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Abstract

Evapotranspiration (ET) is a combination of two distinct processes, soil or water
evaporation (E) and plant transpiration (T), that occur between plants and the
atmosphere, soil and the atmosphere, and water and the atmosphere. ET is also an
important link between the terrestrial ecosystem and hydrological processes. In
this chapter, we focus primarily on ET measurements using micrometeorological
methods. Three typical ET measurement techniques, namely, the Bowen ratio-
energy balance, eddy covariance, and scintillometer methods, which have a long
history and are used widely throughout the world, are introduced. A brief review
of their theoretical background, installation and maintenance, data processing and
quality control, and footprint is presented, in addition to a brief summary of the
advantages and disadvantages of each method. Additionally, ET measurements at
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observational networks and intensive experiments are presented. The ET mea-
surement methods differ in observational theory, temporal-spatial scales, and
precision. Researchers can select a suitable method according to their research
objectives.

Keywords
Evapotranspiration - Bowen ratio-energy balance method - Eddy covariance
method - Scintillometer method

Introduction

Several issues, such as a shortage of fresh water resources and deterioration of
water quality, have led to a new interdiscipline, eco-hydrology. One of its core
research goals is to reveal the factors and regulation mechanisms influencing the
change in the ecological environment related to the water cycle. Evapotranspira-
tion (ET) is a combination of two separate processes, soil or water evaporation (E)
and plant transpiration (T), that occur between plants and the atmosphere, soil and
the atmosphere, and water and the atmosphere. ET is an essential component of
energy and water budgets and is an important process in the soil-plant-atmosphere
continuum (SPAC), the water and energy source for crop growth, and an impor-
tant link between terrestrial ecosystems and hydrological processes. Some impor-
tant ecosystem parameters and processes, such as soil moisture, vegetation
productivity, ecosystem energy, water, and nutrient budgets, are influenced by
ET (Wever et al. 2002).

ET measurements have been performed for more than 300 years throughout the
world. The first lysimeter to study water use can trace its history back to the
seventeenth century (Howell et al. 1991), and the first self-recording lysimeter was
developed in Ohio, USA, in 1937 (Garstka 1937). The Bowen ratio-energy balance
method (Bowen 1926) and aerodynamics method (Thornthwaite and Holzman 1939)
were subsequently developed. Swinbank (1951) proposed the eddy covariance
method to directly measure ET, which is currently widely used around the world.
The zero-flux plane (ZFP) method was originally used to calculate the infiltration of
soil moisture and has been used to measure ET since the 1970s (Cooper 1979). The
scintillometer technique to measure surface fluxes was proposed in the 1970s (Wang
et al. 1978), and it has been widely used in land surface process experiments since
the 1990s. In addition, quick-weighting (checking the weight quickly by two times
under no wind condition and recording the water loss of the whole or part of plant
and then calculating the transpiration rate), ventilated chambers, and several thermal-
based methods (e.g., packaged and probe sap flow) have been used to obtain
quantitative estimates of whole-plant water use since the mid-1930s (Wullschleger
et al. 1998; Allen et al. 2011).

Evapotranspiration is not easy to measure due to the numerous influencing
factors. The methods used to measure ET are based on different measuring princi-
ples, for example, hydrological approaches (such as lysimeter and ZFP), plant
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physiological approaches (e.g., quick-weighting, chambers system, and sap flow
method), and micrometeorological methods (e.g., Bowen ratio-energy balance,
aerodynamics, eddy covariance, and scintillometer). In the hydrological
approaches (lysimeter and ZFP), the water balance equation is the basic equation
used to estimate ET by determining all other components. The lysimeter method
can derive reliable ET estimates with well-defined surfaces and controlling the
lower boundary conditions. The main disadvantages of the lysimeter are con-
struction and maintenance and its limited areal extent especially when the sur-
rounding crops are not uniform. The ZFP method relies on locating a plane of zero
hydraulic gradient in the soil profile. However, the disadvantage of the ZFP
method is that it cannot be used in areas with high precipitation, i.e., where the
zero-flux plane is not stable (Khalil et al. 2003). The plant physiology approaches,
such as quick-weighting, ventilated chambers, and sap flow methods, can mea-
sure one component of ET (transpiration), and they can be used in complex terrain
and spatially heterogeneous environments. However, the quick-weighting
method cannot obtain continuous data, and it is a destructive measurement; the
chambers method creates an artificial environment and is characterized by tech-
nical difficulties, especially when measuring high flow flux rates (Dragoni et al.
2005). Radial gradients in sapwood can result in errors in the sap flow method and
require scaling procedures to extrapolate from individual trees (Wilson et al.
2001). Micrometeorological methods are widely used to determine ET and energy
partitioning in a number of ecosystems. In this chapter, we focus on these types of
approach, including the Bowen ratio-energy balance, eddy covariance, and scin-
tillometer methods.

Micrometeorological Methods to Measure Evapotranspiration
Bowen Ratio-Energy Balance Method

The Bowen ratio-energy balance (BREB) is a micrometeorological method based on
the energy balance equation that measures two-layer gradients in the collocated air
temperature and vapor pressure in the near-surface layer above the evaporating
surface (Bowen 1926). This method is often used to estimate the sensible and latent
heat flux because of its simplicity, robustness, and low cost. This method also
compares favorably with other methods, such as the weighing lysimeters (Prueger
et al. 1997), eddy covariance (Cellier and Olioso 1993), and water balance methods
(Malek and Bingham 1993).

Theory
The BREB method estimates sensible and latent heat flux from a surface based on
measurements of air temperature and humidity gradients, net radiation, and soil heat
flux (Fritschen and Simpson 1989).

The sensible heat (H) and latent heat (LE) flux in one-dimension can be described
in terms of flux—gradient relationships:
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where p is the air density (kg m); ¢, is the heat capacity of air at a constant pressure
(I kg™' °C™"); k; and k, are the turbulent transfer coefficients for heat and water
vapor (m> s ), respectively; T is the air temperature (°C); e is the actual vapor
pressure (kPa); and y is the psychrometric constant (kPa °C ™).

By assuming k;, = k, (Verma et al. 1978) and measuring the temperature and
vapor pressure gradients between two levels within the constant-flux layer, f is
obtained as:
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where AT and Ae are the temperature (°C) and vapor pressure (kPa) differences
between the two measurement levels, respectively.
The energy balance equation is usually expressed as:

R,=H+LE+ Gy “)

where R, is the net radiation (W m2), and G, is the surface soil heat flux W m ).
The sensible heat and latent heat flux can be derived by combining Egs. 3 and 4.

B
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The BREB method relies on several assumptions (Fritschen and Simpson 1989).
Transport is assumed to be one-dimensional, with no horizontal gradients. The
sensors that measure gradients are assumed to be located within the constant-flux
layer, where fluxes are assumed to be constant with height. The surface is assumed to
be homogeneous with respect to heat sources and sinks, water vapor, and momen-
tum. The ratio of the turbulent transfer coefficients for heat (k;,) and water vapor (k)
is assumed to be 1.

Installation and Maintenance

BREB system is composed of air temperature and humidity sensors to measure
gradients, a radiometer (net radiometer or four-component radiometer), soil heat flux
plates, and soil temperature and moisture sensors in the near-surface layer. To reduce
the observed errors, the sensors must maintain high sensitivity and precision,
especially the air temperature and humidity sensors. Generally, BREB systems can
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Fig. 1 BREB systems. (a) Normal, (b) interchange, and (¢) pumping

be categorized as normal (two layers of air temperature and humidity observations in
a fixed position), interchange (two layers of air temperature and humidity sensors
interchanged in a period), and pumping (water vapor was pumped in the two layers
of the channels to a gas analyzer (i.e., Li 840) and then analyzed) (Payero et al. 2003;
Fritschen and Fritschen 2005; Allen et al. 2011) (Fig. 1).

