007]. Some well-known one-source
models, such as SEBS and Mapping Evapotranspiration with

(amax -

high Resolution and Internalized Calibration (METRIC)
[Allen et al., 2007a, 2007b; Tittebrand et al., 2005], also rely
on VI-T space (or similarly albedo-T} space) to estimate AE.

[115] However, model simulations have shown that depen-
dence on the « is not linear as Figure 6 and equation (19) but
rather is highly curved [Carlson, 2007; Mallick et al., 2009].
The dependence of A\E on T (or changes in T) is complicated
because a series of processes are mixed together, i.e., the
cooling effect of A\E, thermal inertia changing with vegeta-
tion, soil moisture and soil texture, and impact of soil mois-
ture, 7, and available energy on AE [Nemani et al., 2003;
Wang and Liang, 2008].

[116] A key assumption of the 7,-VI method is that \E is
negatively correlated with temperature (Figure 6). However,
this is not always the case. In high latitudes and cold areas,
temperature as a major control of AE is generally positively
related to AE [Iwasaki et al., 2010; Nemani et al., 2003].
Therefore, the 7,-VI method is most suitable for a growing
season (range of VI is large enough) in middle-latitude areas
where soil moisture rather than 7, or available energy is the
key control of A\E.

[117] Other sources of uncertainty in applying the 7,-VI
method to operationally estimate AE include [Carison, 2007,
Mallick et al., 2009] the following: (1) The triangle may not
be fully determined if the area of interest does not include a
full range of land surface types and conditions. (2) The tri-
angle method requires some subjectivity in identifying the
warm edge and the dense vegetation and bare soil extremes
[Choi et al., 2009; Timmermans et al., 2007]. Identification
is more easily obtained from high-resolution imagery. Tang
et al. [2010] proposed an algorithm for automatically
determining the edges of the 7,-VI triangle. (3) The triangle
method does not fully consider the dependence of 7,-VI on
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surface type. Different land surface types have different
aerodynamic resistance.

5.4. Penman-Monteith Models

[118] T,-VI space methods provide an example of the
application of the Priestley-Taylor equation (equation (14)).
As already pointed out in section 2.3, this equation does
not adequately include a dependence on VPD and r.. The
Penman-Monteith equation has also been widely modified and
applied to satellite remotely sensed data. Major difficulties in
application of the Penman-Monteith equation include how to
parameterize canopy conductance and soil water stress.

[119] Cleugh et al. [2007] directly related canopy con-
ductance (inverse of canopy resistance) to satellite-derived
leaf area index (LAI) in the Penman-Monteith equation
(equation (11)) to estimate A\E. Mu et al. [2007a] further
improved the model by (1) adjusting the canopy conduc-
tance based on environmental controls,

& = Zs,min - LAL - f(Tmin) - f(VPD), (20)
(2) adding the soil evaporation, and (3) separating the land
surface into wet surface and dry surface and adding the
evaporation from P intercepted by the canopy [Mu et al.,
2011]. The model has been applied globally for A\E [Mu
et al., 2011, 2007a]. Similarly, Wang et al. [2010b] used
the VI and RH deficit (RHD =1 — RH/100) to parameterize
canopy conductance:

g = (1 —RH/100) - (ao + a; - VI). (21)
Equation (20) linearly relates g, to LAI and will overestimate
g, when LALI is higher than 3 or 4 [Bucci et al., 2008; Glenn
et al., 2007; Lu et al., 2003; Suyker and Verma, 2008].
Using VI as in equation (21) can effectively correct this
issue. Leuning et al. [2008] replaced equation (20) with a
biophysical two-parameter model, which needs local cali-
bration, limiting its application.

5.5. Empirical Models

[120] Given that satellites can provide only limited infor-
mation pertaining to AE, a major task in the remote sensing
of AE is to identify key factors influencing the processes
involved. Long-term continuous measurements collected by
global-distributed sites (as reviewed by Shuttleworth [2007])
provide an opportunity to do this, especially for data from
the FLUXNET and ARM projects.

[121] By analyzing long-term surface AE measurements
collected by the ARM project, Wang et al. [2007b] found
that the dominant parameters controlling A\E are R, T,, or Ty,
and VI, so a simple empirical expression was proposed
[Wang et al., 2007b]:

/\EZR,,(£10+111 . T+a2- VI) (22)
Equation (22) expresses in the simplest form of the depen-
dence of variations of AE on the vegetation that is consistent
with the Priestley-Taylor equation while incorporating the
influence on vegetation control on AE. A similar equation

was proposed to relate vegetation fraction (VF) to AE
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[Anderson and Goulden, 2009; Choudhury, 1994; Kim and
Kim, 2008; Schiittemeyer et al., 2007]:

M =VF - «

A
A (R0 (23)
where VF is a linear function of VI. Equations (22) and (23)
do not include the effects of soil water stress. The latter was
parameterized by adding a dependence on the diurnal tem-
perature range (DTR) and applied globally [Wang and
Liang, 2008]:

AE =R,(by+by - T+by - VI+bs-DTR).  (24)
Water stress has also been accounted for in the Priestley-
Taylor formulation by using RH to derive its parameter o
[Yan and Shugart, 2010]. The above empirical methods
(equations (22) and (24)) have a comparable accuracy with
more complicated models as shown in an intercomparison of
global A\E models [Jiménez et al., 2011; Kalma et al., 2008;
Mueller et al., 2011b]. The simplicity of the model also
allows its global application.

[122] The above empirical methods seek to relate A\E to
vegetation parameters and key environmental control fac-
tors. Similar formulas have been suggested based on a large
number of measurements [Glenn et al., 2010]. Methods that
empirically link AE to vegetation conditions and potential
AE are so-called crop coefficient methods [Gordon et al.,
2005; Rana and Katerji, 2000]. A detailed discussion
about the usage of VI to estimate AE has been given by
Glenn et al. [2010]. The microwave emissivity difference
vegetation index, defined as the difference of microwave
land surface emissivity at 19 and 37 GHz, has also been used
to estimate \E [Becker and Choudhury, 1988; R. Li et al.,
2009; Min and Lin, 2006].

[123] Other methods have used an artificial neural network
or a support vector machine technique to relate satellite
retrievals, such as for R,, Ty, T,, VI, and land cover, with A\F
measurements. Jung et al. [2010] provided an estimate of
global terrestrial AE from 1982 to 2008 using a machine
learning method using 7, P, and VI as explanatory variables
to predict AE. These methods are naturally empirical, but
their application in other areas is limited because these
methods do not provide an explicit formula to follow [Lu
and Zhuang, 2010; F. Yang et al., 2006].

[124] Most AE algorithms need local calibration. To lessen
this requirement, some methods have proposed a universal
empirical method that is suitable for different land cover
[Wang and Liang, 2008; Wang et al., 2010b]. However,
experiments do show that the composition of tree species
strongly influence AE (see also section 4.3). For example,
deciduous species have a much higher AE than coniferous
species [Margolis and Ryan, 1997; Yuan et al., 2010], and
physiological limitations to transpiration in boreal conifers,
even when soil water is abundant, reduced AE and increased
H over large regions [Margolis and Ryan, 1997]. Boreal
agriculture has a higher A\E/R,, than boreal forests [A4. K. Betts
et al., 2007], and temperate wheat may have a higher \E/R,
than maize [Lei and Yang, 2010]. Therefore, land cover
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dependent coefficients as used in LSMs [Sellers et al., 1997]
may be a better choice than a universal formulation.

