
Chapter 8
Footprint Analysis

Üllar Rannik, Andrey Sogachev, Thomas Foken, Mathias Göckede,
Natascha Kljun, Monique Y. Leclerc, and Timo Vesala

8.1 Concept of Footprint

Ideally a flux tower should be installed on a homogeneous and flat terrain.
The surface should be physically homogeneous (same forest height and thermal
properties) as well as be covered by same tree species, or in the case of the mixed
forest, the distribution of the different species should be even (“well-mixed”).
The fetch, the outreach of the homogeneous surface, should be longer than the
extension of source area of the measurement (footprint). However, many sites
are not homogeneous enough in all directions from the tower. In the case of an
inhomogeneous surface, knowledge of both the source area and strength is needed
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to interpret the measured signal. Note that inhomogeneity modifies the footprint
by modifying the turbulent flow field. Thus, strictly speaking, any method not
accounting for heterogeneities is useless for source area estimation. Namely, either
the footprint model is fundamentally wrong because of the implicit assumption of
homogeneity or, in the case of the fully homogeneous case, the outcome is trivial
and no estimation is needed. Nevertheless, footprint models based on the assumption
of horizontally homogeneous turbulence field serve as first approximation for
evaluation of source contribution to measured flux in real observation conditions.
An alternative is to take the flow inhomogeneity into account in footprint estimation
by models capable of simulating such flow fields (cf. Sect. 8.4.1).

The footprint defines the field of view of the flux/concentration sensor and re-
flects the influence of the surface on the measured turbulent flux (or concentration).
Strictly speaking, a source area is the fraction of the surface (mostly upwind)
containing effective sources and sinks contributing to a measurement point (see
Kljun et al. 2002). The footprint is then defined as the relative contribution from each
element of the surface area source/sink to the measured vertical flux or concentration
(see Schuepp et al. 1990; Leclerc and Thurtell 1990). Functions describing the
relationship between the spatial distribution of surface sources/sinks and a signal
are called the footprint function or the source weight function as shown in (Horst
and Weil 1992, 1994; see also Schmid 1994 for details). The fundamental definition
of the footprint function � is given by the integral equation of diffusion (Wilson and
Swaters 1991; see also Pasquill and Smith 1983):

� D
Z

R

�
�Ex; Ex0�Q.Ex0/d Ex0 (8.1)

where � is the quantity being measured at location Ex (note that Ex is a vector) and
Q.Ex0/ is the source emission rate/sink strength in the surface-vegetation volume R.
� can be the concentration or the vertical eddy flux and � is then concentration or
flux footprint function, respectively.

The footprint problem essentially deals with the calculation of the relative
contribution to the mean concentration <cs> or flux <wcs>, with <> denoting
ensemble averaging, at a fixed point in the presence of an arbitrary given source of a
compound. Concentration footprints tend to be generally longer than flux footprints
(cf. Sect. 8.2.4). The source area naturally depends on measurement height and wind
direction. The footprint is also sensitive to both atmospheric stability and surface
roughness, as first pointed out by Leclerc and Thurtell (1990). The stability de-
pendence of crosswind-integrated flux footprint function for four different stability
regimes is illustrated in Fig. 8.1. It can be seen that the peak location is closer to
the receptor and less skewed in the upstream direction with increasingly convective
conditions. In unstable conditions, the turbulence intensity is high, resulting in the
upward transport of any compound and a shorter travel distance/time. Typically,
the location of the footprint peak ranges from a few times the measurement height
(unstable) to a few dozen times (stable). In the lateral direction, the stability
influences footprints in a similar fashion. Note also the small contribution of the
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Fig. 8.1 Crosswind-integrated footprint for flux measurements for four different cases of stabil-
ities (strongly convective, forced convective, neutral, and stable conditions; measurement height:
50 m, roughness length: 0.05 m) obtained by Lagrangian simulation according to Kljun et al.
(2002)

downwind turbulent diffusion in convective cases. Mathematically, the surface area
of influence on the entire flux goes to infinity and thus one must always define the
%-level for the source area (see Schmid 1994). Often 50%, 75%, or 90% source
areas contributing to a point flux measurement are considered.

The concentration footprint function is always between 0 and 1 whereas the
flux footprint function may be even negative for a complex, convergent flow over a
hill (Finnigan 2004). In a horizontally homogeneous shear flow, the flux footprint
�f does satisfy 1 > �f > 0, as it is the case always for the concentration footprint.
The vertical distribution of the source/sink can also lead to an anomalous behavior
(e.g., Markkanen et al. 2003). Then, the flux footprint represents in fact a combined
footprint function that is a source strength-weighted average of the footprints of
individual layers. Because of the principle of superposition, the combined function
may become negative if one or more of the layers have a source strength that is
opposite in sign to the net flux between vegetation and atmosphere (Lee 2003). The
combined function is not anymore a footprint function in the sense of Eq. 8.1 and
we suggest that it would be called (normalized) flux contribution function (see also
Markkanen et al. 2003).

The determination of the footprint function � is not a straightforward task
and several theoretical approaches have been derived over the previous decades.
They can be classified into four categories: (1) analytical models, (2) Lagrangian
stochastic particle dispersion models, (3) large-eddy simulations, and (4) ensemble-
averaged closure models. Additionally, parameterizations of some of these ap-
proaches have been developed, simplifying the original algorithms for use in
practical applications (e.g., Horst and Weil 1992, 1994; Schmid 1994; Hsieh et al.
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Table 8.1 Overview about the most important footprint models (if no remark: analytical model)

Author Remarks

Pasquill (1972) First model description, concept of effective fetch
Gash (1986) Neutral stratification, concept of cumulative fetch
Schuepp et al. (1990) Use of source areas, but neutral stratification and averaged

wind velocity
Leclerc and Thurtell (1990) Lagrangian footprint model
Horst and Weil (1992) One-dimensional footprint model
Schmid (1994, 1997) Separation of footprints for scalars and fluxes
Leclerc et al. (1997) LES model for footprints
Baldocchi (1997) Footprint model within forests
Rannik et al. (2000, 2003) Lagrangian model for forests
Kormann and Meixner (2001) Analytical model with exponential wind profile
Kljun et al. (2002) Three-dimensional Lagrangian model for various

turbulence stratifications with backward trajectories
Sogachev and Lloyd (2004) Boundary-layer model with 1.5 order closure
Sogachev et al. (2004) Footprint estimates for a non-flat topography
Strong et al. (2004) Footprint model with reactive chemical compounds
Cai and Leclerc (2007) Footprints from backward and forward in-time particle

simulations driven with LES data
Klaassen and Sogachev (2006) Footprint estimates for a forest edge
Vesala et al. (2008a) Footprint estimates for a complex urban surface
Steinfeld et al. (2008) Footprint model with LES-embedded particles

Adopted from Foken (2008) and Vesala et al. (2010)

2000; Kljun et al. 2004a). The parameterization by Kljun et al. (2004a) is available
at http://footprint.kljun.net. The SCADIS closure model (cf. Sect. 8.4.1) was also
simplified (two-dimensional domain, neutral stratification, flat topography, etc.) and
provided with a user-friendly menu. The operating manual for the set of basic and
new created programs, called “Footprint calculator,” was presented by Sogachev
and Sedletski (2006) and is available freely by request to the authors or from Nordic
Centre for Studies of Ecosystem Carbon Exchange (NECC) site (http://www.necc.
nu/NECC/home.asp). A thorough overview over the development of the footprint
concept is given in Schmid (2002) with Foken and Leclerc (2004), Vesala et al.
(2008b), and Vesala et al. (2010) providing more recent information on the subject.
Table 8.1 lists the most important studies on footprint modeling.

8.2 Footprint Models for Atmospheric Boundary Layer

8.2.1 Analytical Footprint Models

The first concept to estimate a two-dimensional source weight distribution has been
proposed by Pasquill (1972), using a simple Gaussian model to describe the transfer
function between sources and measurement point. Schmid and Oke (1988, 1990)

http://footprint.kljun.net
http://www.necc.nu/NECC/home.asp
http://www.necc.nu/NECC/home.asp
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improved Pasquill’s approach by including a diffusion model based on the Monin-
Obukhov similarity theory, with an analytical solution of the latter proposed by van
Ulden (1978). The first paper, describing a simple analytical model to the diffusion
equation using a constant velocity profile and neutral conditions, was presented
by Gash (1986). The same approach was later adapted by Schuepp et al. (1990)
in a companion paper to Leclerc and Thurtell (1990) to describe the concept of
“flux footprint.” Flux footprint is the assessment of the individual signatures from a
particular source either on the ground, in the understory, or in the canopy crown to
a point flux measurement.

With the addition of realistic velocity profiles and stability dependence, Horst
and Weil’s analytical models (1992, 1994) further expanded the scope of this
approach. Again, their analytical solution was based on van Ulden (1978). The
analytical footprint models by Horst and Weil (1992, 1994) are not explicit and
require numerical solution, although Horst and Weil (1994) have proposed an
approximate analytical solution. To date, Schmid’s flux and concentration footprint
models (1994, 1997) have been widely used. The two-dimensional extension of
these models has generated additional insight into the interpretation of experimental
data collected over patchy surfaces.

It should be mentioned that the above models, however compact in their
formulation, suffer from numerical instabilities and generally perform poorly in
stable conditions.

Later, Haenel and Grünhage (2001) and Kormann and Meixner (2001) have
proposed explicit analytical expressions for flux footprint functions. Haenel and
Grünhage (2001) used power law profiles for wind speed and eddy diffusivity
to obtain an analytical solution. Monin-Obukhov similarity relationships were
only introduced in a later stage of their derivation. Kormann and Meixner (2001)
followed a similar approach, starting with power law profiles for wind speed and
eddy diffusivity and introducing Monin-Obukhov similarity profiles by fitting the
power law profiles to similarity profiles at later stage. As summarized by Schmid
(2002), physical accuracy was sacrified for simplifications in the derivation of
explicit analytical expressions. Therefore, the model by Horst and Weil (1992, 1994)
is suggested for Atmospheric Surface Layer (ASL) conditions.

Analytical footprint models, as all other footprint models described here, are
based on the assumption of steady-state conditions during the course of the flux
period analyzed. They furthermore assume that no contribution to a point flux is
possible by downwind sources and are unable to include the influence of nonlocal
forcings to flux measurements. The latter point has been shown to be incorrect
(Kljun et al. 2002; Leclerc et al. 2003a). Implicit in the use of these equations are
the assumptions of (1) a horizontally homogeneous turbulence field; (2) no vertical
advection; (3) the Monin-Obukhov similarity theory being applicable to the layer
of air above the tower; and (4) all eddy contributions from the flux being contained
within a sampling period. Recent findings for nocturnal atmospheric boundary layer
(Karipot et al. 2006, 2008a, b) and by Prabha et al. (2007, 2008b) have shown that
vertical advection is modulating the flux response. This fact is currently not included
in footprint formulations.
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The original footprint concept and its analytical solutions assigned the unit source
strength to upwind surface sources. Most of the analytical solutions used have
been one-dimensional with the implicit assumption that the sources are infinite
in crosswind direction. In practice, this is certainly an issue of relevance as few
sources/sinks cover a large enough area to allow neglecting the lateral component
of the flow. The lateral diffusion gains significance with decreasing windspeed, that
is, the lateral turbulence intensities become larger as the wind meanders.