When the BREB system is used in an experiment, it must be installed in the
downwind of the surfaces of interest. The two layers of air temperature and humidity
sensors must maintain a certain height distance to ensure that the differences in
temperature and humidity are greater than their accuracy. The lower sensor should be
at least 0.3 m above the crop canopy for relatively homogeneous surfaces, and the
upper sensor should be 1-2 m above the lower sensor (Allen et al. 2011). The
sampling interval is usually 10 s or less, and data are typical stored every 15 min (for
the interchange type) or 30 min (for the normal and pumping type). Half-hourly
values are calculated as the average of two corresponding 15-min periods (for the
interchange type). The net radiometer, soil heat flux plate, and soil temperature and
moisture measurements are recorded every 10 s, and the average values are calcu-
lated and registered every 30 min.

Sensor drift, calibration errors, and environmental effects may cause errors in the
air temperature and vapor pressure gradients when using the BREB method. When
the gradients are small, the errors become significant and may even change the sign
of the observed fluxes. To obtain valid air temperature and vapor pressure gradients,
it is essential to periodically switch the locations of the upper and lower sensors
using an automatic exchange mechanism. When an exchange mechanism is used, the
sensors can be exchanged periodically, for example, every 15 min. After each
exchange, sampling must stop for a period to allow the sensors to equilibrate to
the conditions of the new location (Fritschen and Fritschen 2005).

The BREB system is closely supervised, and general maintenance is performed
at least once a month. Maintenance includes cleaning and adjusting the heights of the
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lower and upper Bowen ratio arms in response to increased crop height. For the
pumping type, the air intake filters must be regularly cleaned or changed. In addition,
the net radiometer maintenance includes cleaning the domes, checking the desiccant,
and making sure it is properly leveled.

Data Processing and Quality Control

The BREB method is an indirect method compared to methods such as eddy
covariance system or lysimeter (Todd et al. 2000), and it also relies on several
assumptions. Therefore, the data processing and quality control must be carefully
implemented.

First, the quality of R, should be assured. Current radiometers have high preci-
sion; it is important that the radiometer observations represent the average surface
conditions similar to that of the source area (the primary contribution of the upwind
area to the observed values) of the flux measurement as closely as possible. Second,
the soil heat flux must be corrected to the surface. The soil heat plate is usually buried
a few centimeters under the soil, and the measurements must be corrected to the
surface. There are several correction methods, including Plate Cal (combination of
heat flux plate measurements and calorimetry), TCAV (averaging soil thermocouple
probe), TDEC (thermal diffusion equation and correction), and HM (harmonic
analysis method) (Heusinkverld et al. 2004; Liebethal et al. 2005; Yang and Wang
2008). A suitable method can be selected according to the observation conditions.

The accuracy of the observed latent and sensible heat fluxes depends on the
accuracy of the Bowen ratio. In many works, data within the instrumental error of the
Bowen ratio system are excluded to avoid serious errors in the flux measurements.
For example, the temperature and humidity gradients should be greater than the
resolution of the sensors (Perez et al. 1999). For cases in which the  values are close
to —1, some authors eliminate values less than —0.75 or values in the range
—13 < f < —0.7 (Unland et al. 1996). After careful analysis and deduction,
Perez et al. (1999) proposed the following to be satisfied by the BREB method
under non-advective conditions (Table 1).

Footprint

The footprint of a measurement is the transfer function between the measured value
and the set of forcings on the surface—atmosphere interface, while the source area
(the upwind area with the primary contribution to the measurement) can be
interpreted as the integral of the footprint function over a specified domain (Schmid
1994, 2002) (Fig. 2). The size and extent of source area depend on many factors,
such as the measurement height, atmospheric stability, wind speed and direction, and
surface roughness length.

The measurement scales of R,,, Gy, H, and LE are different. The source area of H
and LE is on the scale of a hundred meters, and the accuracy relies on the represen-
tativeness of the R,, and G, measurements.

The observation area of Gy is limited to a few square meters. Therefore, several
sampling sites may be required to represent the area sensed by the other sensors,
especially if the surface is heterogeneous. Net radiometers have an observation area
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Table 1 Requirements to be satisfied by the BREB method under non-advective conditions

Available Vapor pressure Bowen
energy difference ratio Heat fluxes
R,—Gy >0 Ae >0 p>—1 LE>0and H<Ofor—1 <pg<0orH>0
for p >0
Ae <0 p<—1 LE<Oand H >0
R,—Gy <0 Ae >0 p<—1 LE>0and H< O
Ae <0 p>—1 LE<Oand H>0for—1 <f<0orH<0
for f >0

Fig. 2 The source area and its relation to the footprint function (From Schmid 1994)

on the scale of dozens of meters, representing the underlying surface conditions, and
they also require more sampling observations for heterogeneous surfaces.

Under homogeneous conditions, the ratio of the source area to the upper mea-
surement height is on the order of 1:100 for the BREB method (Horst and Weil
1992). Fritschen et al. (1983) found that a ratio (fetch/observation height) of 85 was
adequate over irrigated cotton with an upwind desert surface. Heilman et al. (1989)
reported BREB measurements with a fetch to height ratio of 15 over 0.03 m
Bermuda grass with upwind cotton. Stannard (1997) proposed a theoretical model
to determine the Bowen ratio fetch and tested it on a Bermuda grass surface.

Summary

Valid Bowen ratio data require careful instrument location, installation, and on-site
supervision (Payero et al. 2003). This method assumes that the turbulent transfer
coefficients for heat and water vapor are identical, neglecting the heat storage and
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advection, and that the surface energy is balanced, which is true in neutral conditions
but may not be valid in strongly stable or unstable conditions and when advection
appears under heterogeneous surfaces (Cellier and Brunet 1992; Perez et al. 1999).

The BREB method has several advantages and disadvantages (Todd et al. 2000).
Its advantages include that it is based on straightforward, simple measurements, it
requires no information about the aerodynamic characteristics of the interested
surface, it can integrate latent heat fluxes over large areas (scale of hundreds of
meters), it can observe fluxes on fine time scales (e.g., 10 min and 30 min), and it can
provide continuous, unattended measurements. The disadvantages include sensitiv-
ity to the biases of the instruments that measure the gradients and energy balance
terms, the possibility of discontinuous data when the Bowen ratio approaches —1,
the heavy reliance of the ET observation on the accuracy and representativeness of
the R, and G, measurements, and the requirement for an adequate upwind source
area to establish an equilibrium boundary layer where the temperature and vapor
gradients are constant in horizontal space.

Eddy Covariance Method

The eddy covariance method can observe surface exchanges of momentum, energy,
and mass. It is based on the Reynolds decomposition concept, and such exchanges
can be derived from the high-frequency fluctuation of three-dimensional velocity,
temperature, water vapor, carbon dioxide, etc. Due to the relative robustness of both
its theoretical underpinnings and modern environmental sensors, the eddy covari-
ance is widely used to measure vertical turbulent fluxes of energy, water, and CO,
over various terrestrial ecosystems. Eddy covariance provides a direct measure of
flux and enables near continuous coverage over time. Furthermore, it is the predom-
inant method in FLUXNET, the cornerstone for nearly all networks.

Theory
The theoretical basis of the eddy covariance (EC) method, i.e., Reynolds decompo-
sition to separate a quantity into the average and fluctuating parts, was established as
early as the year 1895. In 1938, Taylor’s frozen turbulence hypothesis (Taylor 1938)
was proposed, assuming that the measured changes in time at a point were the result
of a frozen turbulence field passing by, which enables derivation of the spatial
pattern of turbulence according to its temporal description. Turbulent flux determi-
nation based on the EC method was first proposed in the 1950s (Swinbank 1951;
Foken 2008). However, the deficiency of observation instruments restricted the
development and application of the EC method. The possibility of continuous
eddy flux measurements arose in the 1990s with the development of a new gener-
ation of sonic anemometers and infrared gas analyzers for water vapor and carbon
dioxide (Foken and Oncley 1995). The EC method is based on the transfer equations
for momentum, heat, humidity, and trace gases.

Based on the mass conservation equation and Reynolds decomposition,
neglecting the horizontal turbulent flux divergence terms and the horizontal variation
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of the vertical flux, applying continuity, and assuming a horizontally homogeneous
concentration gradient (Feigenwinter et al. 2004), the equation is:

TS(nz)dz— Jaca(t)dz%—wc <z,)+]w< )2 4 +[( %2 4505 )a

0
1 11 m A%

0
)

where S is the source/sink strength term; u, v, and w are the wind velocity compo-
nents (m s_l); c is a scalar; x, y, and z are the coordinate system; and z, is a control
volume of height (m). Term 7 is the storage change, /1 is the turbulent vertical flux, /1]
is the vertical advection, and /¥ is the horizontal advection. The overbar represents
the Reynolds averaging operator.

