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ARTICLE INFO ABSTRACT

Footprint models, which simulate source area for scllaxes, are fundamental tools for a correct interpretation
of micromoeteorologicaflux measurements and ecosystem exchange inferred from steh @ver the last two
decades models of varying complexity have been developatab of them sier from a signficant lack of
experimental validation. In this study twoftBrent experimental tests have been conducted with the aim of
offering validation: a manipulation of the vegetation covedam artficial tracer emission. In thrst case the
extension of thdlux source has been changed progressively by successivefouggetation, while in the second
case by varying the distance of a tracer emission line resjpethe measurement point. Results have been used
to validate two analytical and a numerical footprint modé&lse experimental data show a good agreement with
footprint models and indicate a limited extension of fhex source area, with approximately 75% of the sources
confined within a range of 20 times the gective measurement height, i.e. the measurement heighteatihe
zero plane displacement. Another interesting result wassthong dependence on the surface roughness of both
experimental estimates and numerical simulations of faatp The gfect of surface roughness on experimental
results and models outputs was comparable to tfiece of atmospheric stability. This indicates that surface
roughness and turbulence conditions may play a S§igamnt role in source area location, in particular above
inhomogeneous surfaces with change in roughness, as inadeeaf the manipulation experiment. Consequently
a careful site spefic quantfication of these parameters seems to be fundamental to obealrstic footprint
estimates and sigficantly improve eddy covariandéux interpretation at complex sites.
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1. Introduction analysis and both terms are interchangeables@la et al., 2008 The
estimation of the source area associated with each sihgkemeasure-
ment is important information that facilitates data intextation and
quality filtering (Gockede et al., 2004; Nicolini et al., 2015; Rebmann
et al., 2009. It is of primary importance for analysis integrating both
EC and remote sensing data, but also for interpretation ofda@
collected in ecosystems that are heterogeneous in termanaf lse,
vegetation, biophysical characteristics such as leaf ardax, biomass,
soil type and management. The dimensions of tfieaive source area
are influenced by structural properties of the surface (e.g. roeghn

The eddy covariance (EC) methodology allows the quiacetion of
mass and energy exchanges between earth surfaces and atnedyy
measurements of wind speed, air temperature and passiwertra
concentrations at time scales enabling the capture of a waahge of
turbulent motionsAubinet et al., 199%. Thefluxes between ecosystem
and atmosphere measured by the EC methodology are origirfeden
an area surrounding, mostly upwind, the measurement pdimé:
source area. The mathematical relation between the spdis@ibution

of theflux sources and the corresponding magnitude is termed faotpr
function or source weight functionHprst and Weil, 1992; Leclerc and

Thurtell, 1990; Schmid, 1994; Schmid, 200Rrequently the evaluation

of source area for EC measurements is also referred to asotitprint

by the measurement height and by micrometeorological ddors
(e.g. wind speed and direction, turbulence intensity, aphe@ric
stability). A footprint function model describes how thecfars above
influence the spatial distribution of tHRix sources. Four categories of
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Fig. 1. Sketch of the ME experiment with Ref oats disc on the left arehiiged disc on the right. Dots represent the position oftiheet EC systems. R1 to R4 are the radii of the successive

oats cover after each cut in the Managed plot, respectivBljn322 m, 15m and 11 m.

models of dfferent theoretical and practical complexity have been ® Amanipulation experimentME) by means of successive cuts of the

proposed in the last two decadels=€lerc and Foken, 2014; Rannik
et al., 2013: (1) analytical models, (2) Lagrangian stochastic pdetic
dispersion models, (3) large-eddy simulation and (4) ertderaver-
aged closure models. As pointed out in past studiesc¢n and Leclerc,
2004; Vesala et al., 20Q&xperimental footprint analyses and simula-
tions are rare, in particular due to the complexity of thehteical set-up
and to the related costs. Nevertheless a number of expetsnieave
been spedically designed, realized and published. Some authbirsn(

et al., 1996; Leclerc et al., 200dJsed an arficial emission of tracer
gas, Sk, to validate footprint models, while others\(binet et al.,
2001; Gockede et al., 2004; Gockede et al., 2005; Marcolth@mscatti,
2005; Neftel et al., 200Bused spatial heterogeneity of the surface
composition for the same scope withfairent footprint models, mainly
analytical. However the experimental validation of thetfpont models
and the uncertainty in source area evaluation is still a mé&sue for
flux data interpretation. Reducing uncertainties in theneation of the
source area extension would also lead to the development a@em
accurate footprint models and to pinpointing the optimaladtion for
an EC site. This information would be particularly importaa measure

fluxes over small vegetation patches, for example in the cdse o

ecosystem manipulation experiments in which ecologicalnmateor-
ological driving forces such as, e.g., temperature, watenwotrients
availability, are modied over grassland and croplafigélds generally
not larger than few hundred square meters.