8.2.2 Lagrangian Stochastic Approach

The Lagrangian stochastic (LS) models describe the diffusion of a scalar by means
of a stochastic differential equation, a generalized Langevin equation,

dX.t/ D V.t/dt

dV.t/ D a.t; X.t/; V.t//dt C
p

C0 N".X.t/; t/dW.t/; (8.2)

where X(t) and V(t) denote trajectory coordinates and velocity as a function of
time t, C0 is the Kolmogorov constant, N" is the mean dissipation rate of turbulent
kinetic energy (TKE), and W(t) describes the three-dimensional Wiener process.
This equation determines the evolution of a Lagrangian trajectory in space and time
by combining the evolution of trajectory as a sum of deterministic drift a and random
terms. The drift term is to be specified for each LS model constructed for specific
flow regime (Thomson 1987).

The Lagrangian stochastic approach can be applied to any turbulence regime,
thus allowing footprint calculations for various atmospheric boundary-layer flow
regimes. For example, in the convective boundary layer, turbulence statistics are
typically non-Gaussian and for realistic dispersion simulations, a non-Gaussian
trajectory model has to be applied. An indication of the departure from Gaussianity
is often obtained using the turbulence velocity skewness; for instance, in convective
boundary layers, the vertical velocity skewness is typically 0.3 while a neutral
canopy layer can exhibit negative vertical velocity skewness as large as �2.0
(Leclerc et al. 1991; Finnigan 2000). However, most Lagrangian trajectory models
fulfill the main criterion for construction of Lagrangian stochastic models, the well-
mixed condition (Thomson 1987), for only one given turbulence regime.

It should be noted, however, that the Lagrangian stochastic models are not
uniquely defined for atmospheric flow conditions. Even in the case of homogeneous
but anisotropic turbulence, there are several different stochastic models which
satisfy the well-mixed condition (Thomson 1987; Sabelfeld and Kurbanmuradov
1998). This is often called the uniqueness problem (for details, see the discussion in
Kurbanmuradov et al. 1999, 2001; Kurbanmuradov and Sabelfeld 2000). In addition
to well-mixed condition by Thomson (1987), trajectory curvature has been proposed
as the additional criterion to select the most appropriate Lagrangian stochastic
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model (Wilson and Flesch 1997), but this additional criterion does not define the
unique model (Sawford 1999).

The stochastic Lagrangian method is, nevertheless, very convenient in foot-
print application: once the form of the parameterization is chosen, the stochastic
Langevin-type equation is solved by a very simple scheme (e.g., Sawford 1985;
Thomson 1987; Sabelfeld and Kurbanmuradov 1990). The approach needs only a
one-point probability density function (pdf) of the Eulerian velocity field. The La-
grangian stochastic trajectory model together with appropriate simulation methods
and corresponding estimators for concentration or flux footprints are usually merged
into a Lagrangian footprint model. For a detailed overview of the estimation of
concentrations and fluxes by the Lagrangian stochastic method, the concentration
and flux footprints in particular, see Kurbanmurdov et al. (2001).

The rather long computing times due to a large number of trajectories required
for producing statistically reliable results is an unavoidable weakness of Lagrangian
stochastic footprint models. To overcome this, Hsieh et al. (2000) proposed an
analytical model derived from Lagrangian model results. More recently, a simple
parameterization based on a Lagrangian footprint model was proposed by Kljun
et al. (2004a). This parameterization allows the determination of the footprint from
atmospheric variables that are usually measured during flux observation programs.

8.2.3 Forward and Backward Approach by LS Models

The conventional approach of using a Lagrangian model for footprint calculation is
to release particles at the surface point source and track their trajectories downwind
of this source toward the measurement location forward in time (e.g., Leclerc
and Thurtell 1990; Horst and Weil 1992; Rannik et al. 2000). Particle trajectories
and particle vertical velocities are sampled at the measurement height. In case of
horizontally homogeneous and stationary turbulence, the mean concentration at the
measurement location (x, y, z) due to a sustained surface source Q located at height
z0 can be described as

hcs.x; y; z/i D 1

N

NX
iD1

niX
j D1

1ˇ̌
wij

ˇ̌Q.x � Xij ; y � Yij ; z0/; (8.3)

where N is number of released particles and ni the number of intersections of particle
trajectory i with the measurement height z; wij, Xij and Yij denote the vertical velocity
and the coordinates of particle i at the intersection moment, respectively. Similarly,
the mean flux is given by

Fs D hw.x; y; z/cs.x; y; z/i D 1

N

NX
iD1

niX
j D1

wi0ˇ̌
wij

ˇ̌Q.x � Xij ; y � Yij ; z0/: (8.4)

The above equations apply identically also to elevated sources located at
arbitrary height.



218 Ü. Rannik et al.

The concentration footprint and the flux footprint can be determined as follows:

�C D 1

Q

@2 hcsi
@x@y

(8.5)

�F D 1

Q

@2Fs

@x@y
D 1

Q

@2 hwcsi
@x@y

: (8.6)

Alternatively, it is possible to calculate the trajectories of a Lagrangian model in
a backward time frame (cf. Thomson 1987; Flesch et al. 1995; Flesch 1996; Kljun
et al. 2002). In this case, the trajectories are initiated at the measurement point itself
and tracked backward in time, with a negative time step, from the measurement point
to any potential surface source. The particle touchdown locations and touchdown
velocities are sampled and mean concentration and mean flux at the measurement
location can be described as

hcs.x; y; z/i D 2

N

NX
iD1

niX
j D1

1ˇ̌
wij

ˇ̌Q.Xij ; Yij ; z0/ (8.7)

and

Fs D hw.x; y; z/cs.x; y; z/i D 2

N

NX
iD1

niX
j D1

wi0ˇ̌
wij

ˇ̌Q.Xij ; Yij ; z0/; (8.8)

where wi0 is the initial (release) vertical velocity of the particle i and wij is the
particle touchdown velocity. Again, the concentration footprint and the flux footprint
are determined using Eqs. 8.5 and 8.6. Note that in case of an elevated plane source
with strength Q at arbitrary height Eqs. 8.7 and 8.8 are also applicable with the
following modifications: the factor 2 is removed and the touchdown velocities are
replaced by the vertical crossing velocities of the trajectories with the source level
(both directions).

The forward and backward footprint estimates are theoretically equiva-
lent. In practice, the forward LS models are applicable under horizontally
homogeneous conditions since the method can be efficiently employed only
using horizontal coordinate transformation. The backward estimators for
concentration and flux do not assume homogeneity and stationarity of the
turbulence field. The calculated trajectories can be used directly without a
coordinate transformation. Therefore, if inhomogeneous probability density
functions of the particle velocities are applied, backward Lagrangian footprint
models hold the potential to be applied efficiently over inhomogeneous
terrain.
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In theory, the forward and backward footprint estimates are equivalent (Flesch
et al. 1995). However, certain numerical errors must be avoided. Cai and Leclerc
(2007) show that the concentration footprint inferred from backward simulation
can be erroneous due to discretization error close to surface where turbulence is
strongly inhomogeneous and proposed an adjustment numerical scheme to eliminate
the error. In addition, the backward footprint simulation can violate the well-mixed
condition at the surface when perfect reflection scheme is applied to skewed or in-
homogeneous turbulence (Wilson and Flesch 1993). This numerical problem can be
also avoided by a suitable numerical scheme (Cai and Leclerc 2007; Cai et al. 2008).

Lagrangian footprint models require a predefined turbulence field. Those can
be obtained as parameterizations from atmospheric scaling laws such as Monin-
Obukhov similarity theory or convective and stable atmospheric boundary-layer
scaling laws. Alternatively, the parameterizations can be obtained from measure-
ments or numerical modeling of atmospheric flow.

Closure models of any order can be applied to flow and footprint modeling,
including horizontally inhomogeneous flow (see Sect. 8.4.1). Since computing costs
may be high for three-dimensional calculations, a way to minimize the calculation
time is to use flow statistics derived by an Atmospheric Boundary Layer (ABL)
model for LS backward approach. Combined with closure model results, the LS
approach has been applied to study the influence of transition in surface properties
on the footprint function. The first attempt was done by Luhar and Rao (1994) and
by Kurbanmuradov et al. (2003), later Hsieh and Katul (2009) applied stochastic
model for estimating footprint and water vapor flux over inhomogeneous surfaces.
They derived the turbulence field of the two-dimensional flow over a change in
surface roughness using a closure model and performed Lagrangian simulations to
evaluate the footprint functions.

Also Large-Eddy Simulation (LES) (see Sect. 8.2.5) approach has been used in
combination with LS modeling to infer footprints for convective boundary layers
as well as for canopy flow. For example, Cai and Leclerc (2007) and Steinfeld
et al. (2008) performed LS simulations for sub-grid scale turbulent dispersion. More
recently, Prabha et al. (2008a) made a comparison between the in-canopy footprints
obtained using a Lagrangian simulation with those obtained against a large-eddy
simulation. In that model, the Lagrangian stochastic model was driven by flow
statistics derived from the large-eddy simulation.

8.2.4 Footprints for Atmospheric Boundary Layer

Most footprint models have been developed for a limited atmospheric flow regime.
The first footprint study to apply Lagrangian simulations to the description of
footprints is attributed to Leclerc and Thurtell (1990) who applied the LS approach
to ABL. That study was the first to analyze the influence of atmospheric stability
on footprints; it also showed for the first time the impact of surface roughness,
atmospheric stability, and measurement height on the footprint. The importance
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Fig. 8.2 (a) Crosswind-integrated flux and concentration footprints for 10 m observation height
at location (0,0) and 0.01 m roughness length under unstable (L D �30 m, u* D 0.2 m s�1,
w* D 2.0 m s�1, zi D 2,500 m) and stable (L D 30 m, u* D 0.5 m s�1, zi D 200 m) conditions.
(b) Cumulative footprints for the same conditions

of these results is reflected in that several NASA ABLE 3-B multi-scale, multi-
platform field campaigns were redesigned based on their preliminary calculations.
As one of a few, Kljun et al. (2002) presented a footprint model based on a trajectory
model for a wide range of atmospheric boundary-layer stratification conditions.

The stability dependence has been investigated by Kljun et al. (2002), comparing
crosswind-integrated footprints predicted for different stability regimes by a three-
dimensional Lagrangian simulation. In the example in Fig. 8.2, measurement height
and roughness length were fixed to 10 and 0.01 m, respectively, whereas the friction
velocity, vertical velocity scale, Obukhov length, and boundary-layer height were
varied to represent convective, neutral, and stable conditions. In unstable conditions,
the turbulence intensity is high, resulting in the upward transport of any compound
and a shorter travel distance/time. Correspondingly, the peak location is closer to the
receptor in unstable conditions. This is in agreement with the findings of Leclerc and
Thurtell (1990) and with experimental validation of these models (Finn et al. 1996;
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Leclerc et al. 1997). Stability affects strongly the footprint peak location and its
maximum value. Concentration footprints tend to be longer (Fig. 8.2).