Under the assumptions of (1) fully developed turbulence, (2) stationary state, (3)
horizontal homogeneity (no advection), (4) constant-flux surface layer, (5) all scales
of turbulence being included, and (6) representative to the specific surface, the
equation can be simplified as:

JS(t, z)dz = w'd (z,) )

The sensible heat (H), latent heat (LE), and carbon dioxide (F,) fluxes are then:

H = pC,w'T’ 9)
LE = w'q' (10)
F. = w'CO, (11)

where p is the air density (kg m™ ) is the heat capacity of air at a constant pressure
(I kg™' °C™"), 1 is the latent heat of vaporization for water (J kg™"), T is the air
temperature (°C), ¢ is the water vapor density (g m ), and CO, is the carbon dioxide
concentration (mg m ).

Installation and Maintenance

Eddy covariance systems (EC) usually consist of a three-dimensional sonic ane-
mometer that measures wind speed fluctuations in three directions and virtual
temperature and an infrared gas analyzer (IRGA) that measures CO, and water
vapor density fluctuations. The most common sonic anemometers are CSAT3
(Campbell, USA) and WindMaster/R3/HS (Gill, UK); the most common types of
IRGA are Li7500/Li7500A/Li7500RS/Li7700 (CH4 analyzer) (LI-COR, USA)/
EC150 (Campbell, USA) for open path, Li7200RS (LI-COR, USA) and EC155
(Campbell, USA) for enclosed path, and the integrated CO, and H,O open-path gas
analyzer and sonic anemometer IRGASON (Campbell, USA) (Fig. 3).
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Fig. 3 Eddy covariance system. (a) CSAT3 and Li7500A, (b) CSAT3 and EC150, and (¢) Gill and
Li7500A

The choice of observation site is very important because it affects the quality
of the observed data. Site selection mainly depends on the specific scientific issue
of interest. Generally, the selected site should maintain the same prevailing
wind direction from the surface of interest during the observation period. There-
fore, the prevailing wind direction should be determined before installing the
instruments. When the prevailing wind direction is not clear, a common approach
is to install the instrument in the center of study area, especially when the surface is
homogeneous. Once the observational object is ascertained, the flux tower should
be placed in a location that is disturbed by the nearby ecosystem as minimally as
possible. The installed height of the EC system is determined according to the
research objective and is usually installed at least above 1.5 m or more above the
surface or canopy. The sonic anemometer should be aligned to the prevailing wind
direction. If the EC system is installed on the tower, the arm length should be two
times larger than the tower structure (i.e., the diameter of the tower) to reduce the
influence of the tower on the flow distribution. The IRGA sensor should be
installed near the sonic anemometer (usually within 20 cm) and slanted a certain
angle (15-30°) horizontally.

The raw data for the EC system are high-frequency data (usually 10-20 Hz). The
datalogger can store the raw 10-Hz or 20-Hz data (for post-processing) and can
process the data into a flux file (usually 30-min period). The raw data (10-Hz or 20-
Hz) and flux file can be stored in the datalogger using a CF card. The flux file can be
transferred to the researcher via a wireless network (GPRS) in real time so that the
data can be regularly checked. The sonic anemometer should remain level (the
horizontal bubble in the center), and the IRGA must be kept clean and be calibrated
at least twice a year.
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Data Processing and Quality Control

The theory of the EC method is based on a series assumption, and it can usually
produce reliable results for uniform, flat surfaces. However, the conditions of
stationarity in time and homogeneity in space under which the original theories
were established are never fully satisfied in practice (Moncrieff et al. 2004). There-
fore, careful data processing and quality assurance are important, challenging issues.

There is no uniform scheme for quality control in eddy covariance measurements
(Foken et al. 2004). Common quality control measures for EC data include spike
detection, lag correction of H,O/CO, relative to the vertical wind component, sonic
virtual temperature correction (Schotanus et al. 1983), rotation coordination using
the planar fit method (Wilczak et al. 2001), angle of attack error correction (for the
Gill-WindMaster sonic anemometer, Nakai and Shimoyama 2012), corrections for
density fluctuation (WPL correction, Webb et al. 1980), and frequency response
correction.

In addition to these processing steps, half-hourly flux data are screened according
to the following criteria: (i) data are rejected when the sensor is malfunctioning (e.g.,
when there is a fault diagnostic signal), (ii) data are rejected when precipitation
occurs within 1 h before or after collection, (iii) incomplete 30-min data are rejected
when the percentage of missing data is greater than 3% in the 30-min raw record, and
(iv) data are rejected at night during weak turbulence (using the threshold of friction
velocity as the criterion) (Liu et al. 2011, 2013).

To be useful, the final data archive must include the data that passes the quality
control verification. Measurements are normally flagged according to an index
evaluation system. Foken and Wichura (1996) classified tests as stationary tests
and integral turbulence characteristics test and proposed a flag for each 30-min flux
data run. Three classes were used in the current research (0, best; 1, medium; and 2,
poor quality and discarded).

The EC method suffers from an energy imbalance issue. The sum of turbulent
latent and sensible heat flux measured by EC method are usually less than the
available energy (net radiation minus soil heat flux). An imbalance of approxi-
mately 10-30% is traditionally reported. The underlying cause of the imbalance
is attributed to measurement errors, an incompletely considered storage term,
mismatch between the scales of the energy balance components, and large eddy
transport or secondary circulations not captured by EC. Foken (2008) pointed out
that the energy imbalance problem is a scale problem, and Foken et al. (2010)
concluded that mesoscale circulations resulting from landscape heterogeneity are
likely responsible for the energy imbalance at the tower measurement level.
Landscape-level heterogeneity in vegetation and topography can also result in
an energy imbalance (Stoy et al. 2013), and the EBR would decrease with
increasing land surface heterogeneity. There are general two ways to correct
the energy imbalance in EC measurements (Twine et al. 2000): (1) the residual
method, which assumes that the sensible heat flux is accurate and attributes the
residual energy to the latent heat flux using the energy balance equation, and (2)
the Bowen ratio correction method, which recomputed the fluxes according to the
Bowen ratio values. Charuchittipan et al. (2014) proposed a new method, named
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the buoyancy flux ratio, to correct the energy imbalance, which uses the relative
contribution of the sensible heat flux to the buoyancy flux to correct the sensible
and latent heat fluxes. Flux measurements via the EC method are also subject to
systematic and random errors (Wang et al. 2015). A landmark paper by Lenschow
et al. (1994) defined systematic and random errors associated with limited
samplings of EC measurements. Subsequently, with the continued extensive
use of EC systems, several methods have emerged for flux uncertainty estimation
(Mann and Lenschow 1994; Finkelstein and Sims 2001; Hollinger and Richard-
son 2005). The normalized uncertainties range from 10% for sensible heat to
25-30% for latent heat and carbon dioxide fluxes (Finkelstein and Sims 2001).

In long-term observations, missing data will occur due to instrument malfunction,
poor maintenance, and bad weather conditions, as well as rejected bad data. In order
to obtain continuous ET or carbon measurements, a suitable gap-filling method
should be used. Several gap-filling methods are used to complete flux measurement
data, such as look-up table (LUT), mean diurnal variations (MDV), nonlinear
regression (Regr.), artificial neural networks (ANNSs), the Kalman filter (KF), and
multiple imputation (MI) (Falge et al. 2001; Hui et al. 2004; Alavi et al. 2006). The
general EC data processing flowchart is shown in Fig. 4.