In this study two dferentfield experiments have been conducted
where the source area has been manipulated with the aim ofumiea
the gfective footprint extension. In thirst experiment the surface has

vegetation cover in the source area to modify its surfacemrsibn
and to see thefgect on the measureffiux compared to a reference
plot.

® Acontrolled emission of C@as an arfiicial tracer AT) with the aim
of estimating the dependence of the footprint function frohe
distance of the emitting point.

Vegetation species shorter than oats were initially takemo i
consideration for the ME in order to limit the impact of theughness
step change between cut and uncut areas covered by oats &nd th
consequent formation of internal boundary layer (IBDaratt, 199.
However the footprint management in order to get a clegftedénce
between harvested and not-harvested areas would have beee m
diffi cult and uncertain with short vegetation and for this reasois
option was excluded. Details of each experiment are deedriin the
following subsection®.1 and?2.2.

2.1. Source area manipulation experiment (ME)

The first experimental footprint test has been realized with an
artificial manipulation of the surface distribution of carbon xite
sources and sinks in proximity of the EC instrumentatione Bovering
of oats was cut in order to only keep two discs of intact vegetaof
equal dimension, approximately 30 m of radius (Ref and Madagee
Fig. 1). The mean canopy height{h measured before the beginning of
the manipulation in 30 points randomly distributed, wash1.02m.

been modied altering the vegetation cover while in the second an This experiment took place since day of the year (doy) 1183 of
artificial CO, source has been used as a tracer. In both cases the resul&)08.

have been compared with the output of analytical and Lagieemg
footprint models. Spefically, the objectives of this paper are: (1) to
assess the fiect of manipulation of the scalar sources on HGX

An EC system equipped with a sonic anemometer (model GiJl-R3
Gill Instruments Ltd, Lymington, Hampshire, UK) and an iafred gas
analyzer (model LI-7500, LI-COR Inc., Lincoln, NE, USA) wataced in

measurements and (2) to compare the results of various kihd othe center of Managed disc at 2.35 m above the soil and a seGdhR3

footprint models with experimental data.

2. Materials and methods

The experimental site was located in Viterbo, ltaly, in threaof the
University of Tuscia Didactical Farm (42°285.10'N, 12°0437.26'E).
The selected area was dlat agricultural field approximately
130 x 95 m in size. This area was planted with oats (Avena &dtiy
at the end of 2007 and the measurements were taken betwedraAdr
October 2008. The following two experiments were conducted

76

sonic anemometer was placed at 1.4 m. Another identical Efegy
was placed in the center of the Ref disc at the same heightirdl thC
system of the same type of the other two was placed from doytb51
doy 162 above the Cut surface at a height of 1.5 m to measure the
contribution of the external mowed crowns to tfiex measured in the
center of the Managed plot. This measurement height wastezleto
minimize the source area of the cut plot. Lateral separatietween
sonics and analyzers was 20 cm, while analyzers were alwaceg
5cm below the sonics to minimize spectral loss due to the tshor
distance of the canopy top. In accordance with other stu@iesst and
Lenschow, 2009; Kristensen et al., 19We did not expect such a small
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Table 1
Radius of the oats covered disc in the Managed and Ref plandwsuccessive periods.

DOY: 132-139 DOY: 139-149 DOY: 149155 DOY: 155163
Managed 30m 22m 15m 11m
Ref 30m 30m 30m 30m

vertical separation to fhuence sigrficantly the measuring procedure.
All the LI-7500 gas analyzers were tilted by 30° in relatioa the
vertical direction and pointed towards the North to minimigfect of
direct solar radiation. Data were continuously sampled @H2. The
raw data were processed using eco2s EC software (availabieta//
gaia.agraria.unitus.it/ ecopgime lag optimization through covariance
maximization, linear detrending and 2D rotation were seddcamong
the possible processing optionBgbmann et al., 2092 Fluxes were
corrected accounting for Webb-Pearman-Leuning (WPL) tdiffebb
et al., 1980, spectral loss due to sonic path length, spatial sepamatio
and limited response time following low-paB#tering spectral correc-
tion procedure proposed byloncrief et al. (1997. A first set of
parallel measurements was recorded with the same vegatatiten-
sion in Managed and Ref plots. Following this the vegetationthe
Managed plot was periodically cut in the external circunefece to
otain a progressive reduction of its radius and, consedugenf the
source area covered by vegetation with the time schedulerteg in
Table 1 The Ref disc was kept with the original radius throughou th
whole experiment and used as a reference. Cut vegetationhén t
Managed disc was immediately removed. The contributiah ¢f the
progressively reduced source area to the carBar in the Managed
plot (FGuanaged has been evaluated with the following formula:

