The simple two-dimensional parameterisation for Flux Footprint
Predictions FFP
N. Kljun, P. Calanca, M. W. Rotach, and H. P. Schmid

Responses to Topical Editor

A reviewer raised an issue: The scaling is performed via four dimensionless groups. The
dimensionless groups do not include directly any parameters related to ABL flow characteristics
such as the convective velocity scale. Have the authors considered including this velocity scale to
improve (potentially) the footprint parameterization under convective conditions and would it help to
explain different parameterization coefficients obtained for the convective regime (Table6)?
To which you replied: Indeed, we have tried to include the convective velocity scale, but this did
not prove to be successful. What we presented in this manuscript is the statistically best scaling
approach we found and the result of research over an extended period of time.
I think it would be worth mentioning this in the manuscript (that including the convective velocity
scale was not successful), as this is potentially useful information to others in the field?
Indeed, that's a good idea. We have added this information on p. 21 of the manuscript.

With regards to code availability: Rather than provide a link to a personal web-page, please
provide a link to a repository such as github or bitbucket. The reason is that personal or even
institutional web-pages often go offline, whereas actual repositories do not. On the repository site,
you can of course link to your personal/institutional web-site.
Also, repositories such as github/bitbucket come with built-in version control. You should provide
and/or make clear, how one can access the exact source code which was used for this paper,
versus the latest version(s).
We have carefully looked into the suggested repositories. We agree with the above mentioned
advantages, but still prefer to use footprint.kljun.net as a download-hub, for the following reasons:
 www.footprint.kljun.net is already an established webpage – it was set up in 2004 for the
one-dimensional footprint parameterisation and has had a constantly high 'hit' rate for the
last 10 years (2004-2011: 8773 users, 2012-2015: 1289, 1558, 1303, 2295 users per year,
respectively; i.e. over 15'000 users in total with over 30'000 page views since 2010). Many
potential users will expect to find the new two-dimensional parameterisation on this
webpage.
 The web-page is hosted by a major webhosting company (www.hosttech.ch) on a
professional decentralised and virtualised server environment with automated backup. We
haven't had any issues with it for the last 10 years.
 We would like to provide a new service to users of the code: they can register for a user
mailing list (if they wish to) and will receive notices of code upgrades. This is not possible
with the above mentioned repositories.
 With www.footprint.kljun.net we can keep track of the usage of the webpage (web stats),
which we rely on for internal professional review exercises (we all get evaluated...).
 An example of future version of www.footprint.kljun.net can be currently accessed at
ffp.kljun.net . We will transfer this webpage to www.footprint.kljun.net if the manuscript has
been accepted.
We will make sure that the exact source code that was used for this paper will be clearly
distinguishable from future updates and will also make a clear link to the publication in GMDD
(GMD).
We very much hope that the editor agrees with the suggested format. Thank you.

Responses to Referee #1

The manuscript is very well written, and provides a focused and well justified description of an
improved approach for footprint modeling.
Many thanks.

I have several minor comments (listed below), regarding reference to recent publications that have
used footprint models, and regarding the order and flow at which the formulation is described.
I salute the fact that a link to the code is provided with the manuscript. I think this should be moved
to an earlier point in the paper (perhaps just after the introduction) and not hidden past all the
appendices, but this is just my preference and I will accept the authors preference for the
placement of the "code availability" section. However, I checked the website listed and the source
code is not provided there. There is only a link to an online version of the model, which is a far cry
from the code itself. I assume that a link to the code will be posted when the paper is accepted, but
the editor should verify this before the final posting of the manuscript.
Indeed, we await the acceptance of the paper before the new webpage with the model code goes
live. We also plan to upload the footprint code as supplement to this paper.
Thanks for the suggestion, we now do mention the availability of the code at an earlier point in the
paper (end of Introduction).

P6759 Line 16- Matheny et al 2104 JGR 119:2292-2311 and Morin et al JGR 2014 119:2188–2208
are two additional example for novel applications of a 2-D footprint model, for scaling the
contribution to flux measurements from a disturbance area and for gap-filling of CO2 and methane
fluxes from a heterogeneous wetland site. Morin et al is also provides a relevant for Page 6761
Line 5, and for remote-sensing driven footprint climatology (see Morin’s figure A1) discussed in
page 6775, lines 15-20.
Many thanks for the above references. We want to stress that the articles listed in our manuscript
are by far not exhaustive. As footprint modelling has become an established approach in the
FLUXNET community, it is beyond the scope of this manuscript to list all articles dealing with such.
We hence refrain from adding these additional references.

Page 6762 Line 8-10: What happens in airborne measurements? The vertical reference cannot be
assumed as fixed there. Upon further reading, the topic of footprint for moving measurements,
such as airborne flux measurements, is not addressed at all. I recommend removing the comment
about airborne measurements in Page 6760 Line 8 as it is creates a false expectation that the
solution you are about to present can handle these as well.
Recent research has shown that footprint models can be applied to airborne flux measurements.
We refer to according studies from, for example, Hutjes et al. (2010), Kustas et al. (2006), Mauder
et al. (2008) and Metzger et al. (2012, 2013). These articles are listed in our manuscript as
examples for such approaches. Adding details on the processing of airborne flux measurements is
beyond the scope of this manuscript.
Page 6762 – the formulation here tells us about the footprint function, but does not tell what it
actually is. We end up with a symbolic representation of a footprint function (eq. 3). Took me a
while to figure out where you are going with it and to get to the solution. Can you add a few words
here to the effect that later in the manuscript you will derive the parameterized forms for D and
(fˆy)bar.
Many thanks for this suggestion. We have included the following sentences after Eq. (3) on page
6762 to clarify the aim of the parameterisation: “In the following sections, we present a scaling

approach and a parameterisation for the derivation of (f^y)bar and D_y with the aim of simple and
accessible estimation of f(x,y).”

Page 6772 – at some point around equation 13 I ran out of patience and started going over all the
equations looking for a formulation of (fˆy)bar and sigma_y , which are the key to solving the
footprint function (eq 10). After a somewhat frustrating quest, I finally found it, way later, on page
6772, hidden in the numerical recipe of example 5.2, and not strictly formulated (the reader is
instructed to invert equations 8 or 9 and 13). I admit that my jumpy reading style and short
attention span should not be considered the norm or burden the authors, but would it be possible
to write the inverted forms of eq9 (or eq8) and eq13 (i.e. (fˆy)bar = . . . and sigma_y = . . . ) at an
earlier point, and say that they could be solved and substituted in eq10 to find the footprint
function, provided empirical formulations for sigma_y* and Fˆy*. I think the end of section 3 would
be a suitable spot for this, as it will provide a logical transition to the parameterization in section 4.
The structure of the manuscript is as follows: 1) real scale footprint data set, 2) scaling approach to
be applied to footprint data, 3) parameterisation of scaled footprints, 4) derivation of real scaled
footprints based on the parameterisation. We think that introducing an inversion of the scaling in
between rather than at the end would be confusing. Nevertheless, we added a short explanation of
the steps in Section 2 (see above) and hope this helps to clarify the approach.

Page 6777 Line 7 – See nice example of a flux tower-based study of the roughness parameters in
a forest site in Maurer et al 2013 AFM.
Many thanks, very interesting study. We added a reference to Maurer et al. in Section 5.4.

Page 6777 lines 9-12 – the letter h is often associated with canopy height and not always with
boundary layer height as in this paper. As it is mentioned immediately after z_0 (which is a function
of canopy height) it confused me. Please move the explicit definition of h to this point, to prevent
confusion, i.e. "Measurements of the boundary layer height, h, are available only rarely. . ." (it is
currently about 5 lines later, in "a small variation in the input value of the boundary layer height, h .
. .")
We have changed the sentences as suggested by the referee (Section 6.1).
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Responses to Referee #2

The authors state that “the aim of the present study is not to present a new footprint model, but to
provide a simple and easily accessible parameterisation or “short-cut” for the much more
sophisticated, but highly resource intensive, model”. The aim is very much welcome and invaluable
for the community carrying eddy covariance flux measurements, and the paper fulfils the aim. The
paper is written and structured very clearly and is “user-friendly” and I have only few minor
comments and recommend its acceptance after the comments are concerned.
Many thanks!
1. p. 6758 (Abstract), line 5: the sentence can be interpreted that single site flux gives information
at sub-ecosystem scale and upscaling to ecosystem scale is needed. However, it is commonly
thought that eddy covariance is operating, almost by definition, at ecosystem scale (or
neighbourhood scale if urban surface). Can you clarify?
We agree that ideally, a flux tower does provide information on the ecosystem scale (which in
reality is not always met). To clarify, we changed the wording in the abstract and replaced
'ecosystem scale' by 'local scale'.

2. p. 6760, line 25: there is a very recent article on footprints and LES: Hellsten et al., Footprint
evaluation for flux and concentration measurements for an urban-like canopy with coupled
Lagrangian stochastic and large-eddy simulation models. Boundary-Layer Met. DOI
10.1007/s10546-015-0062-4, 2015. Note that I am not asking you to necessarily refer to this article
but mentioning it just for your notice.
Many thanks. As we haven't mentioned so far the footprint approach using a combination of LES
and LS, we added the above reference and an additional paper to fill this gap in the Introduction.

3. P. 6764, line 26: from where the value for the zero-plane displacement height is obtained? It is
maybe mentioned somewhere but it would be good to say/explain it here.
We assume the referee refers to p. 6763 (there is no line 26 on p. 6764). For the simulations of
LPDM-B of Section 2, only z_m is of interest, as the model does not include the roughness
sublayer. For footprint estimates of 'real' receptors mounted at z_receptor on a flux tower, the zeroplane displacement height, z_d, is needed for derivation of z_m. We added a couple of sentences
on the possible derivation of d in Section 5.4, where real-scale flux footprints are discussed.

4. It would be good to have a section called “Results”; Does it include sub-sections in Section 3 or
only 4 and/or 5? The present titles of the sections can be kept but they would be below Results.
This is a tricky request. As we developed a novel scaling approach, a new parameterisation, and a
new approach for fast and simple real-scale footprint estimates, it is not really obvious which
sections would be part of a Results section. We hence prefer to leave the structure as it is.

5. Table 1 and other relevant places: Measurement heights within the roughness sublayer (RSL)
are disregarded. However, in reality, many flux measurements are in fact carried within RSL,
although the (strict) recommendations are against it. I am not asking you to do anything right now
for the paper but by raising this issue I would welcome the continuation of your work to include also
RSL effects. Do you know to which direction the omission of RSL is leading? If someone is using
your parameterisation for RSL measurements, is there overestimation or underestimation of the
extension of the footprint?

The referee raises an important question. In fact, the inclusion of RSL is part of current work of the
authors.

6. Table 4: why for neutral cases the value of R for the standard deviation is much lower (0.37)
compared to other cases?
Many thanks – we managed to improve the performance metrics for the neutral scenarios by
adjusting the proportionality factor ps2 to 0.35. The metrics in Tab. 3 and Tab. 4 were adjusted
accordingly.

7. Fig. 5: The measurement (receptor) height is only 12m, as far as I know the tree height at
Norunda is higher. Please, clarify. In addition, the background map is said to be tree height, but no
scale is given.
For Figure 5, we used measurements at 33 m above ground. However, note that throughout the
manuscript, we set z_m = z_receptor − z_d, hence with z_d = 21 m, we get z_m = 12 m. We
added this information to the figure captions to omit confusion.

8. General comment: I am not asking you to do anything right now for the paper but by raising this
issue I would welcome the continuation of your work to calculate also concentration footprints.
They would be valuable for tall tower absolute concentration measurements, but I am not sure how
you could deal with advection/long-distance transport.
Yes, we agree, this is an important issue and again, it is part of current work of the authors.

Responses to Referee #3

By using scaling approach and suitable fitting functions, the authors present an easy to use, full (in
terms of along wind and cross-wind representations) footprint function for variety of stabilities and
Atmospheric Boundary Layer (ABL) flow regimes. It is the first such footprint model enabling to
make fast footprint estimation for the measurements outside the Atmospheric Surface Layer (ASL)
scaling domain. The model therefore serves as a useful tool not only for tall tower sites but also for
the measurement conditions violating the ASL assumptions, which are typically constrained to the
measurement heights less than or equal to the magnitude of the Obukhov length scale. I fully
support publication and hope that addressing the comments below helps to improve the
manuscript.
Many thanks!