Raw data
(10/20Hz)
I
Processing online Post processing

___________ v e
" Mean statistics, | | Data processing Quality control/assurance|
| variance, | : (QC/QA) !
| covariance, | | :
| WPLcorrection ! | |Spike detection; Threshold test; |
L : : Correction of time delay Friction velocity test; |
N | |between different sensors; Skewness, kurtosis test; :
|mT T : Correction of sonic Steady state test; |
: Threshold test : | temperature; l«¢— Integral turbulence :
[ 3 | |Coordinate rotation; characteristics test; |
: Angle of attack correction; Turbulence spectra |
| IWPL correction; characteristics; :
: Frequency response Energy balance closure; | |
correction Footprint analysis; |
' |

|
............ |

|
Comparative\ ' —————————=_ _ _ ____________ JI

Analysis

Look-up table (LUT), mean L 30min product [«

|
|
diurnal variations (MDV), :
! v

nonlinear regressions (Regr.),
artificial neural network Gap filling of ET products (day,
| the multiple imputation (MI)... | missing data month, year)

(ANNs), the Kalman filter (KF), :—>

Fig. 4 EC data processing flowchart
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There are a variety of software programs for flux calculations, including ECPack from
Wageningen University, TK2/3 from the University of Bayreuth, EddySoft developed at
the Max Planck Institute for Biogeochemistry in Jena, EdiRE software from the Univer-
sity of Edinburgh, and EddyPro software developed by LI-COR Company. The software
programs include the necessary procedures, e.g., spike detection, sonic temperature
correction, coordinate rotation, frequency response correction, WPL correction, quality
control, and uncertainty assessment (in ECPack, TK3, EddyPro). The software programs
can process EC raw data well and show common agreement (Mauder et al. 2008).
Researchers can choose any suitable software to process EC data.

Footprint
Footprint analysis is now a recognized part of the establishment and placement of
flux towers and the analysis of their output (Finnigan 2004). The turbulent fluxes
obtained from EC measurements reflect the influence of the underlying surface on
the turbulent exchange (Schmid 2002). It is necessary to determine the source area of
the EC measurements using the footprint model before analyzing the characteristics
of the surface fluxes. Generally, footprint models can be divided into two categories:
numerical models, which emphasize simulation research and are complicated
(Flesch et al. 1995), and analytical or semiempirical parameterized models, which
emphasize applicability and are more concise (Horst and Weil 1992; Hsieh et al.
2000; Kormann and Meixner 2001).

The Eulerian analytic flux footprint model (Kormann and Meixner 2001) is
commonly used to obtain the flux footprint of EC flux measurements, f(x, y, z,,),
as follows:

FO6Y,2m) :Dy(x,y)fy(x,zm) (12)

where x is the downwind distance pointing against the average horizontal wind
direction, y is the crosswind wind distance, z,, is the measurement height, /*(x, z,,) is
the crosswind integrated footprint, and D,(x, y) is the Gaussian crosswind distribu-
tion function of the lateral dispersion. The parameters of stability (Obukhov length),
friction velocity, standard deviation of lateral wind speed, wind speed and direction,
and measurement height are used as the input to the model.

In application, the most important issue for researchers is the source area.
Generally, the source area is set to the P%, which is the fraction of the calculated
footprint weight function with the most contribution to the total cumulative value
within the horizontal source area. The equation can be expressed as:

|76 zmas

= r
fjooo Ijomf(x’ Y, Zm)dXdy

EC systems are usually installed at a height of several meters with a source area
generally covering several hundred meters. This concept is a robust tool to help

P (13)
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researchers to perform specific investigations, such as experimental design for flux
measurements (Schmid 1997), analyzing the long-term ET variations (investigating
specific surfaces, Liu et al. 2011, 2013), and validating remotely sensed ET
at medium-high spatial resolution (choosing validated pixels, Jia et al. 2012;
Bai et al. 2015).

Summary

The EC method has become increasingly common since the 1990s for measuring the
water, heat, and carbon dioxide exchange between an ecosystem and the atmosphere.
Some milestones in the development of the EC method can be found in Table 1.1 of
Foken et al. (2012).

The advantages of the EC method include (1) direct measurement of the sensible
heat, latent heat, CO,, and momentum fluxes and other scalars, (2) continuous
collection of fine temporal (e.g., 30 min, 1 h) and spatial (hundreds of meters)
resolution data, and (3) automatic operation in the field. The disadvantages are (1)
the requirement for careful data processing and corrections, (2) the requirement of a
substantial source area, (3) the “unclosed” energy balance in the surface layer due to
numerous reasons, and (4) the relatively large power consumption and requirement
for regular calibration.

Scintillometer Method

A scintillometer is a device consisting of a transmitter and a receiver separated by
a distance of several hundred meters to several kilometers that can measure
the area-averaged sensible and latent heat fluxes based on Monin—Obukhov
similarity theory (MOST). Scintillometers have now become common in hydro-
logical and meteorological research (De Bruin 2009). As the measurement scale
matches well with satellite pixels and model grids, this method has broad
application prospects.

The transmitter of a scintillometer emits electromagnetic radiation that is
scattered by the turbulent atmosphere, and the receiver detects and evaluates the
intensity fluctuations of the transmitted signal. The magnitude of the fluctuations in
the refractive index is usually measured in terms of the structure parameter C,2,
which is the spectral amplitude of the refractive index fluctuations in the inertial
subrange of turbulence (Wang et al. 1978). The structure parameter depends on the
wavelength of radiation as a representation of the “turbulent strength” of the
atmosphere. The National Oceanic and Atmospheric Administration (NOAA)
scintillometer group first developed an instrument based on this method. Optical/
near-infrared and microwave scintillometers have emerged since the 1980s and
have been applied widely in field experiments since the mid-1990s (a commercial
microwave scintillometer was developed in 2014 (RPG Radiometer Physics
GmbH 2014) and applied worldwide since then). More detailed information
about the history of scintillometry can be found in De Bruin and Wang (2017)
and Ward (2017).
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Theory
Optical/near-infrared scintillometers measure the sensible heat flux by relating
the structure parameter to a temperature structure parameter and the
Monin—Obukhov stability parameters. The microwave scintillometer (MWS) is
sensitive to both the humidity and temperature structure parameters; however, the
humidity structure parameter is the dominating influencing factor, which can be
used to infer evapotranspiration. The combination of optical/near-infrared and
microwave scintillometer (OMS), together with the related meteorological
parameter and MOST, can be used to measure the area-averaged sensible and
latent heat fluxes simultaneously.

The structure parameter of the refractive index of air, C,> (m~>>), is calculated
from the variance of the natural logarithm of the intensity fluctuations (oy,/) using
the following equations (Wang et al. 1978):

—2/3

Co1as = 11203, DL (14)

Iras

Ca wws = 201507, k~7/0L711/° (15)

Inws)
where D is the aperture diameter (m), L is the path length (m), and £ is the wave
number. The refractive index of air is primarily affected by air temperature (7)) and
specific humidity (g) fluctuations, which are driven by sensible heat and latent heat
fluxes. The index C,’ (Cﬁ’ LAS > Cﬁ’ uws) 1s related to the temperature structure
parameter, C7* (K? m~*?); the humidity structure parameter, qu (kg m ®m??)
and a covariant term, C7, (K kg m > m~%?), and can be expressed as:
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where the A-coefficients include the partial derivatives of the refractive index
depending mainly on the temperature and humidity, which are obtained in related
experiments. There are three variables (C;7, qu, Cr,) in the two equations. Two
methods can be used to solve for the variables:

1. Setting the parameter of Rz,. Assume a correlation coefficient of temperature and
humidity Ry, defining Cr;, = Ry /C%C(Z{ (Hill et al. 1988; Andreas 1989).

2. Bichromatic method based on near-infrared and MWS measurements (Liidi et al.
2005).

After CT2, qu, and Cp, are obtained, the sensible heat and latent heat fluxes,
Howms and LEgys, can be calculated according to MOST and the related meteoro-
logical parameters using the following equations:
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C2(zoms — d)*° _ g, (FoMs = d (18)
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where zoys is the effective height of the scintillometer (m), d is the zero-plane
displacement height (m), Lqy, is the Obukhov length (m) calculated via an iterative
process, and frand f; are the stability functions of temperature and specific humidity,
respectively. There are several empirical functions under unstable (i.e., Lo, < 0) and
stable (i.e., Lo, > 0) conditions (Andreas 1989; Thiermann and Grassl 1992;
Hartogensis and De Bruin 2005). ¢, is the specific heat capacity of air at a constant
pressure (J kg~' °C™"), p is the density of air (kg m ™), u« is the friction velocity
(m s~ 1), T« is the temperature scale (°C), g~ is the specific humidity scale (kg kg ™),
k, is the von Karmén constant (0.40), u is the wind speed (m s "), z is the wind speed
measurement height (m), z,, is the aerodynamic roughness length (m), and ¥,,, is the
stability correction function for the momentum transfer.