Flux and concentration footprints differ significantly in spatial extent. In
Lagrangian framework, this can be explained as follows: The flux footprint
value over a horizontal area element is proportional to the difference of
the numbers or particles (passive tracers) crossing the measurement level in
the upward and downward directions. Far from the measurement point, the
number of upward and downward crossings of particles or fluid elements
across an imaginary x–y plane typically tends to be about the same and
thus the up- and downward movements are counterbalanced decreasing the
respective fractional flux contribution of those source elements to the flux.
In contrast to the flux footprint, each crossing contributes positively to the
concentration footprint independently of the direction of the trajectory. This
increases the footprint value at distances further apart from the receptor
location.

The cumulative footprint function presented in Fig. 8.2b indicates the fraction
of flux (or concentration) contributed by uniform surface sources to the measured
flux. Note that the concept of cumulative effective fetch was introduced by Gash
(1986) before the footprint function in differential form was proposed by Schuepp
et al. (1990). The cumulative footprint function is especially useful in determining
the necessary horizontally homogeneous upwind distance for the measured flux
to represent certain fraction of surface flux under investigation. Depending on the
requirement of representativeness of the measured flux and contrast of the surface
types, the cumulative fetch can be determined for different levels of homogeneous
fetch. For example, if 80% of the flux should originate from the surface of interest,
the homogeneous fetch must extend up to 250 and 500 m in unstable and stable
conditions, respectively, for the observation conditions in Fig. 8.2.

The crosswind-integrated footprint function is useful when the assumption of
surface homogeneity in crosswind direction applies. In case of patchy surface and
also for some applications of footprints (see Sect. 8.5) two-dimensional footprint
functions are needed (Fig. 8.3). Again, the flux and concentration footprints
exhibit significantly different spatial extent for the same height and roughness
conditions.

Flux and concentration footprint functions depend on measurement level,
wind speed and wind direction, atmospheric stability, and surface character-
istics. Figure 8.4 illustrates the distance at which footprint peak occurs as a
function of measurement height and surface roughness. The footprint peak
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Fig. 8.3 Footprint functions for neutral atmospheric stratification conditions (u* D 0.8 m s�1,
zi D 1,500 m) at 10 m height and 0.01 m roughness length for (a) flux and (b) concentration.
The isolines represent 10–50% source area. Cross denotes the tower location

location increases almost linearly with observation height. Surface roughness
has strong impact on peak location. In unstable stratification, the footprint
peaks are much closer to observation point than in stable stratification;
compare the curves for the same surface roughness of 0.01 m.
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Fig. 8.4 Footprint peak distance depending on measurement height. Curves are presented for
range of roughness lengths under neutral stratification conditions and for two stability length values
for comparison with neutral case for z0 D 0.01 m. ASL conditions are assumed

8.2.5 Large-Eddy Simulations for ABL

The Large-Eddy Simulation (LES) approach is free of the drawback of a predefined
turbulence field. Using Navier-Stokes equations, LES resolves the large eddies
with scales equal to or greater than twice the grid size, while parameterizing
sub-grid scale (SGS) processes. This approach presupposes that most of the flux
is contained in the large eddies: since these are directly resolved, this method
provides a high level of realism to the flow despite complex boundary conditions
(e.g., Hadfield 1994). The Large-Eddy Simulation is a sophisticated model which
directly computes the three-dimensional, time-dependent turbulence motions, and
only parameterizes the SGS motions. The choice of lateral and surface/upper
boundary conditions is one of the aspects of this technique that is critically important
and which depends on the application. In addition, in stable boundary layers, the
errors due to an imperfect SGS parameterization become more important as the
characteristic eddy size is smaller in stable conditions. This technique, applied for
the first time to the atmosphere by Moeng and Wyngaard (1988), is considered the
technique of choice for many cases not ordinarily studied using simpler models and
can include the effect of pressure gradient.

Typically, LES predicts the three-dimensional velocity field, pressure, and
turbulent kinetic energy. Depending on the purpose, it can also simulate the
turbulent transport of moisture, carbon dioxide, and pollutants. There are several
parameterizations available in treating the sub-grid scales. One of the most widely
used simulations is that originally developed by Moeng (1984) and Moeng and
Wyngaard (1988) and modified by Leclerc et al. (1997), Su et al. (1998), and by
Patton et al. (2001) for adaptation to include canopy and boundary-layer scalar
transport.
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Often, the SGS is parameterized using the 1.5 order of closure scheme.
Depending on the research interest, the LES can contain a set of cloud
microphysical equations, thermodynamic equation, and can predict the temperature,
concentrations, and pressure. Some LES also include a terrain-following coordinate
system. A spatial cross-average and temporal average is applied to the simulated
data once the simulation has reached quasi steady-state equilibrium. Typical
boundary conditions are periodic with a rigid lid applied to the top of the domain
so that waves are absorbed and reflection from the upper portion of the domain
is decreased. The LES is computationally very expensive and limited to relatively
simple flow conditions by the number of grid points in flow simulations.

This powerful type of simulations has been used extensively in atmospheric
flow modeling and in particular in convective boundary layers (Mason 1988). The
technique has been used successfully to describe the influence of surface patchiness
on the convective boundary layers at different scales (Hadfield 1994; Shen and
Leclerc 1995).

The first attempt to apply LES approach for footprint modeling was made by
Hadfield (1994). Further, the LES method has been applied to simulate footprints in
the convective boundary layer (Leclerc et al. 1997; Guo and Cai 2005; Peng et al.
2008; Steinfeld et al. 2008; Cai et al. 2010). In some of the recent studies (Cai and
Leclerc 2007; Steinfeld et al. 2008; Cai et al. 2010), the LES was used in conjunction
with the Lagrangian simulation of SGS turbulent dispersion to reproduce convective
boundary-layer turbulence and infer concentration footprints. Steinfeld et al. (2008)
used LES to describe the footprint in boundary layers of different complexities.
They documented positive and negative flux footprints in the convective boundary
layer in a manner analogous to Prabha et al. (2008a) in a forest canopy. This is
consistent with Finnigan’s (2004) conclusion that the flux footprint function is a
functional of the concentration footprint function and in complex flows there is
no guarantee that the flux footprint is positive, bounded by zero and one. Wang
and Rotach (2010) applied LES with backward Lagrangian stochastic approach
over undulating surface and observed impact of flow divergence and convergence
on footprint function for near-surface receptors. They observed that crosswind-
integrated footprint function peak was located closer to receptor in the area with
surface-wind convergence and was opposite in the area with wind divergence,
respectively.

8.3 Footprint Models for High Vegetation

8.3.1 Footprints for Forest Canopy

The study by Baldocchi (1997) was first to address the footprint behavior inside a
forest canopy by using LS modeling approach. He used literature-based parameteri-
zations for turbulence vertical profiles inside the canopy and similarity relationships



8 Footprint Analysis 225

above the canopy (within this section we use “canopy” to refer to “forest canopy”).
The influence of higher-order velocity moments on footprint prediction was not
included in this study. However, one of the benefits of Lagrangian models is
their capability to consider both Gaussian and non-Gaussian turbulence. While
the flow within the surface layer is nearly Gaussian, non-Gaussianity characterizes
flow fields of both canopy layer and convective mixed layer. Another benefit of
Lagrangian stochastic models over analytical ones is their applicability in near-field
conditions, that is, in conditions when fluxes of constituents are disconnected from
their local gradients, providing thus proper description for within canopy dispersion.
This makes it possible to locate trace gas sources/sinks within a canopy. Baldocchi
(1997), Rannik et al. (2000, 2003), Mölder et al. (2004), and Prabha et al. (2008a)
studied qualitative effects of canopy turbulence on the footprint function. In the case
of tall vegetation, the footprint prediction depends primarily on two factors: canopy
turbulence and the source/sink levels inside the canopy. These factors become of
particular relevance for observation levels close to the treetops (Shen and Leclerc
1997; Rannik et al. 2000; Lee 2003; Markkanen et al. 2003; Göckede et al. 2007;
Sogachev and Lloyd 2004).

Lee (2003, 2004) adopted a different approach for inside-canopy scalar advection
modeling based on localized near-field theory and applied the model to footprint
prediction over a forest canopy. The near-field effect had an impact on footprint
prediction inside the roughness sublayer but could be neglected inside the inertial
sublayer.

The wind statistics necessary for LS footprint simulations originate from simi-
larity theory, experimental data, or an output from a flow model capable to produce
wind statistics. However, the description of wind statistics inside a canopy becomes
uncertain due to poor understanding of stability dependence of the canopy flow as
well as of Lagrangian correlation time. In terms of parameterization of the value
of the Kolmogorov constant C0 it has been shown that the LS model results are
sensitive to the absolute value of the constant (Mölder et al. 2004; Rannik et al.
2003). Poggi et al. (2008) revealed that C0 may vary nonlinearly inside the canopy
while the LS model predictions were not sensitive to gradients of C0 inside canopy.

In addition to LS approach closure modeling (cf. Sect. 8.4) and LES have been
successfully applied to footprints inside and above a forest canopy. The clear benefit
of these models is their ability to simulate complex canopy flows.

The versatility of the LES has been recognized as a potential tool to describe the
flow over (Chandrasekar et al. 2003) and near (Shen and Leclerc 1997) or inside very
strongly sheared atmospheric flows such as within plant canopies (Su et al. 1998;
Shen and Leclerc 1997; Watanabe 2009) and urban canopies (Tseng et al. 2006).
Recently, LES studies have been applied to canopy turbulence and been shown to
reproduce many observed characteristics of airflow within and immediately above a
plant canopy, including skewness, coherent structures, and two-point statistics (Su
et al. 1998; Shen and Leclerc 1997; Prabha et al. 2008a).

Concentrations and flux footprints have been studied using the LES, by exam-
ining the behavior of tracers released from multiple sources inside a forest canopy.
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Fig. 8.5 (a) Flux footprints predicted for within-canopy wind statistics according to Launianinen
et al. (2007) by assuming source locations at the forest floor (Zs D 0) or at height 0.65� canopy
height. (b) Cumulative footprints corresponding to (a). Observation levels z h�1 D 0.15, 1.5

Recently, the flux footprint over or inside the forest canopy using the LES has been
modeled by Su and Leclerc (1998), Prabha et al. (2008a), and by Mao et al. (2008).