5.6. Assimilation Methods and Temporal Upscaling

[125] Remotely sensed data are acquired instantaneously
and so can provide only spatial variation of land surface
variables that relate to A\E. Furthermore, some of the vari-
ables, i.e., albedo, VI, and T}, can only be accurately esti-
mated from satellite optical and thermal observations under
clear-sky conditions. Under cloudy conditions, retrieval is
not possible [Baroncini et al., 2008]. Temporally and spa-
tially continuous values require interpolation of the satellite
retrievals temporally and spatially, in particular, for cloudy
conditions [Zhao et al., 2005]. Land data assimilation pro-
vides a physical-based method to do this by merging satellite
measurements with estimates from land process models
[Mercado et al., 2009; Reichle, 2008]. Such an approach has
been proposed that uses variational assimilation of satellite
T, with a force-restore equation [Caparrini et al., 2003].
This variational assimilation algorithm uses a bulk transfer
model (one-source model) and 7y — T, to parameterize H
(equation (4)) and connects 7, radiation components, and
ground heat flux G [Boni et al., 2001b; Castelli et al., 1999;
Crow and Kustas, 2005].

[126] These data assimilation approaches have a number of
advantages over purely diagnostic approaches. Most
important, they provide flux estimates that are continuous in
time and are temporally interpolated, using a physically
realistic (for bare soil) force-restore prognostic equation
[Boni et al., 2001a]. This variational approach demonstrates
promise for AE and H retrievals at dry and lightly vegetated
sites. However, it is difficult to use for wet and/or heavily
vegetated land surfaces [Crow and Kustas, 2005]. The
single-source nature of the variational approach reduces its
performance [Crow and Kustas, 2005]. To address this
criticism, an algorithm has been developed that incorporates
the two-source concept by dividing evaporative fraction into
soil and canopy parts [Caparrini et al., 2004b]. More
recently, the impact of P on E was explicitly incorporated
using an antecedent P index [Caparrini et al., 2004a]. These
improvements involve more parameters to be solved from
satellite 7 observations that will increase the uncertainty of
AE and H estimates [Crow and Kustas, 2005]. The varia-
tional assimilation method highly depends on the error of
Ty — T,, which explains why the algorithm has a higher
accuracy for dry and lightly vegetated sites where 7, — T, is
relatively large and the sensitivity of the algorithm to errors
of T, or T, is relatively small. This algorithm’s requirements
of accurate estimates of both 7, and 7, at the model pixel
scale hamper its wide application.

[127] Recently, satellite remotely sensed 7, was assimi-
lated into a coupled atmosphere-land global data assimila-
tion system [Jang et al., 2010] that explicitly accounted for
biases in the model state. However, some studies have
reported that their 7§ assimilation did not improve the sim-
ulation of A\E [Bosilovich et al., 2007]. One of the reasons
for such lack of improvement is that satellite-derived 7 only
represents a skin temperature [Crow and Wood, 2003;
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Reichle, 2008], while the land surface model uses a separate
canopy temperature and that of the topsoil layer thickness
assumed by a model [Oleson et al., 2010; Tsuang et al.,
2009]. Assimilation of thermal-based two-source model out-
put instead of T appears to provide significant improvement
in prognostic predictions of £ and root zone soil moisture
[Crow et al., 2008].

[128] Assimilating MODIS T into a Common Land Model
improved the estimation of AE [Meng et al., 2009], but with
a large number of difficulties. For example, in the common
land model, LAI is specified for the vegetated part only. In
contrast, satellite LAI is defined for the total area including
both vegetated and nonvegetated fractions. Use of satellite
LAI without considering this inconsistency in definition
caused much smaller LAI values in the model. As a result,
partitioning of surface energy into H and \E, as well as the
model-simulated P, was affected substantially [Jaeger et al.,
2009].

[120] Satellite remote sensing can provide reasonable
estimates of land surface variables that are directly or indi-
rectly related to AE. As section 4 shows, different environ-
mental and biological parameters have different impacts on
E under different conditions including climate regimes and
land cover types. Auxiliary meteorological observations
such as T,,, RH, and WS are essential for some satellite A\E
algorithms. To obtain values of these parameters at satellite
pixel level, it is necessary to do some spatial interpolation
from point measurements. Such interpolations introduce
substantial errors to the parameters, in particular, 7,. One
important goal of the current satellite £ algorithm is to
reduce the sensitivity to errors of input data. Most algorithms
that have produced global £ have successfully reduced the
sensitivity. Compared to ground-based observations, satel-
lite E retrievals have advantages in their global coverage and
higher spatial resolution and provide reasonable spatial
variation of E. Most such retrievals were evaluated for
diurnal and seasonal cycles. However, the evaluation of
climatic variability of satellite-derived AF, at annual and
longer time scales, requires observations on these scales
[Wang et al., 2010a, 2010b]. In this aspect, both develop-
ment and application of satellite £ retrieval algorithms are
highly dependent on ground-based measurements.

6. LAND SURFACE MODELS OF E

[130] Land surface models (LSMs) were first designed to
provide H and AE for global climate models (GCMs)
[Overgaard et al., 2006; Sellers et al., 1997]. Prominent
LSMs providing E include models in the Global Land Data
Assimilation System (GLDAS) [Rodell et al., 2004] and the
second Global Soil Wetness Project (GSWP-2) [Dirmeyer
et al., 2006]. LSM development and parameterizations are
described in previous reviews [Dickinson, 2011; McGuffie
and Henderson-Sellers, 2001; Overgaard et al., 2006;
Pitman, 2003; Sellers et al., 1997; Yang, 2004].

[131] The MOST provides the basic equations to calculate
E for LSMs, modeled as the sum of soil evaporation, vege-
tation transpiration, and vegetation evaporation. Generally,
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the coefficients of parameterization in a specific LSM have
been calibrated and evaluated using observations from
ground measurements sites that have a scale of hundreds of
meters [Chen and Zhang, 2009] and therefore need to be
upscaled to the scale of LSMs, i.e,, 10 km or more
[Brutsaert, 1999; Maurer et al., 2002]. How this upscaling is
done affects the regionally averaged effective coefficients
and their calibrations for the LSMs. For example, parallel
aggregation of soil and plant resistances have led to E esti-
mates closer to measured values than did a series aggrega-
tion [Were et al., 2007]. However, a parallel resistance
formulation was found to be more sensitive to etrors in
vegetation clumping and coverage [Hogue et al., 2005].

[132] In the early 1990s, the Intercomparison of Land
Surface Parameterization Schemes (PILPS) was set up to
evaluate the performance of LSMs. For lack of real forcing
data, the project at its first stage used synthetic atmospheric
forcing data. This synthetic atmospheric forcing data seri-
ously affected the evaluation results of LSMs [Pitman and
Henderson-Sellers, 1998]. More reliable forcing data may
partly solve this problem. However, uncoupled systems as in
PILPS may lead to an inaccurate estimate of water and
energy cycle processes by neglecting processes involving
coupling between land and atmosphere [Santanello et al.,
2009].