Installation and Maintenance

Scintillometers can be categorized as near-infrared (common wavelengths of
850 nm, 880 nm, and 940 nm) and microwave (common wavelengths of 1.86 mm,
3.19 mm, and 11.11 mm) according to the emission spectrum of the transmitter. The
near-infrared range is widely used to measure the sensible heat flux, and the devices
utilizing this range can be categorized as small-aperture scintillometer (SAS), large-
aperture scintillometer (LAS), and extra-large-aperture scintillometer (XLAS)
according to the aperture size. The main manufacturers are the Kipp & Zonen
Company, Netherlands, and the Scintec Company, Germany. The MWS can measure
latent heat flux directly, and the commercial manufacturer is Radiometer Physics
GmbH (RPG) Company, Germany (Fig. 5).

The following section uses the most common near-infrared scintillometer (LAS)
as an example to illustrate the installation and maintenance and also with some
additional introductions to the MWS. The choice of observation site depends on the
specific scientific issue of interest. After the observation site is selected, the LAS/
MWS should be installed in the location that is least disturbed by the nearby
ecosystem. The transmitter and receiver are usually placed in a north and south
orientation to avoid direct sunlight at low solar elevation angles. LAS/MWS mea-
surements are primarily effected by the center area of the path length. Therefore, the
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Fig. 5 Scintillometer (LAS (BLS450, Scintec) and MWS; the picture on the right is from the RPG
manual)

installation of the transmitter and receiver is fixed as firm as possible, and the
influence of the platform is not considered. The platform can be a tripod, tower,
building, mountain, etc., depending on the actual conditions. The path length of
LAS/MWS should be perpendicular to the prevailing wind direction to ensure the
largest source area of the observed fluxes. The automatic weather station can be
installed in the center of the scintillometer’s path length so that the meteorological
elements (e.g., radiation, soil heat flux, air temperature and humidity, wind speed)
represent the average conditions of the scintillometer’s source area. Meanwhile, the
height of the wind speed and air temperature sensors (used in the scintillometer
calculation) should be the same as the effective height of the scintillometer. The
effective height is an important parameter that is used to derive the sensible and
latent heat fluxes. Both near-infrared and microwave scintillometer have their own
weighting functions, and the OMS system also has a combined weighting function.
The central area makes the greatest contribution to the near-infrared, microwave
scintillometer and the OMS system. When the scintillometer system is operated at
almost constant beam height over flat terrain, the installation height can be consid-
ered as the effective height. However, for slanted paths and over varying topogra-
phies, the effective height should be carefully calculated according to the atmosphere
stability, topography, and weight function. The readers can refer to Hartogensis et al.
(2003) for LAS and to Evans and De Bruin (2011) for the OMS system to obtain
more information about the effective height. In field observations, the “saturation”
phenomenon occurs in LAS measurements, especially when subjected to strong
turbulence and scattering. To avoid this phenomenon, the relationship among the
path length, effective height, and local sensible heat flux should be comprehensively
considered. Usually, a longer path length is accompanied by a higher effective height
when the sensible heat flux is constant; otherwise, a shorter path length corresponds
to a lower effective height. Details can be found in the scintillometer manual.

The emission frequencies for the Boundary-Layer Scintillometer (BLS) series are
1 Hz, 5 Hz, 25 Hz, and 125 Hz, and those for the Kipp and Zonen LAS are
6.5-7.5 kHz. The emission frequency for MWS (RPG Company) is 160.8 GHz.
The raw data for LAS is usually obtained during a 1-min collection (10-min or 30-
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min post-processing period), and the data can be transferred to the researcher via
wireless network (GPRS) in real time so that the data can be checked in a timely
manner. The raw data for MWS are composed of several files, and the post-processed
raw data for a I-min or 10-min period can be transferred by GPRS. Routine
scintillometer maintenance must also be performed regularly, i.e., at least monthly.
Regular maintenance should include checking the signal, keeping the transmitter
aligned to the receiver, and cleaning the mirror.

Data Processing and Quality Control

The determination of the sign of the heat flux is important. Previous near-infrared
LAS measurements were unable to determine the sign and often used empirical
methods (e.g., based on the sunrise and sunset, net radiation, or Obukhov length) (Lu
et al. 2009). These methods are not required when using an OMS system. The co-
spectrum provides the correlated structure parameter Cr,, which can be used to
calculate the correlation coefficient Ry:

Cry
\/CiCo

where Ry, ranges between —1 and +1 and has the same sign as the A x LE. The
latent heat flux LE is almost always larger than 0, and even when it is less than 0, the
absolute value is usually small. The OMS procedure assumes LE is always positive
sign. In this case, Rz, unambiguously provides the sign of the H.

Four steps are taken to ensure the quality of LAS data (Liu et al. 2013): (i) reject data
for C,” beyond the saturation criterion; (i) reject data obtained during periods of
precipitation; (iii) reject data when the demodulated signal is small; and (iv) reject data
when the sensor is malfunctioning. The above procedures can also be used for MWS data.

The uncertainty of scintillometer measurements can be obtained by comparison with
EC measurements on a relatively homogeneous surface. In general, good consistency is
observed between scintillometer and EC measurements, with the sensible heat flux
showing greater than 90% agreement (McAneney et al. 1995; Hoedjes et al. 2002;
Kleissl et al. 2009; Xu et al. 2013). Scintillometer theory is based on MOST. To
ascertain the scintillometer data quality (according to MOST), the observed values of
C2(zoms — d)z/ 3/T,* and C;(ZOMS —d)*?/q,* (C/ and C,” from the scintillometer)
can be plotted against the observed values of (zoms — d)/L, together with the theoret-
ical line from previous studies, such as Andreas (1989), Thiermann and Grassl (1992),
and Hartogensis and De Bruin (2005). The values of Tx, g«, and L can be taken from the
EC measurements. The better consistency of observed values and theoretical line
indicates the better of the scintillometer data quality.

During long-term observation, missing data will occur due to instrument malfunc-
tion, poor maintenance, bad weather conditions, and rejected bad data. Gap-filling
methods, such as free convection, nonlinear regressions (regr.), dynamic linear regres-
sion (DLR), and harmonic analysis of times series (HANTS) (Bai et al. 2010), can be

Rr, =

(23)
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Fig. 6 Scintillometer data processing flowchart

applied to fill the gaps. The general scintillometer data processing flowchart is shown
in Fig. 6.

Footprint

The equation for LAS flux observations can be obtained by combining the path-
weighting function of the LAS (Meijninger et al. 2002) with the point flux footprint
model (EC system):

X1

Fuas(@oyszm) = j W (x— oy — sz )dx (24)

X2
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where W(x) is the path-weighting function of the LAS, x; and x, are the locations
of the LAS transmitter and receiver, x and y denote points along the optical
length of the LAS, and x’ and y’ are the coordinates upwind of each of the points
(x and y).

The source area of LAS is usually on the scale of several kilometers, e.g., the
LITFASS experiment in Germany (Meijninger et al. 2002) and the Heihe and Hai
River Basin in China (Liu et al. 2011, 2013). These data can be applied to validate
the ET at medium—low spatial resolution (Jia et al. 2012), for numerical model
simulations (Xu et al. 2015), and for flux upscaling investigations (Liu et al.
2016). The source area of the OMS system uses similar equations that differ in the
path-weighting function; however, it has not yet been reported in the literature.

Summary

Scintillometers can obtain the path-averaged surface fluxes of both sensible heat
(near-infrared scintillometer) and latent heat (OMS system) and have the potential
to bridge the gap between point observations and satellite pixel or model grid
scales. Moreover, scintillometers are cheaper than the other instruments that are
used to obtain area average fluxes, such as airborne EC and flux observation
matrix. Additional advantages of scintillometers are that they can be used to
acquire high temporal resolution averaged fluxes according to a specific objective
and that they are relatively simple to operate and maintain in the field. Besides
fluxes and structure parameters, scintillometers can also yield crosswind, rainfall,
visibility, etc. (Ward 2017). Therefore, scintillometers have broad application
prospects.