8.3.2 Footprint Dependence on Sensor and Source Heights

Rannik et al. (2000), Markkanen et al. (2003), and Prabha et al. (2008a) highlighted
the dependence of the footprint function on the vertical source location. This is of
relevance in case of flux measurements over high vegetation, where exchange of
many atmospheric consituents of wide interest (CO2) occurs mainly at the higher
part of canopy. Figure 8.5 examines the influence of source height on footprint



8 Footprint Analysis 227

Fig. 8.6 Vertical profiles of higher moments: (a) skewness (Sk), and (b) kurtosis (K) of vertical
(w) and along-wind (u) components (Rannik et al. 2003)

function. For this illustration, turbulence profiles in LS simulation of footprint
functions were parameterized for pine forest according to measurements reported
in Launiainen et al. (2007). It can be seen that the footprint function peak is
higher for elevated sources inside the canopy (Fig. 8.5). The footprint funtion
for measurements over forest at a typical height varies significantly depending on
source location either on the forest floor or in the upper part of forest canopy. The
footprint function for flux measurements above the forest floor inside trunk space is
much more constrained.

8.3.3 Influence of Higher-Order Moments

The velocity distribution inside canopy is significantly skewed (Fig. 8.6). Leclerc
et al. (1991) examined the behavior of the vertical velocity skewness inside
and above a forest canopy for a wide range of atmospheric stabilities, defined
as the stability above the canopy, and found that non-dimensionalized vertical
velocity skewness can be as large as �2. The trajectory model of Thomson
(1987) enables to account only for Gaussian turbulence statistics. Flesh and Wilson
(1992) developed a two-dimensional trajectory model able to account also for
third and fourth moments. Since more than 1D Lagrangian trajectory models are
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Fig. 8.7 Prediction of flux footprint pdf with Lagrangian stochastic trajectory model of Flesch and
Wilson (1992), parameterized with Gaussian (G) and non-Gaussian (NG) turbulence profiles. 0.15,
0.3, and 1.5 refer to observation heights above forest surface normalized to forest height h, profiles
parameterized according to Rannik et al. (2003) and skewness and kurtosis as presented in Fig. 8.6

not uniquely defined, the model of Flesh and Wilson (1992) was run for the
comparison also with Gaussian parameterization of velocity distribution function.
Non-Gaussian turbulence statistics tend to move the footprint peak further away
from the measurement point, reducing the contribution from very close sources
from below and around the observation point (Fig. 8.7). However, the integrals
over horizontal distance (representing the fraction of flux contributed by the given
horizontal distance) converge and the choice between the two trajectory models does
hardly affect the estimate of the footprint extent.
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8.4 Complicated Landscapes and Inhomogeneous Canopies

8.4.1 Closure Model Approach

Often the estimation methods of ecosystem–atmosphere exchange rely on hori-
zontal homogeneity. Nevertheless, the assumption of spatial homogeneity is rarely
met within most natural ecosystems and airflow passing through and over them
is essentially two- or three-dimensional, leading to advective transport occur-
ring besides the turbulent transfer. The large and often undetermined uncertainty
of ecosystem–atmosphere exchange derived by single-point micrometeorological
measurements has become one of the most important topics of methodological
micrometeorology (e.g., Rannik et al. 2006). Capturing of advection and horizontal
flux components at imperfect sites requires auxiliary experiments and cannot yet
be routinely performed (e.g., Aubinet et al. 2003, 2005). Numerical modeling has
been recognized as an effective and flexible tool in the investigation of spatially
dependent complex processes, providing supplementary information on variables of
interest, generally overlooked in field measurements.

As airflow mediates the biosphere–atmosphere exchange and coupling, the first
step toward understanding the role of advection in exchange processes over complex
terrain is characterizing wind flow. Over the last 30 years, different modeling
approaches to simulate vegetation–atmosphere interaction have been applied to
horizontally homogeneous canopies, and these form a basis for more complex
flows. It has became clear that for any model that aims to adequately simulate
the airflow over heterogeneous surfaces, the turbulence length scale, l, must be
calculated as a dynamic variable (e.g., Ayotte et al. 1999; Finnigan 2007). For
practical applications (such as footprint estimation), where information on higher-
order statistics of turbulent flows is superfluous, the approach based on two-equation
closure (see below) seems to be the optimal choice for modeling of such flows since
second- and higher-order closure models (e.g., Rao et al. 1974; Launder et al. 1975)
or Large-Eddy Simulation (e.g., Deardorff 1972; Moeng 1984) providing a practical
framework for computing these statistics are computationally more demanding.
The approach based on differential transport equations for the turbulent kinetic
energy (TKE) E, and for a length scale determining a variable related to E (that
is more often one of the following parameters: El, ©, or ! – the product of E
and l, the dissipation rate of E, or the specific dissipation (©/E), respectively),
provides the minimum level of complexity that is capable of simulating l without
any additional speculation (e.g., Launder and Spalding 1974; Wilcox 2002; Kantha
2004). Although having a number of well-known deficiencies, two-equation closure
has still been used in industrial computations for a long time and has proved to be
an excellent compromise between accuracy and computational effort (see Hanjalić
2005 or Hanjalić and Kenjereš 2008 for a review). During the last two decades,
models using two-equation closure have attracted great attention in the geophysical
modeling community and a number of authors have found it is sufficient for most
practical tasks (Wang and Takle 1995; Umlauf and Burchard 2003; Castro et al.
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2003; Hipsey et al. 2004; Katul et al. 2004). Applications of this approach to
atmospheric and oceanic flows have highlighted, however, serious uncertainties in
the treatment of buoyancy and plant drag effects (e.g., Duynkerke 1988; Svensson
and Häggkvist 1990; Apsley and Castro 1997; Wilson et al. 1998; Baumert and
Peters 2000; Kantha 2004; Sogachev and Panferov 2006). Recently, Sogachev
(2009) showed how different sources/sinks appearing in the turbulent kinetic energy
equation due to these effects can be treated in the supplementary equation in such
a way as to minimize the uncertainty. This gives new opportunities in the use of
two-equation closure models for environment problems. However, some types of
models (e.g., E–El) have problems with properly reproducing the log-law region
near wall unless extra terms are included (e.g., Kantha 2004). Application of such
models to the canopy and planetary boundary layer could be limited; for example,
determination of the near-wall term in the presence of vegetation could be difficult
similarly to determination of l (see, for discussion, Sogachev and Panferov 2006).

A natural question demanding more careful consideration is still an ability of
such models based on gradient-diffusion scheme to describe adequately turbulence
under conditions of unstable stratification and inside of vegetation. Discussions on
this question with reference to vegetation repeatedly rose in scientific literature
(Sogachev et al. 2002; Katul et al. 2004; Sogachev et al. 2008). Here we summarize
the main points. Central to any first or one-and-half order closure model is a
simple relationship used for the description of the turbulent exchange within the
vegetation, namely K-theory where the mean turbulent flux (Fs) is related to the
mean concentration (cs) gradient as follows:

Fs D �Ks.z/
d Ncs

d z
: (8.9)

Here z is the height and Ks(z) is the local eddy diffusivity for cs. A number of
investigators have noted, however, that K-theory may be inadequate for description
of turbulent fluxes from local gradients within the canopy due to strong variability
in the sources and sinks of any scalar s, and due to the possible occurrence of
countergradient transfer (Denmead and Bradley 1985; Raupach 1988; Finnigan
2000). Nevertheless, researchers still consider models based on gradient-diffusion
approximation to explore disturbed flows (Gross 1993; Wilson et al. 1998; Wilson
and Flesch 1999; Pinard and Wilson 2001; Katul et al. 2004, 2006; Sogachev and
Lloyd 2004; Foudhil et al. 2005; Sogachev and Panferov 2006). This is in part
due to the fact that keeping the number of equations and necessary constants to
a minimum provides a significant computing profitability over other methods which
can reproduce nonlocal, nondiffusive behavior in the Eulerian framework such as
Large-Eddy Simulation (LES) (Shaw and Schumann 1992; Shen and Leclerc 1997)
and higher-order closure (Wilson and Shaw 1977, Meyers and Paw 1986) models.
Most importantly, however, there is a distinct dynamical support to describe the
behavior of strongly perturbated canopy flows as is the case for flows near the
transition between a forest edge and an open forest gap (Wilson et al. 1998; Belcher
et al. 2003) or on hills (Finnigan and Belcher 2004).
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Thus, near the forest edge, most of the flow distortion initially is dominated by
inertial effects, resulting in large advective terms (Belcher et al. 2003). These lead to
reduction in K which is not offset by the new energetic small-scale eddies generated
as the flow encounters the foliage. Hence, these eddies have a small integral length
scale and the “near-field” effect (a nondiffusive contribution from nearby sources)
associated with them is localized. Thus the basic requirement of K-theory – that
the length scale of the mixing process needs to be substantially smaller than that of
the inhomogeneity in the mean scalar or momentum gradient – is not violated here
(Corrsin 1974). Airflow over hill is different from that near forest edge but it also
leads to distortion and breaking up of large eddies and using K-theory is admissible
(Wilson et al. 1998; Katul et al. 2004).

A common conclusion from above was expressed by Gross (1993), who found
that the application of the flux-gradient approach by two-dimensional and three-
dimensional-modeling is admissible, in particular, in simulations for which advec-
tive processes are of greater importance than diffusive processes. Such situations
are typical for inhomogeneous vegetation and complex terrain. Regarding diffusion
process that is always present irrespective of advection, we note that for the forward
problem, which is considered when we are looking for flux footprint, the objective
is to calculate fluxes from the canopy and underlying surface to a reference point.
In this case, “near-field” dispersion provides distortions to the local concentration
profiles within the canopy but does not contribute substantially to the transport
between the canopy layers and the reference point (Raupach 1989; Katul et al. 1997;
Leuning et al. 2000).

8.4.2 Model Validation

All numerical results presented below were derived using ABL model SCADIS
based on one-and-half order closure with different closure schemes during different
stages of model development. The last version of model is based on E–! closure
scheme, modified according to Sogachev (2009). There exists a variety of exper-
imental data about airflow characteristics inside the vegetation canopy. As a rule,
such data have been derived from single-point measurements. In the literature one
can find many models of different levels of complexity (including analytical ones)
for the canopy flow that is mainly validated by using such data. Applicability of
those models is justified for homogeneous conditions but is rather questionable
for heterogeneous ones. There are few natural experiments exploring turbulence
characteristics spatially, that is, in vicinity of forest edge (Gash 1986; Kruijt 1994;
Irvine et al. 1997; van Breugel et al. 1999; Flesch and Wilson 1999; Morse et al.
2002). The lack of the experimental data limits seriously a development of high-
resolution flow models capable to take into account the natural heterogeneity.
Nevertheless, the results of recent model tests over a wide range of canopy
architectures by Sogachev and Panferov (2006) suggest that the model SCADIS can
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Fig. 8.8 Two-dimensional fields of horizontal wind velocity (U), mixing length (l), and turbulent
kinetic energy (TKE) near the leading edge of a forest derived by E – ¨ model. The thick dashed
line encloses the forest approximated by vertically uniform vegetation with a height of 15 m and
LAI D 3. The horizontal distance is normalized by the tree height, x/h. Here and in figures below
the airflow from the left to the right (After Sogachev and Panferov 2006)

adequately reproduce the interaction between the flow and the forest edge. Thus,
the behavior of the turbulence scale and the turbulence field as predicted by our
two-equation model is in qualitative agreement with the description suggested by
Belcher et al. (2003) (see above) and corresponds to that experimentally obtained
by Krujit (1994) and by Morse et al. (2002) (see Fig. 8.8).