The scaling is performed via four dimensionless groups. The dimensionless groups do not include
directly any parameters related to ABL flow characteristics such as the convective velocity scale.
Have the authors considered including this velocity scale to improve (potentially) the footprint
parameterization under convective conditions and would it help to explain different
parameterization coefficients obtained for the convective regime (Table 6)?
Indeed, we have tried to include the convective velocity scale, but this did not prove to be
successful. What we presented in this manuscript is the statistically best scaling approach we
found and the result of research over an extended period of time.

The second comment is related to the third dimensionless group which is formulated based on the
common phenomenon that the surface fluxes decrease approximately linearly with height in the
ABL (page 6765, line 6-9). On the other hand, the footprint function is formulated such that it obeys
the basic property of integration to unity (page 6769, line 13-15), which according to eq. (1) implies
that the flux measured at zm equals to the surface flux. According to the given references (e.g.
Kljun et al., 2004), the model LPDM-B is formulated such that the upper boundary condition of the
simulation domain was not set to reflection. In forward Lagrangian approach this would imply that
the surface release of particles eventually means absorption (or exit of the particles from the
domain) at the upper boundary, and consequently constant particle flux with height up to the
boundary layer top. The forward and backward Lagragian approaches are known to be equivalent
and the same must apply to the backward approach. Please discuss the effect of the upper
boundary condition used in LPDM-B on the results and help the reader to clarify the apparent
inconsistency of the dimensionless scaling group 3 (or the reasoning behind it) with the footprint
formulation eq. (1).
This must be a misunderstanding. Particles tracked by the model LPDM-B (Kljun et al. 2002) are
reflected at either boundary, i.e. at the surface AND at the top of the planetary boundary layer. The
particles are fully elastically reflected; i.e. no absorption or transformation at the boundaries is
taken into account. A description of the reflection scheme can be found in Rotach et al. (1996) and
in Wilson and Flesch (1993). We have added a sentenced highlighting the reflection at the surface
and the top of the planetary boundary layer in Section 2.

The parameterization is based on the set of simulations for a range of values describing the flow as
well as the surface conditions (the roughness length). The momentum flux (or the friction velocity
used in the MS) is driven by the flow forcing as well as the surface characteristics (roughness) and
therefore it the aerodynamically smooth surfaces induce lower momentum fluxes especially under
stable conditions. For example for the roughness length value 0.01 m I would assume that the
friction velocity 0.1 m/s is rather common under normal meteorological conditions (meaning that
not under extreme stability conditions). The range of friction velocities used in the MS for stable

conditions is quite narrow (Tables 1 and 2). Could the authors assure that scaling performs well
also for low u*, in particular for the surfaces with low roughness?
To address the above, we have run three additional simulations with LPDM-B for a friction velocity
of u* = 0.1 m/s, a roughness length of z0 = 0.01 m, and a measurement height of zm = 10 m. For
the stable case, we set L = 500 m and h = 280 m; for the neutral case, L = inf, h = 300 m, and w* =
0 m/s, and finally, for the convective case we set L = -50 m, h = 2500 m, and w* = 0.5 m/s.
Figure 1R shows the same density plot of all original LPDM-B simulations as Fig. 2 of the
manuscript. We added the scaled footprints of the above additional simulations (stable case: dashdotted line, neutral case: dashed line, convective case: solid line). As can be seen in Fig. 1R, the
scaled footprints of the low-u* scenarios nicely fit the ensemble of other scenarios.

Figure 1R: Density plot of scaled crosswind-integrated footprints of LPDM-B simulations (cf. Fig. 2
of manuscript). Black lines depict additional low-u* scenarios (stable: dash-dotted line, neutral:
dashed line, convective: solid line).

References
Rotach, M. W., Gryning, S.-E., and Tassone, C.: A Two-Dimensional Lagrangian Stochastic
Dispersion Model for Daytime Conditions, Quart. J. Roy. Meteorol. Soc., 122, 367–389, 1996.
Wilson, J. D. and Flesch, T. K.: flow Boundaries in Random-Flight Dispersion Models: Enforcint the
Well-mixed Condition, J. Appl. Meteorol., 32, 1695-1707, 1993.

1

Discussion Paper

Correspondence to: N. Kljun (n.kljun@swansea.ac.uk)

|

Department of Geography, Swansea University, Swansea, United Kingdom
Agroscope, Institute for Sustainability Sciences, Zurich, Switzerland
3
Institute of Atmospheric and Cryospheric Sciences, Innsbruck University, Innsbruck, Austria
4
KIT, Institute of Meteorology and Climate Research, Garmisch-Partenkirchen, Germany
2

Discussion Paper

N. Kljun1 , P. Calanca2 , M. W. Rotach3 , and H. P. Schmid4

|

The simple two-dimensional
parameterisation for Flux Footprint
Predictions FFP

Discussion Paper

Manuscript prepared for Geosci. Model Dev. Discuss.
with version 2015/04/24 7.83 Copernicus papers of the LATEX class copernicus.cls.
Date: 30 October 2015

|
Discussion Paper
|

1

|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Flux footprint models are often used for interpretation of flux tower measurements, to estimate position and size of surface source areas, and the relative contribution of passive
scalar sources to measured fluxes. Accurate knowledge of footprints is of crucial importance for any upscaling exercises from single site flux measurements to ecosystem :::::
local or
regional scale. Hence, footprint models are ultimately also of considerable importance for
improved greenhouse gas budgeting. With increasing numbers of flux towers within large
monitoring networks such as FLUXNET, ICOS, NEON, or AMERIFLUX, and with increasing temporal range of observations from such towers (order of decades) and availability
of airborne flux measurements, there has been an increasing demand for reliable footprint
estimation. Even though several sophisticated footprint models have been developed in recent years, most are still not suitable for application to long time series, due to their high
computational demands. Existing fast footprint models, on the other hand, are based on
Surface Layer theory and hence are of restricted validity for real case applications.
To remedy such shortcomings, we present the two-dimensional Flux Footprint Parameterisation, FFP, based on a novel scaling approach for the crosswind distribution of the
flux footprint and on an improved version of the footprint parameterisation of Kljun et al.
(2004b). Compared to the latter, FFP now provides not only the extent, but also the width
and shape of footprint estimates, and explicit consideration of the effects of the surface
roughness length. The footprint parameterisation has been developed and evaluated using simulations of the backward Lagrangian stochastic particle dispersion model LPDM-B
(Kljun et al., 2002). Like LPDM-B, the parameterisation is valid for a broad range of boundary layer conditions and measurement heights over the entire planetary boundary layer.
Thus it can provide footprint estimates for a wide range of real case applications.
The new footprint parameterisation requires inputs that can be easily determined from,
for example, flux tower measurements or airborne flux data. FFP can be applied to data of
long-term monitoring programmes as well as be used for quick footprint estimates in the
field, or for designing new sites.
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Flux footprint models are used to describe the spatial extent and position of the surface
area that is contributing to a turbulent flux measurement at a specific point in time, for
specific atmospheric conditions and surface characteristics. They are hence very important
tools when it comes to interpretation of flux measurements of passive scalars, such as the
greenhouse gases carbon dioxide (CO2 ), water vapour (H2 O), or methane (CH4 ).
In recent years, the application of footprint models has become a standard task in analysis of measurements from flux towers (e.g., Aubinet et al., 2001; Rebmann et al., 2005;
Nagy et al., 2006; Göckede et al., 2008; Mauder et al., 2013) or airborne flux measurements (Kustas et al., 2006; Mauder et al., 2008; Hutjes et al., 2010; Metzger et al., 2012)
of inert (i.e., long-lived) greenhouse gases. Information about the sink and source location
is even more crucial for towers in heterogeneous or disturbed landscapes (e.g., Sogachev
et al., 2005), a topical study area in recent times. Schmid (2002) showed that the use of
the footprint concept has been increasing exponentionally since 1972. Since then, footprint
models have been used for planning and design of new flux towers and have been applied to most flux tower observations around the globe, to support the interpretation of such
measurements.
Long-term and short-term flux observations are exposed to widely varying atmospheric
conditions and their interpretation therefore involves an enormous amount of footprint calculations. Despite the widespread use of footprint models, the selection of a suitable model
still poses a major challenge. Complex footprint models based on Large Eddy Simulations
(LES; e.g., Luhar and Rao, 1994; Leclerc et al., 1997; Steinfeld et al., 2008; Wang and
Davis, 2008), Eulerian models of higher order turbulence closure (e.g., Sogachev and Lloyd,
2004), or Lagrangian stochastic particle dispersion (LS; e.g., Leclerc and Thurtell, 1990;
Horst and Weil, 1992; Flesch, 1996; Baldocchi, 1997; Rannik et al., 2000; Kljun et al., 2002;
Hsieh et al., 2003),:::
or ::
a :::::::::::
combination:::
of ::::
LES::::
and:::
LS:(e.g., Markkanen et al., 2009; Hellsten
et al., 2015) can, to a certain degree, offer the ability to resolve complex flow structures (e.g.,
flow over a forest edge ::
or ::
a :::::
street:::::::
canyon) and surface heterogeneity. However, to date they
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are laborious to run, still highly CPU-intensive, and hence can in practice be applied only
for case studies over selected hours or days, and most are constrained to a narrow range
of atmospheric conditions. These complex models are not suited for dealing with the vast
increase of long-term flux tower data or the more and more frequent airborne flux measurements. Instead, quick footprint estimates are needed, models that can deal with large
amounts of input data, for example several years of half-hourly data points at several observational levels at multiple locations. For these reasons, analytical footprint models are often
used as a compromise (e.g., Schuepp et al., 1990; Leclerc and Thurtell, 1990; Schmid and
Oke, 1990; Wilson and Swaters, 1991; Horst and Weil, 1992, 1994; Schmid, 1994, 1997;
Haenel and Grünhage, 1999; Kormann and Meixner, 2001). These models are simple and
fast, but their validity is often constrained to ranges of receptor heights and boundary layer
conditions that are much more restricted than those commonly observed.
Existing footprint modelling studies offer the potential for simple parameterisations as, for
example, proposed by Horst and Weil (1992; 1994), Weil and Horst (1992), Schmid (1994)
or Hsieh et al. (2000). The primary drawback of these parameterisations is their limitation
to a particular turbulence scaling domain (often Surface Layer scaling), or to a limited range
of stratifications. Conversely, measurement programs of even just a few days are regularly
exposed to conditions spanning several turbulence scaling domains.
To fill this gap, Kljun et al. (2004b) introduced a footprint parameterisation based on a fit to
scaled footprint estimates derived from the Lagrangian stochastic particle dispersion model
LPDM-B (Kljun et al., 2002). LPDM-B is one of very few LS footprint models valid for a wide
range of boundary layer stratifications and receptor heights. Likewise, the parameterisation
of LPDM-B is also valid for outside Surface Layer conditions and for non-Gaussian turbulence, as for example for the Convective Boundary Layer. However, the parameterisation of
Kljun et al. (2004b) comprises only the crosswind-integrated footprint, i.e. it describes the
footprint function’s upwind extent but not its width.
In recent time, footprint model outputs have frequently been combined with surface information, such as remote sensing data (e.g., Schmid and Lloyd, 1999; Kim et al., 2006;
Li et al., 2008; Barcza et al., 2009; Chasmer et al., 2009; Sutherland et al., 2014). As re-
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Mathematically, the flux footprint, f , is the transfer function between sources or sinks of
passive scalars at the surface, Qc , and the turbulent flux, Fc , measured at a receptor at
height zm (e.g., Pasquill and Smith, 1983; Schmid, 2002). We define a local footprint coor-
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mote sensing data is increasingly available in high spatial resolution, a footprint often covers
more than one pixel of remote sensing data; hence there is a need for information of the
crosswind spread of the footprint. Similar to FSAM (Schmid, 1994), the footprint model of
Kormann and Meixner (2001) includes dispersion in crosswind direction. Detto et al. (2006)
provided a crosswind extension of the footprint model of Hsieh et al. (2000). However, all
these models are of limited validity restricted to measurements close to the surface. For
more details on their validity and restrictions, and for a comprehensive review on existing
footprint techniques and approaches the reader is referred to Schmid (2002), Vesala et al.
(2008), or Leclerc and Foken (2014).
This study addresses the issues and shortcomings mentioned above. We present the
new footprint parameterisation FFP, with improved footprint predictions for elevated measurement heights in stable stratifications. The influence of the surface roughness has been
implemented into the scaling approach explicitly. Further and most importantly, the new
parameterisation describes also the crosswind spread of the footprint and hence, it is suitable for many practical applications. Like all footprint models that do not simulate the full
time- and space-explicit flow, FFP implicitely assumes stationarity over the eddy-covariance
integration period (typically 30 min) and horizontal homogeneity of the flow (but not of the
scalar source/sink distribution). As in Kljun et al. (2004b), the new parameterisation is based
on a scaling approach of flux footprint results of the thoroughly tested Lagrangian footprint
model LPDM-B (Kljun et al., 2002). Its most important scaling variables are readily available
through common turbulence measurements that are typically performed at flux tower sites.
The
code of FFP can be obtained in several platform-independent programming languages
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
at
www.footprint.kljun.net.
::::::::::::::::::::::::
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Z
Fc (0, 0, zm ) =

