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RESUMEN

La turbulencia atmosférica en la capa limite planetaria (PBL, por sus siglas en inglés) gobierna el intercambio
de masa y energia en el sistema suelo-vegetacion-atmosfera. Actualmente existen estaciones micrometeo-
rologicas basadas en la técnica de covarianza turbulenta para la evaluacion de los flujos de calor latente y
sensible a través de la medicion de las fluctuaciones de la componente vertical de la velocidad del viento, de
la temperatura y del vapor de agua en la PBL. La interpretacion correcta de estas mediciones requiere de la
correcta evaluacion del area de origen donde se generan los flujos turbulentos. Se han desarrollado muchos
enfoques diferentes para calcular esta area de origen, pero no existe ningtin consenso general sobre la pre-
cision y la aplicabilidad de esos métodos. El objetivo de este trabajo es demostrar que existe una relacion
entre el area de origen tipica que afecta al instrumental y los torbellinos que son responsables del transporte
de la energia cinética turbulenta (TKE, por sus siglas en inglés). Se realizé una serie de mediciones con
una estacidn micrometeorologica situada en un campo de maiz en Landriano, en el valle del Po, Italia. Los
resultados demuestran que la dimension de los torbellinos estd en estrecha relacion con la dimension del
area de origen, proponiendo un nuevo enfoque para el estudio de la covarianza turbulenta con base en en
las dimensiones de los torbellinos.

ABSTRACT

The atmospheric turbulence in the planetary boundary layer (PBL) governs the mass and energy exchange
over the soil-vegetation-atmosphere system. Micrometeorological stations based on the eddy-covariance
technique have been recently developed for the assessment of latent and sensible heat fluxes through high
frequency measurements of the fluctuating component of wind velocity, temperature and air water content in
the PBL. Correct interpretation of such measurements requires assessment of the actual source area (footprint)
contributing to the eddy fluxes (latent and sensible heat). Many different approaches have been developed
to estimate the source area function but there is no general consensus on the accuracy and applicability of
these methods. The objective of this work is to demonstrate the existence of a relationship between the rep-
resentative source area for eddy covariance measurements, and the large eddies responsible for the transport
of turbulent kinetic energy (TKE). Moreover, the energy balance closure was used to analyze the possible
effects of the different lengths of the source area on the heat fluxes. A series of measurements were carried
out in a micrometeorological eddy covariance station located in a maize field in Landriano in Po Valley (PV),
Italy. The results show that the dimension of the large eddies is tightly bound to the footprint size, leading
to a new approach to study the eddy covariance measure based on the assessment of the turbulence scale.
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1. Introduction

Planetary boundary layer (PBL) delimits the fraction of the troposphere in direct contact with the
terrestrial surface that is characterized by the accumulation of the atmospheric pollution (Stull,
1989). The upper boundary of the PBL can be represented by the height of the thermal inversion
from sounding measurements (Fig. 1a, b).
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Fig. 1 Soundings made in Linate (Milano, Italy). It is evidenced the PBL
characterized by the thermal inversion at the height of about 800 m. Linate is
20 km far from Landriano site.

The PBL can be considered as an enormous thermal machine that converts solar energy in air
mass movement (Sorbjan, 1989). The characteristics of the air in the PBL can be assimilated to that
of a turbulent viscous fluid. The turbulence of the air flow can be described using the Reynold’s
hypothesis (Garrat, 1999) subdividing a generic turbulent parameter in a mean component and in
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a fluctuating component. Another way to study the turbulence is based on the overlap of harmonic
signals (sine and cosine) characterized by different periods. It is possible to define the eddies sizes
that characterize the turbulent structure using frequency analysis (Dias et al., 2004). In particular,
using the autocorrelation function it is possible to calculate the size of the large eddies that are
responsible for the transport of most of the turbulent kinetic energy (TKE) (Teleman ef al., 2008).