Comparison of model results with observations of Chen et al. (1995) for turbulent
kinetic energy in wide gap downwind of the model forest derived from wind tunnel
study shows that the model also deals well with the readjustment of the turbulence
field on the lee side of a forest (see Fig. 8.9).

There are differences between airflow above smooth and rough ridge. Belcher
and Hunt (1998) pointed out that higher roughness of the ridge or larger wind
shear of the approaching flow enhances the stress perturbation so that separation
tends to occur at smaller slopes. Model results for airflow over two different
ridges – one with relatively smooth surface and another covered by homogeneous
forest – are demonstrated in Fig. 8.10. Comparing the left-side and the right-side
panels of Fig. 8.10, it can be seen that separation occurs for a ridge with a large
surface roughness, whereas there was no separation for the ridge with small surface
roughness. This is in good agreement with the conclusion of Belcher and Hunt
(1998). As is seen, the model reproduces qualitatively the most significant flow
features of hilly terrain (Raupach and Finnigan 1997) and is therefore suitable
for preliminary investigation of both scalar dispersion and footprint behavior in
complex terrain.
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Fig. 8.9 Comparison between vertical profiles of measured (symbols) and modeled (lines) turbu-
lent kinetic energy (TKE) downwind the model forest edge. The position at x/h D 0 corresponds to
the beginning of the open place (After Sogachev and Panferov 2006)

Fig. 8.10 Isolines of the stream function for neutral stability airflow over a ridge having a
relatively smooth surface (soil with surface roughness assumed to be z0 D 0.3 m) (the left panel)
and having a rough surface (forest) (the right panel). The height of the forest was assumed to be
20 m (denoted by the dashed line) with LAI D 2.4 m2 m�2. Aerodynamic drag of the forest and
the flow through the forest were considered. The topography variations are shown by black area.
Arrows show the direction of the airflow (After Sogachev et al. 2004)

8.4.3 Footprint Estimation by Closure Models

The spatial distribution of sources and sinks within plant canopies is strongly
heterogeneous and depends on vegetation properties and prevailing meteorological
conditions. However, such details regarding the distribution of local sources and
sinks are not needed for many practical tasks. To interpret experimental data
correctly it is often sufficient to know the footprint of the measurement with some
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Fig. 8.11 Methods of estimation of source weight function by means of the numerical model;
“i” indicates a model grid cell within a domain of I gridcells, “k” is the investigated grid cell
(measurement point), “Z1” and “Z2” are the heights for which the footprint is estimated. The
dashed areas depict high-intensity areas of vertical scalar flux (After Sogachev and Lloyd 2004)

finite horizontal resolution; this being sufficient to identify the contribution of the
main vegetation types to the measured flux.

Thus assuming that the vertical scalar flux measured by a sensor at a given point
can be estimated by Eq. 8.9, we can then find the integral contribution of each
model cell to that measurement from modeled fields of scalar concentration and
turbulent diffusion. When using SCADIS there are two nearly equivalent techniques
(difference can be caused by boundary conditions at simulation domain) to estimate
the contribution of any model cell to the measured vertical flux at a prescribed
location. These are presented schematically in Fig. 8.11.

According to the first technique (I) the contribution of a given cell to the
measured vertical flux at point (k,Z) is determined by excluding all sources and
sinks in the investigated cell (e.g., i D 3 in Fig. 8.11a). The alternative approach (II)
is complementary where all sources and sinks in the model domain are excluded
(1,I) except for those within the investigated cell (e.g., i D 3 in Fig. 8.11b). The
bulk vertical flux at point (k,Z) is then calculated by summing up the result of the
individual calculations for each cell (Fig. 8.11c). Taking the total contribution of all
cells to bulk flux as unity it is then possible to estimate the influence (or weight) of
each cell and, therefore, define the flux footprint function.

In the current modeling approach, it is difficult to predefine equal source strength
inside all grid cells, especially over complex terrain. This is because complex
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topography and varying tree compositions with different height and density will
change aerodynamic resistance and stomatal conductivity in unpredictable manner.
Therefore, modeling approach is needed for normalization of sources for each
grid cell to get uniform distribution of sources for footprint estimation. The major
problems with this approach occur when the cells next to inflow lateral border have
significantly different source/sink strengths to each other or if the inflow lateral
border of the model is not far enough from point (k). This is because the source/sink
from the inflow border cell (i D 1) mostly defines the model background flux as
the contribution to point (k,Z) from outside of the model domain. So any sudden
changes in inflow conditions can result in uncertain footprint prediction.

These problems can, however, be overcome by imposing the mean canopy
properties onto several inflow cells or by having the inflow border at a sufficient
distance from estimated measurement point. Some guidance for the appropriate
distance can be obtained from analytical footprint models. An irregular horizontal
grid with a model step that increases as one moves away from the measurement point
also helps to solve the problem with lateral border conditions, especially for two-
dimensional model domains, and without significantly increasing computational
requirements.

It should be noted that the footprint estimation for fluxes where the source or sink
strength is dependent on specific surrounding conditions (e.g., photosynthetic activ-
ity and ambient CO2 concentration) are, however, slightly incorrect as advective
terms are ignored. Footprint estimation taking into account the upwind influences
is relatively simple for the two-dimensional model when using the cumulative
technique (CT). This approach is illustrated in Fig. 8.11d. The contributions of
model cells to the flux at the investigated measurement point are estimated by this
approach as follows. First the source/sink influence of an inflow border cell (i D 1)
is estimated when for all other cells (i D 2,I) all sources/sinks are not active. Then
the sources/sinks in the next downwind cell are activated and the joint influence
of the two cells is estimated. Then the sources/sinks in the next downwind cell
are activated (i D 1,3) and so on until the value of bulk flux in investigated point
is reached as a result of the joint influence of all upwind sources/sinks (i D 1,k).
After that it is easy to derive the cumulative flux for each upwind cell from
numerical data. The derivative of this cumulative flux function is the footprint.
This technique is much more difficult or even impossible to implement for three-
dimensional conditions because of very complicated upwind conditions. So for
full three-dimensional simulations it is assumed that the source/sink strengths of
different cells are independent of each other with the exception of the upwind
boundary cell. The resultant flux at the investigated (measurement) point is then
a result of superposition of flux fields produced by all cells. According to this
assumption the first two techniques of footprint modeling are equivalent.

According Sogachev and Lloyd (2004) the “footprint function” as calculated
by above-described techniques does not strictly adhere to the footprint defini-
tion, for which footprint function should depend only on turbulent diffusion and
source-receptor location. Rather, it represents a normalized contribution function
(or “source weight function”), where variations in the horizontal distributions of
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Fig. 8.12 Predictions of flux
footprint with the Lagrangian
stochastic trajectory
simulation of Thomson
(1987) (LS-TH) and
Kurbanmuradov and
Sabelfeld (2000) (LS-KS),
and SCADIS model
estimations of flux footprints
above a managed forest
plantation in Florida
(z D 1.4 h) in neutral
conditions (After Sogachev
et al. 2005a)

fluxes will by definition also give rise to a variation in estimated footprint function.
In case of horizontally homogeneous source/sink field our normalized contribution
function is effectively equivalent to a footprint function and is thus referred to
as such.

There are no general criteria guiding the validation of footprint models. Only
a handful of validation experiments are available (see Foken and Leclerc 2004).
Therefore, the approach of footprint estimation based on SCADIS was mainly
validated using comparison with other approaches. Footprint functions modeled
by SCADIS were compared with footprints derived from both analytical and
Lagrangian stochastic approaches for condition of uniform surface (e.g., Schuepp
et al. 1990; Leclerc and Thurtell 1990; Kormann and Meixner 2001). The best
agreement was obtained in neutral conditions. In Sogachev et al. (2005a), additional
proofs of credibility of the closure approach were given by a comparison of
footprints predicted by SCADIS and two different LS models (Thomson 1987;
Kurbanmuradov and Sabelfeld 2000) (see Fig. 8.12). Figure displays footprint pre-
dictions derived by different models for the same flow conditions over homogeneous
vegetation. The vegetation was presented by slash pine managed forest in Florida
(Leclerc et al. 2003a). The forest has a closed canopy with an average height of
13.5 m and leaf area index (LAI) of about 3. SCADIS footprints exhibit very close
values compared to Lagrangian stochastic (LS) model results.
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Fig. 8.13 Examples of footprint predictions for two different directions of surface wind and time
points at three heights above forest canopy. (a) – west wind; upper panel for 3.00 LT (L � 50 m),
down panel – 15.00 LT (L � �120 m). (b) – north wind, 15.00 LT (L � �120 m). The dashed
quadrate at all panels indicates the location of measuring tower. Arrow indicates the surface wind
direction. Numbers of per cent indicate total contribution from model domain to measured flux.
Colors of each type correspondent to colors of vegetation type approximation in domains (white –
birch; different grey for different spruce stands) (After Sogachev and Lloyd 2004)

8.4.4 Footprints over Complex Terrain

The main advantage of the approach for footprint estimation based on closure
models is that it does not rely on the assumption of spatially homogeneous
vegetation. Therefore, it could be successfully applied for a wide range of practical
tasks like the choice of optimal sensor position for flux measurements over complex
terrain, or for the data interpretation from existing measurement sites.

The approach has been applied to estimate footprints for existing flux mea-
surement sites in Tver region (European Russia) (Sogachev and Lloyd 2004) and
Hyytiälä (Finland) (Sogachev et al. 2004), taking into account mainly the vegetation
heterogeneities in the first case and complex topography in the second. Applications
of the method to real sites lead us to several interesting observations. For example,
for a mixed coniferous forest in European Russia on a plain relief a marked
asymmetry of the footprint in the crosswind direction was observed, this being
especially pronounced for nonuniform plant distributions involving vegetation types
with different morphological and physiological properties (see Fig. 8.13). It was
also found that, other factors being equal, for above-canopy measurement sensor,
the footprint peak for forest soil respiration is typically over twice the distance as
compared to that for canopy photosynthesis. This result has important consequences
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for interpretation of annual ecosystem carbon balance estimations with the eddy-
covariance method. The study of the Hyytiälä site revealed the effects of topography
on scalar concentration and flux fields within the atmospheric surface layer. The
fluxes at a fixed height vary as a function of position in respect of topography. The
fluxes tend to be larger at the upwind foot of the ridge and at the downwind side of
the ridge crest, being smaller downhill. Correspondingly, the flux footprints depend
on the location of the flux measurement point and may significantly deviate from
those for a flat terrain.