[133] A larger number of short-term extensive experiments
and continuous measurements projects have been set up to
provide reference data for LSM evaluation [Shuttleworth,
2007]. However, these measurements are of short duration.
Therefore, most model evaluations have had to focus on the
diurnal and seasonal variation of E rather than its interannual
variability. For example, the diurnal and seasonal variation of
E from land models of reanalysis (e.g., European Centre for
Medium Range Weather Forecasts (ECMWF) and National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR)) was evaluated and
calibrated with extensive experiments such as First Interna-
tional Satellite Land Surface Climatology Project (FIFE),
Boreal Ecosystem-Atmosphere Study (BOREAS), and
FLUXNET tower network [Betts and Jakob, 2002; Betts
et al., 2003, 1996, 1998; Blyth et al., 2010].

[134] To address the requirement of consistent long-term
and reliable estimates for A\E, the Global Energy and Water
Cycle Experiment (GEWEX) Radiation Panel designed a
LandFlux initiative. Within this overall effort, the LandFlux
project (http://www.iac.ethz.ch/url/research/LandFlux-EVAL)
aims to evaluate and intercompare recently developed data
sets to provide a benchmark for the upcoming product and
other applications. Its first results have been highlighted
[Jiménez et al., 2011; Mueller et al., 2011b].

[135] Long-term data sets of observed Q allow evaluation
of LSMs from a terrestrial water balance perspective
[Balsamo et al., 2009; Murray et al., 2011; Shmakin et al.,
2002]. Such observations allow an LSM to be evaluated in
the following aspects [Vano et al., 2006]: (1) Does the model
simulate the energy balance of the landscape? (2) Is the
annual average water balance and interannual variability
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reasonably simulated? (3) Is the partitioning between surface
runoff and soil infiltration to groundwater realistic? (4) Does
the model capture the seasonal timing of water flows?
However, such an evaluation cannot assess the spatiotem-
poral distribution of E [Stockli et al., 2007]. As the mea-
surements of Q spatially integrate all upstream hydrological
processes, they can be used to evaluate distributed LSMs,
but only if the simulated runoff is properly routed through
the river basins [Zaitchik et al., 2010]. Furthermore, dw/dt
also needs to be accurately quantified to evaluate an LSM
[Werth and Giintner, 2010] (see section 3.5).

[136] While only total A\E is measured by the EC or BR
techniques, it is modeled in LSMs as a sum of soil evapo-
ration, canopy evaporation from P interception, and canopy
transpiration. Figure 7 shows that the simulated ratio of
global averaged vegetation transpiration to total E varies
widely between the 10 LSMs, ranging from 0.25 to 0.64,
with a mean of 0.42. Erroneous partitioning of £ between
transpiration and soil or canopy evaporation substantially
affects the accuracy of the climate modeling of hydro-
climatology and the influence of land cover change
[Lawrence and Chase, 2009]. The partitioning of total £ into
vegetation transpiration and evaporation also affects the
simulated gross primary productivity (GPP) [Bonan et al.,
2011] because dry leaves both transpire and assimilate car-
bon but wet leaves mostly evaporate [Lawrence et al., 2007].
Modeling of GPP also impacts the partition of total £. The
value of CLM4.0 shown in Figure 7 is from a run with a
dynamic-nitrogen cycle and prognostic vegetation. This
value of 0.56 reduces to 0.48 when CLM4 is run with pre-
scribed vegetation [Lawrence et al., 2011].

[137] Modeling the soil water availability for transpiration
has many difficulties [Dirmeyer et al., 2004, 2006; Entin et
al., 1999; Gao and Dirmeyer, 2006; Schaake et al., 2004],
such as the parameterization of root depth [Tanaka et al.,
2008]. Evidence for deep-rooted vegetation has been repor-
ted from many regions (see Figure 8) [Canadell et al., 1996;
Schenk and Jackson, 2002; Stone and Kalisz, 1991]. How-
ever, most LSMs use values of no more than 2-4 m for
rooting depth [Sellers et al., 1996a, 1996b; Zeng, 2001],
reducing the capability of the vegetation to resist drought.
LSMs with unrealistically small rooting depths calculate a
spuriously strong impact of water stress on their £ [Beer et
al., 2010; Schlosser and Gao, 2010] (see also Figure 9). In
particular, observations show that AE over the Amazon is
limited primarily by energy availability [Costa et al., 2004,
2010; Hasler and Avissar, 2007; Judrez et al., 2007,
Nepstad et al., 1994], but most LSMs have simulated water-
limited E [Karam and Bras, 2008; Sen et al., 2000; Werth
and Avissar, 2004].

[138] Besides the availability of soil water for transpiration,
additional issues for LSMs include (1) a different dependence
of vegetation transpiration on direct than diffuse R, (or PAR),
(2) the response of vegetation transpiration (or total E) to
elevated atmospheric CO, concentration, (3) impacts of soil
nutrients, such as nitrogen, on £, (4) interannual variations of
vegetation states, and (5) canopy interception and soil
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Figure 7. The ratio of global averaged vegetation transpiration to total evapotranspiration as simulated
from nine land surface models of the Second Global Soil Wetness Project (GSWP2) [Dirmeyer et al.,
1999]. The data are averaged from 10 year data from 1986 to 1995. See http://www.iges.org/gswp/ for
the details of the models. The results of Community Land Model version 4.0 (CLM4CN [Lawrence
et al., 2011], including carbon-nitrogen cycle with prognostic vegetation) are also included. The ratios
vary from 0.25 to 0.64 for the 10 land surface models, with a mean of 0.42.

evaporation parameterization. These effects may be small for [139] Recent theoretical and observational studies have
diurnal or seasonal variation in E but could become key demonstrated that photosynthesis is also more efficient

factors for decadal or longer time periods. under diffuse light conditions [Gu et al., 2002]. A global
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Figure 8. Dots show the observed root depth collected from literature. The contour map shows the pre-
dicted probability of deep rooting calculated for 1° x 1° grid cells by the climate-based model. Rooting
depths were considered to be deep if 5% or more of all roots in a profile were located below 2 m depth.
From Schenk and Jackson [2005]. Reprinted with permission.
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Figure 9. Percentage of (a) vegetated land surface and (b) corresponding gross primary productivity
(GPP) that is controlled by precipitation, depending on the chosen threshold for the partial correlation
coefficients that signal a control of GPP by a climate factor. The blue areas represent the range of data-
driven estimates using different climate sources. This is compared to the range of process-oriented model
results in red. Purple shows the overlapping area. The thick lines represent the medians of both ranges.

From Beer et al. [2010]. Reprinted with permission.

model modified to account for the effects of variations in
both direct and diffuse radiation on canopy photosynthesis
found that the variations in diffuse fraction, associated
largely with the “global dimming” period, enhanced the land
carbon uptake by approximately one quarter between 1960
and 1999 [Mercado et al., 2009]. However, very few studies
have considered how diffuse radiation affects E, although
observations indicate that the diffuse fraction may substan-
tially increase the evaporative fraction [Wang et al., 2008].