Nevertheless, scintillometers have several demerits. The primary disadvantage is
that they depend on Monin—Obukhov similarity theory to calculate fluxes. There-
fore, it must first be determined whether Monin—Obukhov similarity theory is
applicable during data processing, especially in the stable boundary layer and
roughness sublayer, as well as complex surfaces. The energy balance residual
method, which requires the area-averaged net radiation and surface soil heat flux
measurements, should be used to derive ET when using a near-infrared scintillom-
eter. In the field observations, unsuitable meteorological conditions, such as precip-
itation, poor visibility, and weak turbulence, as well as tower vibrations and the
power supply, restrict the application of scintillometers for long-term operation
(Moene et al. 2009). In addition, the power consumption of MWS scintillometers
is very large; it is better to use alternating current. The commercial MWS scintil-
lometer has only recently been applied in field experiments; more research results
should be summarized in the future.

Typical Evapotranspiration Observation Systems

A number of observation networks, observatories, or experiments have been carried
out on various terrestrial surfaces throughout the world to determine ET.
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ET Observation Network

The global network of FLUXNET was established in the mid-1990s; the first
efforts of FLUXNET were to measure carbon, water, and energy fluxes on a
quasi-continuous basis for a year or more. ET is one of the primary observation
elements in various ecosystems with long-term observations, providing valuable
datasets to study ET variations around the world (Wilson and Baldocchi 2000;
Wever et al. 2002). The National Ecological Observatory Network (NEON), which
is a continental-scale ecological observation facility founded in the USA, was
completed in 2012 (Kuhlman et al. 2016). NEON has 81 field sites and will collect
data for 30 years. These data can be applied to analyze long-term ET characteris-
tics. At the catchment scale, ET is a major component in the water cycle, and it is
the most challenging variable to measure at this scale due to the heterogeneity of
the landscape. In the USA, the critical zone observatory (CZO) network was
founded in 2007 (Anderson et al. 2008), including nine sub-CZOs. The function
of CZO is to focus on the interconnected chemical, physical, and biological
processes shaping Earth’s surface at the catchment/watershed scale, including the
overall watershed energy, carbon, and mass balance interactions. In Germany, the
Terrestrial Environmental Observatories (TERENO) network, in which four typi-
cal terrestrial observatories were selected to monitor the land surface—atmosphere
interactions, was established in 2008 (Bogena et al. 2006). The hydrological
observatory (HOBE) was established in 2007 to investigate water resources
using multi-instruments in the Skjern catchment in Denmark (Jensen and
Illangasekare 2011). In China, a hydrometeorological observation network in the
Heihe River Basin was established during the Watershed Allied Telemetry Exper-
imental Research (WATER, 2008-2011) and completed in 2013 during the Heihe
Watershed Allied Telemetry Experimental Research (HiWATER) projects (Li et al.
2009, 2013), which included three superstations and 18 ordinary stations to
monitor the hydrological process in the Heihe watershed. In these typical water-
shed experiments, the ET measurements were essential or basic observations, and
the primary observation techniques were micrometeorological methods, such as
EC and LAS.

Global FLUXNET

In 1995, a network arose after discussions at the La Thuile workshop in Italy
(Baldocchi et al. 1996). After the workshop, more flux sites and regional networks
were established around the world. The flux measurement sites are linked across a
confederation of regional networks in the USA, Europe, Canada, Oceania, Africa,
Japan, Korea, and China, as well as other professional research organizations, in a
global network, called FLUXNET. The FLUXNET project started circa 1997 with
support from NASA and other organizations; it coordinates regional and global
analyses of observations from micrometeorological tower sites. The flux tower
sites mainly use the eddy covariance method to measure the exchanges of E7, H,
and CO, between terrestrial ecosystems and the atmosphere.
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The distribution of FLUXNET sites ranges from 70 °N to 30 °S, with underlying
surfaces of boreal forest, tropical rainforest, evergreen broadleaf forest, deciduous
broadleaf forest, evergreen needleleaf forest, deciduous needleleaf forest, mixed
forest, woody savanna, savanna, temperate grassland, wetland, tundra, shrubland,
cropland, barren, urban, etc. Till February 2017, the number of total registered sites
in FLUXNET was 914, accounting for 7,479 site years (Fig. 7).
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Fig. 7 (a) The spatial representativeness of the FLUXNET network and (b) summary of the tower
sites that are registered in FLUXNET (data accessed in February 2017) (From http:/fluxnet.
fluxdata.org)


http://fluxnet.fluxdata.org
http://fluxnet.fluxdata.org

Micrometeorological Methods to Determine Evapotranspiration 223

One of the main objectives of FLUXNET was to provide infrastructure to
compile, archive, and distribute water, energy, and carbon flux measurements and
meteorological data to the science community (Baldocchi et al. 2001). Several data
synthesis activities have been conducted by the FLUXNET research community, and
the most recently produced dataset is the FLUXNET2015 dataset (http://fluxnet.
fluxdata.org/data/fluxnet2015-dataset/). Scientists around the world can use this
dataset to conduct research. The dataset can be used to investigate the characteristics
and controlling factors of ET (Wilson and Baldocchi 2000; Wever et al. 2002) and to
validate and promote the development of evaporation at the regional and global scale
by remote sensing estimations to better understand the water and energy cycles
(Ershadi et al. 2014; Michel et al. 2016).

Watershed Observatories

The catchment scale has been adopted as the most appropriate scale for water
legislation and management (Jensen and Illangasekare 2011). In this chapter, three
watershed observatory systems in different countries, whose main objective was ET
observations, were selected. In Germany, the TERENO project has established four
observatories across Germany since 2008 (Bogena et al. 2006). In Denmark, a
hydrological observatory, HOBE, was established in 2007 (Jensen and Illangasekare
2011). In China, the hydrometeorological observation network was established in
2008 during WATER and was completed in 2013 during the HIWATER projects (Li
et al. 2009, 2013).

TERENO

In 2008, the Terrestrial Environmental Observatories (TERENO) network was
established in Germany as an interdisciplinary research program to observe and
explore the long-term ecological, social, and economic impacts of global change at
the regional level (Zacharias et al. 2011). Within TERENO, four terrestrial observa-
tories were selected as representing the highest vulnerability with respect to climate
change effects in Germany (Fig. 8).

The observation instruments included EC, automatic weather station, isotope, sap
flow (thermal dissipation probe, TDP), lysimeter, etc. The TERENO observations
used 126 lysimeters at 12 different test sites and one or two EC sets in each
catchment to monitor ET.

In addition, there were installed 150 wireless soil temperature/moisture networks
in the Wiistebach catchment, as well as runoff, groundwater, and water quality
measurements. Additionally, there were cosmic-ray sets in the Wiistebach (one
set), Schéfertal (one set), and Rur (ten sets) catchments and 245 rain gauges in the
Bode catchment. Furthermore, airborne experiments were also conducted in
TERENO, and the airborne sensors included hyperspectral, infrared, microwave
radiometer, and lidar. TERENO is a large-scale project, with an Earth observation
network across Germany that extends from the North German lowlands to the
Bavarian Alps. The observed data and additional information can be found on the
website (http://teodoor.icg kfa-juelich.de/overview-en).
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Harz/Central German Lowland
Observatory

Fig. 8 TERENO observatories in Germany (From Zacharias et al. 2011)

HOBE

HOBE, a hydrological observatory, was established in 2007 in the Skjern catchment
located in the western part of Denmark. The entire catchment covers 2,500 km? of
mostly rural with land cover including grain, corn, grass, forest, heath, and urban
(Fig. 9). The overall objectives of the research are to establish a hydrological
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observation platform with an interdisciplinary focus and to better understand the
water resources and reduce the uncertainty in the water balance closure at the
catchment scale.

The observation instruments included three eddy covariance systems and auto-
matic weather stations, 30 soil moisture and temperature wireless networks, three
cosmic-ray measurement sites and isotope, etc. In addition, airborne campaigns
(passive L-band microwave radiometer) were conducted to calibrate/validate the
SMOS products.