Vertical fluxes and footprint behavior over a few simplified landscape types were
investigated by Sogachev et al. (2005b). Hypothetical heterogeneous vegetation
patterns – forest with clear-cuts as well as a hypothetical heterogeneous relief, a bell-
shaped valley, and a ridge covered by forest – were considered. The disturbances
induce changes in scalar flux fields within the atmospheric surface layer compared to
fluxes for homogeneous conditions: at a fixed height the fluxes vary as a function of
distance from disturbance. Correspondingly, the flux footprint estimated from model
data depends on the location of the point of interest (flux measurement point). This
study demonstrated mainly that any generalization of the footprint and flux behavior
as a function of landscape heterogeneity is still a challenging task due to their site
specificity.

The behavior of both scalar fluxes and flux footprints near a forest edge were
investigated in detail for the Florida AmeriFlux site (Sogachev et al. 2005a) and
Bankenbosch forest in the Netherlands (Klaassen and Sogachev 2006). The former
study examined the influence of bare soil patch located upwind of the eddy-
covariance tower on fluxes in a forest plantation. Scalar fluxes and flux footprints
from a clear-cut–forest transect with swaths of logged land with dimensions varying
with wind direction were modeled (see Fig. 8.14). In sharp contrast with momentum
fluxes, the magnitudes of CO2 and scalar fluxes were found to be sensitive to clear-
cut width. The adjustment to new underlying scalar flux values as a function of
distance from the leading forest edge appeared to be far greater for scalar fluxes than
for momentum fluxes. This result is consistent for all modeled clear-cut swaths –
forest canopy interfaces, suggesting that CO2 flux measurements using the eddy-
covariance technique require a larger fetch for forest flux towers than previously
thought. The footprint analysis indicated flux contributions from the clear-cut, forest
floor, and forest canopy to the tower flux hundreds of meters downwind of the clear-
cut–forest interface and highlighted the need for caution in the interpretation of
data away from the leading forest edge (up to 30 canopy heights) (Fig. 8.14). This
is especially true when the strengths of both surface and in-canopy sources are of
comparable magnitude.

The study of Klaassen and Sogachev (2006) showed in addition that with
increasing forest density, atmospheric fluxes deviate even more strongly from
surface fluxes, but over shorter fetches. It was concluded that scalar fluxes over
forests are commonly affected by inhomogeneous turbulence over large fetches
downwind of an edge. It is recommended to take horizontal variations in turbulence
into account when the footprint is calculated for atmospheric flux measurements
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Fig. 8.14 Examples of net footprints (joint contribution of sources located within the canopy layer
and on the soil surface are considered) derived by the model for a case of 17 h wide clear-cut for
sensors located at various normalized distances, x/h downwind of the forest edge at a height of
1.4 h (After Sogachev et al. 2005a)

downwind of a forest edge. The spatially integrated footprint is recommended for
describing the ratio between the turbulent flux above forest and the average surface
flux in the source area.

The knowledge of the footprint itself considerably improves our ability to
decompose a flux signal into its different source signatures. However, Sogachev
et al. (2005b) pointed out that for establishing and locating the flux towers, the
information provided by the footprint function is more convenient if presented in a
different form. They introduced fractional flux function describing the contribution
of given source into a signal at that imaginary flux tower. Figure 8.15 compares
these fractional flux functions for measurement height z D 1.4 h obtained for the
different modeled clear-cut sizes. The behavior of these functions depends on
the flow structure in the clear-cut–forest transition zone, which in turn is defined
by the canopy structure. The flow acceleration in the lower canopy and above, the
flow deceleration in the upper canopy region together with the vertical air motions,
all occurred in this zone resulting in a complicated distribution of the scalar field
and vertical fluxes. With information on fluxes from the soil in clear-cut and forest
areas (as might be seen during nighttime conditions with upward CO2 fluxes, for
example) and from the forest canopy, net fluxes at given height downwind of the
forest edge can be estimated.

Both studies suggested that, to improve our current assessment of net carbon
uptake, attention should be given to the importance of careful tower location
selection in a landscape characterized by a mosaic of surface properties as observed
in most natural ecosystems. For towers located in complex terrain, the approach
based on two- and three-dimensional flow model capable of taking into account
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Fig. 8.15 Variation of the fractional flux functions at a height of 1.4 h with normalized distance,
x/h downwind of the forest edge, derived by footprint modeling for sources on forest floor, inside a
tree layer and on the clear-cut. These functions describe the contribution of corresponding sources
to a measured signal at an arbitrary location downwind of the clear-cut–forest edge (After Sogachev
et al. 2005a)

heterogeneity of surface is strongly recommended for footprint estimation. The
interpretation of the eddy-covariance flux measurements over Lake Valkea-Kotinen
in the framework of Helsinki Environment Research Centre (HERC) project (Vesala
et al. 2006) is a practical example confirming the adequacy and usefulness of this
approach.

Quantitative behavior of scalar fluxes near a forest edge depends strongly
on forest structure and surrounding conditions. Nevertheless, several general
conclusions can be drawn which should be taken into account when inter-
preting data observed at short and moderate fetches (less than 40 tree heights
downwind of a forest edge):

An adjustment in the momentum flux does not necessarily mean an adjust-
ment in scalar flux. It is recommended that more stringent fetch requirements
for scalar flux observations be used.

The adjustment rates for scalar fluxes originating from sources inside
canopy are faster than that for soil fluxes for any forest structure. As a
consequence, in addition to upwind clear-cut dimension, the adjustment
rate of the flux from combined sources/sinks depends also on the ratio of
canopy/ground source strengths.

The ground source plays a major role in the formation of wave-like vertical
scalar flux behavior over the forest downwind of a forest edge, despite the fact
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that the contribution of foliage sources/sinks changes monotonously. Such a
variation is caused by scalar advection in the trunk-space. The effect was more
pronounced in model forests with leaf area concentrated in the upper part of
the canopy.

Overall, the interpretation of data from eddy flux measurement systems
located downwind of a clear-cut–forest discontinuity always needs a more in-
depth examination to ensure that correct footprints are calculated and that the
measured fluxes are properly interpreted relative to net ecosystem exchange.

8.4.5 Modeling over Urban Areas

Recently, Vesala et al. (2008a) successfully implemented this method for estimation
of footprint for measuring tower surrounded by complex urban terrain. Besides the
above example for Tver region (European Russia) (Sogachev and Lloyd 2004), it is
a second attempt of footprint prediction in three-dimensional landscape reported
in the literature. Performed footprint analysis allowed for discrimination of the
influence of surface and canopy sinks/sources and complex topography on observed
fluxes. The heterogeneity of urban surface results in complex transport from sources
to receptor and the footprint signature was asymmetric along prevailing wind direc-
tion. Thus, any two-dimensional footprint models (especially based on analytical
solutions) should be avoided for urban surrounding even with flat topography. Jarvi
et al. (2009) applied also the ABL model for estimation of footprint over urban areas
including the effect of real urban structure on the flow. In simulations, land use was
classified into nine different types including roads, parking areas, soil, and trees
with two different height classes, and buildings with four different height classes.
Buildings were considered to be impenetrable. The footprint calculation was made
for the road sector with the surface wind from a direction perpendicular to the road,
and a geostrophic wind speed of 10 ms�1. Neutral stratification of the atmosphere
was assumed. The cell size used in the simulation was 20 � 20 m2. The airflow at
the height of 10 m above surface and flux footprint for ground sources and for the
sensor located at the height of 31 m are presented in Fig. 8.16.

The flow pattern was strongly affected by buildings, and therefore the footprint
function of the surface fluxes showed a complex pattern, unlike the smooth pattern
characteristic of horizontally homogeneous conditions. In fact, the function had two
local maxima, one close to the measurement tower and another at a distance further
upwind. Model simulations also indicated that the footprint function was highly
sensitive to wind direction.

There are only a few attempts presented above to estimate footprint over urban
area. However, over complex topography and heterogeneous terrain, the only
possible way to estimate the influence of surface sources on the measured flux is
through the use of numerical calculations.
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Fig. 8.16 Aerial photograph of the measurement location. Topography of the measurement site
(relative to sea level) is denoted by black contours. Wind vector plots (a) and the flux footprint
function (b) (scale 10�6, the unit of flux footprint is m�2) are shown when the wind direction
is perpendicular to the road (117ı), Geostrophic wind speed is 10 m s�1 and the boundary layer
is neutrally stratified. The location of the measurement tower is marked by a white star, and its
distance to the edge of the road is around 150 m (After Jarvi et al. 2009)
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8.5 Quality Assessment Using Footprint Models

The application of the eddy-covariance technique to monitor turbulent exchange
processes between surface and atmosphere is restricted to basic theoretical as-
sumptions, the most important of which are steady-state flows, a mean vertical
wind component of zero, and non-advective conditions (e.g., Foken et al. 2004;
Foken 2006; Kaimal and Finnigan 1994). Deviations from these assumptions will
increase measurement uncertainty, and thus have a negative impact on overall data
quality (see also Sect. 4.3, Chap. 4). Heterogeneity in the area surrounding an eddy-
covariance measurement site, such as clearings in a forest, fields with different crop
types in an agricultural area, or obstacles like buildings or trees in an otherwise
open grassland, holds the potential to disturb the atmospheric flow, and trigger
the above-mentioned deviations from ideal conditions that cause data quality to
decrease (e.g., Baldocchi et al. 2005; Panin and Tetzlaff 1999; Schmid and Lloyd
1999). Evaluating the influence of such terrain heterogeneity on eddy-covariance
measurements through footprint modeling can, therefore, serve as an important
component in the overall eddy-covariance data quality assessment strategy (Foken
et al. 2004).

In recent years, the growing number of eddy-covariance sites organized in
networks such as FLUXNET (Baldocchi et al. 2001), CarboEurope (Valentini et al.
2000), or Ameriflux (Law 2005), lead to a shift from ideal, homogeneous sites to
complex and heterogeneous conditions (e.g., Schmid 2002). To facilitate coverage
for a wide range of ecosystems many sites had to be established in heterogeneous
areas with variable land cover types, since there had to be a compromise between
the ecological importance of a new site and the suitability of the surrounding
environment for high-quality eddy-covariance measurements. Accordingly, there
is a strong interest in methods and applications that can link quality features in
the measured data with characteristics of the surrounding terrain. Such efforts are
particularly valuable for the increasing number of FLUXNET synthesis studies
(Grant et al. 2009; Luyssaert et al. 2008; Stoy et al. 2009) that pool observations
from multiple sites to generate, for example, products representative for larger
scales.