[140] The response of stomatal conductance and vegeta-
tion transpiration to elevated atmospheric CO, has been
parameterized in LSMs based on observations. Table 5
indicates that plant species differ significantly in these CO,
responses, i.e., some species are more responsive than others
[Hetherington and Woodward, 2003; Kruijt et al., 2008].
Furthermore, most of these studies are based on short-term
observations of vegetation exposed to elevated CO, con-
centration [Kruijt et al., 2008], and vegetation structure and
leaves may not have had enough time to acclimate to the
new environmental conditions. Such acclimation may be
important for long-term variations [Calvet et al., 2007].
These uncertainties can result in major divergences in cli-
mate change projections between state-of-the-art carbon
cycle climate models [R. A. Betts et al., 2007; Bonan, 2008;
Cramer et al., 2001; Friedlingstein et al., 2006; Gedney
et al., 2006; Piao et al., 2007]. As a consequence, these
physiological aspects have not been included in many
modeling applications and are also not part of the standard
climate change projections of the Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report
(AR4) report [Seneviratne et al., 2010].

[141] Most global models without nutrient limitations
significantly overestimate land carbon uptake, thus under-
estimating both the pace and magnitude of the predicted
global warming [Bonan and Levis, 2010; Langley and
Megonigal, 2010; Wang and Houlton, 2009; Zaehle et al.,
2010]. In particular, the control of carbon uptake by

nitrogen affects E [Dickinson et al., 2002], but this effect
remains to be quantified [Dickinson, 2012]. A major imped-
iment to including nitrogen limitation in model predictions
has been the lack of constraints for rates of nitrogen fixation
worldwide. Studies show that increases in nitrogen uptake
rather than nitrogen-use efficiency support higher rates of
temperate forest productivity under elevated CO, [Finzi
et al., 2007].

7. CLIMATOLOGY OF GLOBAL E

[142] Surface water balance considerations provide esti-
mates of the multiyear averaged climatology of global E, O,
and P. Terrestrial £ has been estimated to account for about
59% [Oki and Kanae, 2006], 61% [Church, 1996; Dai and
Trenberth, 2002; Dai et al., 2009], and 67% [Trenberth
et al., 2007b] of total P over the land. Estimates of global
average P over land also vary from 2.05 to 2.21 [Chen et al.,
2002; Dai et al., 1997; New et al., 2000; Xie and Arkin,
1996]. We therefore infer that the global average E esti-
mated from surface water budget is between 1.2 mm/d and
1.5 mm/d and has an average of 1.3 + 0.1 mm/d.

[143] Table 8 shows climatological estimates of global £
produced by simple satellite algorithms, LSM simulations
driven with observation-based forcing, reanalysis data, and
IPCC AR4 simulations from 11 GCMs from 1986 to 1995
[Mueller et al., 2011b]. The estimates of globally averaged
E vary from 24.1 W m~2 (0.83 mm/d) to 42.0 W m 2
(1.45 mm/d).

[144] The first two models in Table 8 used the same input
data but produced substantially different global averaged E.
The second model combined the E collected by an interna-
tional suite of EC and BR systems [Wang and Liang, 2008].
The underestimation of E by the EC technique was corrected
in the second model by assuming that the measured Bowen
ratio was accurate [Twine et al., 2000], while the first model
[J. B. Fisher et al., 2008] did not apply such a correction.
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TABLE 8. Global Averaged Terrestrial E From Different Data Sources®

Name Provider Reference Further Information or Forcing Data E (mmd™") (Wm?)
UCB® J. B. Fisher et al. [2008] Priestley-Taylor equation, ISLSCP 11 0.83 (24.1)
[MAUNI] Wang and Liang [2008] Empirical model, ISLSCP II 1.24 (35.8)
[PRUNI] Sheffield et al. [2010] Penman-Monteith equation, ISLSCP 11 1.29 (37.5)
[MPI-BGC] Jung et al. [2009] Empirical model, CRU, GPCC, AVHRR 1.12 (32.6)
[CSIRO] Y. Zhang et al. [2010] Penman-Monteith equation 1.18 (34.2)
[MODIS] Mu et al. [2011] Penman-Monteith equation, GMAO, MODIS 1.22 (35.3)
AWB-ETH Mueller et al. [2011a] Atmospheric water balance (GPCP, ERA-Int) 1.39 (40.2)
[GSWP] COLA 13 LSMs 1.18 (34.2)
[GLDAS] NASA GES DISC 4 LSMs 1.27 (36.7)
[I-ORCH] LSCE ORCHIDEE LSM with ERA-Int forcing 1.06 (30.8)
[CRU-ORCH] LSCE ORCHIDEE LSM with CRU-NCEP forcing 0.95 (27.6)
ERA-INT ECMWF reanalysis 1.30 (37.3)
MERRA NASA/GSFC reanalysis 1.42 (41.0)
M-LAND NASA/GSFC reanalysis 1.31 (37.9)
NCEP NOAA/OAR/ESRL PSD reanalysis 1.45 (42.0)
JRA-25 IMA reanalysis 1.28 (37.1)
IPCC AR4 PCMDI AR4 11 GCMs 1.28 (36.9)

The global average E derived from surface water budget varies from 1.2 mm d~' to 1.5 mm d~', with an average of 1.3 + 0.1 mm d~'. Model names in
brackets do not have real global coverage, i.e., excluding Greenland and Antarctica. Their global averages were calculated according to the models that have

areal global coverage. Data were prodivded by Brigitte Muller.
"Pixels with monthly AE larger than 300 Wm 2 were excluded.

The global averaged E from the second model is consistent
with an estimate of the surface water balance estimate [ Wang
and Liang, 2008], indicating that it is necessary to correct
the energy balance problem of EC measurements. The
resistance in the work of J. B. Fisher et al. [2008] was
replaced by the formulation in variable infiltration capacity
(VIC) model in a revised model [Sheffield et al., 2010] and
globally averaged E became higher than in the original
version. Another improvement by Mu et al. [2007a] that was
developed directly using EC measurements at FLUXNET
sites also produced a higher E estimation [Mu et al., 2011].
Similarly, Jung et al. [2010] corrected the energy balance
problem and obtained global averaged E consistent with
previous estimations [Oki and Kanae, 2006].

[145] The differences between models at a regional scale
are much larger than those of the global averaged values. For
example, modeled mean annual runoff shows regional dif-
ferences as large as a factor of 4 between four different
models [Jiménez et al., 2011]. The corresponding difference
in mean annual £ is about a factor of 2 [Lohmann et al.,
2004; Mitchell et al., 2004; Robock et al., 2003]. Figure 10
provides an example of the difference of regional E simu-
lated by LSMs over the Southern Great Plains of the United
States. Although all the models were evaluated against
gauged O, the four LSMs included in the Global Land Data
Assimilation System (GLDAS) yielded very different esti-
mates of E, and there are distinct geographic patterns in the
accuracy of each model [Zaitchik et al., 2010].