The source area of a turbulent flux measurement defines the spatial context of the measurement.
It is something akin to the field of view of the measurement of surface atmosphere exchange. When
turbulent flux sensors are deployed, the objective is usually to measure signals that reflect the influence
of the underlying surface on the turbulent exchange. The measured signal depends on which part of
the surface has the strongest influence on the sensor, and thus on the location and size of its footprint
(Schmid, 2002). The footprint size can be considered like a representative area of the sensor detector.
Generally the footprint can be represented like a distance from the tower (where sensors are located)
upwind the preferential direction of the wind velocity. Many models are available to calculate the
footprint dimension, for example the Lagrangian, Eulerian and LES (large eddy simulation) models
try to represent the conditions of the atmospheric turbulence in a realistic way (Dyer, 1963; van Ulden,
1978; Hsieh et al., 1997; Kljun et al., 2002; Markkanen et al., 2009; Mao et al., 2007). One of the
problems of these models is the computational cost required to solve equations. A simple model based
on the combination of Lagrangian stochastic model and dimensional analysis is represented by the
Hsieh’s (2000) hybrid model. The advantage of this model is that it can be applied in neutral, stable
and unstable conditions and compared with Gash’s Eulerian model (1985) and Thomson’s (1978)
Lagrangian model results, produces a correct assessment of the footprint size.

The eddy covariance method is used to estimate turbulence fluxes of mass and energy to
and from the surface. A difficult but important issue is to quantify the uncertainty in the flux
measurements. These fluxes are in fact complex processes, and the estimates result from various
measurements and calculations as well as numerous explicit and implicit assumptions. One
simple measure of internal consistency is to check for the conservation of energy. The sum
of the turbulence fluxes of latent and sensible heat should balance the available energy (net
radiation-soil heat flux). Experience has indicated that closure values are generally significantly
lower than 1 (Wilson et al., 2002). There are several reasons because the balance closure value
is not perfectly 1, but the two main problems are: the dimension of source area for eddy fluxes
measurements and the stability conditions of the atmosphere (Massman et al., 2002).

The objective of this work is to find a relationship between the footprint dimension, calculated
by the Hsieh and Gash models, and the turbulence integral length that represent the dimension
of the large eddies. The energy balance closure improvement, using only flux measurements
with a source area equal to the field size is shown, and the effect of the stability conditions of the
atmosphere (unstable, neutral and stable conditions) on energy balance closure and footprint length
is calculated. The experimental data used in the analysis are measured by a micrometeorological
station located in a maize field in Landriano in Po Valley (PV), Italy.

2. Theoretical background
2.1 Eddy covariance technique

The turbulence of the air flow can be described, using the Reynold’s hypothesis, subdividing wind
speed and the scalar temperature in a mean component and in a fluctuating component:
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U(x,y,z,t) = U(x,y,z,t) +u'(x,y,2,t)

V(x,y,z,t)= I7(x,y,z,t) +V'(x,y,z,1) 0
W(x,y,z,t)= W(x, V,Z,t) + W (x,y,2,t)

T(x,y,z,t)= 7_"(x,y,z,t) +T'(x,y,2,t)

U, V, W are the instantaneous three-dimensional components of the wind speed and T is the
scalar temperature; U, V, W, T, represents the mean components and the u’, v’, w’, T’ represents
the fluctuation, which are all functions of the spatial position (x, y, z) and time (¢).

The turbulence scales of the instantaneous wind speed are the measure of the representative
dimensions of the vortices induced by the turbulence inside the mean stream of the flow (Teleman et
al.,2008). The determination of the turbulence scale starts computing the autocorrelation function
for all the fluctuation components (longitudinal, transversal, vertical) of the wind speed. Generally
only the component that represents the prevalent direction of the wind wave is used. The correlation
in time, about the U component of the wind speed, is defined as:

R, (1)

) =
J O@) -+ 1) Ju @)« @ + 1)) @)
R, (7)=(u'()u'(t+71))

pllll(r

Where p,, () defines the autocorrelation function, R, (7) represents the covariance function of
the u(?) variable determined in two different instant of time 7 and ¢ + 7 and <—> defines the average.
According to the Taylor’s hypothesis of the frozen turbulence (Foken, 2008) and assuming that
the turbulence is homogeneous and isotropic, the integral length (L,) is represented by (Sozzi et

al., 2002):

L, =U[p, @ 3)