Qc (x, y) f (x, y) dx dy ,

(1)

<

Fc (0, 0, zm )
.
Qu (x, y)

(2)

(3)
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In the following sections, we present a scaling approach and a parameterisation for the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
with :::
the::::
aim:::
of ::::::
simple::::
and:::::::::::
accessible ::::::::::
estimation ::
of :::::::
f (x, y).:
derivation
of f y and Dy ::::
::::::::::::::::::::::
Derivation and evaluation of the footprint parameterisation are based on footprint calculations using LPDM-B (Kljun et al., 2002). LPDM-B is a footprint model of the Lagrangian
stochastic particle dispersion type, with three-dimensional dispersion of inert particles as
described by Rotach et al. (1996) and de Haan and Rotach (1998). LPDM-B fulfils the wellmixed condition (Thomson, 1987) and is valid for stable, neutral, and convective boundary layer stratifications, assuming stationary flow conditions. It has been shown to reproduce wind-tunnel simulations very well (Kljun et al., 2004a). LPDM-B reflects
particles fully
:::::::::::::::::::
6
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f (x, y) = f y (x) Dy .

|

As Fc is a flux density (per unit area) and Qu is a source or sink integrated over a unit
area, the two-dimensional footprint function has the dimension of [1/area]. Assuming that
crosswind turbulent dispersion can be treated independently from vertical or streamwise
transport, the footprint function can be expressed in terms of a crosswind-integrated footprint, f y , and a crosswind dispersion function, Dy , (see, e.g., Horst and Weil, 1992)
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f (x, y) =

|

where < denotes the integration domain. As the footprint function is always specific to a
given measurement height, the vertical reference in f is neglected, for simplicity. It follows
that the footprint function is proportional to the flux increment arising from a single unit point
source or sink, Qu , i.e.,
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dinate system, where the receptor is mounted above the origin (0, 0) and positive x indicates
upwind distance, such that

Discussion Paper
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elastically
at the surface and at the top of the planetary boundary layer and tracks particles
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
backward in time, from the receptor location to the source / sink, at the surface (i.e., particle
touchdown location, see Kljun et al., 2002, for details). Hence, footprint calculation can be
based on all computed particle tracks directly without the need for coordinate transformation. We refer to Rotach et al. (1996), de Haan and Rotach (1998), and Kljun et al. (2002)
for details in the formulation and evaluation of the model.
Compared to the original parameterisation of Kljun et al. (2004b), we have increased
the parameter space for LPDM-B simulations especially for stable boundary layer conditions. We also increased the covered range of roughness lengths, z0 , to include roughness
lengths that may be found over sparse forest canopies. For the parameterisation, a total
of 200 simulations were run with LPDM-B for measurement heights between 1 and 1000 m
and boundary layer conditions between strongly convective, neutral, to strongly stable. With
that, the simulations span a range of stability regimes, namely the Surface Layer, Local Scaling Layer, Z-less Scaling Layer, Neutral Layer, the Free Convection Layer, and the Mixed
Layer (cf. Holtslag and Nieuwstadt, 1986). Table 1 gives an overview of the parameter
space for the simulated scenarios. We use standard definitions for the friction velocity, u∗ ,
the convective velocity scale, w∗ , and the Obukhov length, L (see, e.g., Stull, 1988, and Appendix B for details and for the definition of L). Each scenario was run for the whole set of
roughness lengths and for all listed measurement heights. Note that we define the measurement height as zm = zreceptor − zd , where zreceptor is the height of the receptor above ground
and zd is the zero-plane displacement height. 47 cases with measurement height within the
roughness sublayer (z∗ ) were excluded from later analysis [z∗ ≈ n hrs ; where commonly
2 ≤ n ≤ 5 (Raupach et al., 1991; Rotach and Calanca, 2014), with hrs , the mean height of
the roughness elements, approximated by hrs = 10 z0 (Grimmond and Oke, 1999)]. Here,
we use z∗ = 2.75 hrs .
As expected for such a broad range of scenarios, the resulting footprints of LPDM-B
simulations show a vast range of extents and sizes. Fig. 1 depicts this range by means of
peak location of the footprints and their extent, when integrated from their peak to 80 %
contribution of the total footprint (cf. Sect. 5.3). For example, the 80 % footprint extents

|
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Scaled crosswind-integrated footprint

|
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|

As in Kljun et al. (2004b), we choose scaling parameters relevant for the crosswindintegrated footprint function, f y (x). The first choice is the receptor height, zm , as experience shows that the footprint (both its extent and footprint function value) is most strongly
dependent on this height. Secondly, as indicated in Eq. (2), the footprint is proportional to
the flux at height zm . We hence formulate another scaling parameter based on the common
finding that turbulent fluxes decline approximately linearly through the planetary boundary
layer, from their surface value to the boundary layer height, h, where they disappear (e.g.,
Stull, 1988). Lastly, as a transfer function in turbulent boundary layer flow, the footprint is
directly affected by the mean wind velocity at the measurement height, u(zm ), as well as by
8
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3.1

|

The vast range in footprint sizes presented above clearly manifests that it is not practical to fit a single footprint parameterisation to all real-scale footprints. An additional step of
footprint scaling is hence needed, with the goal of deriving a universal non-dimensional footprint. Ideally, such dimensionless footprints collapse to a single shape or narrow ensemble
of curves. We follow a method that borrows from Buckingham Π dimensional analysis (e.g.,
Stull, 1988), using dimensionless Π-functions to scale the footprint estimates of LPDM-B,
similar to Kljun et al. (2004b), and scale the two components of the footprint, the crosswindintegrated footprint and its crosswind dispersion (Eq. 3), in two separate steps.
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Scaling of footprints

|

3
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ranged from a few tens to a few hundreds of meters upwind of the tower location for the
lowest measurement heights. For the highest measurements, the 80 % footprints ranged up
to 270 km.
An additional set of 27 LPDM-B simulations was run for independent evaluation of the
footprint parameterisation. Measurement heights that are typical for flux tower sites were
selected for this evaluation set, with boundary layer conditions again ranging from convective to stable. Table 2 lists the characteristics of these additional scenarios.

|

Π 1 = f y zm
x
Π2 =
zm
zm
h − zm
= 1−
Π3 =
h
h 
u(zm )
zm
Π4 =
k = ln
− ΨM
u∗
z0

for L < 0 .

(5)
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with χ = (1 − 19 zm /L)1/4 . In principle, ΨM is based on Monin-Obukhov similarity and valid
within the Surface Layer. Hence special care was taken in testing this scaling approach for
measurements outside the Surface Layer (see below). In contrast to Kljun et al. (2004b),
the present study incorporates the roughness length directly in the scaling procedure: high
surface roughness (i.e., large z0 ) enhances turbulence relative to the mean flow, and thus
shortens the footprints. Here, z0 is either directly used as input parameter or is implicitly
included through the fraction of u(zm )/u∗ .
The non-dimensional form of the crosswind-integrated footprint, F y∗ , can be written as a
yet unknown function ϕ of the non-dimensional upwind distance, X ∗ . Thus F y∗ = ϕ(X ∗ ),
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for L > 0,

|

(
zm
−5.3
 L2


=
1+χ
ln 1+χ
+
2
ln
− 2 tan−1 (χ) + π2
2
2
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(4)

where k = 0.4 is the von Karman constant. We use ΨM as suggested by Högström (1996):

ΨM

Discussion Paper

the surface shear stress, represented by the friction velocity, u∗ . The well-known diabatic
Surface Layer wind speed profile (e.g., Stull, 1988) relates u(zm ) to the roughness length,
z0 , and the integrated form of the non-dimensional wind shear, ΨM , that accounts for the
effect of stability (zm /L) on the flow.
With the above scaling parameters we form four dimensionless Π groups as

|

9

(6)
(7)
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(8)
(9)

Scaled crosswind dispersion
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Crosswind dispersion can be described by a Gaussian distribution function with σy as the
standard deviation of the crosswind distance (e.g., Pasquill and Smith, 1983). In contrast to
vertical dispersion, Gaussian characteristics are valid for crosswind dispersion for the entire
stability range and are even appropriate over complex surfaces (e.g., Rotach et al., 2004).
The three-dimensional particle dispersion of LPDM-B incorporates the Gaussian lateral
dispersion (cf. Kljun et al., 2002). Note that variations of the mean wind direction by the
Ekman effect are neglected. Hence, assuming Gaussian characteristics for the crosswind
dispersion function, Dy , in Eq. (3), the flux footprint, f (x, y), can be described as (e.g.,
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3.2
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As a next step, the above scaling procedure is applied to all footprints of Scenarios 1
to 8 (Table 1) derived by LPDM-B. Despite the huge range of footprint extents (Fig. 1), the
resulting scaled footprints collapse into an ensemble of footprints of very similar shape, peak
location, and extent (Fig. 2). Hence the new scaling procedure for crosswind-integrated flux
footprints proves to be successful across the whole range of simulations, including the large
range of surface roughness lengths and stability regimes.
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x 
zm  u(zm ) −1
X =
1−
k
zm
h
u∗
  
−1
zm 
zm
x 
1−
ln
=
− ΨM
zm
h
z0

zm −1 u(zm )
k
F y∗ = f y zm 1 −
h
u∗





zm −1
zm
y
= f zm 1 −
ln
− ΨM .
h
z0
∗

Discussion Paper

with X ∗ = Π2 Π3 Π4−1 and F y∗ = Π1 Π3−1 Π4 , such that
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f (x, y) =

f y (x) √



1
y2
exp − 2 .
2σy
2πσy

(10)

|

(12)
(13)

|

where ps1 is a proportionality factor depending on stability. Based on the LPDM-B results,
we set ps1 = min(1, |zm /L|−1 10−5 + p), with p = 0.8 for L ≤ 0 and p = 0.55 for L > 0, respectively. In Fig. 3 unscaled distance from the receptor, x, and scaled, non-dimensional
11

Discussion Paper

u∗
σv
u∗
,
σv
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y
zm
σy
∗
σy = ps1
zm
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(11)

In analogy to, for example, Nieuwstadt (1980), we define a non-dimensional standard deviation of the crosswind distance, σy∗ , proportional to Π6 Π−1
7 . The non-dimensional crosswind
∗
∗
distance from the receptor, Y , is linked to σy through Eq. (10) and accordingly has to be
proportional to Π5 Π−1
7 . With that

Y ∗ = ps1

Discussion Paper

y
zm
σy
Π6 =
zm
σv
Π7 =
.
u∗
Π5 =

|

Here, y is the crosswind distance from the centreline (i.e., the x-axis) of the footprint. The
standard deviation of the crosswind distance, σy , depends on boundary layer conditions
and the upwind distance from the receptor.
Similar to the crosswind-integrated footprint, we aim to derive a scaling approach of the
lateral footprint distribution. We choose y and σy as the relevant length scales, and combine
them with two scaling velocities, the friction velocity, u∗ , and the standard deviation of lateral
velocity fluctuations, σv . In addition to the Π groups of Eq. (4), we therefore set

Discussion Paper

Horst and Weil, 1992)

Crosswind-integrated footprint parameterisation

The ensemble of scaled crosswind-integrated footprints F y∗ (X ∗ ) of LPDM-B is sufficiently
coherent that it allows fitting a single representative function to it. We choose the product
of a power function and an exponential function as a fitting function for the parameterised
cross-wind integrated footprint F̂ y∗ (X̂ ∗ ):
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4.1
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The successful scaling of both along-wind and crosswind shapes of the footprint into narrow
ensembles within a non-dimensional framework provides the basis for fitting a parameterisation curve to the ensemble of scaled LPDM-B results. Like for the scaling approach, the
footprint parameterisation is set up in two separate steps, the crosswind-integrated footprint,
and its crosswind dispersion.
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Flux Footprint Parameterisation FFP

|
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distance X ∗ are plotted against the unscaled and scaled deviations of the crosswind distance, respectively (see Appendix C for information on the derivation of σy from LPDM-B
simulations). The scaling procedure is clearly successful, as the scaled deviation of the
crosswind distance, σy∗ , of all LPDM-B simulations collapse into a narrow ensemble when
plotted against X ∗ (Fig. 3, right-hand panel). For large X ∗ , the ensemble spread increases
mainly due to increased scatter of LPDM-B simulations for distances far away from the
receptor.

|



−c
= a (X̂ − d) exp
X̂ ∗ − d
∗

b


.