[146] Differences in E have resulted from both forcing data
and model dynamics. Studies show that ERA-40 has a high
bias in E because of its high bias in R, [Betts et al., 2006].
Major problems of ERA-40 are evident throughout the tro-
pics and subtropics, with £ so strong over land in the sub-
tropics that it exceeds the actual moisture supply [Roads and
Betts, 2000; Trenberth et al., 2007a). Model parameteriza-
tions also have an impact on their simulation. Even when
models of the North American Land Data Assimilation

System receive the same amount of Ry, they can partition the
energy flux in a very different manner [Robock et al., 2003].

8. CLIMATIC VARIABILITY OF GLOBAL E

8.1. Pan Evaporation

[147] Pan evaporation, i.e., the evaporation rate of water
from a dish located at the ground surface and refilled daily,
has been routinely observed at meteorological stations since
the 1950s. Evaporation from pans has been assumed to be
proportional to the £ of a moist surface, such as a lake or
irrigated field (see section 4.4). Because pans of various
design have produced data for many regions throughout the
world over the years, attempts have been made to use these
data to estimate £ even in nonmoist environments [Kahler
and Brutsaert, 2006]. A recent study related potential evap-
oration to ecological diversity [Fisher et al., 2011].

[148] Starting with Peterson et al. [1995], numerous
studies have reported observations of decreasing pan evap-
oration over large areas in different regions throughout the
world over the past 50 years [Fu et al., 2009; Roderick et al.,
2009a, 2009b]. Declines in pan evaporation have been
reported across the United States, the former Soviet Union,
India, China, Australia, New Zealand, and Canada. These
regional trends have typically been in the range of —1 to
—4 mm yr 2. In energetic terms, a trend of —2 mm yr 2 is
equivalent to —0.16 W m 2 yr~ ! or a change of —8.0 W m >
over 50 years.

[140] Initially, it was thought that this declining pan
evaporation also meant declining E [Peterson et al., 1995],
but for various reasons it does not [Brutsaert and Parlange,
1998] but, rather, could be interpreted as evidence for
increasing E using the Bouchet’s complementary hypothe-
sis. Its general form is

(14+b) - Ep=Ep+b-E, (25)
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Figure 10. Surface energy budget at a monthly time scale over the U.S. Southern Great Plains region
based on available observations from Atmospheric Radiation Measurement sites. Black lines are observa-
tions, averaged over all available stations. Red lines are for the Mosaic model, blue for Noah, and green for
variable infiltration capacity (VIC). Values for each model are calculated based on a subset of model
results that has exactly the same sample size as the observations and are clean comparisons to the observa-
tions. All fluxes are positive upward [Robock et al., 2003].

where E),, is potential evaporation, E,, is pan evaporation,
and b is a constant. E,, is often calculated using the Priestley-
Taylor eqation (equation (14)). In most studies, b is assumed
to be unity.

[150] Bouchet’s hypothesis has generated a large number
of publications [Brutsaert, 2006; Brutsaert and Stricker,
1979; Crago and Crowley, 2005; Hobbins et al., 2004,
2001; Kim and Entekhabi, 1997; Parlange and Katul, 1992;
Ramirez et al., 2005; Szilagyi, 2001; Xu and Singh, 2005;
Xu et al., 2006; D. W. Yang et al., 2006]. In particular, long-
term (1961-1990) E has been modeled with the help of
210 stations of the Solar and Meteorological Surface Obser-
vation Network within the conterminous United States. An
average over all stations, using pan evaporation measure-
ments, showed an overall increase of about 2-3% in the
period from 1961 to 1990 [Szilagyi, 2001]. The trends are
generally consistent with the surface water balance method
over six big river basins in the United States from 1950 to
2000 [Walter et al., 2004].

[151] As a measure of the effectiveness with which heat
transfer takes place between the pan and its surroundings,
b in equation (25) depends on the environment and therefore
can be much larger than unity [Kahler and Brutsaert, 2006;
Xu and Singh, 2005]. The relationship between £ and E,,
varies substantially depending on b, as shown in Figure 11.
Therefore, it is necessary to consider the variation of » when

interpreting E,,, [Kahler and Brutsaert, 2006; Pettijohn and
Salvucci, 2009].

[152] The agreement between different methods to inter-
pret E,, also depends on their function of the wind speed
(WS) [Szilagyi and Jozsa, 2008]. Ramirez et al. [2005]
reported direct observations to support a complementary
relationship, but with widely scattered data. Furthermore,
many experimental, as well as theoretical results, suggest
that no real complementarity exists between areal evapora-
tion and local potential evaporation [Lhomme and Guilioni,
2006]. The complementary relationship also ignores VPD
and surface temperature changes with the drying-out process
[Lhomme and Guilioni, 2006].

[153] Models for E based on the complementary relation-
ship also ignore the influence of vegetation. The maximum
available soil water is partly determined by vegetation (see
section 4) [Donohue et al., 2007; Guswa, 2008]. A large
increase in rooting depth, such as when deep-rooted per-
ennials are planted on a former crop land, leads to a draw-
down of the soil water as the plants grow and the rooting
depth increases, and during this root growth period, £ can
exceed P [Calder, 1976]. Satellite observations have shown
growing seasons to be increasing in recent decades and
consequently an increase in transpiration [Fung, 1997; Lucht
et al., 2002; Myneni et al., 1997; Nemani et al., 2003;
Periuelas et al., 2009; Zhou et al., 2001; Piao et al., 2007].
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Figure 11. Scaled actual evaporation E+ = E/Epo and scaled pan evaporation Epa+ = Epa/Epo, as func-
tions of the evaporative moisture index EMI = E/(Epa), on the basis of the extended complementary rela-
tionship (equation (28)) with » = 1, 3, and 5. Figure modified from Kahler and Brutsaert [2006].

[154] Pan evaporation is a measure of the evaporative
demand, but E also depends on the supply of water
[Roderick et al., 2009a]. Decline in E,,, can be attributed to a
decline in R, [Fu et al., 2009; Roderick and Farquhar,
2002]. In humid areas, R is a determining factor of E,
which increases with R,. However, in an arid area, available
water is the determining factor of E and an increase of R
indicates reduced cloud cover and P. Therefore, in arid areas
E generally decreases with R, [Wang et al., 2010a]. WS is a
key parameter of the aerodynamic conductance that deter-
mines £,, and has been reported as the major factor con-
trolling reported reduction of E,, [Fu et al., 2009; Rayner,
2007; Roderick et al., 2007]. However, the impact of WS
on M\E is less important than on E,,, as also can be seen from

‘pas
section 4 and Table 4, because stomatal conductance, which

can be much larger than aerodynamic conductance [Sellers
et al., 1997], controls \E.