As a diagnostic quality assessment tool for existing databases, footprint analyses
can generally be applied in three different areas:

Testing the spatial representativeness of the measured fluxes. Footprint model results
can reveal the composition of different land cover types, different forest age
classes, etc., in the fetch of a measurement (Göckede et al. 2004, 2006). This
information can be used to characterize the variability in the flux time series that
is caused by a changing field of view of the sensors, and ideally the total flux can
be decomposed into flux contributions from different biomes (Barcza et al. 2009;
Soegaard et al. 2003; Wang et al. 2006). If data from a homogeneous flux source
are required, for example, to train a model for a specific biome like conifer forest,
the footprint filter can indicate which measurements provide the “true” forest
signal, and which are “contaminated” by, for example, clearings or water bodies
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(Göckede et al. 2008; Rebmann et al. 2005). A test for spatial representativeness
is also necessary to link eddy-covariance measurements to data at different spatial
resolution, such as upscaling to remote sensing information grids (Chen et al.
2008; Kim et al. 2006; Reithmaier et al. 2006) or aircraft data (Kustas et al.
2006; Ogunjemiyo et al. 2003), or downscaling for comparison to soil chamber
measurements (Davidson et al. 2002; Myklebust et al. 2008; Reth et al. 2005).

Linking data quality to terrain features. Eddy-covariance data quality assessment
results, as, for example, outlined in Sect. 4.3, can be linked with footprint
analyses to produce spatial maps of the data quality (Göckede et al. 2004, 2006,
see below for details) These maps hold the potential of identifying general
instrumentation problems, disturbed wind sectors under different conditions of
atmospheric stability, or even the influence of single obstacles in the near field
of a sensor. Potential effects will show up as structures in the spatial maps, for
example, a single wind sector with reduced data quality for a specific atmospheric
stability regime. Such structures are often caused by subtle trends which might
easily be missed in a standard database filter. Such “bad” situations can be flagged
to strengthen the database.

Visualize spatial structures in ancillary parameters. In the same way as outlined
above for the data quality, in principle any measured parameter (scalars and
fluxes) can be linked with the footprint analyses to produce spatial maps.
A classic example for this application would, for example, be the visualization
of spatial structures in the mean vertical wind component (Göckede et al. 2008).
Other examples include visualizing the flux fields of sensible or latent heat, which
may indicate spatially variable sources for these parameters.

In addition to analyzing existing datasets in a diagnostic way, footprint modeling
can also be applied in a “predictive” way to assist in the planning of new meteorolog-
ical experiments. Using either hypothetical or measured wind climatology datasets,
the instrument position can be optimized by, for example, maximizing the influence
of fluxes from the biome intended to monitor, and/or minimizing the influence of
potential obstacles in the fetch of the sensors.

8.5.1 Quality Assessment Methodology

A comprehensive quality assessment framework to include footprint analyses into
eddy-covariance data quality assessment schemes was first introduced by Göckede
et al. (2004). Their approach, which built on an analytic flux footprint model
(FSAM, Schmid 1994, 1997), addressed all three general quality assessment areas
listed above, and was successfully applied by Rebmann et al. (2005) to 18 sites of the
CARBOEUROFLUX network. An upgraded version of this framework (Göckede
et al. 2006), which aimed at a more reliable performance and broader applicability,
replaced the analytic footprint model by a forward Lagrangian stochastic (LS)
trajectory model (Rannik et al. 2003). This software tool provided the results for
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an extensive quality control study of CarboEurope-IP data (Göckede et al. 2008)
that summarized findings from 25 forested sites.

To ensure representative findings, footprint analyses for data quality assessment
should use a database of several months (at least 2–3) of meteorological measure-
ments, so that several thousand half-hourly averaged observations are available. The
correct interpretation of the findings relies on a good sample of the local wind
climatology, and sufficient coverage of different atmospheric stability conditions
for all wind sectors. The analysis will be strengthened by choosing a database
that covers a period of the year with high absolute values of exchange fluxes
between surface and atmosphere. Concerning the required gridded maps of the
terrain characteristics such as land cover type or stand age, the spatial resolution
as well as the number of classes assigned only play a minor role as long as the
map resolves those details in the surrounding terrain the specific study is aiming at
(Reithmaier et al. 2006). For example, coarse resolution maps might be sufficient
for studies that simply differentiate between generic forest and the non-forest areas
beyond the forest edge, while finer resolution maps will be required if also patches
of coniferous, deciduous, and mixed forest need to be resolved, or the forest is
interspersed by small clearings. Overall, the quality of the footprint results tend
to improve through the use of more detailed, remote sensing based map material.

An integral part of footprint-based quality assessment approaches is the average
source weight function for a longer measurement period, the so-called footprint
climatology (e.g., Amiro 1998). It is obtained by summing up the source weight
functions of individual 30-min measurements over a longer period of time, and
thus reflects the local wind climatology and the distribution of different classes
of atmospheric stability on the long-term measurement conditions. Figure 8.17
demonstrates the variability of footprint climatologies under different stratification
regimes, highlighting also the change in the composition of land cover types within
the footprint with varying conditions. In these two-dimensional visualizations, the
white effect level rings indicate the three-dimensional topography of the footprint
climatologies, with the most influential terrain areas located in the center of the
concentric rings.

For the evaluation of the spatial representativeness of an eddy-covariance flux
dataset, footprint climatologies merged with land cover maps as shown in Fig. 8.17
already provide a first impression on the potential impact of terrain heterogeneity on
the observations. The most prominent land cover classes within the area encircled
by the white isolines will also dominate the flux measurements. “Disturbance
elements,” such as clearings in a forest, will have a higher impact on the dataset
the closer they are situated to the center of the concentric effect level rings. For
a more detailed analysis, each 30-min source weight function has to be projected
onto the gridded land cover map, assigning a weighting factor to each grid cell
that represents its relative contribution to the actual measurement. The distribution
of flux contributions from the different land cover types can then be obtained by
accumulating these weights sorted by land cover type. Application on a larger
dataset reveals patterns in the composition of the footprint that are dependent on
wind sector and stability regime. This information is particularly valuable in case
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Fig. 8.17 Top-down view on footprint climatologies (white lines), accumulated for different
regimes of atmospheric stability, obtained for the Weidenbrunnen tower in southeastern Germany.
Panels give footprint climatologies for all cases (top left), unstable (top right), neutral (bottom
left) and stable (bottom right) stratification. Values are in percentages to the peak of the function,
with solid lines ranging from 90% to 10%, and the dashed line as 5% of the maximum. High
values indicate a high relative contribution of the specific area to the fluxes measured in the given
observation period. Colors in the background indicate land cover classes. Distances to the tower
position (red cross) are given in [m]

a dataset is supposed to represent a certain “target land cover type,” for example,
for a site intercomparison, or the training of an ecophysiological model. For such
applications, the footprint results can be used to provide the percentage contribution
of the specified target land cover type to the total flux, and measurements that fail to
reach a user-specified minimum threshold can be discarded from the database (e.g.,
Nagy et al. 2006).

For network intercomparison studies such as presented by Rebmann et al.
(2005) or Göckede et al. (2008), it is recommended to classify the homogeneity
of flux sources within the source area by defining thresholds of target area flux
contributions. Göckede et al. (2008) defined four different classes:
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Homogeneous measurements, with 95% or more of the flux emitted by the target
land cover type

Representative measurements (80–95%)
Acceptable measurements (50–80%)
Disturbed measurements (<50%)

For a site intercomparison, it can then be determined what percentage of the
total dataset at each site could, for example, be classified as homogeneous or
representative measurements, which can serve as an indicator of how well the sites
could be compared, or how suitable they are for model training focusing on a
specific biome.

For the second way of applying footprints in eddy-covariance quality assessment,
linking data quality to terrain features, the footprint results need to be coupled
to approaches evaluating the flux data quality of the measurements. The specific
method to assign flux data quality, as well as the definition and resolution of quality
classes, can be chosen by the user and customized for each study, as long as
the quality ratings are numeric to allow aggregation. Göckede et al. (2006, 2008)
applied a scheme proposed by Foken and Wichura (1996) in the revised version
as presented by Foken et al. (2004), which assigns quality flags between 1 (best)
and 9 (worst) for the fluxes of momentum, sensible and latent heat, and CO2 (see
Sect. 4.3.3). To create spatial maps of the data quality, the quality flags for each
individual 30-min measurement are projected onto a discrete grid, storing relative
influence and quality flag results for each grid cell in a database. After processing
the entire dataset, this information can be converted into a frequency distribution
of data quality for each cell, which in turn yields the overall quality rating as the
median of the distribution (see Göckede et al. 2004, 2006 for details). Visualization
of the results helps in revealing spatial patterns in data quality, such as isolated wind
sectors with significantly reduced quality ratings compared to neighboring regions
(Fig. 8.18). Such patterns may, for example, hint at terrain structures in that specific
wind sector which has a negative impact on atmospheric measurement conditions, or
might be caused by flow distortion induced by the instrumental setup. Observations
of multidirectional reduction in data quality for specific subsets of the measurements
(Fig. 8.19) can indicate instrumental problems, such as water in the tubing of a
closed-path infrared gas analyzer that only precipitates during lower temperatures
at night. Whatever the cause of the reduced data quality, affected wind sectors or
stability regimes can be flagged and removed from the database to improve overall
data quality.

For the visualization of spatial structures in ancillary parameters, the procedure
resembles the one described above for quality flag analysis, only that observational
data such as the mean vertical wind speed or the friction velocity replace the
data quality ratings. This application allows exploring spatial effects for a large
number of parameters which hold the potential to help interpret cases of low data
quality, or identify instrumental problems. An example of this type of analysis
included into the framework by Göckede et al. (2006) is the visualization of
spatial structures in the vertical wind component before and after application of the
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Fig. 8.18 Example for an isolated wind sector with reduced data quality, taken from Göckede
et al. (2008). Background colors give the median quality rating (1 D best) of the momentum flux
during stable stratification (z/L > 0.0625; z: measurement height [m]; L: Obukhov length [m]) at
the Wetzstein site in central Eastern Germany (See caption of Fig. 8.17 for further details)

Fig. 8.19 Comparison of the spatial data quality of the latent heat flux (left panel) and the CO2

flux (right panel) during stable stratification, taken from Göckede et al. (2008). Background colors
give the median quality rating (1 D best) obtained for the Soroe site in Denmark (See captions of
Fig. 8.17 for further details)

Planar-Fit coordinate rotation (Wilczak et al. 2001). These results indicate tilt and
distortion of the initial wind field, and the effectiveness of the coordinate rotation
to correct the flow conditions to a mean vertical wind of zero, as required for eddy-
covariance measurements. Figure 8.20 gives an example of structures in the vertical
wind field before and after rotation. In this case, the absolute deviations from the
ideal value of zero could be significantly reduced through Planar-Fit, but spatial
patterns still remain in the corrected dataset, because the complex terrain at this site
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Fig. 8.20 Spatial map of the mean vertical wind component before (left panel) and after (right
panel) application of the Planar-Fit coordinate rotation. Results taken from site analysis of the
Weidenbrunnen site in southeastern Germany (See captions of Fig. 8.17 for further details)

produces a slightly curved wind field that cannot be completely corrected for with
a single set of rotation angles. In a similar fashion, sectors with particularly low
friction velocities during nighttime could be identified to highlight advection-prone
conditions. The visualization of heterogeneity in the sources for momentum, heat, or
CO2, surrounding the site is also possible; however, for this application the impact
of external drivers such as temperature or radiation on the flux variability needs to
be taken into account through additional filters.