Three eddy covariance flux stations were established to obtain the evapotranspi-
ration and energy balance (agricultural land, spruce plantation, and wet grassland),
representing the main land-use types of the catchment (Fig. 9). Measurements have
been ongoing since 2008, and these measurements provide a continuous flux dataset
for ET analysis and for modeling and scaling of ET to the entire catchment
(Ringgaard et al. 2011). More information, including the data, can be found on the
website (http://www.hobecenter.dk/).

Heihe Hydrometeorological Observatory

The Heihe River Basin (HRB) is a typical inland river basin, the second largest in
China. The HRB is an area of approximately 143,000 km?, covering Qilian County
in Qinghai Province (upstream), Zhangye City in Gansu Province (midstream), and
Ejin Banner in Inner Mongolia (downstream). The land cover is characterized by
distinct cold and arid landscapes, glaciers, frozen soil, alpine meadow, forest,
irrigated crops, riparian ecosystem, and desert, which are distributed from upstream
to downstream (Li et al. 2013).

During the WATER experiment from 2008 to 2011 (Li et al. 2009), a prototype of
a hydrometeorology observatory was established, in which three long-term EC
systems (A’rou site, grassland; Yingke site, cropland; Guantan site, forest) were
established in the upstream and midstream areas, in addition to one group of large-
aperture scintillometer and three automatic weather stations (AWSs). The HIWATER
project was launched in 2012 as a comprehensive eco-hydrological experiment in
the framework of the Heihe Plan, based on the diverse needs of the interdisciplinary
studies of the research plan and the existing observation infrastructure in the basin
(Lietal. 2013). The overall objectives of HHWATER are to improve the observability
of hydrological and ecological processes, to build a world-class watershed observa-
tion system, and to enhance the applicability of remote sensing in integrated eco-
hydrological studies and water recourse management at the basin scale.

Through the HIWATER project, a comprehensive hydrometeorological observa-
tory was established in 2013. The network covers the upstream, midstream, and
downstream zones, including three superstations and 18 ordinary stations, covering
the main underlying surfaces in the basin, including alpine meadow, cropland,
desert, wetland, frozen soil, Tamarix chinensis, and Populus euphratica. The super-
station is a multi-scale observation system for ET measurements, consisting of an
LAS, EC, lysimeter, TDP, and meteorological element gradient observation system
(seven layers of wind speed/direction and air temperature/humidity, precipitation, air
pressure, infrared temperature, four-component radiation, photosynthetically active
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radiation, soil heat flux, soil temperature/moisture profile, etc.), as well as a cosmic
ray, and a wireless soil temperature and moisture network. The ordinary stations
comprise an EC and an AWS. In 2016, there were three superstations and eight
ordinary stations (the other ten ordinary stations were removed, blue circles in Fig.
10) in operation after comprehensive consideration (Fig. 10).

Additionally, airborne remote sensing experiments were conducted during the

HiWATER project. The airborne experiments in the upstream and midstream areas
were conducted during June 29—August 29, 2012, which included an imaging
spectrometer, multi-angle thermal infrared camera (CASI, TASI, WiDAS), light
detection and ranging (lidar), microwave radiometer (PLMR), etc. The downstream
airborne experiment was conducted from July 29 to August 4, 2014, which included
lidar, hyperspectral imager, thermal imager, etc. Airborne lidar and a charge-coupled
device (CCD) were also used in the upstream airborne experiments on October 1 and
2, 2014 (Li et al. 2013). The corresponding satellite remote sensing data products
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were produced, including the ET, fractional snow cover area, surface temperature/
emissivity, soil moisture, leaf area index (LAI), fractional vegetation cover (FVC),
compositing vegetation index (NDVI/EVI), fraction of absorbed photosynthetically
active radiation (FPAR), crop phenology, net primary productivity (NPP), digital
elevation model (DEM), land cover/use, etc. All the data were carefully processed,
subjected to quality control, and released online at http://www.heihedata.org/hiwater
(Chinese version) and http://card.westgis.ac.cn/hiwater (English version).

ET Observation Experiments

Several large land surface process experiments have been implemented worldwide,
e.g., the First ISLSCP Field Experiment (FIFE, America; Sellers et al. 1988), the
Hydrologic Atmospheric Pilot Experiment-Mod¢élisation duBilan Hydrique
(HAPEX-MOBILHY, France; André et al. 1986), the Hydrologic Atmospheric
Pilot Experiment in the Sahel (HAPEX-Sahel, Niger; Goutorbe et al. 1994), the
Northern Hemisphere Climate Processes Land Surface Experiment (NOPEX, Swe-
den; Halldin et al. 1999), the Boreal Ecosystem-Atmosphere Study (BOREAS,
Canada; Sellers et al. 1995), Lindenberg Inhomogeneous Terrain-Fluxes Between
Atmosphere and Surface: A Long-Term Study (LITFASS-98, LITFASS-2003,
LITFASS-2009, Germany; Beyrich et al. 2002, 2012; Beyrich and Mengelkamp
2006), and the Multi-Scale Observation Experiment on Evapotranspiration over
Heterogeneous Land Surfaces 2012 in the Heihe Watershed Allied Telemetry Exper-
imental Research (HIWATER-MUSOEXE, China, Liu et al. 2016). In these exper-
iments, the primary objective was to measure the interactions of the energy and water
fluxes (especially ET) between the surface and the atmosphere. In the following
section, several of these experiments are presented in greater detail.

LITFASS Experiment

LITFASS, an acronym for “Lindenberg Inhomogeneous Terrain-Fluxes Between
Atmosphere and Surface: A Long-Term Study,” was launched in 1995 near the
Meteorological Observatory Lindenberg (MOL) in Northeast Germany. The objec-
tive of the project was to contribute to solving the problem of the area-averaging of
fluxes over a heterogeneous landscape based on coupling between measurements
and modeling activities and to develop a strategy for the operational determination of
the area-averaged turbulence fluxes of heat, momentum, and water vapor over a
heterogeneous landscape (Beyrich et al. 2002). LITFASS-98 and LITFASS-2003 are
taken as examples to introduce the LITFASS experiment.

The initial field campaign, LITFASS-98, was conducted in May and June 1998
and was designed to focus on the experimental investigation of the atmospheric
boundary-layer structure and the exchange of momentum, heat, and water vapor
over a heterogeneous land surface (Beyrich et al. 2002). The study region covers a
20 x 20 km? area with land-use types of forest and agricultural fields, lakes, villages,
and traffic roads (Fig. 11).
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Fig. 11 The LITFASS area and the experimental setup during the LITFASS-98 experiment (From
Beyrich et al. 2002) (Bright areas mark agricultural farmland, green areas mark forest, blue areas
are lakes. The symbols are as follows: red circles, micrometeorological stations; filled blue circles,
recording rain gauges; open blue circles, Hellmann-type rain gauges; blue triangles, water table
gauges; green circles, infrared radiometers; yellow points, monitoring sites; red line, scintillometer
path; solid/dashed black boxes, Helipod = Do128 flight pattern)

Micrometeorological and turbulence measurements (using an EC system) were
conducted at five sites to characterize the interactions between the atmosphere and
different types of underlying surfaces (grass, barley, triticale, forest, water). An
LAS was operated at a distance of 4.7 km and a height of 45 m, covering a surface
primarily composed of forest, grass and water. A special flux instrumentation
intercomparison was performed after the main field phase of the LITFASS-98
experiment. Simultaneous flight measurements (fast temperature and humidity,
airborne EC) were performed on June 18, 1998, using two research aircraft
systems. Additionally, airborne lidar observations were conducted on June 3, 8§,
13, and 18, 1998.