8.2. Water Balance Methods

[155] Estimates of atmospheric precipitable water are
consistent between theoretical prediction, observations, and
model simulations (Table 9). Observations over past decades
have also shown that near-surface relative humidity has
remained nearly constant [Dai, 2006; Trenberth and Smith,
2005; Wentz and Schabel, 2000; Willett et al., 2007, 2008].
With constant relative humidity, the Clausius-Clapeyron
equation predicts that the column total precipitable water
increases at a rate of ~7% K~'. GCM simulations also show
similar increases [Held and Soden, 2006; Stephens and Ellis,
2008; Willett et al., 2007]. Thus, all primary data sets

TABLE 9. Reported Trends in Total Column Water Vapor or Precipitable Water and Ocean Surface Hydrological Fluxes®

Author Instrument Region Period Change per Decade
Trenberth et al. [2005] SSMI global PW 1987-2004 0.40 £ 0.09 mm (1.3% =+ 0.3%)
Vonder Haar et al. [2005] NVAP reanalysis global PW 1988-1999 —0.29 mm
Durre et al. [2009] radiosondes Northern Hemisphere PW 1973-2006 0.37 mm
Brown et al. [2007] TMR global PW 1992-2005 0.9 + 0.06 mm
Mieruch et al. [2008] GOME and SCIAMACHY global PW 1996-2002 0.39 £ 0.15 mm (1.9% =+ 0.7%)
Wentz et al. [2007] SSMI tropical oceanic PW 1987-2006 0.35 £ 0.11 mm (1.2% =+ 0.4%)

tropical oceanic P 1.4% £ 0.5%

tropical oceanic £ 1.2% + 0.4%

Liepert and Previdi [2009] OAFlux® global oceanic £ 1987-2004 1.7% £ 0.9%
HOAPS3¢ 4.7% + 3.6%

“PW, precipitable water; P, precipitation; E, evaporation; SSMI, Special Sensor Microwave Imager; NVAP, NASA Water Vapor Project; TMR, TOPEX
Microwave Radiometer; GOME, Global Ozone Monitoring Experiment; SCIAMACHY, Scanning Imaging Absorption Spectrometer for Atmospheric

Chartography. Table is cited from Sherwood et al. [2010], with permission.
*Objectively Analyzed Air-Sea Heat Fluxes.

“Hamburg Ocean Atmosphere Parameters and Fluxes From Satellite Data version 3.
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Figure 12. Global land-ET (or E) variability according to multiple tree ensemble (MTE) and nine inde-
pendent models. Error bars indicate one standard deviation within the MTE. Numbers at the bottom show
the number of models available each year. From Jung et al. [2010]. Reprinted with permission.

support the conclusion that water vapor mixing ratios in the
troposphere are increasing at roughly the rate expected from
the Clausius-Clapeyron equation. The few analyses that
have found otherwise have relied on secondary data sets that
are less suitable for quantifying trends [Sherwood et al.,
2010].

[156] Theoretical analysis and model simulations show
that global mean P and E will increase more slowly with
temperature than does precipitable water because of energy
constraints on the processes, i.e., a change of latent heating
of the atmosphere must be balanced by changes of the
radiative heating [Boer, 1993; Held and Soden, 2006;
Richter and Xie, 2008; Schneider et al., 2010; Wild and
Liepert, 2010]. Simulations of climate change find that
global mean P and evaporation increase with global mean
surface temperature at a rate of only 2-3% K~ [Allen
and Ingram, 2002; Held and Soden, 2006; Knutson and
Manabe, 1995; Stephens and Ellis, 2008]. However, a sig-
nificant trend of global P over land is not easily obtained
from available data because of large interannual variability
and inconsistencies between data sources (Table 3; see also
section 3.5.1).

[157] There have also been attempts to quantify long-term
changes in continental Q [Dai et al., 2009; Milliman et al.,
2008]. For example, Labat et al. [2004] analyzed records
(of lengths varying from 4 to 182 years) from 221 rivers,
accounting for ~51% of global runoff, but only a small
fraction of these rivers had data for the early decades of the
twentieth century. They found large decadal to multidecadal
variations in continental runoff and suggested a 4% increase
in global runoff per 1°C global surface warming. This result
was questioned [Legates et al., 2005; Peel and McMahon,
2006] on the basis of use of insufficient streamflow data.
Substantial differences in the global QO data used, e.g.,
Gedney et al. [2006] versus Piao et al. [2007], resulted in
different conclusions as to what causes long-term variation
in £ and Q. Major obstacles in estimating continental O
included incomplete gauging records or, even more daunt-
ing, unmonitored streamflows [Gerten et al., 2008]. Fur-
thermore, its estimation does not account for changes of
reservoir storage. Over the second half of the twentieth

century, about 7000 km® of reservoir storage was filled,
equivalent to roughly 20% of the discharge of global rivers
to the oceans [Vérosmarty et al., 1997; Viorosmarty and
Sahagian, 2000]. Recently the GRACE data have been
available to constrain terrestrial soil water change, showing
substantial interannual variation [Rodell et al., 2009; Tiwari
et al., 2009].

[158] Table 9 shows that global atmospheric water vapor
increases at a rate of ~7% K . However, P and E are
expected to increase at a much lower rate of 2-3% K™!
[Sherwood et al., 2010]. A recent study shows that relative
humidity decreased over land since 2000 [Simmons et al.,
2010], and, if so, water vapor over land for this period
would also have increased at a rate lower than ~7% K", It
is difficult to derive a significant trend of terrestrial £ from
water balance because (1) there is large interannual vari-
ability of P and inconsistencies between difference data
sources, and (2) the discharge Q directly into oceans is dif-
ficult to estimate.

8.3. Satellite Remote Sensing

[159] Satellite retrievals are good at characterizing the
spatial variability of £. However, their application to describe
climatic variability is still not established. With accumulation
of satellite observations, some algorithms have produced
global or regional data sets of £ for more than 10 years (see
Table 8). In particular, Jung et al. [2010] provided an esti-
mate of global terrestrial £ from 1982 to 2008 using a
machine learning method, with 7, P, and VI as explanatory
variables to predict £. The authors concluded that global E
increased from 1982 to 1997 but decreased since 1998
(Figure 12). Their algorithm depends on the use of VI to
predict £ because vegetation is one of its most important
controlling factors shown in Table 4. However, their con-
clusions are questionable because their method excludes R,
which is another key parameter in determining E, especially
in moist regions (section 4 and Table 4). Analysis of £
measurements at 21 pantropical sites has demonstrated that
R, was the strongest determinant of £ and explained 87% of
the variance in monthly £ across the sites [Fisher et al.,
2009].
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Figure 13. (a) Geographic distribution of potential climatic constraints to plant growth derived from
long-term climate statistics. From Nemani et al. [2003]. Reprinted with permission. (b) Pearson’s correla-
tion coefficient of £ and temperature. Correlations that are not significant (p > 0.1) are displayed in gray.

From Jung et al. [2010]. Reprinted with permission.

[160] The method of Jung et al. [2010] was trained with
data collected by the global FLUXNET sites. As the length
of observations for each site is on average 2 years [Friend
et al., 2007], their method depends primarily on seasonal
and spatial variations of 7, to do its regressions, but £
over tropical forests is strongly R, limited (see Figure 13
and Table 4) [Myneni et al., 2007; Nemani et al., 2003].
Because R and T, have similar seasonal cycles, T, provides
a surrogate for R, on this time scale and so implies the £ of
tropical forests [Jung et al., 2010]. Because of this correla-
tion, the method of Jung et al. should be accurate for sea-
sonal variations of E. However, its performance for
interannual or decadal variation in £ has not been evaluated
and is suspect. On these time scales, variations of R, are
substantially different from those of 7.