(14)

Derivation of the fitting parameters, a, b, c, d is dependent on the constraint that the integral
of the footprint parameterisation (cf. Eq. 14) must equal unity to satisfy the integral condition
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F̂

y∗
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−∞ F

Z∞

y∗ (X ∗ ) dX ∗
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R∞

= 1 (cf. Schmid, 1994; Kljun et al., 2004b). Hence

F̂ y∗ (X̂ ∗ ) dX̂ ∗ = 1

d

Z∞

b



dX̂ ∗

(15)

= a cb+1 Γ(−b − 1) ,

(16)

R∞

b = −1.991
c = 1.462
d = 0.136 .

(17)
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Figure 2 shows that the parameterisation of the crosswind-integrated footprint represents all scaled footprints very well. The goodness-of-fit of this single parameterisation
to the ensemble of scaled footprints for all simulated measurement heights, stability conditions, and roughness lengths, is evident from model performance metrics (see, e.g., Hanna
et al., 1993; Chang and Hanna, 2004), including the Pearson’s correlation coefficient (R),
the fractional bias (FB), the fraction of the parameterisation within a factor of two of the
scaled footprints (FAC2), the geometric variance (VG), and the normalised mean square
error (NMSE). Table 3 lists these performance metrics for the parameterisation of the full
extent of the crosswind-integrated footprint curve, for the footprint peak location, and for
13
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a = 1.452

|

where Γ(b) is the gamma function, and here Γ(−b − 1) ≡ 0 t−b−2 exp(−t) dt .
The footprint parameterisation (Eq. 14) is fitted to the scaled footprint ensemble using an
unconstrained nonlinear optimization technique based on the Nelder-Mead simplex direct
search algorithm (Lagarias et al., 1998). With that, we find
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d

|

=



−c
a (X̂ − d) exp
X̂ ∗ − d
∗

4.2

Parameterisation of the crosswind footprint extent

= ac

bc (X̂ ∗ )2
1 + cc X̂ ∗

!1/2
.

(18)

A fit to the data of scaled LPDM-B simulations results in

ac = 2.17
(19)

The above parameterisation of the scaled deviation of the crosswind distance of the footprint
is plotted in Fig. 3 (right panel). The performance metrics confirm that the σy∗ of the scaled
LPDM-B simulations are very well reproduced by the parameterisation σ̂y∗ (Table 3).
Real-scale flux footprint

Discussion Paper
|

Typically, users of footprint models are interested in footprints given in a real-scale framework, such that distances (e.g., between the receptor and maximum contribution to the
measured flux) are given in metres or kilometers. Depending on the availability of observed
parameters, the conversion from the non-dimensional (parameterised) footprints to realscale dimensions can be based on either Eqs. (6) and (8), or on Eqs. (7) and (9). For convenience, the necessary steps of the conversion are described in the following, by means
of some examples.
14

|

5

Discussion Paper

cc = 20.0 .

|

bc = 1.66
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σ̂y∗

|

A single function can be fitted also to the scaled crosswind dispersion. In conformity with
Deardorff and Willis (1975), the fitting function was chosen to be of the form

Discussion Paper

the footprint peak value of the parameterisation against the corresponding scaled LPDM-B
results. The fit can be improved even more if the parameters are optimised to represent
footprints of convective or neutral and stable conditions only (see Appendix A).

Maximum footprint contribution

The distance between the receptor and the maximum contribution to the measured flux can
be approximated by the peak location of the crosswind-integrated footprint. The maximum’s
position can be deduced from the derivative of Eq. (14) with respect to X ∗ :

−c
+ d.
b

(20)
|

∗
X̂max
=
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5.1


zm −1 u(zm )
∗
xmax = X̂max
zm 1 −
k
h
u∗

zm −1 u(zm )
k,
= 0.87 zm 1 −
h
u∗

(21)
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∗ , the peak location is
Using the fitting parameters as listed in Eq. (17) to evaluate X̂max
converted from the scaled to the real-scale framework applying Eq. (6)

|

or, alternatively applying Eq. (7)



(22)

Two-dimensional flux footprint

|

The two-dimensional footprint function can be calculated by applying the crosswind dispersion (Eq. 10) to the crosswind-integrated footprint. With inputs of the scaling parameters
zm , h, u∗ , σv , and u(zm ) or z0 , L, the two-dimensional footprint for any (x, y) combination
can be derived easily by the following steps:
15
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5.2
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with ΨM as given in Eq. (5). Hence xmax can easily be derived from observations of zm , h,
∗ . For suggestions on how to estimate
and u(zm ), u∗ , or z0 , L, and the constant value of X̂max
the planetary boundary layer height, h, if not measured, see Appendix B.
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zm
zm −1
ln
− ΨM
xmax =
zm 1 −
h
z0
  


zm
zm −1
ln
= 0.87 zm 1 −
− ΨM ,
h
z0
∗
X̂max
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1. Evaluate X ∗ using Eq. (6) or (7) for given x.
2. Derive F̂ y∗ and σ̂y∗ by inserting X ∗ for X̂ ∗ in Eqs. (14) and (18).
3. Invert Eqs. (8) or (9) and (13) to derive f y and σy , respectively.
4. Evaluate f (x, y) for given x and y using Eq. (10).

Relative contribution to the total footprint area

(23)

∗ can be determined very simply as
With that, the distance between the receptor and X̂R
∗
X̂R
=

−c
+ d,
ln(R)
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.
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R = exp

−c
∗
X̂R − d

|

Often, the interest lies in the extent and location of the area contributing to, for example, 80 % of the measured flux. For such applications, there are two approaches: (i) the
crosswind-integrated footprint function, f y (x), is integrated from the receptor location to the
upwind distance where the contribution of interest is obtained; (ii) the two-dimensional footprint function f (x, y) is integrated from the footprint peak location into all directions along
constant levels of footprint values until the contribution of interest is obtained. The result
is the source area: the smallest possible area containing a given relative flux contribution
(cf. Schmid, 1994). This approach can also be used as a one-dimensional equivalent to
the source area, for the crosswind-integrated footprint.
∗ as the upper limit of the
For case (i) starting at the receptor location, we denote X̂R
∗
∗
footprint parameterisation F̂ (X̂ ) containing the area of interest, i.e. the fraction R of the
∗ can be simplified (see
total footprint (that integrates to 1). The integral of Eq. (14) up to X̂R
Appendix D for details) as
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Fig. 4 depicts an example footprint for convective conditions, computed by applying the
described approach to arrays of (x, y) combinations.

(24)
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−c
zm −1 u(zm )
xR =
+ d zm 1 −
k
ln(R)
h
u∗


  


−c
zm
zm −1
=
+ d zm 1 −
ln
− ΨM ,
ln(R)
h
z0

(25)
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∗ , n = 0.44, n = −0.77, n = 0.24. For the upwind limit, X̂ ∗ ,
For the downwind limit X̂Rd
1
2
3
Ru
∗
∗ ≤
the approximation is split into two parts, n1 = 0.60, n2 = 1.32, n3 = 0.61 for X̂max
< X̂R
∗ < ∞. The scaled distances X̂
1.5, and n1 = 0.96, n2 = 1.01, n3 = 0.19 for 1.5 < X̂R
∗,Rd and
X̂∗,Ru can again be transformed into real-scale values using Eqs. (6) or (7).
If the size and position of the two-dimensional R-source area are of interest, but not the
footprint function value (i.e. footprint weight) itself, the pairs of xR and yR describing its
∗ and Y ∗ values. If
shape can be drawn from a lookup table of the scaled corresponding XR
R
the footprint function values are needed for weighting of source emissions or sinks, iterative
search procedures have to be applied to each footprint. Figure 4 (left panel) illustrates
examples of contour lines of R-fractions from 10 to 90 % of a footprint.

|
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 n2
∗
∗
+ n3
X̂Rd,u
= n1 X̂R

|

As the above is based on the crosswindwhere R is a value between 0.1 and 0.990.9.
:::
integrated footprint, the derivation includes the full width of the footprint at any along-wind
distance from the receptor.
There is no near-analytical solution for the description of the source area, the extent
of the fraction R, when integrating from the peak location (e.g., Schmid, 1994; Kormann
and Meixner, 2001). Instead, the size of the source area has to be derived through itera∗ < X̂ ∗ ) and upwind
tive search. For crosswind-integrated footprints, the downwind (X̂Rd
max
∗
∗
(X̂max < X̂Ru ) distance from the receptor including the fraction R can be approximated as
∗ using LPDM-B results:
a function of X̂R
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and in real-scale
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Footprint estimates for extended time series
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The presented footprint model is computationally inexpensive and hence can be run easily
for several years of data in, for example, half-hourly time steps. Each single data point
can be associated with its source area by converting the footprint coordinate system to
geographical coordinates, and positioning a discretised spatial array containing the footprint
function onto a map or aerial image surrounding the receptor position. In many cases, an
aggregated footprint, a so-called footprint climatology, is of more interest to the user than
a series of footprint estimates. The aggregated footprint can be normalised and presented
for several levels of relative contribution to the total aggregated footprint. Figure 5 shows an
example of such a footprint climatology for one month of half-hourly input data for the ICOS
flux tower site Norunda in Sweden (cf. Lindroth et al., 1998). A footprint climatology can be
derived for selected hours of several days, for months, seasons, years, etc., depending on
interest.
Combined with remotely sensed data, a footprint climatology provides spatially explicit
information on vegetation structure, topography, and possible source/sink influences on the
measured fluxes. This additional information has proven to be beneficial for analysis and
interpretation of flux data (e.g., Rahman et al., 2001; Rebmann et al., 2005; Kim et al.,
2006; Chasmer et al., 2008; Barcza et al., 2009; Gelybó et al., 2013; Maurer et al., 2013).
A combination of the footprint parameterisation presented here with high-resolution remote
sensing data can be used not only to estimate the footprint area for measurements, but
also to weigh or classify spatially continuous information on the surface and vegetation for
its impact on measurements.
Certain remotely sensed data, for example airborne LiDAR data, allow for approximate
derivation of the zero-plane
displacement height and the surface roughness length (Chas:::::::::::::::::::::::::::::::::::::
mer et al., 2008). Alternatively, z::
and z0 may be estimated from flux tower measurements
d ::::
. If z0 varies (e.g., Rotach, 1994; Kim et al., 2006).::If::::::
these::::::::::
measures:::::
vary :substantially
for different wind directions, we suggest running a spin-up of the footprint model, updating
the measurement
height (zm = zreceptor − zd )::::
and::::
the footprint-weighted z0 input with each
:::::::::::::::::::::::::::::::::::::
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6