FCVIanaged: aFCRrert (1 — a)FC oy

1)

where Fgeris the carbonflux measured by the Ref system at 2.35m,
while Fcey is the carbonflux emitted from the cut surface, estimated
fitting an ecosystem respiration model to the measurementardfon
fluxes and air temperatur&é¢ichstein et al., 2005The wind direction
analysis, see wind rose ifAg. 2, showed two dominant wind directions
in the study period, i.e. South-SouthWest and North-Noe&t$tE with
very limited contributions from other sectors. To excludesspible
disturbances from unavoidable upwind obstacles at the, dite
following angular sectors for wind directions were exclddea)
30°< B < 60°% b) 120°< 6 < 160°% c) 270°< 6 < 360° The

North .,

South
Fig. 2. Wind rose from the ME database.
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assumption under E@L) was that a percentageof theflux originated
from the uncut internal circle having the sarfiex as the Ref plot and
the remaining contribution (&) was due to the emission from the cut
external crown in the surface of the Managed plot that wasangér
covered by oats. This parameter is equivalent to the cunwéat
footprint obtained by along-wind integration of the mocellfootprint
density function from the measurement point to the limit dfet
vegetation. The underlying hypothesis was that the inipiaits of the
same vegetation cover included the entire source area afe$pective
EC systems under the conditions considered in the analy$is. Ref
measurement height was 2.35 m above a dense canopy of 1.Qhede
conditions a radius of 30 m corresponds to approximatelyntweimes
the gfective measurement heightgh calculated with respect to zero
plane displacement d g¢h= z,- d), where z is the measurement
height relative to the soil surface. The parameter d wasrediéd to be

d = 0.91 mby means of vertical pfibe of turbulence statistics collected
above the Ref plot using four sonic anemometers (data notveh.o
Such distance to measurement height ratio, according tolighdxd
footprint analysis l(eclerc and Foken, 2014; Leclerc et al., 2003
includes most part of the sources and sinks for an fBEx in the
roughness sublayer and jufséis the assumption that the entire source
area was included in the oats discs with 30 m radii. Moreohervalue
of the parameten calculated for the initial period when both circles
had the same radius is close to one as it was theoreticallgagp for
measurements collected above surfaces with the same weget&lux
data used to calculata were selected by removing the outliers, i.e.
values outside the range-[50pumolm™ 2s™; + 50 ymolm™ 2s™ 1.
Values of the stability parametelz — d)/L, where L is the Monin-
Obukhov length, were derived from measurements collectgddnic
anemometer of the EC system in the Ref plot, i.e. 2.35 m abbeesoil.
Stable strafication conditions were excluded from the analysis because
in such situations source areas are expected to extend fogelo
distances Vesala et al., 2008 Moreover, footprint models are gen-
erally not well déined for these particular atmospheric conditions and
EC methodology requirements are frequently challenged bw |
intensity of turbulence and a high degree of non-statiamyari

2.2. Artificial tracer experiment (AT)

The second experiment of footprint evaluation has beenizedl
with artificial tracer emission. Théield was completely cut after the
manipulation experiment leaving just very short grassdeais without
photosynthetic activity. A system for release of gaseous, @@s
constructed and placed at various distances upwind of theyE@&ms
(see the scheme iRig. 3). The release system was done using a 40 m
long tube of plastic material (PTFE) with an internal and ezxtal
diameter of 6 mm and 8 mm, respectively. Eight release porésew
equally spaced along this line. In each port a marflat regulator was
installed and the tube was connected to a rack with six tanks o
compressed CO The ouflow was regulated by a pressure regulator and
monitored by another manufibw regulator to keefflow rate at a set-
point of 80 slpm. A portable manu#low meter was used to check €O
emission from single ports during the experiment to ensurestant
outflow from each port along the release linefiked vertical prdile of
three identical EC systems was installed downwind at mezment
heights from the soil of 0.7 m, 1.7 m and 2.3 m. Afourth EC systeas
installed 75 m upwind from the vertical pfite at 2.3 m from the soil, as
a reference to measure the backgrodihd of CO,. All four EC systems
were composed of a Gill R3 sonic anemometer and a LI-7500 gas
analyzer. The release line has been placed orthogonalljh¢éontain
wind direction at six dferent distances from the EC dike: 38 m,
23.2m, 13.6 m, 9.5m, 5.5 m upwind from the measurement madgt an
4.5 m downwind. The relative position of the release line amelasur-
ing systems was decided upon based on the prevailing winelction
occurring during the experiment. This set-up aimed to samella strong
CO, linear emission distributed orthogonally to the wind ditiea (i.e.
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38.0m
23.2m
13.6m
9.5m
Mean wind direction
5.5m
3.0m!
—— -4.5m
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= <= CO,release ports

Fig. 3. Sketch of the AT experiment with positions of the release Irespe

crosswind) and to quantify thefect of such emissions on EC systems
placed at dferent heights downwind and upwind. In this way it was
possible to obtain an experimental crosswind integratedtpfont
function curve for each measurement height by the ratio eetwthe