[161] Figure 14 demonstrates this point by showing cal-
culated monthly anomalies of R, and T, from 1982 to 2008
at about 100 stations in tropical regions (23.5°S-23.5°N)
where both R, and 7, are available at least 120 months.
It shows that £ would be overestimated in 1998 and substan-
tially underestimated from 2002 to 2003 if it were obtained
from T, rather than R,. As tropical forests have the largest £
over land, inaccuracies in their estimation would contribute

substantially to errors in estimating the variation of global E.
Indeed, Figure 12 also shows that the machine learning
method estimated that £ is substantially less than that of the
process-based models from 2002 to 2003 [Jung et al., 2010].
The Pinatubo volcano eruption in 1991 (Figure 14) and
consequent reduction of R, from 1991 to 1992 leads to a
T,-derived E that overestimates global E compared to
process-based models for this period.

[162] Vegetation extracts soil water with its roots [ Nepstad
et al., 1994] so that transpiration can increase with R, even
under water-stressed conditions [Teuling et al., 2009] (see
section 4.1). As it does not include this buffering effect of
R, the machine learning method produces too strong a
response of E to P changes and so predicts a stronger vari-
ability of global £ than process-based models after 2000
(Figure 12), although the process-based models have already
been regarded as having a spuriously strong impact of water
stress on their E [Beer et al., 2010; Schlosser and Gao, 2010].

8.4. Land Surface Model Simulation

[163] Studies have shown that the continued increase in
atmospheric CO, concentrations will decrease stomatal
conductance [Kruijt et al., 2008] so that plants will become
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Figure 14. Time series of surface incident solar radiation (R,) and air temperature (7,) averaged from
about 100 stations in the tropics (23.5°S-23.5°N). R, was either directly observed or derived from sun-
shine duration observation. Sunshine duration records the time during a day that direct solar beam irradi-
ance exceeds 120 W m ™2, from which daily R, can be derived [Yang and Koike, 2005]. Locations of the
stations are given by Wang et al. [2010a]. The stations have a higher density in Central America and
Southeast Asia. A 12 month smooth is applied to R and 7, anomalies.

more efficient at water use and may use less water. This
effect of CO, physiology may be important for the hydro-
logical cycle on a century time scale [R. A. Betts et al., 2007;
Gedney et al., 2006]. Gedney et al. [2006] attributed the
variations in their constructed continental runoff in the
twentieth century to the increase of stomatal resistance with
increased CO, (the CO, physiology effect) because their
model could not reproduce the variation in runoff with
forcing only by known climate variations. They found that
simulated trends in continental runoff were consistent with a
CO, physiology effect [Gedney et al., 2006]. The physio-
logical effect of doubled CO, concentrations on plant tran-
spiration could increase simulated global mean runoff by
6% relative to preindustrial levels [R. 4. Betts et al., 2007],
as also was found in a simulation of the Community Land
Model 3.5 (8.4%) [Cao et al., 2010]. Several climate models
have also indicated that in a 2 x CO, environment, 7,, and
P would increase but that O would increase faster than P
[Bonan and Levis, 2010; Langley and Megonigal, 2010;
Wang and Houlton, 2009; Zaehle et al., 2010].

[164] However, these results may be questionable in the
following aspects: First, most models have not allowed their
vegetation to increase leaf density as a response to the
physiological effects of increased CO, and consequent
changes in climate [Way et al., 2011]. Some models did
include these interactions but did not account for the nitro-
gen down regulation that reduces the plant’s photosynthetic
activity and as such resulted in a weak negative response for
vegetation. If all the possible interactions were combined in

climate simulations with 2 x CO,, the associated increase in
P could contribute more to an increase of £ than of Q
[Bounoua et al., 2010].

[165] The current rate of increase in ambient CO, concen-
tration is about 1.9 ppm yr ', which scaled from their estimate
of the physiological impact of doubling by R. 4. Betts et al.
[2007] and Cao et al. [2010], implying a trend in global ter-
restrial £ of about 0.09 kg m 2 yr 2 (or —0.0074 W m >
yr 1), a value much less than that resulting from R, and P
[Jung et al, 2010; Wang et al., 2010a]. In particular, the
substantial increase of summer 6 from 1958 to the mid 1990s
in Ukraine and Russia can only be explained as a result of a
downward trend in R,, not as an effect of CO, physiology
[Robock and Li, 2006]. Similarly, it is the decadal variability
of P, not a CO, physiological effect, that explains most of the
interannual and longer-term variability in streamflow from
1950 to 2000 [Krakauer and Fung, 2008]. The effect on P
of CO, physiology is estimated to be much less than that
of Ry [Allen and Ingram, 2002; Andrews et al., 2009; Bala
et al., 2008].

[166] Gedney et al. [2006] inferred that their model could
not reproduce the variation in runoff without the effect of
CO, physiology. As shown in section 8.2, their observed
runoff was based on insufficient streamflow data [Peel and
McMahon, 2006] and its long-term trend is different from
other recent estimates [Dai et al., 2009]. Furthermore,
arecent study shows that another model (Interactions Between
Soil, Biosphere, and Atmosphere—Total Runoff Integrating
Pathways, or ISBA-TRIP) can capture the observed trend in
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river runoff during the 1960-1994 period over most con-
tinents without including land use changes and/or biophy-
sical CO, effects, at least when the comparison is made over
154 large rivers and with a minimum amount of missing data
[Alkama et al., 2011].

9. CONCLUSIONS AND DISCUSSION

[167] Terrestrial evapotranspiration, £, is the transfer of
water from land surfaces to the atmosphere through turbu-
lence. The MOST theory relates these turbulence fluxes to
the differences between mean temperature and humidity at
two levels in a horizontally homogeneous and stationary
constant flux layer. This theory was established several dec-
ades ago [Foken, 2006; Garratt et al., 1996]; its universal
functions and von Kérman constant were calibrated and
evaluated by EC measurements during the 1970s to early
1980s when the EC method energy closure problem was not
identified and corrected [Hess et al., 1981; Kader and
Yaglom, 1990; Kaimal et al., 1976]. Hence, the MOST uni-
versal functions still need to be recalibrated with available \E
and A fluxes. Its functions are appropriate for use in low-
resolution models and assume flat, horizontally homoge-
neous surfaces and steady state conditions with neutral or
weakly stable or unstable stratification. However, their
capability over complex terrain and with increased-resolution
models is not established [Baklanov et al., 2011].

[168] Currently, there are six major methods that can pro-
vide continuous E estimations, i.e., EC, BR, weighable
lysimeters, scintillometer, surface water balance, and atmo-
sphere water balance methods. Estimates from a scintillom-
eter depend on the MOST functions and the use of EC
measurements to evaluate or calibrate these estimates.
Weighable lysimeters supply independent measurements of
E but represent a much smaller area than that of EC and BR
measurements.

[169] Only the EC method provides a direct measure of the
turbulent AE. However, it has suffered from an energy bal-
ance problem, very likely due to its not accounting for the
contribution from the large eddies that contribute to £ but do
not touch down to the surface. Data coverage of the EC
technique is only about 70% with losses from bad weather
conditions and sensor failures. These gaps must be filled
before the data can be used to infer monthly or annual values
of E; however, the choice of gap-filling methodology may
introduce a ~5% uncertainty in annual values of E.