Evaluation of FFP and sensitivity to input parameters
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Exhaustive evaluation of footprint models is still a difficult task, and clearly, tracer-flux field
experiments would be very helpful. We are aware that in reality such experiments are both
challenging and expensive to run. However, the aim of the present study is not to present
a new footprint model, but to provide a simple and easily accessible parameterisation
or “short-cut” for the much more sophisticated, but highly resource intensive, Lagrangian
stochastic particle dispersion footprint model LPDM-B of Kljun et al. (2002). For the current study, we hence restrict the assessment of the presented footprint parameterisation
to an evaluation against an additional set of LPDM-B simulations. A description of these
additional scenarios can be found in Table 2.
The capability of the footprint parameterisation to reproduce the real-scale footprint of
LPDM-B simulations is tested by means of the full extent of the footprint, its peak location,
peak value, and its crosswind dispersion. Performance metrics show that for all stability
classes (convective, neutral, and stable scenarios), the footprint parameterisation is able
to predict the footprints simulated by the much more sophisticated Lagrangian stochastic
particle dispersion model very accurately (Table 4).
Results shown here clearly demonstrate that our objective of providing a short-cut to
LPDM-B has been achieved. The full model was tested successfully against wind tunnel
data (Kljun et al., 2004a). Further, the dispersion core of LPDM-B was evaluated successfully against wind tunnel and water tank data, large eddy simulations, and a full-scale tracer
experiment (Rotach et al., 1996). These considerations lend confidence to the validity of
LPDM-B and thus FFP. They suggest that, despite its simplicity, FFP is suitable for a wide
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step, until a “steady state” of the footprints is reached. We recommend such a spin-up procedure despite the fact that footprint models are in principle not valid for non-scalars, such
as momentum.
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range of real-world applications, and is fraught with much less restrictive assumptions and
turbulence regime limitations than what most other footprint models are faced with. We
have applied the new scaling aproach to LPDM-B, but it is likely applicable similarly to other
complex footprint models.
For the calculation of footprints with FFP, the values of the input parameters
zm , u(zm ), u∗ , L, and σv can be derived from measurements typically available from flux
towers. Input values for the
roughness length, z , may be derived from turbulence mea::::::::::::::::::::: 0:
surements or estimated using the mean height of the roughness elements (e.g., Grimmond
and Oke, 1999). In the case of not perfectly homogeneous surfaces, these z0 values may
vary depending on wind direction (see also Sect. 5.4). Measurements of :::
the :::::::::
boundary:::::
layer
height,
h
,
are
available
only
rarely,
and
the
accuracy
of
estimates
of
h
may
vary
substan::::::: :
tially. In the following, we hence evaluate the sensitivity of the footprint parameterisation on
the input parameters z0 and h.
The sensitivity of the FFP derived footprint estimate to changes in h and z0 by ±5, ±10,
and ±20 % is tested for all scenarios of Table 2. For all scenarios, even changes of 20 %
in h and z0 result in only minor shifts or size alterations of the footprint (Table 5). As to be
expected, a small variation in the input value of the boundary layer height, h , does hardly
alter footprint estimates for stability regimes with large h, namely convective and neutral
regimes. This finding is rather convenient, as reliable estimates of h are difficult to derive
for convective stabilities (see Appendix B). For stable scenarios, the footprint peak location
is shifted closer to the receptor for overestimated h and shifted further from the receptor for
underestimated h. For these cases, overestimated h will also very slightly increase the width
of the footprint as described by σy and vice versa. The impact of variations in the roughness
length is quite similar for all atmospheric conditions, slightly decreasing the footprint extent
for overestimated z0 . Changes of the roughness length do not directly impact σy but the
absolute value of the footprint f (x, y) can still vary, as a result of imposed changes in f y (x)
(cf. Eq. 10).
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Limitations of FFP
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(27)
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where 20 z0 is of the same order as the roughness sublayer height, z∗ (see Sect. 2), and
he is the height of the entrainment layer (typically, he ≈ 0.8h, e.g., Holtslag and Nieuwstadt,
1986). Eq. (27) is required by Π4 for a measurement height just above z∗ and may be
adjusted for different values of z∗ . At the same time, Eq. (27) also restricts application of
the footprint parameterisation for very large measurement heights in strongly convective
situations. For such cases, scaled footprints of LPDM-B simulations are of slightly shorter
extent than those of the parameterisation and also include small contributions to the foot21
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20 z0 < zm < he
zm
−15.5 ≤
,
L
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Since FFP is based on LPDM-B simulations, LPDM-B’s application limits are also applicable
to FFP. As for most footprint models, these include the requirements of stationarity and horizontal homogeneity of the flow over time periods that are typical for flux calculations (e.g.,
30–60 min). If applied outside these restrictions, FFP will still provide footprint estimates,
but their interpretation becomes difficult and unreliable. Similarly, LPDM-B does not include
roughness sublayer dispersion near the ground, nor dispersion within the entrainment layer
at the top of the Convective Boundary Layer. Hence, we suggest limiting FFP simulations to
measurement heights above the roughness sublayer and below the entrainment layer (e.g.,
for airborne flux measurements). The Π functions of the scaling procedure also set some
limitations to the presented footprint parameterisation (see below). Further, the presented
footprint parameterisation has been evaluated for the range of parameters of Table 1 and
application outside this range should be considered with care. For calculations of source areas of fractions R of the footprint, we suggest R ≤ 0.9 (note that the source area for R = 1
is infinite). In most cases, R = 0.8 is sufficient to estimate the area of the main impact to
the measurement.
The requirements and limits of FFP for the measurement height and stability mentioned
above can be summarised as follows:
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In the following, we compare footprints of three of the a most commonly used models with
results of FFP: the parameterisation of Hsieh et al. (2000) with crosswind extension of Detto
et al. (2006), the model of Kormann and Meixner (2001), and the footprint parameterisation
of Kljun et al. (2004b), hereinafter denoted HKC00, KM01, and KRC04, respectively.
For the comparison, the three above models and FFP were run for all scenarios listed
in Table 1. As mentioned earlier, these scenarios span stability regimes ranging from the
Mixed Layer (ML), Free Convection Layer (FC), Surface Layer (SL, here further differentiated into convective, c, neutral, n, and stable, s), the Neutral Layer (NL), Z-less Scaling
Layer (ZS), and finally Local Scaling Layer (LS). The wide range of stability regimes means
that, unlike FFP, HKC00 and KM01 were in some cases run clearly outside their validity
range. As, in practice, footprint models are run outside of their validity range quite frequently
when they are applied to real environmental data, these simulations are included here.
Figure 6 shows the upwind extents of 80 % of the crosswind-integrated footprint (x80 )
of these simulations of HKC00 against the corresponding results of FFP. Clearly, HKC00’s
footprints for neutral and stable scenarios extend further from the receptor than corresponding FFP’s footprints by a factor of 1.5 to 2. This is the case for scenarios outside and within
the Surface Layer. The results show most similar footprint extents for the convective part of
the Surface Layer regime. In contrast, HKC00’s footprints for elevated measurement heights
within the Free Convection Layer and footprints within the Mixed Layer are of shorter extent.
The peak locations of the footprints (not shown) exhibit very similar behaviour to their 80 %
extent. HKC00’s crosswind dispersion is represented by σy (xmax ) at the footprint peak location (Fig. 6). HKC00’s estimates are again larger than that of FFP for most scenarios except
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print from downwind of the receptor location (see Fig. 2). :::::::::
Including :::
the:::::::::::
convective :::::::
velocity
scale
as a scaling parameter did not improve the scaling. To account for such conditions,
::::::::::::::::::::::::::::::::::::::::::::::::::::::
we ::::::
hence :suggest FFP parameters specific to the strongly convective stability regime (see
Appendix A).
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for Mixed Layer and Free Convection conditions; this is also found at half and at twice the
peak location (not shown).
The alongwind extents of the footprint predictions of KM01 are very similar to HKC00’s
results, and hence the comparison of KM01 against FFP is similar as well: larger footprint
extents resulting from KM01 than from FFP in most cases except for Free Convection and
Mixed Layer scenarios, where FFP’s footprints extend further (Fig. 7). Again, the peak location of the footprints also follow this pattern (not shown). Kljun et al. (2003) have discussed
possible reasons for differences between KM01 and KRC04, relating these to LPDM-B capabilities of modelling alongwind dispersion that is also included in KRC04, but not in KM01.
These reasons also apply to FFP. For crosswind dispersion, results of KM01 and FFP are
relatively similar at the peak location of the footprint, xmax (Fig. 7). Differences are most evident for the neutral Surface Layer and for measurement heights above the Surface Layer.
Nevertheless, the shape of the two-dimensional footprint is different between the two models. For most scenarios, the footprint is predicted to be wider by KM01 downwind of the
footprint peak, and for scenarios within SLc and FC it is predicted to be narrower upwind of
the peak (not shown).
KRC04 and FFP were both developed on the basis of LPDM-B simulations. Hence, as
expected, the results of these two footprint parameterisations agree quite well (Fig. 8). FFP
suggests that footprints extend slightly further from the receptor than KRC04 does, the
difference is increasing with measurement height. FFP and KRC04 footprint predictions
clearly differ for elevated measurement heights within the Neutral Layer, Local Scaling,
and Z-less Scaling scenarios, which is due to the improved scaling approach of FFP. The
footprint peak locations are predicted to be further away from the receptor by KRC04 than
by FFP, with the difference decreasing for increasing measurement height (not shown).
To date, the availability of observational data suitable for direct evaluation of footprint
models is very limited, and hence the performance of footprint models cannot be tested
against “the truth”. Nevertheless, as stated in Sect. 6.1, LPDM-B and its dispersion core,
the basis for FFP, have been evaluated successfully against experimental data, supporting
the validity of FFP results.
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Flux footprint models describe the area of influence of a turbulent flux measurement. They
are typically used for the design of flux tower sites, and for the interpretation of flux measurements. Over the last decades, large monitoring networks of flux tower sites have been
set up to study greenhouse gas exchanges between the vegetated surface and the lower
atmosphere. These networks have created a great demand for footprint modelling of longterm data sets. However, to date available footprint models are either too slow to process
such large data sets, or are based on too restrictive assumptions to be valid for many realcase conditions (e.g., large measurement heights or turbulence conditions outside MoninObukhov scaling).
In this study, we present a novel scaling approach for real-scale two-dimensional footprint data from complex models. The approach was applied to results of the backward
Lagrangian stochastic particle dispersion model LPDM-B. This model is one of only few
that have been tested against wind tunnel experimental data. LPDM-B’s dispersion core
was specifically designed to include the range from convective to stable conditions and was
evaluated successfully using wind tunnel and water tank data, large eddy simulation and a
field tracer experiment.
The scaling approach forms the basis for the two-dimensional flux footprint parameterisation FFP, as a simple and accessible short-cut to the complex model. FFP can reproduce
simulations of LPDM-B for a wide range of boundary layer conditions from convective to stable, for surfaces from very smooth to very rough, and for measurement heights from very
close to the ground to high up in the boundary layer. Unlike any other current fast footprint
model, FFP is hence applicable for day and night time measurements, for measurements
throughout the year, and for measurements from small towers over grassland to tall towers
over mature forests, and even for airborne surveys.
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There may be situations where footprint estimates are needed for only one specific stability regime, for example, when footprints are calculated for only a short period of time, or
for a certain daytime over several days. For such cases, it may be beneficial to use footprint parameterisation settings optimised for this stability regime only. While scaled footprint
estimates for neutral and stable conditions collapse to a very narrow ensemble of curves,
footprints for strongly convective situations may also include contributions from downwind
of the receptor location. For neutral and stable conditions, a specific set of fitting parameters
for FFP has been derived using the LPDM-B simulations of Scenarios 4 to 6 (Table 1). For
convective conditions, additional LPDM-B simulations to Table 1 (Scenarios 1 to 3) have
been included, to represent more strongly convective situations. These simulations (Scenario 1*) were run for the same set of receptor heights and surface roughness length as
listed in Table 1, but with u∗ = 0.2 m s−1 , w∗ = 2.0 m s−1 , L = −5 m, and h = 2000 m. The
resulting values for the parameters a, b, c, and d for the crosswind-integrated footprint parameterisation, and ac , bc , and cc for the crosswind dispersion parameterisation are listed
in Table 6.
Please note that when applying these fitting parameters, the footprint functions for convective and neutral/stable conditions will not be continuous. We hence suggest to use the
universal fitting parameters of Eqs. (17) and (19) for cases where a transition between stability regimes may occur.
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Appendix A: Footprint parameterisation optimised for specific stability conditions
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Determination of the boundary layer height, h, is a delicate matter, and no single “universal
approach” can be proposed. Clearly, any available nearby observation (e.g., from LiDAR or
radio sounding) should be used. h may also be diagnosed from assimilation runs of highresolution numerical weather predictions. For unstable (daytime) conditions, Seibert et al.
(2000) give a comprehensive overview on different methods and discuss the associated
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Appendix B: Derivation of the boundary layer height
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In their meteorological pre-processor, Hanna and Chang (1993) recommend cn = 0.3 corresponding to Tennekes (1973). Strictly speaking, Eq. (B2) is valid only as long as the stability
of the free atmosphere is also close to neutral, i.e. 10 < N |f |−1 < 70, where N is the BruntVäisälä frequency above the boundary layer defined as N = (g/Θ dΘ/dz)1/2 (Zilitinkevich
et al., 2012). If this is not the case, but L is still very large, using
cnn = 1.36:the asymptotic
:::::::::::::::
limit becomes (Zilitinkevich et al., 2012)
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hn = cn
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where L is the Obukhov length (L = −u3∗ Θ/(kg(w0 Θ0 )0 )), Θ is the mean potential temperature, k = 0.4 the von Karman constant, g the acceleration due to gravity, (w0 Θ0 )0 the
surface (kinematic) turbulent flux of sensible heat, and f = 2Ωsinφ is the Coriolis parameter (φ being latitude and Ω the angular velocity of the Earth’s rotation). Eq. (B1) is widely
used in pollutant dispersion modelling (e.g., Hanna and Chang, 1993) and has the desired
property to have limiting values corresponding to theoretical expressions. For large L (i.e.,
approaching near-neutral conditions), Eq. (B1) tends towards
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caveats and uncertainties. For stable conditions, Zilitinkevich et al. (2012) and Zilitinkevich
and Mironov (1996) provide a theoretical assessment of the boundary layer height under
various limiting conditions. If none of the above measurements or approaches for h are
applicable, a so-called “meteorological pre-processor” may be used. A non-exhaustive suggestion for the latter is provided in the following.
For stable and neutral conditions there are simple diagnostic relations with which the
boundary layer height can be estimated. Nieuwstadt (1981) proposed an interpolation formula for neutral to stable conditions:
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Here, γ is the gradient of potential temperature above the Convective Boundary Layer
(CBL). The latter is often not available for typical applications and can be approximated
by a constant parameter (e.g., γ ≈ 0.01 K m−1 , a typical mid-latitude value adopted from
Batchvarova and Gryning, 1991). It must be noted, however, that dh/dt in Eq. (B5) is quite
sensitive to this parameter. The model parameters, finally, A = 0.2, B = 2.5, and C = 8, are
derived from similarity relations in the CBL that have been employed to find the growth rate
of its height.
27
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as already proposed by Zilitinkevich (1972) who later termed this equation an “intermediate
asymptote” for the more complete asymptotic expression derived for the stable boundary
layer height by Zilitinkevich and Mironov (1996). They assign Eq. (B4) to an applicability
range of 4  u∗ L/|f |  100. The numerical parameters in Eq. (B1) suggest cs ≈ 0.4 for
the limit of very strong stability. Zilitinkevich and Mironov (1996) suggested cs ≈ 0.63 and
Zilitinkevich et al. (2007) later proposed cs ≈ 0.3 based on LES results (here, both values
are adapted for the above definition of L).
For convective conditions, the boundary layer height cannot be diagnosed due to the
nearly symmetric diurnal cycle of the surface heat flux. It must therefore be integrated employing a prognostic expression, and starting at sunrise (before the surface heat flux first
becomes positive) when the initial height is diagnosed using one of the above expressions.
The slab-model of Batchvarova and Gryning (1991) is based on a simplified TKE (turbulence kinetic energy) equation including thermal and mechanical energy. The resulting rate
of change for the boundary layer height is implicit in h and may be solved iteratively or using
h(ti ) to determine the rate of change to yield h(ti+1 ):
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For the parameterisation of the scaled footprints, using continuous functions, we need to
address an issue that arises from the discrete nature of LPDM-B. Like in all stochastic particle dispersion models, the number of particles (n) released is necessarily finite. Despite a
large n (typically, n ∼ 106 for simulations of this study), the distribution of particle locations
is also finite, with a finite envelope. Hence, estimates of dispersion statistics become spurious near the particle envelope. In particular, the touchdown distribution statistics that form
the basis of footprint calculations are truncated in close vicinity of the receptor, creating a
“blind zone” of the footprint. The extent of this blind zone is related to the finite time, T , a
particle takes to travel the vertical distance between source/sink and the receptor at zm . As
the vertical dispersion scales with u∗ , T can be expressed as T = ps2 zm /u∗ where ps2 is
again a proportionality factor depending on stability. In effect, no particle touchdown can be
scored closer to the receptor than the horizontal travel distance for time T .
For the crosswind-integrated footprint, mean advection of the particle plume over time
T is the principal effect of the blind zone. This effect can be accounted for by a shift in
X ∗ by a constant distance, d, which is treated as a free parameter and determined by
the fitting routine. For the crosswind dispersion of the footprint, the effect of the blind zone
needs to be corrected for by the contribution to crosswind dispersion over time T , which
is not accounted for in the source/sink particle touchdown distribution of LPDM-B. This
contribution to the dispersion can be estimated as σy,0 = σv ∗T , in accordance with Taylor’s
classical results for the near-source limit (Taylor, 1921). Hence σy of Eq. (10) becomes
σy = σy,0 + σy,res where the latter is the crosswind dispersion explicitly resolved by LPDMB. Based on LPDM-B results, we set ps2 = 0.35, 0.3::::
0.35, 0.5 for convective (L < 0), neutral
(L → ∞), and stable conditions (L > 0), respectively.
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Appendix C: Addressing the finite nature of stochastic particle dispersion footprint
models
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For the integration of the footprint parameterisation F̂ ∗ (X̂ ∗ ) to an upper limit at X̂∗,R , we
introduce the auxiliary variables xd = X̂∗ − d and r = X̂∗,R − d. With that, and based on
Eq. (15), the integral of the footprint parameterisation up to r can be expressed as
∗