® E.C-1 h=23m
® E.C-2 h=1.7m
O E.C-3 h=0.7m

ct to vertical pfides of EC systems (right) and reference EC system (left).

outputs with and without accounting for roughness variasichave
been compared to experimental footprint estimatefr each one of
the three models in the ME. The two analytical models by Sgipuand
K&M were compared to experimental footprint contributioosly for

measuredlux (F) and the linear source emission strength (Q), i.e. the neutral atmospheric strdittation, while LS models runs have been

emitted quantity of C@per unit length in the unit of time. Raw EC data
were processed following the same procedures describedatidh 2.2.
Dependence of crosswind speed variance on height has besdgpzad
at the three measurement levels to see if the variaffkecting lateral
dispersion varied sigficantly with height. The ratioo(v)/ u., where
o(v) is the standard deviation of crosswind speed componentbban
evaluated for all measurement levels and its relative démiaat 0.7 m

executed in both neutral and unstable conditions. The tvasses of
stability were selected as follows: neutral for0.032< (z - d)/L < 0.1
and unstable for 1< (z- d)/L< - 0.02.

2.3.1. Schuepp analytical footprint model
The analytical Schuepp model estimates weighting factofs o
footprint function for scalarflux and concentration as analytical

and 1.7 m compared to the value at 2.3 m has been found to be, ogolutions of the advection-ffiision equation and has a simple formula-

average, 14.5%, thus with limited variability between thlerete
measurement levels.

2.3. Footprint function modeling

The experimental data collected in the ME and AT experimevese
compared with the results of two analytical footprint moglethe
Schuepp model §chuepp et al., 1990and the Kormann &Meixner
(K&M) model (Kormann and Meixner, 2001 and a numerical
Lagrangian Simulation (LS) modelR@nnik et al., 201p. Details of
the three models are described in the following subsectiorse
roughness changes caused by successive cuts of maniputatsal
during the course of the ME were taken into account for footpr
modelling. For LS model, the roughness was directly incldide the
model inputs through the estimated parametgr(2ee details in the
Section 2.3.3). In the analytical models used here, although the
roughness length is not explicitly accounted for, thgeet of changing
roughness is indirectly included through the ratio Uhetween mean
horizontal wind speed U and friction velocity.,useeTable 2 Model

Table 2

Roughness length ¥ and ASL scaling cof cients of the wind speed components,(a,,
a,) estimated from vertical turbulence measurements at twights in the ME case. The
ratio U/ u* estimated by a single point measurements is aégmorted.

DOY: 132-139 DOY: 139149 DOY: 149-155 DOY: 155163
Zy 0.118 m 0.082 m 0.057 m 0.037 m
U/ u* 5.77 7.11 7.10 8.04
a, 2.30 2.56 2.70 2.77
ay 2.23 2.54 2.52 2.80
ay 1.15 1.17 1.12 1.14
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tion, which involves variables commonly measured at an E€:si

Uzn) |- 5]
Uk X2

109 =

(2)
where U is the mean horizontal wind speegl,ig the measuring height
and x is the horizontal upwind distance of the sources frone th
measurement system. This mathematical formulation all@usim-
mediate and easy to use modelling of footprint function facte half-
hourly period using variables (U pand parameters {2 measured on
site. Another big advantage of this basic model is the ndglkgcost in
terms of computational resources and complexities compaoemore
sophisticated and detailed models such as, e.g., Lagran$tachastic
(LS) (Kljun et al., 2002; Kurbanmuradov and Sabelfeld, 2)©00 Large
Eddy Simulation (LES) modelsSteinfeld et al., 2008 On the other
hand the main limitations of this model are the poorly detdil
quantfication of processes concurring to thgestive spatial distribu-
tion of scalar sources (turbulent winfileld, surface roughness, topo-
graphy, etc.), overestimation of source areas for bdithxes and
concentrations and the validity restriction to near-nautstability
conditions Echmid, 200). Eq. (2) was used for the gierent values
of the ratio U/ u obtained in the dferent cuts, i.e. for similar roughness
conditions of the cut plot. Input data for such variables &vdhe
averages of the ratio Ukicalculated in each one of the four periods and
during neutral atmospheric stability.

2.3.2. Kormann &Meixner analytical footprint model

The Kormann &Meixner (K&M) model is another analytical mdde
but it is currently more often used for footprint analysisath the
Schuepp model. Again it consists of an analytical functionthw
variables measured by the EC system, but in this case pammate
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dependent on the atmospheric stability and this means thatmtodel
is more responsive to micrometeorological conditions thiae Schuepp
one. The K&M footprint function Kormann and Meixner, 2001is:

0= L &

T () ¥ (3)
wherel is the Gamma functionp is a parameter that depends on
atmospheric stability conditions angéis a coordinate incorporating
measurement height. The K&M model parameters were evatlfte
each time averaging period using the tool available onlihéntap://
www.agroscope.admin.ch/art-footprint-to¢Neftel et al., 2008 with
input variables calculated from measurements of wind speaed
temperature. The values of parametgrand ¢ used for the K&M
footprint model curves are the averages of the values of thmes
parameters obtained as output of the K&M footprint calcatatTo
reproduce the fect of roughness changes the K&M footprint model
was also implemented separately for the foufetient cuts of the ME.
For this reason values of the paramejieand £ were calculated for each
extension of the Cut disc. Only periods of neutral atmosphstability
have been considered.