[170] The EC and BR methods are widely accepted
and deployed to provide high-quality and high-temporal-
resolution £ data, such as the global FLUXNET and the U.S.
ARM project. These observations provide £ estimates at
half-hour temporal resolution and reliable diurnal and sea-
sonal variations of E at local scale. They have been widely
used to investigate the controlling factors of £ under differ-
ent conditions and also provide key data sets for evaluation
of satellite \E algorithms and land surface modeling simu-
lations. However, since their measurements are of short
duration and sparse spatial coverage, they cannot provide
long-term regional or global estimates of E.
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[171] The impact of environmental factors on E depends
on climate conditions and land surface cover types, while
vegetation has a consistent and positive impact on E.
Available energy is the key determining factor for AE in hot
tropical rain forests and boreal forests, as they are generally
water unstressed. Furthermore, their root systems can extract
water from deep soil and they have a relatively strong
drought tolerance. In semiarid and arid regions, precipitation
provides a good constraint on annual E. However, deep-
rooted vegetation can result in values higher than those of
annual precipitation. The heterogeneity and roughness of
vegetation may make E over a wetland higher than that over
open water. Temperate regions are more complicated, as no
single factor is dominant.

[172] The MOST and the Penman-Monteith equations
depend on turbulence, and so are partly empirical with
assumptions needed. Further parameterizations and assump-
tions are needed to relate £ to satellite-derived land surface
variables. Although Penman-Monteith is in principle desir-
able from MOST and surface energy balance, in practice
it is a very different approach. The MOST-like methods use
T, — T, and therefore require accurate estimates of both
T, and T,. This sensitivity is substantially reduced by the
Penman-Montheith-like methods that use available energy
and canopy conductance, the latter of which is usually
parameterized as a function of the vegetation index or leaf
area index. These empirical parameterizations may require
local calibration. Evaluation studies show that satellite-
derived AE has an accuracy of about 15-30% [Kalma et al.,
2008] while the accuracy of EC measurements is 5-20%
[Foken, 2008].

[173] Terrestrial surface water budget, P minus Q, pro-
vides an estimate of global mean E from 1.2 mm d~' to
1.5mmd ", with an average of 1.3 4+ 0.1 mm d~'. However,
this estimate is only robust for multiyear averaged values
because the terrestrial water storage change, one important
component of water budget, is not available for this method.
The GRACE observations show that terrestrial water storage
change has substantial monthly and interannual variability.

[174] The availability of ground observations continues to
be critical and should therefore strongly be fostered at the
international level [Seneviratne et al., 2010]. Any remote
sensing—based assessment and model simulation is ques-
tionable without a solid evaluation with ground-based mea-
surements [Meir and Woodward, 2010]. Most process-based
land models were calibrated or evaluated with tower flux
measurements of total AE and H fluxes [Betts et al., 1996,
1998] or P-Q observations. Existing evaluation of LSM and
satellite retrievals experiments focus on diurnal or seasonal
variation of E. Because it occurs on many time scales [Scott
et al., 1997; A. Wang et al., 2006], the capability of LSM
and satellite remote sensing algorithms that have been eval-
uated on short time scales in predicting climatic variability
of A\FE is still unclear because its variation at different time
scales may be controlled by different variables. For example,
at a spruce forest site at the Ore Mountains in Germany
[Clausnitzer et al., 2011], interannual variation of transpi-
ration was strongly related to VPD and photosynthetically
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active radiation (PAR; solar radiation in the visible band)
while on a monthly or seasonal basis, the impact of precipi-
tation was more important.

[175] Partitioning of E can be observed at a local scale.
However, it is highly dependent on climate, vegetation
structure, and precipitation intensity. Therefore, information
as to how total AE is partitioned into soil evaporation, can-
opy evaporation, and canopy transpiration is lacking, and the
LSM simulated ratios of global averaged vegetation tran-
spiration to total evapotranspiration range from 0.25 to 0.64
for 10 widely accepted models, with an average of 0.42.
Published evidence shows that existing LSMs have a spuri-
ously strong sensitivity to soil moisture and drought, prob-
ably because they have difficulty in modeling water
availability for transpiration.

[176] The following aspects could provide data to help to
improve the LSM representations of E: Multiscale approa-
ches combining multiple measuring methods may better
constrain estimates of £ fluxes [McCabe and Wood, 2006];
and multisensor approaches, in combination with available
atmospheric observations, can be used to obtain a compre-
hensive and hydrometeorologically consistent characteriza-
tion of the land surface water cycle [McCabe et al., 2008].
Such new measurements are required [Loescher et al., 2007]
to (1) improve the integration between measurements and
modeling methodologies, (2) improve the spatial resolution
of measurements, (3) enhance our ability to take more and
better measurements through distributed sensor networks,
and (4) improve our ability to measure and quantify the
subsurface hydrology.

[177] Carbon uptake and E are coupled together through
photosynthesis [Beer et al., 2007, 2010]. Consequently, the
gross primary production and E are closely related [Law
et al., 2002; Niyogi et al., 2009; Schwalm et al., 2010]. Many
studies have considered climate change and carbon uptake,
including the impacts of diffuse radiation and nitrogen on
carbon uptake. However, few studies address their influence
on E. Further efforts should be paid to the coupled carbon
and water cycle parameterizations in model development.

[178] The dependence of E on soil moisture has received
much attention and has been parameterized in LSMs [Koster
et al., 2004; Manabe, 1969; Sellers et al., 1997; Seneviratne
et al., 2010]. However, the climate dependence of £ on soil
moisture of most land surface models have not been vali-
dated for lack of reference data, in particular, accurate soil
moisture data at a model grid scale [Seneviratne et al.,
2010]. A finer-resolution LSM, especially one with better
resolved orography, would improve the prediction of the
spatial patterns of E [Gent et al., 2010]. Improving the rep-
resentation of fundamental processes in LSMs rather than
just optimizing parameters is key to improve land surface
models [Abramowitz et al., 2007; Hogue et al., 2005].

NOTATION

«  Priestley-Taylor parameter.
£ Bowen ratio.
C%  Structure parameter of the refractive index.
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C, Specific heat of air.
C2  Structure parameter of moisture.
C?  Structure parameter of temperature.
A Derivative of e, with respect to 7.
Terrestrial water storage change.

E  Terrestrial evapotranspiration.
E,, Pan evaporation.
Potential evaporation.

o}
Esiﬂ Soil evaporation.
E,., Vegetation transpiration.
e, Saturated water vapor pressure.
G  Ground heat flux.
~  Psychometric constant.
H Sensible heat flux.
P Precipitation
O River discharge.
6  Soil moisture.
g Specific humidity.
p  Air density.
r. Canopy resistance.
r, Aerodynamic resistance to heat transfer from sur-
face to air.
R, Surface net radiation.
R, Surface incident solar radiation.
ry  Stomatal resistance.

[

r, Aerodynamic resistance to water vapor transfer from
surface to atmosphere.

T, Near-surface air temperature.

T, Aerodynamic air temperature at the surface.

T, Surface skin temperature.

Tsu Soil temperature.
T,., Vegetation temperature.

AE  Latent heat flux.
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