∗

∗

Zr

F̂ (X̂ ) dX̂ =

R=




dxd .

(D1)
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Substituting c/xd with t, the above integral can be solved as follows
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further simplified to
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Γ(−b − 1, c/(X̂∗,R − d)) is the upper incomplete gamma function defined as Γ(s, l) ≡
RHere,
∞ s−1
exp(−t) dt. As b = −1.991 ≈ −2, a ≈ c (Eq. 17), and cb+1 ≈ c−1 , Eq. (D2) can be
l t
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Appendix D: Derivation of relative contribution to total footprint area
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The code of the presented two-dimensional flux footprint parameterisation FFP and the
The :::::
code :is
crosswind-integrated footprint can be obtained
from www.footprint.kljun.net. It ::::
:::::::::
available in several different platform-independent programming languages, including an
app for mobile devices. Updated versions will be freely available at . On .:::::::
Check the same
an online version of the footprint parameterisation is available::::
webpage , for
and :::
for ::::::::
updates.
:::

Discussion Paper

Code availability

|

30

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Chasmer, L., Kljun, N., Barr, A., Black, A., Hopkinson, C., McCaughey, J., and Treitz, P.: Influences of
Vegetation Structure and Elevation on CO2 Uptake in a Mature Jack Pine Forest in Saskatchewan,
Canada, Can. J. For. Res., 38, 2746–2761, 2008.
Chasmer, L., Barr, A. G., Hopkinson, C., McCaughey, J. H., Treitz, P., Black, T. A., and Shashkov, A.:
Scaling and Assessment of GPP from MODIS Using a Combination of Airborne Lidar and Eddy
Covariance Measurements over Jack Pine Forests, Remote Sens. Environ., 113, 82–93, 2009.
de Haan, P. and Rotach, M. W.: A Novel Approach to Atmospheric Dispersion Modelling: the PuffParticle Model (PPM), Q. J. Roy. Meteorol. Soc., 124, 2771–2792, 1998.
Deardorff, J. W. and Willis, G. E.: A Parameterization of Diffusion into the Mixed Layer, J. Appl. Meteor., 14, 1451–1458, 1975.
Detto, M., Montaldo, N., Albertson, J. D., Mancini, M., and Katul, G.: Soil Moisture and Vegetation
Controls on Evapotranspiration in a Heterogeneous Mediterranean Ecosystem on Sardinia, Italy,
Water Resour. Res., 42, W08419, doi:10.1029/2005WR004693, 2006.
Flesch, T. K.: The Footprint for Flux Measurements, from Backward Lagrangian Stochastic Models,
Bound.-Lay. Meteorol., 78, 399–404, 1996.
Gelybó, G., Barcza, Z., Kern, A., and Kljun, N.: Effect of Spatial Heterogeneity on the Validation of
Remote Sensing based GPP Estimations, Agric. For. Meteorol., 174, 43–53, 2013.
Göckede, M., Foken, T., Aubinet, M., Aurela, M., Banza, J., Bernhofer, C., Bonnefond, J. M., Brunet,
Y., Carrara, A., Clement, R., Dellwik, E., Elbers, J., Eugster, W., Fuhrer, J., Granier, A., Grünwald,
T., Heinesch, B., Janssens, I. A., Knohl, A., Koeble, R., Laurila, T., Longdoz, B., Manca, G., Marek,
M., Markkanen, T., Mateus, J., Matteucci, G., Mauder, M., Migliavacca, M., Minerbi, S., Moncrieff,
J., Montagnani, L., Moors, E., Ourcival, J.-M., Papale, D., Pereira, J., Pilegaard, K., Pita, G.,
Rambal, S., Rebmann, C., Rodrigues, A., Rotenberg, E., Sanz, M. J., Sedlak, P., Seufert, G.,
Siebicke, L., Soussana, J. F., Valentini, R., Vesala, T., Verbeeck, H., and Yakir, D.: Quality control
of CarboEurope flux data – Part 1: Coupling footprint analyses with flux data quality assessment
to evaluate sites in forest ecosystems, Biogeosciences, 5, 433–450, doi:10.5194/bg-5-433-2008,
2008.
Grimmond, C. S. B. and Oke, T. R.: Aerodynamic Properties of Urban Areas Derived from Analysis
of Surface Form, J. Appl. Meteorol., 38, 1262–1292, 1999.
Haenel, H.-D. and Grünhage, L.: Footprint Analysis: A Closed Analytical Solution Based on HeightDependent Profiles of Wind Speed and Eddy Viscosity, Bound.-Lay. Meteorol., 93, 395–409,
1999.