2.3.3. Lagrangian trajectory model and footprint calciolat

A Lagrangian model for footprint calculation was appliedesing
particles at the surface point source and tracking theijettaries
downwind of this source towards the measurement locatioor §t and
Weil, 1992; Leclerc and Thurtell, 1990The LS trajectory simulations
were performed by using the three-dimensional model forombge-
neous Gaussian turbulence by Thomsorhdmson, 198). Particle
trajectories and particle vertical velocities were sandplat the
measurement height and thitux footprint function was estimated
from these statistics. Rannik et al., 201p 10° trajectories were
simulated. For AT experiment the commonly used cross-winte-i
grated footprint functions were estimatescfimid, 200). However, for
the ME experiment, to account for the circular geometry of gource
area border, integration of the footprint function was penied and
presented over distance in radial coordinates. In LS sitonhs

Agricultural and Forest Meteorology 242 (2017) 78-8

Table 3

Roughness length ¢¥ and ASL scaling
cogfi cients of the wind speed components
(ay, &, ay) estimated from vertical turbu-
lence measurements at three heights in the

AT case.
Zo 0.018m
ay 2.8
ay 3.3
aw 1.38

simultaneous measurement at two heights, 1.4 m and 2.35me wsed
in estimation, whereas in AT the measurements at heightsl077and
2.3 were used.

3. Results and discussion
3.1. Manipulation experiment

Experimental values of thBux contributiona from the vegetated
surface in the ME (eq.1) decreased with the decreasing saditthe
oats canopy with dierences normally larger than experimental errors,
starting from an initial value close to one. Valuesm#fs a function of
source area radius have been plotted with cumulaflive footprint as
functions of distance obtained from the threeféient models in
Figs. 46 . Both radius of the oat discs and the distance of the foatpri
function values were normalized by dividing them by thgeetive
measurement heightsh= z,— d. LS cumulative footprint curves for
each stability condition lie between that correspondingte neutral
case and that to the unstable case. The last one always fsedalic
smaller source area than the neutral one. This correspomdisetore-
tical expectation of sensing a reduced source area in ulestaindition
because the source area is restricted by enhanced conweatid
turbulent djfusion. However, for all three models a sifjeant gfect
was played by accounting for roughness changes along theseai the
manipulation, both directly by the roughness length paremg, in the

turbulence préiles were assumed to follow the atmospheric surfaceLS models and indirectly by the ratio U/un the analytical models.

layer (ASL) regime. This was consistent with the limited silation
domain in horizontal direction up to 100 m only (in AT expeent).

Estimates of ¢, see section 2.3.3, decreased with reduction of the fetch
and this is compatible with the reduced extension of dragganopy.

The prdiles necessary for the LS dispersion model involved averageAt the same time this was expected tfext the extension of the source

horizontal wind speed, vertical momentuffux, variances of three
wind speed components, dissipation rate of turbulent kinetergy
and vertical gradients of these statistics. Thefdes were parameter-
ized according to ASL similarity theory, including the sthtty depen-
dence as presented by other authordstrom, 1988; Kaimal and

area because lower roughness implies expansion of the ffimdtp
(Leclerc and Foken, 2014; Rannik et al., 2Q1Zable 2resumes the
average roughness changes and the evolution of windilpsocog -
cients along the course of the ME as a consequence of the iregluc
fetch: the reduction of the roughness parameter estimatenh ftwo

Finnigan, 199). The measurements of turbulence statistics, namelypoints prdiles is quite evident, while the parametey, ahat gives a

three wind speed components and variances, momentum arsibken

quantfication of the vertical turbulent @usion, remains approxi-

heat fluxes obtained at the measurement heights, were used imately constant and slightly lower than the commonly useliedor

parameterization of turbulence dites as follows:

® Roughness lengthpawvas determined based on the momentfiox
and wind speed measurements.

® The measured momentum and sensible hiaxes were used to
calculate the stability length L. However, in AT experimergutral
assumption was used due to small impact of stability corrside
low observation levels (0.7, 1.7 and 2.3 m).