LITFASS-2003 was performed the same region in May and June 2003 (Beyrich
and Mengelkamp 2006). The LITFASS measurement facilities were located at the
MOL, including a boundary-layer field site (99 m meteorological tower, a sodar/
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Fig. 12 The experimental setup and measuring strategy of the LITFASS-2003 experiment (From
Beyrich and Mengelkamp 2006). Red circle, micrometeorological station; yellow circle, remote
sensing site; blue circle, rain gauge; blue circle with red ring, rain gauge with global radiation sensor;
blue triangle, water table measurement; red solid/dashed line, long-distance scintillometer path

RASS), a network of micrometeorological (flux) stations over different land-use
classes, networks of automatically recording rain gauges and global radiation sen-
sors, and a large-aperture scintillometer. The facility has been in continuous opera-
tion since summer 2001. More systems and instruments were added for the
LITFASS-2003 experiment, including 14 micrometeorological and flux stations,
laser scintillometers at five sites, three LAS systems, and an MWS. The 14 EC
sets were composed of a flux observation matrix, including one set each in barley,
triticale, and forest; two sets each in grass, maize, rye, and water; and three sets each
in rape. The three LAS systems were operated over distances of 3—-10 km to
determine the area-averaged sensible heat flux, and an MWS was placed along one
of the LAS paths over a distance of 4.7 km to determine the latent heat flux.
Moreover, a Helipod hanging a turbulence probe recorded more than 60 flight
hours (airborne EC) during May 23—-June 17, 2013 (Fig. 12).
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The LITFASS experiment provided a comprehensive and unique dataset on land
surface-atmosphere interactions over a heterogeneous land surface. The turbulence
intercomparison was performed in the experiment, and a complete quality-controlled
time series of surface fluxes was created (Beyrich et al. 2002; Beyrich and
Mengelkamp 2006).

HiWATER-MUSOEXE Experiment
In the HIWATER experiment, HHWATER-MUSOEXE in Zhangye City of Gansu
Province, located in the middle reaches of the HRB, was established between May 3
and September 21, 2012, as the first thematic experiment: the Multi-Scale Observa-
tion Experiment on Evapotranspiration over Heterogeneous Land Surfaces
(HiWATER-MUSOEXE). The objectives were to capture the 3-D dynamic charac-
teristics of water and heat interactions between the surface and the atmosphere to
better understand the ET process under the heterogeneous surface, to reveal the
spatial heterogeneity of ET and its influence mechanism, to develop the upscaling
methods for ET, and to provide ground truth values at the satellite pixel scale to
develop and validate the ET remote sensing estimation model.
HiWATER-MUSOEXE was composed of two nested matrices: one large exper-
imental area (30 km x 30 km) and one kernel experimental area (5.5 km x 5.5 km)
(Liu et al. 2016). The large experimental area contained one superstation (within the
oasis, cropland) and four ordinary stations (around the oasis), with underlying desert,
desert steppe, Gobi, and wetland surfaces. The primary objectives were focused on
studying the temporal—spatial variation of evapotranspiration (ET) and the effects of
advection in the oasis-desert ecosystem. The kernel experimental area was located in
the Yingke and Daman irrigation district, and the main surfaces were maize,
residential area, vegetable, and orchard. These areas were separated into rows and
columns by shelterbelts. Together, they represent the land cover and planting
structure in the oasis of the middle reaches of the HRB. The heterogeneity of ET
and the ET acquisition at the pixel scale were investigated in the kernel experimental
area. Moreover, 17 elementary sampling plots were divided according to the distri-
bution of crops, shelterbelts, residential areas, roads, and canals, as well as according
to soil moisture and irrigation status. These divisions resulted in one residential area
site, one orchard site, one vegetable site, and 14 maize sites. In each plot, one EC and
one AWS were installed to observe the sensible heat flux, latent heat flux, and
meteorological elements. Two EC sets and seven layers of meteorological gradient
observation systems were installed at the Daman superstation. Moreover, the tran-
spiration of shelterbelts with different heights and diameters at breast height (DBH)
was measured using a TDP at three sites, representing the mean conditions of the
shelter-forest in the study area. Three TDP probes were installed at a height of 1.3 m
on three poplar trees at each site. Additionally, four groups of near-infrared LASs
(eight sets with two sets in each group) were installed in the 3 x 3 and 2 x 1 MODIS
pixels within the kernel experimental area (three groups in three 3 x 1 MODIS
pixels, named LAS1 to LAS3 from west to east and one group in one 2 x 1 MODIS
pixel, LAS4). In each LAS group, we primarily used the BLS series scintillometer
data and only used the data measured by another scintillometer (zzLAS developed
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Fig. 13 Multi-Scale Observation Experiment on Evapotranspiration over Heterogeneous Land
Surfaces (HIWATER-MUSOEXE)

by this chapter author’s group or Kipp and Zonen LAS) if the BLS scintillometer
measurements were missing. In addition, two cosmic-ray observations and a stable
isotopic observation were conducted around the Daman superstation. There were
also 180 wireless soil temperature and moisture network (WSN, 4 cm, 10 cm, 20 cm,
and 40 cm) (Jin et al. 2014) and 50 leaf area index networks (LAlInets) in the kernel
experiment area (Qu et al. 2014) (Fig. 13).

Overall, 22 EC system sets, eight LAS sets, 21 AWS sets, two cosmic-ray sets,
three group TDP sets, a stable isotopic observation, 180 WSNs, and 50 LAlInets were
included in the flux observation matrix. Additionally, the auxiliary parameters of
ground-based observations were also measured, including GPS sounding and aero-
sol, spectral reflectance, emissivity, FVC, LAI/FPAR, photosynthesis, vegetation
chlorophyll content, biomass, plant height, soil respiration, soil parameters, irriga-
tion and field management information, etc.

Airborne remote sensing observations were also performed using imaging spec-
trometers (i.e., CASI and TASI system), a multi-angle thermal infrared camera
(WiDAS), lidar, a CCD camera, and a microwave radiometer (L bands) during flight
from June 29 to the end of August 2012. Satellite remote sensing data, including
ASTER, Landsat ETM+, COSMO-SkyMed, SPOT, TerraSAR-X, WorldView,
PROBA CHRIS, QuickBird, ZIYUAN-3 (ZY-3), and Radarsat-2, were also
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collected during HIWATER-MUSOEXE. The corresponding satellite remote sens-
ing data products were produced, including ET, surface temperature/emissivity, LA,
FVC, NDVI/EVI, FPAR, crop phenology, and land cover/use. All the datasets were
carefully screened and processed, and the dataset were released online at http://www.
heihedata.org/hiwater (Chinese version) and http://card.westgis.ac.cn/hiwater
(English version).

To evaluate the differences among these flux instruments, a comparison of the
surface energy flux measurement systems was conducted during May 14-24, 2012,
prior to HIWATER-MUSOEXE. The comparison field was located in the Bajitan
Gobi desert (a nearly flat and open surface), west of Zhangye City. In total, 20 EC
sets, seven LAS sets, and 18 radiometer sets from HIWATER-MUSOEXE were
included in the comparison (Xu et al. 2013). The comparison results were used to
assess the consistency and reliability of instruments used in HHIWATER-MUSOEXE,
to guide the layout and installation of instruments, and to aid the subsequent data
processing and analysis.

Conclusions and Outlook

ET is affected by multiple factors, e.g., meteorological factors, vegetation factors,
and soil water content, and it is difficult to measure accurately. Among the ET
observation methods, micrometeorological methods are the most commonly used
due to the high temporal resolution, large spatial observation scale, and relatively
high accuracy. In this chapter, the typical meteorological methods measuring ET
were presented, including the Bowen ratio-energy balance method, eddy covari-
ance method, and scintillometer method. The development of each method was
briefly introduced. Afterward, the theory, installation and maintenance, data
processing and quality control, and footprint were expounded, and a short sum-
mary of the advantages and disadvantages of each method was presented. Addi-
tionally, ET measurements at observational networks and intensive experiments
were introduced.

The observational theory, temporal-spatial scale, and precision of each ET
measurement method are different. In field experiments, researchers can select a
suitable method according to their study objectives. Observational site selection,
installation and maintenance of the instrument, data processing, and quality control
are the key factors and core contents of ET observations.

Ground ET measurements are usually considered as the ground truth to calibrate
and validate remotely sensed ET products or results simulated via land surface
models, hydrologic models, or ecological models. However, the observation source
area of micrometeorological methods typically has a length of hundreds to thousands
of meters, and the source area is affected by the measurement height, wind speed and
direction, atmospheric stability, and surface roughness length. Therefore, the source
area of flux measurements does not always fully cover one or several satellite pixels,
resulting in the problem of scale mismatch between the ground measurements and
the remotely sensed estimations. In the future, large-scale ET observational methods
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should be developed and improved, such as OMSs and airborne EC, which can
directly obtain large-scale ground ET measurements. Additionally, flux observation
matrices should be constructed to upscale multi-site ET to the satellite pixel scale or
model grid scale using various upscaling methods.
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