|

31

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Hanna, S. R. and Chang, J. C.: Hybrid Plume Dispersion Model (HPDM) Improvements and Testing
at Three Field Sites, Atmos. Environ., 27A, 1491–1508, 1993.
Hanna, S. R., Chang, J. C., and Strimaitis, D. G.: Hazardous Gas Model Evaluation with Field Observations, Atmos. Environ., 27A, 2265–2281, 1993.
Hellsten,
A., Luukkonen, S. M., Steinfeld, G., Kanani-Suhring, F., Markkanen, T., Järvi, L., Vesala , T.,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: :::::::::::::::
and
Raasch,
S.: Footprint Evaluation for Flux and Concentration Measurements for an Urban-like
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Canopy
with
Coupled Lagrangian Stochastic and Large-eddy Simulation Models, Bound.-Lay.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Meteorol.,
157,
191–217, 2015.
:::::::::::::::::::::::::::
Högström, U.: Review of Some Basic Characteristics of the Atmospheric Surface Layer, Bound.-Lay.
Meteorol., 78, 215–246, 1996.
Holtslag, A. A. M. and Nieuwstadt, F. T. M.: Scaling the Atmospheric Boundary-Layer, Bound.-Lay.
Meteorol., 36, 201–209, 1986.
Horst, T. W. and Weil, J. C.: Footprint Estimation for Scalar Flux Measurements in the Atmospheric
Surface Layer, Bound.-Lay. Meteorol., 59, 279–296, 1992.
Horst, T. W. and Weil, J. C.: How Far is Far Enough?: The Fetch Requirements for Micrometeorological Measurement of Surface Fluxes, J. Atmos. Ocean. Technol., 11, 1018–1025, 1994.
Hsieh, C. I., Katul, G., and Chi, T.: An Approximate Analytical Model for Footprint Estimation of Scalar
Fluxes in Thermally Stratified Atmospheric Flows, Adv. Water Resour., 23, 765–772, 2000.
Hsieh, C. I., Siqueira, M., Katul, G., and Chu, C.-R.: Predicting Scalar Source-Sink and Flux Distributions Within a Forest Canopy Using a 2-D Lagrangian Stochastic Dispersion Model, Bound.-Lay.
Meteorol., 109, 113–138, 2003.
Hutjes, R. W. A., Vellinga, O. S., Gioli, B., and Miglietta, F.: Dis-aggregation of Airborne Flux Measurements Using Footprint Analysis, Agric. For. Meteorol., 150, 966–983, 2010.
Kim, J., Guo, Q., Baldocchi, D. D., Leclerc, M. Y., Xu, L., and Schmid, H. P.: Upscaling Fluxes from
Tower to Landscape: Overlaying Flux Footprints on High-resolution (IKONOS) Images of Vegetation Cover, Agric. For. Meteorol., 136, 132–146, 2006.
Kljun, N., Rotach, M. W., and Schmid, H. P.: A 3D Backward Lagrangian Footprint Model for a Wide
Range of Boundary Layer Stratifications, Bound.-Lay. Meteorol., 103, 205–226, 2002.
Kljun, N., Kormann, R., Rotach, M. W., and Meixner, F. X.: Comparison of the Lagrangian Footprint
Model LPDM-B with an Analytical Footprint Model, Bound.-Lay. Meteorol., 106, 349–355, 2003.
Kljun, N., Kastner-Klein, P., Fedorovich, E., and Rotach, M. W.: Evaluation of Lagrangian Footprint
Model Using Data from a Wind Tunnel Convective Boundary Layer, Agric. For. Meteorol., 127,
189–201, 2004a.

|

32

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Kljun, N., Rotach, M. W., and Calanca, P.: A Simple Parameterisation for Flux Footprint Predictions,
Bound.-Lay. Meteorol., 112, 503–523, 2004b.
Kormann, R. and Meixner, F. X.: An Analytical Footprint Model for Non-Neutral Stratification, Bound.Lay. Meteorol., 99, 207–224, 2001.
Kustas, W. P., Anderson, M. C., French, A. N., and Vickers, D.: Using a Remote Sensing Field
Experiment to Investigate Flux-footprint Relations and Flux Sampling Distributions for Tower and
Aircraft-based Observations, Adv. Water Resour., 29, 355–368, 2006.
Lagarias, J. C., Reeds, J. A., Wright, M. H., and Wright, P. E.: Convergence Properties of the NelderMead Simplex Method in Low Dimensions, SIAM J. Optimiz., 9, 112–147, 1998.
Leclerc, M. Y. and Foken, T.: Footprints in Micrometeorology and Ecology, Springer, Heidelberg,
Germany, New York, USA, Dordrecht, the Netherlands, London, UK, 1 edn., 2014.
Leclerc, M. Y. and Thurtell, G. W.: Footprint Prediction of Scalar Fluxes Using a Markovian Analysis,
Bound.-Lay. Meteorol., 52, 247–258, 1990.
Leclerc, M. Y., Shen, S., and Lamb, B.: Observations and Large-Eddy Simulation Modeling of Footprints in the Lower Convective Boundary Layer, J. Geophys. Res., 102, 9323–9334, 1997.
Li, F., Kustas, W. P., Anderson, M. C., Prueger, J. H., and Scott, R. L.: Effect of Remote Sensing
Spatial Resolution on Interpreting Tower-based Flux Observations, Remote Sens. Environ., 112,
337–349, 2008.
Lindroth, A., Grelle, A., and Morén, A.-S.: Long-term Measurements of Boreal Forest Carbon Balance Reveal Large Temperature Sensitivity, Glob. Change Biol., 4, 443–450, 1998.
Luhar, A. K. and Rao, K. S.: Source Footprint Analysis for Scalar Fluxes Measured in Flows over an
Inhomogeneous Surface, NATO Chal. M., 18, 315–322, 1994.
Markkanen,
T., Steinfeld, G., Kljun, N., Raasch, S., and Foken, T.: Comparison of Conventional
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Lagrangian
Stochastic Footprint Models against LES Driven Footprint Estimates, Atmos. Chem.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Phys.,
9,
5575–5586,
2009.
::::::::::::::::::::::::
Mauder, M., Desjardins, R. L., and MacPherson, I.: Creating Surface Flux Maps from Airborne Measurements: Application to the Mackenzie Area GEWEX Study MAGS 1999, Bound.-Lay. Meteorol., 129, 431–450, 2008.
Mauder, M., Cuntz, M., Drüe, C., Graf, A., Rebmann, C., Schmid, H. P., Schmidt, M., and Steinbrecher, R.: A strategy for Quality and Uncertainty assessment of Long-term Eddy-covariance
Measurements, Agric. For. Meteorol., 169, 122–135, 2013.

|

33

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Maurer,
K. D., Hardiman, B. S., Vogel, C. S., and Bohrer, G.: Canopy-structure effects
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
on
surface
roughness parameters: Observations in a Great Lakes mixed-deciduous forest,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Agric.
For.
Meteorol.,
177, 24–34, 2013.
::::::::::::::::::::::::::::::::::
Metzger, S., Junkermann, W., Mauder, M., Beyrich, F., Butterbach-Bahl, K., Schmid, H. P., and Foken, T.: Eddy-covariance flux measurements with a weight-shift microlight aircraft, Atmos. Meas.
Tech., 5, 1699–1717, doi:10.5194/amt-5-1699-2012, 2012.
Nagy, M. T., Janssens, I. A., Yuste, J. C., Carrara, A., and R., C.: Footprint-adjusted Net Ecosystem
CO2 Exchange and Carbon Balance Components of a Temperate Forest, Agric. For. Meteorol.,
139, 344–360, 2006.
Nieuwstadt, F. T. M.: Application of Mixed-Layer Similarity to the Observed Dispersion from a
Ground-Level Source, J. Appl. Meteorol., 19, 157–162, 1980.
Nieuwstadt, F. T. M.: The Steady-state Height and Resistance Laws of the Nocturnal Boundary
Layer: Theory Compared with Cabauw Observations, Bound.-Lay. Meteorol., 20, 3–17, 1981.
Pasquill, F. and Smith, F. B.: Atmospheric Diffusion, Ellis Horwood Limited, J. Wiley and Sons, New
York, USA, 3rd edn., 1983.
Rahman, A. F., Gamon, J. A., Fuentes, D. A., Roberts, D. A., and Prentiss, D.: Modeling Spatially
Distributed Ecosystem Flux of Boreal Forest Using Hyperspectral Indices from AVIRIS Imagery,
J. Geophys. Res.-Atmos., 106, 33579–33591, 2001.
Rannik, Ü., Aubinet, M., Kurbanmuradov, O., Sabelfeld, K. K., Markkanen, T., and Vesala, T.: Footprint Analysis for Measurements over a Heterogeneous Forest, Bound.-Lay. Meteorol., 97, 137–
166, 2000.
Raupach, M. R., Antonia, R. A., and Rajagopalan, S.: Rough-Wall Turbulent Boundary Layers,
Appl. Mech. Rev., 44, 1–25, 1991.
Rebmann, C., Göckede, M., Foken, T., Aubinet, M., Aurela, M., Berbigier, P., Bernhofer, C., Buchmann, N., Carrara, A., Cescatti, A., Ceulemans, R., Clement, R., Elbers, J. A., Granier, A., Grünwald, T., Guyon, D., Havránková, K., Heinesch, B., Knohl, A., Laurila, T., Longdoz, B., Marcolla,
B., Markkanen, T., Miglietta, F., Moncrieff, K., Montagnani, L., Moors, E., Nardino, M., Ourcival,
J.-M., Rambal, S., Rannik, Ü., Rotenberg, E., Sedlak, P., Unterhuber, G., Vesala, T., and Yakir,
D.: Quality Analysis Applied on Eddy Covariance Measurements at Complex Forest Sites Using
Footprint Modelling, Theor. Appl. Climatol., 80, 121–141, 2005.
Rotach, M. W. and Calanca, P.: Microclimate, in: Encyclopedia of Atmospheric Sciences, edited by
North, G. R., vol. 1, 258–264, Academic Press, Elsevier Science Publishing Co. Inc., London, UK,
2nd edn., 2014.

|

34

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Rotach,
M. W.: Determination of the Zero Plane Displacement in an Urban Environment.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Bound.-Layer
Meteorol., 67, 187—193, 1994.
:::::::::::::::::::::::::::::::::::::::
Rotach, M. W., Gryning, S.-E., and Tassone, C.: A Two-Dimensional Lagrangian Stochastic Dispersion Model for Daytime Conditions, Quart. J. Roy. Meteorol. Soc., 122, 367–389, 1996.
Rotach, M. W., Gryning, S.-E., Batchvarova, E., Christen, A., and Vogt, R.: Pollutant Dispersion
Close to an Urban Surface: the BUBBLE Tracer Experiment, Meteorol. Atmos. Phys., 87, 39–56,
2004.
Schmid, H. P.: Source Areas for Scalars and Scalar Fluxes, Bound.-Lay. Meteorol., 67, 293–318,
1994.
Schmid, H. P.: Experimental Design for Flux Measurements: Matching Scales of Observations and
Fluxes, Agric. For. Meteorol., 87, 179–200, 1997.
Schmid, H. P.: Footprint Modeling for Vegetation Atmosphere Exchange Studies: A Review and
Perspective, Agric. For. Meteorol., 113, 159–184, 2002.
Schmid, H. P. and Lloyd, C. R.: Spatial Representativeness and the Location Bias of Flux Footprints
over Inhomogeneous Areas, Agric. For. Meteorol., 93, 195–209, 1999.
Schmid, H. P. and Oke, T. R.: A Model to Estimate the Source Area Contributing to Turbulent Exchange in the Surface Layer over Patchy Terrain, Quart. J. Roy. Meteorol. Soc., 116, 965–988,
1990.
Schuepp, P. H., Leclerc, M. Y., Macpherson, J. I., and Desjardins, R. L.: Footprint Prediction of Scalar
Fluxes from Analytical Solutions of the Diffusion Equation, Bound.-Lay. Meteorol., 50, 355–373,
1990.
Seibert, P., Beyrich, F., Gryning, S.-E., Joffre, S., Rasmussen, A., and Tercier, P.: Review and Intercomparison of Operational Methods for the Determination of the Mixing Height, Atmos. Environ.,
34, 1001–1027, 2000.
Sogachev, A. and Lloyd, J.: Using a One-And-a-Half Order Closure Model of the Atmospheric Boundary Layer for Surface Flux Footprint Estimation, Bound.-Lay. Meteorol., 112, 467–502, 2004.
Sogachev, A., Leclerc, M. Y., Karipot, A., Zhang, G., and Vesala, T.: Effect of Clearcuts on Footprints
and Flux Measurements Above a Forest Canopy, Agric. For. Meteorol., 133, 182–196, 2005.
Steinfeld, G., Raasch, S., and Markkanen, T.: Footprints in Homogeneously and Heterogeneously
Driven Boundary Layers Derived from a Lagrangian Stochastic Particle Model Embedded into
Large-Eddy Simulation, Bound.-Lay. Meteorol., 129, 225–248, 2008.
Stull, R. B.: An Introduction to Boundary Layer Meteorology, Kluwer Academic Publishers, Dordrecht,
the Netherlands, 680 pp., 1988.