ASL scaling, i.e. 1.25Koken, 200%. This means that, amongst the most
important drivers of turbulent dispersion, roughness edriduring the
experiment sigrficantly more than vertical velocity variance and for
this reason it could be expected to have a digint g¢fect on both the
measurements and modelling of footprints. Analogously Yh&es of
the ratio U/ u increased with the reducing sizes of the oats disc in the
Managed plot, as a consequence of the reduced friction onntean
flow (seeTable 2. In all cases the modelled footprint function values

® The variances of wind speed components (u, vand w denotieg th decrease when compared to the same model output withoutiatiogy

along-wind, cross-wind and vertical speeds, respectjvelyd the
friction velocity values were used to infer the proportidiha
cogfi cients &, for the ASL scaling préiles using the following
relationship: 24w = ayuwf (), where f(7) is the stability function
(Kaimal and Finnigan, 1994

U

The values obtained from measurements are reportedaines 2

for roughness change. Looking at the performances of thglesimodels
it appears qualitatively evident that LS models performstérethan
both analytical models. A quantitative estimate of the goess of the
agreement between models and experimental results jrerént
conditions has been done using the root mean square erroiSERM
between the experimental footprint estimates and modelledulative
footprint functions for the four upwind distances corresgding to the

and 3 for the ME and AT case respectively. In the ME case the four radii of the Cut plot. InTable 4the agreement is reported ranking

79
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neutral conditions with (dashed lines with triangles) andhwut (dashed line) accounting for roughness change (darghness values seeble 2. Roughness dependent Schuepp
outputs have been plotted only for the space domain cormedipg to its spedic roughness. Distance was normalized dividing it by tifeaive measurement heighthm z, - d.

the models by the increasing value of RMSE. The best agreérsen measuring turbulenflux footprints. To assess the potentigfext of
reached by LS models when accounting for sfiecioughness condi- IBL originated by the step roughness change, the ratio betwa
tions of the surface, followed by LS simulations without &gjt measured at two levels has been evaluated because a vemigation
roughness dependence. The improvement obtained by cairside of this variable is a direct result of IBL developmer®grratt, 1992. A
roughness is of the same order of magnitude but larger that th reasonable assumption is that the lowest measurement ¢dved m
obtained running the LS in neutral instead of unstable ctiads with was always below the transition layer of the IBL, within the-called
the same roughness conditions. The discrepancy betweerelshadd Near Equilibrium Layer (NEL) whereflow is in equilibrium with
experimental data increased for K&M and Schuepp modelsaesp properties of underlying surfacé-gken, 2008; Rao and Coté, 1974
tively, with both analytical models showing largerffgirences from In such conditions, an eventual IBL transition below the 28
experimental data when accounting for roughness condstidfor measurement level would have caused digaint divergence and
analytical models the variations due to the roughness hassdme possible de-coupling between friction velocities at theotmeasure-
impact on the RMSE between models and data than for the LS faode ment levels. Variations in Uluratio and ¢ective roughness length
Finally, the impact of the atmospheric stability on the esipeental estimates between the cut periods indicate that measursmeere
estimates of footprint has been evaluated computing the RM8ween likely affected by IBL. Nevertheless a very high correlation has been
experimental values af estimated in neutral and unstable atmospheric found between umeasurements at the two levels (for both whole
stratffications. In this case the error was equal to 0.067, comparabl experiment and single cut periods). The correlationftoeent for the
with the variation in RMSE for LS models when accounting fpesiic full period was equal to 0.97 with slopes rather close to ooe &l
roughness lengths. From these data it is possible to coecthdt the periods (0.94 for entire experiment, ranging from 0.92 t87for the
surface roughness plays a role comparable and slightlyelarig four cuts periods) indicating that turbulence charactérss were
magnitude than that of atmospheric stability when modglliand similar at both levels. This rather limited. @Wivergence for an about
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Fig. 6. Experimentalflux contribution for dferent extensions of the managed plot in neutraD(032 <

= (zmd)/L < 0.01; triangles) and unstable conditions{ < = (z,—d)/

L< - 0.032; squares) and LS model cumulative footprint for nali{{z,—d)/L= - 0.005) and unstable conditions f{=zl)/L= - 0.1) with (lines with circles) and without (lines
without circles) accounting for roughness change (for ealseelable 2. Each couple of roughness dependent LS outputs, one farakflines with empty circles) and one for unstable
conditions (lines witHfilled circles), has been plotted only for the space domaimesponding to its spefit roughness. Distance was normalized dividing it by tfiective measurement

height hy = z,- d.

Table 4

RMSE between modelled and experimental footprint for thigedent
cases of the ME. Models are ranked from the lowest to the tsghe
error.