8.5.2 Site Evaluation with Analytical and LS Footprint Models

Analytical footprint models have been widely applied to characterize the “field
of view” of eddy-covariance measurements. Their popularity is mainly based on
their relative mathematical simplicity (e.g., Schmid 2002) that allows integrating
them into eddy-covariance processing software packages without high additional
computational expense, or even estimate fetch lengths through spreadsheet ap-
plications. This simplicity is what makes them attractive as a component in site
evaluation tools, since particularly network studies require the processing of tens
of thousands of footprint estimates. Analytic footprint models are often restricted
to rather narrow ranges of input parameters like aerodynamic roughness length or
stability of atmospheric stratification, which reduces the dataset that can actually
be processed, and/or calls for adaptations in the assignment of effective roughness
lengths. Rebmann et al. (2005) demonstrated the potential of the site evaluation
tool by Göckede et al. (2004), which is based on an analytical footprint model,
for network-wide studies on a large number of sites. Even though their study was
impacted by certain conceptual limitations of the analytical footprint model such as
the exclusion of stable stratification cases beyond a certain stability threshold, they
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produced a comprehensive survey on fetch conditions and data quality among the
participating 18 observation sites, and pointed out footprint-related measurement
problems. Since analytical footprint estimates tend to be larger than stochastic
ones due to the neglect of along-wind diffusion, and at the same time the land
cover structure is usually more heterogeneous with increasing distance from the
tower (tower locations are commonly selected to be homogeneous at least in the
near field), the site evaluations based on analytical models provide a conservative
estimate of quality results.

Lagrangian stochastic (LS) footprint models offer more ways of adaptation
to local measurement conditions, which is particularly valuable for studies over
tall vegetation (see also Sect. 8.3). However, the gains in accuracy achieved
by, for example, the consideration of within-canopy transport (Baldocchi 1997;
Rannik et al. 2003), sources at multiple levels (Markkanen et al. 2003), or along-
wind diffusion (Rannik et al. 2000), come along with significantly increased
computational expense, which plays a major role for site evaluation concepts that
cover multiple sites over a time frame of several months. Also, the quality of the
simulations is dependent on a reliable description of vertical turbulence profiles
under various atmospheric conditions (Göckede et al. 2007), while high-quality
datasets to describe these profiles are only available for a small subset of sites within
FLUXNET. Application of LS models in extensive site evaluation studies, therefore,
usually calls for simplifications in the setup, such as the use of generic turbulence
profiles that are not customized for each specific forest stand, and the pre-calculation
of source weight functions for specific combinations of atmospheric stability, mea-
surement height, and terrain roughness (Göckede et al. 2006). Using this strategy,
the network study by Göckede et al. (2008) processed 30-min footprints for 76 data
months of flux measurements from 25 sites, demonstrating the applicability of LS
footprints as a standard quality assessment tool for eddy-covariance databasing.

8.5.3 Applicability and Limitations

Quality assessment using footprint models, like most other areas where footprints
are commonly used, is subject to an inherent contradiction that needs to be taken
into consideration when interpreting the results. The application of most footprint
models is theoretically restricted to horizontally homogeneous flow conditions,
which can only be obtained if the tower is surrounded by perfectly uniform terrain
with respect to topography, aerodynamic roughness, and sources for sensible and
latent heat. This is particularly the case for analytic and forward Lagrangian
stochastic models which are easy to use and flexible enough to be applied to
multiple sites over longer time frames, as required for the network studies cited
above. The overriding objective of footprint-based site evaluation, however, is to
characterize the influence of heterogeneity in the surrounding terrain on the flux
measurements. Therefore, such tools will always violate the area of applicability
that has been defined for the employed footprint model (Vesala et al. 2008b), except
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for the unusual case that the terrain is perfectly flat, and the analyzed heterogeneities
only affect the sources of “passive” scalars like CO2 but not the flow conditions.
These problems can only be avoided through the use of backward LS footprint
models (Kljun et al. 2002) or closure approaches (Sogachev et al. 2005a, b) (see also
Sects. 8.2 and 8.4) that can explicitly handle inhomogeneous flow conditions, but
their requirements for setting up the model domain might make extensive network
studies impossible.

All footprint results obtained outside the area of applicability of the underlying
models will be subject to increased uncertainty. Complex topography and step
changes in roughness or heat flux source strength alter the atmospheric flow
conditions (Foken and Leclerc 2004; Klaassen et al. 2002; Leclerc et al. 2003a;
Schmid and Oke 1988), so source area predictions based on the assumption of
homogeneous transport will be biased (Finnigan 2004). This uncertainty will only
slightly affect qualitative site evaluation results like the identification of a wind
sector with reduced data quality, but quantitative findings like the percentage flux
contribution of a certain land cover type have to be evaluated carefully. A general
error estimate cannot be provided, since the deviations from ideal flow conditions
depend on the relative location of “disturbing” terrain elements with respect to the
sensor position, and the local wind climatology, so that they need to be reassessed
for every case study.

Footprint studies that aim at the assessment of long-term averaged properties, like
a representative footprint climatology or the mean data quality for a specific sector,
are likely to be biased by problems related to simulating source weight at night.
Analytical models, like, for example, the FSAM model (Schmid 1994, 1997) used
in the framework by Göckede et al. (2004), are often restricted to input parameter
ranges that exclude parts of the stable stratification range, effectively discriminating
against nighttime measurements which often have large source areas and tend
toward lower flux quality ratings. LS models are less numerically unstable than
analytical ones in situations as such, but also the representativeness of LS footprints
is questionable in case of weak and intermittent turbulence, or even flow conditions
dominated by wave motions. Exclusion of these situations leads to a systematic
shift toward higher data quality and smaller footprint climatologies, compared to a
treatment of the complete dataset; however, at least in case of the LS models, the
major part of the excluded data does not fulfill the theoretic assumptions for eddy-
covariance data processing either, so these data also would not be considered for the
assessment of the net carbon budget, for example.

In an attempt to better characterize the problems linked to the application
of footprint models in heterogeneous flow conditions, Markkanen et al. (2009)
classified the agreement of different footprint models with an LES study (Steinfeld
et al. 2008). Their results categorized the correlation between models in relation
to the contribution of different flux sources to the total flux, and also considered
the location of “disturbing” grid elements relative to the location of the peak of the
source weight function. Factors influencing the model output, such as the horizontal
grid resolution, or the measuring height of the sensors, were taken into account in
a sensitivity study. Data quality analyses such as described in the previous sections
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can generally be improved by comparing the general accuracy of employed footprint
models with a reference model that is better suited for application in heterogeneous
conditions. Such an approach would strengthen the data quality analyses, and allow
for drawing more reliable conclusions on the site characteristics

8.6 Validation of Footprint Models

Validations of footprint models are often only a comparison of different footprint
models. According to Foken and Leclerc (2004), only a few experimental datasets of
tracer experiments are available for validation purposes. While analytical footprint
predictions were often evaluated using results of Lagrangian footprint models, there
is no such simple possibility for the evaluation of Lagrangian footprint models.
LS footprint models consist of a dispersion model and an estimation scheme for
the footprint function. LS dispersion models have been tested against dispersion
experiments in numerous cases for different turbulence regimes (Reynolds 1998;
Kurbanmuradov and Sabelfeld 2000; Kljun et al. 2002); therefore, the ability of LS
models to reproduce dispersion statistics for several flows is well established. Only
a few footprint results from Lagrangian models were compared with experimental
data: Leclerc et al. (1988) first compared a Lagrangian simulation against a tracer
released at different depths above and inside a short alfalfa canopy. The results
suggest that the influence of thermal stability inside plant canopies played an
important role on the turbulent diffusion. Subsequently, Finn et al. (1996) performed
a tracer experiment in the convective boundary layer at Hanford over a short sage-
brush canopy in unstable conditions against which they tested both a Lagrangian
simulation used in Leclerc and Thurtell (1990) and the Horst and Weil (1994)
analytical solution to the diffusion equation. Leclerc et al. (1997) compared both
LES and Lagrangian simulations against tracer flux data in the convective boundary
layer with good results. Leclerc et al. (2003a, b) have compared the footprint models
for fluxes over forest canopy with tracer flux measurement experiments. Mölder
et al. (2004) dealt with the validation of footprint models as a way to compare both
analytical and Lagrangian models against experimental data. Kljun et al. (2004b)
compared forward and backward Lagrangian models against data from tracer release
experiments in a wind tunnel. Such independent comparisons between models and
experimental validation enable a robust assessment of model sensitivity to various
environmental variables. In general, the investigated footprint models agree well
with the tracer experiment. Even though these comparisons gave promising results,
there is still a need for further experimental data allowing for validation of footprint
models, the LS models in particular.

Foken and Leclerc (2004) pointed out that complex validation experiments
are expensive, and hence difficult to achieve. Nevertheless, the authors show that
ongoing experiments can also be used to validate footprint models, when two or
more well-defined and neighboring surfaces with significantly different fluxes can
be studied. These issues are important if footprint models are to be used as a tool to
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define experimental requirements and validate experimental data. An application of
this method was successfully made by Göckede et al. (2005) with two flux stations
over bare soil and a meadow. A third flux station with a footprint area covering
both surfaces was used to validate the footprint model, because the contributions of
both surfaces changed with the stability and wind velocity. Earlier investigations
used a similar approach: Soegaard et al. (2003) operated five ground-level EC
systems over five different crop fields together with a sixth set up on top of a higher
mast to enable landscape-wide flux measurements. The agreement between high-
level values and those integrated from ground-level using a reformulated version
of the models of Gash (1986) and Schuepp et al. (1990) was good. Hsieh et al.
(2000) developed an analytical model based on Lagrangian dispersion model and
dimensional analysis. They found a good agreement with model predictions and
measured fluxes over a transect from a desert to an irrigated potato field. More
recently, Marcolla and Cescatti (2005) compared three analytical footprint models
over a meadow with different surface characteristics and one of the models (Schuepp
et al. 1990) overestimated the footprint.

The LES approach provides a valuable “dataset,” with much of the flow
complexities inherent in a true atmospheric flow against which simpler footprint
models can be verified. Recently, Prabha et al. (2008a) made a comparison between
the in-canopy footprints obtained using a Lagrangian simulation with those obtained
against a large-eddy simulation. In that model, the Lagrangian stochastic model was
driven by flow statistics derived from the large-eddy simulation. Markkanen et al.
(2009) published a review of conventional stochastic models, that is, that of Kljun
et al. (2002) and that of Rannik et al. (2000) tested against LES-driven footprint
estimates for ABL and ASL conditions, respectively. They concluded that the
models agreed well for most of the measurement heights. The two conventional flux
footprint models agreed best under near-neutral conditions, whereas the agreement
between LES and LS model for ABL was better for intermediate measurement
heights and for the convective case.
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Rannik Ü, Markkanen T, Raittila J, Hari P, Vesala T (2003) Turbulence statistics inside and over
forest: influence on footprint prediction. Bound Layer Meteorol 109:163–189
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