|

35

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Sutherland, G., Chasmer, L. E., Petrone, R. M., Kljun, N., and Devito, K. J.: Evaluating the Use of
Spatially Varying Versus Bulk Average 3D Vegetation Structural Inputs to Modelled Evapotranspiration Within Heterogeneous Land Cover Types, Ecohydrology, 7, 1545–1559, 2014.
Taylor, G. I.: Diffusion by Continuous Movements, Proc. London Math. Soc., 20, 196–211, 1921.
Tennekes, H.: Similarity Laws and Scale Relations in Planetary Boundary Layers, in: Workshop on
Micrometeorology, edited by: Haugen, D. A., Amer. Meteorol. Soc., Boston, USA, 1973.
Thomson, D. J.: Criteria for the Selection of Stochastic Models of Particle Trajectories in Turbulent
Flows, J. Fluid Mech., 180, 529–556, 1987.
Vesala, T., Kljun, N., Rannik, Ü., Rinne, J., Sogachev, A., Markkanen, T., Sabelfeld, K., Foken, T.,
and Leclerc, M.: Flux and Concentration Footprint Modelling: State of the Art, Environ. Pollut.,
152, 653–666, 2008.
Wang, W. and Davis, K. J.: A Numerical Study of the Influence of a Clearcut on Eddy-Covariance
Fluxes of CO2 Measured Above a Forest, Agric. For. Meteorol., 148, 1488–1500, 2008.
Weil, J. C. and Horst, T. W.: Footprint Estimates for Atmospheric Flux Measurements in the Convective Boundary Layer, in: Precipitation Scavening and Atmosphere – Surface Exchange, edited
by: Schartz, S. and Slinn, W., vol. 2, 717–728, Hemisphere Publishing, Washington, D.C., USA,
1992.
Wilson, J. D. and Swaters, G. E.: The Source Area Influencing a Measurement in the Planetary
Boundary Layer: The “Footprint” and the “Distribution of Contact Distance”, Bound.-Lay. Meteorol., 55, 25–46, 1991.
Zilitinkevich, S., Esau, I., and Baklanov, A.: Further Comments on the Equilibrium Height of Neutral
and Stable Planetary Boundary Layers, Q. J. R. Meteorol. Soc., 133, 265–271, 2007.
Zilitinkevich, S., Tyuryakov, S. A., Troitskaya, Y. I., and Mareev, E. A.: Theoretical Models of the
Height of the Atmospheric Boundary Layer and Turbulent Entrainment at Its Upper Boundary,
Izv. Atmos. Ocean. Phys., 48, 133–142, 2012.
Zilitinkevich, S. S.: On the Determination of the Height of the Ekman Boundary Layer, Bound.-Lay.
Meteorol., 3, 141–145, 1972.
Zilitinkevich, S. S. and Mironov, D. V.: A Mulit-Limit Formulation for the Equilibrium Depth of a Stably
Stratified Boundary Layer, Bound.-Lay. Meteorol., 81, 325–351, 1996.

|

36

Discussion Paper
|

Scenario

L [m]

h [m]

0.2
0.2
0.3
0.5
0.4
0.4
0.3
0.3

1.4
1.0
0.5
0.0
–
–
–
–

−15
−30
−650
∞
1000
560
130
84

2000
1500
1200
1000
800
500
250
200

|

Receptor heights at zm /h = [0.005, 0.01, 0.075, 0.25, 0.50]
Roughness lengths z0 = [0.01, 0.1, 0.3, 1.0, 3.0] m
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convective
convective
convective
neutral
stable
stable
stable
stable

w∗ [m s−1 ]

|

1
2
3
4
5
6
7
8

u∗ [m s−1 ]
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Table 1. Velocity scales (friction velocity, u∗ , and convective velocity scale, w∗ ), Obukhov length (L),
and planetary boundary layer height (h) characterising the stability regimes of LPDM-B simulations
at measurement height zm and with roughness length z0 . Cases with measurement height within the
roughness sublayer were disregarded (see text for details).
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Scenario

L [m]

h [m]

0.20
0.20
0.25
0.40
0.60
0.80
0.30
0.50
0.35

1.00
0.80
0.75
0.00
0.00
0.00
–
–
–

−50
−100
−200
∞
∞
∞
200
100
50

2500
2500
2160
800
1200
1600
310
280
170

|

[zm , z0 ] =[20 m, 0.05 m], [30 m, 0.5 m], [50 m, 0.05 m]
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convective
convective
convective
neutral
neutral
neutral
stable
stable
stable

w∗ [m s−1 ]

|

10
11
12
15
13
14
16
17
18

u∗ [m s−1 ]
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Table 2. Velocity scales (u∗ , w∗ ), Obukhov length (L), planetary boundary layer height (h) describing the stability regimes of LPDM-B simulations for evaluation of the footprint parameterisation at
measurement heights zm and with roughness lengths z0 .
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y∗
Fmax

σy∗

0.96
0.022
0.71
2.86
0.48

–
0.050
1.00
1.04
0.05

–
0.008
1.00
1.05
0.05

0.90
−0.0060.120
::::
1.00
1.02
0.02

|

∗
Xmax
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R
FB
FAC2
VG
NMSE

F y∗

|

Performance metrics

Discussion Paper

Table 3. Performance of the footprint parameterisation evaluated against all (200) scaled footprints
of LPDM-B simulations as in Table 1. Performance of the crosswind-integrated footprint parameter∗
),
isation was tested against the complete footprint curve (F y∗ ), the footprint peak location (Xmax
∗
y∗
and the footprint peak value (Fmax ). The parameterisation for crosswind dispersion (σ̂y ) was similarly tested against σy∗ (x) for all scaled footprints. In all cases the following performance measures
were used: Pearson’s correlation coefficient (R), fractional bias (FB), fraction of the parameterisation
within a factor of two of the scaled footprints (FAC2), geometric variance (VG), and normalised mean
∗
y∗
square error (NMSE). Note that R is not evaluated for Xmax
and Fmax
as the footprint parameterisation provides a single value for each of these.
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0.99
0.109
1.00
1.06
0.09

0.97
−0.063
1.00
1.02
0.03

0.99
0.125
1.00
1.07
0.07

Neutral scenarios 13, 14, 15
R
0.97
FB
0.020
FAC2
0.99
VG
1.62
NMSE
0.27

0.99
0.174
1.00
1.11
0.22

0.96
−0.067
1.00
1.04
0.03

0.37::::
0.47
0.008::::
0.05
1.00
1.13::::
1.12
0.13::::
0.12

Stable scenarios 16, 17, 18
R
0.99
FB
0.020
FAC2
0.89
VG
1.16
NMSE
0.09

0.99
0.092
1.00
1.03
0.13

0.99
0.000
1.00
1.03
0.01

0.88
−0.013
1.00
1.02
0.03

|

Convective scenarios 10, 11, 12
R
0.97
FB
0.014
FAC2
0.99
VG
43.36
NMSE
0.33
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σy (xmax ) [m]

|

f y max [m−1 ]
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xmax [m]

|

f y [m−1 ]

Performance metrics
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Table 4. Performance of the footprint parameterisation evaluated against the second set of LPDMB footprints of Table 2 (9 simulations for each stability regime), in real scale. Performance of the
crosswind-integrated footprint parameterisation was tested against the crosswind-integrated footprint curve (f y ), the footprint peak location (xmax ), the footprint peak value (f y max ), and the standard
deviation of the crosswind distance at the peak location (σy (xmax )). See Table 3 for abbreviations of
performance measures.
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Table 5. Sensitivity of footprint peak location (xmax ), peak value (f y max ) and the standard deviation
of the crosswind distance at the peak location (σy (xmax )) of the footprint parameterisation FFP to
changes of the input parameters h (boundary layer height) and z0 (roughness length) by ±5, ±10,
±20 % for all scenarios of Table 2, in real scale. Changes are denoted in % deviation from the
footprint parameterisation for the original input values of Table 2.

|

±0.1
±0.1
±0.3
±1.1
±2.2
±4.3

0.0
0.0
0.0
0.0
0.0
0.0

Neutral scenarios 13, 14, 15
h
±5
∓0.2
h
±10
∓0.3
h
±20
∓0.7
z0
±5
∓0.9
z0
±10
∓1.9
z0
±20
∓3.8

±0.2
±0.3
±0.7
±0.9
±1.9
±3.7

0.0
0.0
0.0
0.0
0.0
0.0

Stable scenarios 16, 17, 18
h
±5
∓0.9
h
±10
∓1.8
h
±20
∓3.7
z0
±5
∓0.7
z0
±10
∓1.4
z0
±20
∓2.8

±0.9
±1.7
±3.6
±0.7
±1.4
±2.8

±0.1
±0.2
±0.4
0.0
0.0
0.0

|

Convective scenarios 10, 11, 12
h
±5
∓0.1
h
±10
∓0.1
h
±20
∓0.3
z0
±5
∓1.1
z0
±10
∓2.2
z0
±20
∓4.4
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∆σy (xmax ) [%]

|

∆f y max [%]
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∆xmax [%]

Change in input [%]
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b

c

d

ac

bc

cc

1.452
2.930
1.472

−1.991
−2.285
−1.996

1.462
2.127
1.480

0.136
−0.107
0.169

2.17
2.11
2.22

1.66
1.59
1.70

20.0
20.0
20.0

Discussion Paper

Universal
Convective
Neutral and stable

a

|

Stability regime

Discussion Paper

Table 6. Fitting parameters of the crosswind-integrated footprint parameterisation and of the crosswind footprint extent for a “universal” regime (Scenarios 1 to 9), and for specifically convective
(Scenarios 1* and 1 to 3) or neutral and stable regimes (Scenarios 4 to 9). For each scenario,
all measurement heights and roughness lengths were included. See Table 1 and Appendix A for a
description of the scenarios.
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Figure 1. Range of peak locations (xmax ) and extent of 80 % crosswind-integrated footprints (x80 ) of
LPDM-B simulations as in Table 1. The color depicts the simulated measurement heights, symbols
stand for modelled roughness lengths, z0 = 0.01 m (M), 0.1 m (), 0.3 m (◦), 1.0 m (♦), 3.0 m (O).
Note the use of the log scale to accommodate the full range of the simulations.
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Figure 2. Density plot of scaled crosswind-integrated footprints of LPDM-B simulations as in Table 1
(low density: light blue; high density, 100 times denser than low density: dark red). The footprint
parameterisation F̂ y∗ (X̂ ∗ ) (cf. Eq. 14) is plotted as black line.
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Figure 3. Density plot of real-scale (left panel) and scaled (right panel) lateral dispersion of LPDM-B
simulations as in Table 1; low density: light blue, high density (100 times denser than low density):
dark red. The parameterisation σ̂y∗ (X̂ ∗ ) (cf. Eq. 18) is plotted as black line.
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Figure 4. Example footprint estimate for the convective Scenario 1 of Table 1, a measurement height
of 20 m, and a roughness length of 0.01 m. The receptor is located at (0/0) m and the x-axis points
towards the main wind direction. Footprint contour lines (left panel) are shown in steps of 10 % from
10 to 90 %.
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Figure 5. Example footprint climatology for the ICOS flux tower Norunda, Sweden, for
1–31 May 2011. The red dot depicts the tower location with a receptor mounted at
zm = 12z:::::::::::::::::::
m = zreceptor − zd = 12 m. Footprint contour lines are shown in steps of 10 % from 10 to
90 %. The background map is tree height derived from an airborne LiDAR survey.
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Figure 6. Comparison of FFP simulations for scenarios of Table 1 with corresponding simulations
of the model (HKC00) of Hsieh et al. (2000). Plotted are the extent of 80 % crosswind-integrated
footprints, x80 (left panel), and the crosswind dispersion at the footprint peak location, σy (xmax )
(right panel). The color depicts the stability regime of the simulation, ML being Mixed Layer, FC
Free Convection Layer, SL the Surface Layer (c for convective, n for neutral, and s for stable), NL
Neutral Layer, ZS Z-less Scaling, and LS Local Scaling (see Holtslag and Nieuwstadt, 1986, for
more details). Symbols denote modelled roughness lengths, z0 = 0.01 m (M), 0.1 m (), 0.3 m (◦),
1.0 m (♦), 3.0 m (O), and dashed lines denote 2 : 1 and 1 : 2, respectively. Note the use of the log-log
scale to accommodate the full range of the simulations.
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Figure 7. Same as Fig. 6 but for results of FFP compared with corresponding simulations of the
model (KM01) of Kormann and Meixner (2001).

Discussion Paper
|

49

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|

Figure 8. Comparison of FFP simulations for scenarios of Table 1 with corresponding simulations
of the footprint parameterisation (KRC04) of Kljun et al. (2004b). Plotted is the extent of 80 %
crosswind-integrated footprints (x80 ). The color depicts the stability regime of the simulation and
symbols denote modelled roughness lengths (see Fig. 6 for details).
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