Model RMSE
LS neutral + roughness 0.104
LS unstable + roughness 0.133
LS neutral 0.166
K&M neutral 0.197
LS unstable 0.217
K&M neutral + roughness 0.285
Schuepp neutral 0.287
Schuepp neutral + roughness 0.341

of experimental footprint curves, with a step growth for rieasing
distance toward a peak and a slower decrease beyond, ar&sitai
what is expected from the theory and from the modelling ressulthe
measurements obtained by the EC system upwind to the emisisie
are reported as a background reference to evaluate the mestbuix in
conditions presumably notfacted by the released tracer. As expected
in this reference case the measurfadxes at 2.3 m from the ground are
negligible compared to thBuxes measured at all three heights down-
wind of the source and this backgrourftux is almost zero for all
positions of the release line. Ing. 8 the experimental footprint values
are plotted for each measurement level (0.7 m, 1.7 m and 2.3 m)
against footprint functions modelled via K&M and LS footptimodels.
From this comparison the shape-similarity between expentally
derived and modelled footprints is more evident but also eoth

three-fold increase infeective measurement height suggests that thequantitative conclusions can be highlighted. The experitally de-

wind statistics within the IBL did not present severe deidat from

undisturbed ASL relations. On the other hand, the variatadnthe

efective roughness length evaluated through the ratio.Ukflected
accommodation of average wind speed with distance to thghoass
change and has been accounted for in models. This corresptontthe
common practice for footprint modelling over heterogengsurfaces
when the applied models are developed for horizontally hgem®ous
conditions. Moreover the direct determination of roughebange
efect would have required numerical experiments that werepaot of
this study. In conclusion the impact of IBL on the turbulerfb@w field

can be expected to be rather limited and the footprint modet®unted
for it through the change in surface roughness, suggestirag both
experimental estimates and models of footprint of this gtwdere

representing the spdixd field conditions in a reliable way.

3.2. Artificial tracer

Fig. 7 reports carborfluxes measured during the AT experiment at
three heights downwind and at one reference height upwindhef
release line, normalized by the linear source emissionngfife of the
artificial tracer release system. It can be observed that at andistaf
approximately 40 m the contribution of released gas to thex
estimates becomes small at all three measurement heighfsm(2
1.7m and 0.7 m), while there is a clear maximum contributian a
shorter distances for all levels. The lower is the measumnneight,
the closer to the source this experimental footprint peaKle shapes
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rived footprint peak position is generally closer to the m@@ment
point than the analytically modelled peak, especially aghteir mea-
surement heights while at the lowest measurement point theetted
footprint function is in better agreement with measurensemtstead
Lagrangian simulations predict a footprint peak closernthexperi-
mental results for the lowest two measurement heights (0.@md
1.7 m), while it seems to be more in agreement at the higheellev
(2.3 m). Also in the latter case the overall shape of the footp
function is quite similar to the trend of experimental datdoge
magnitude remains sigficantly higher than the modelled one. This
could be due to the fact that emittdldix is diluted more by crosswind
and alongwind dispersion during the transport towards Aigmea-
surement systems, especially at longer distances, rasuihi relatively
lower flux detected by the higher EC measurement systems. Another
important observation is that a small, but noticeable cibattion of
downwind emissions, i.e. when distance of the release Bneeigative,

is detected by the highest measurement system while thesloorees do
not seem to be fpected. This small contribution is not predicted by
analytical models used in this study and the LS model repods-
negligible downwind contribution only for the highest measment
level. The fact that it is not revealed by the lowest measwurensystems
can be due to the length scale of the turbulent transport meism
responsible for the backwardision that is too long to be detected by
the lowest EC systems. The function describing the K&M faaip, i.e.
Eq. (3), has been alsfitted to the experimental dataset excluding the
negative x-values corresponding to the downwind positiohtloe
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Fig. 7. CO;, fluxes (Fc) measured by EC systems at three measurement baigtitoy the upwind reference EC system as a function of dowdwistance of the emission line. Fluxes are
normalized dividing by the linear source emission stren@®.

release line because the function is nofided in such a domain. For Table 5
each level the upwind location of the footprint function pedhat Parameters of the K&M footprint function outpufted to experimental data at each

represents the distance of the sources mostly contributimgthe measurement level, divided by the corresponding measumérneights: (X peak/g) is

. . . . the position of the footprint curve peak, (X(50%4:2X(75%)/ Z,, and X(90%)/ %, are
meast_Jredﬂux, and the _upwmd distance at WhICh the cumulative upwind distances of the sources contributing up to 50%, 75% @0%, respectively, of
footprint reaches a fraction of the tot#llux, respectively 50%, 75% the measurediux.

and 90%, for thditted K&M model are reported ifable 5 In Table 6

the same parameters are reported for Lagrangian simukatitire close Zm X peak/ Z, X(50%)/ Zn X(75%)/ Zn X(90%)/ Zn
prOX|m|ty to the r_nea_surement systems of both the footpriealpand _ 23m 487 10.96 217 42.93
the upwind contribution to thélux (e.g. 75%) are remarkable experi- 17, 6.47 11.12 18.77 32.42
mental evidences that fetch requirement on EC measuremeats 0.7m 7.14 15.00 28.87 58.16

generally overestimated in the past using rules of thumigsuming
source areas extended up to 100 times the measurement loeigidre.
Roughly speaking 75% of th#ux derives from an area bound by an ¢onditions, respectively 2.45, 1.9 and 1.25ken, 2009, seeTable 3
upwind distance that is between 20 and 30 times thgective The diference _|s _I_argest fgr the vertical,aand the cross-wind
measurement height ¢§ or down to 15*h; if we consider more compor.1ent @ Significantly higher va.ll.ue for \.aprobably r.élects thg
advanced numerical Lagrangian simulation, while the higroentribu- sporadic nature of turbulence prevailing during the obaéion condi-
tion comes from an upwind distance that is 4.g*to 7.1*hy or, tiqns, buttrgjectqry dispersion in alon.gwirjd directiomisF qfecteq by
surprisingly close, only between 2.6shand 4.2*h; according to this value, implying that the cross-wind |r_1tegre_1ted fqomp_rfu_n_ctlon
Lagrangian simulations. In AT experiment the valueg,@ used for does not depend on it. However, the vertical dispersion msi&e to

LS simulations dfer from the averages usually obtained for steady AsL the variance of the vertical wind speed and higher value,afesults in
enhanced vertical dispersion. For this reason footprittamed by LS
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Fig. 8. CO; fluxes (Fc) divided by linear source emission strength @le€ circles), K&M footprint curve (dashed line), K&M adagd footprint curve fronfitting to experimental data
(continuous thick line) and LS footprint curve (continuotinsn line). Panels from the top correspond respectively masurement heights 0.7m, 1.7 m and 2.3 m.
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Table 6

Parameters of the LS footprint function outputs obtainexrfrsimulated curves for each
measurement level, divided by the corresponding measumnémeights: (X peak/g) is
the position of the footprint curve peak, (X(50%MZX(75%)/ Z,, and X(90%)/ %, are
upwind distances of the sources contributing up to 50%, 7%% @0%, respectively, of
the measuredlux.

Znm X peak/ Z, X(50%)/ Znn X(75%)/ Zm X(90%)/ Zn
23m 417 8.35 15.17 24.13
1.7m 4.21 9.5 18.5 32.62
0.7m 2.64 7.21 16.5 37.79

method are contracted in the along-wind direction, resgltin closer
positioning of the footprint peaks. Finally, a sensitivigst with respect
to the limited length of the emission line was performed by LS
modelling because crosswind dispersion could be resptmsior
further uncertainty in the measurements and modelling eftgoint
functions, in particular if impacting gierently the results for three
measurement levels. LS simulations were done assuming 40ch a
infinite release line lengths for the three measurement heigfits
sensitivity analysis can only provide a theoretical estiloa of this
efect, based on the ability of used LS models to reproduce wionss
dispersion and hence to provide an approximation for fi@ce that was
not possible to evaluate experimentally for logistic reasoHowever,
the results of such @ierent model runs were almost identical (data not
shown) at all distances and for all measurement heightgestgng that
the assumption of negligible impact of the limited line soeirand
crosswind dispersion is reliable. Possible bias due to threlwdirection
was also excluded because the wind directions measurecgluhie
experiment varied by less than + 15° around the mean values.

4. Conclusions

Two experimental studies of the source area forfEQes have been
realized above a grassland to provide in situ data for expenital
validation of footprint models. Thérst set-up consisted in a manipula-
tion (ME) of the area surrounding the EC tower with successiv
concentric cuts to quantify theffects of its changing extension on

Agricultural and Forest Meteorology 242 (2017) 78-8

relation to measurement heights serve as a useful tool factpral
evaluation of source area extension. Resuming the resualtdath
experiments, except for measurements carried out exceallio close
to the ground, sources for the major fraction of the meastinexes, i.e.
more than 75% oflux contributions, are cdimed within a range of
upwind distances between ten or twenty times tlfeaive measure-
ment height. This is the height respect to zero-plane degateent and
not to the soil. To give an idea an EC system placed at 3.5 m ablog
soil in a 2 m high dense crop has most of ftax source area limited
from 20 to 40 m upwind. Accordingly, the peak of tfie@x contribution
was cofined to approximatelyffive times the gective measurement
height. The good qualitative accordance of LS models witlpezk
mental data partly cdirms thefindings of the few available experi-
mental footprint studiesGockede et al., 2005; Leclerc et al., 2003
Also, the order of magnitude of source area extension andpfoot
peak position can be compared to othfamdings, while the gect of
atmospheric stability on experimental estimates was smnahan in
other studies, e.gMarcolla and Cescatti, 20Q%ut in the present study
stable strafications have not been considered. Further validation
experiments of this kind are necessary for the improveméfdatprint
modelling but detailed descriptions of turbulence and agnamic
properties of micrometeorological sites are also extrgmigiportant
and can be used to provide more detailed footprint modeNiuithout
adding complex and expensive measurements to the existifrg-i
structures.
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