The eddy covariance method determines the surface fluxes as the sum of turbulent eddy-fluxes,
measured above the surface, and the flux divergence between the surface and the eddy covariance
measurement level (Barr et al., 2006). The basic equations to estimate latent (LE) and sensible
heat (H) fluxes, are comparatively simple:

LE = Apw'q' 4)

_ (e all
H=pCWT (5)
A is the latent heat of evaporation, p the air density and w'q' the covariance between vertical
wind velocity component and scalar concentration of vapor in the air. C, is the specific heat at
constant pressure and w'7" is the covariance between vertical wind velocity component and the
scalar temperature.
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The surface energy balance may be written as:

LE +H
R -G

closure =

(6)

Where R, is the net radiation flux and G is the soil heat flux.

In a perfect world, under theoretical conditions, measurements would be perfect and the closure
value would be close to 1.

2.2 The Hsieh model
The Hsieh model (2000) is based on:

-1

R
kzln(Fo;;zm>) L ™

where x represents the distance from the tower, £ is the von Karman constant (0.4), D and P are
called similarity constants and depend on stability conditions of the atmosphere (Hsieh et al.,

F(x;z,) .
2000). z, is a length scale and z,, represents the height where sensors are installed. % is the
0
ratio between the flux measured by the sensors and the flux emitted by the total field. S, quantity

is not known, but it is not important because the ratio is always between 0 and 1 (Hsieh et al.,
2000). L is the Monin-Obukov length (Calder, 1965) and can be calculated as:

|

3
—-u;

L =
kg w'T'

®)

Where u. is the friction velocity (Eq. 9), T is the mean air temperature, g is the gravity constant
and w'T" is the covgriance between vertical wind velocity component and the scalar temperature.

. = ©)

Where u'w' and v'w' are the covariance between vertical velocity component and planar
(longitudinal and transversal) components of the wind, and z, is defined by (Eq. 10) where z,
represents the surface roughness.

1(_)1_] (10)

Z, z

m

2y =Zp

Diuring the growing period of a crop, it is necessary to change the measurement height z,, in (z,—d)
where d is called displacement and it is about 2/3 of 4, (Foken, 2008), where £, is the vegetation height.
The roughness is calculated by the approximate relation (Foken, 2008).
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z,=0.1h, (11)

2.3 The Gash model
The Gash model for estructing the distance from the tower, x, is defined as:

__Uzm 1
ku,
Ue o F(x,z,) (12)
SO

where U is the mean wind velocity along the prevalent direction. The Gash model (1985) can be
applied only in neutral conditions of the atmosphere and it is derived from one approximate solution
of the diffusion equation (Calder, 1952).

More information about the models and methods used in this work can be founded in Gash
(1985), Hsieh et al. (1999) and Teleman et al. (2008).

3. Study site and instruments

Experimental data were obtained by a micrometeorological station utilized to measure evapo-
transpiration fluxes in a maize field in Landriano at the valley of Po, Italy (45.19 °N, 9.16 °E, 87
m.a.s.l) (Fig. 2). A Three-dimensional sonic anemometer (Young 81000 by Campbell Scientific),
to measure the wind velocity components, and a gas analyzer (LI-COR 7500), to measure the
concentrations of CO, and H,O in the atmosphere, were installed at the top of the station (5 m).
The anemometer is able to measure wind velocity to a maximum frequency of 20 Hz. A radiometer
(CNR 1 by Kipp and Zonen) which measures the four components of net radiation, was positioned
at about 4 m height. Two thermocouples (by ELSI) and a heat flux plate (HFPO1 by Hukseflux)
for the measurements of soil ground heat flux were positioned, respectively, at 6-10 cm and 8 cm.

Fig. 2. Eddy covariance tower.
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Data were collected during the year 2010 from Julian day 152 (1 June) to 283 (10 October), by a
Campbell Scientific data logger (CR 5000) and stored every 30 min. High frequency measurements
were carried out during some days in this period, in particular on 173 julian day (22 June), 203 (22
July), 215 (3 August) and 216 (4 August) Julian day. Generally, the high frequency measurements
were carried out during daytime (from 12:00 to 13:00), but on Julian day 215 the experiment was
carried out during the night (from 23:00 to 24:00). For these experiments (day time and night) the
anemometer was set to 10 Hz.

Energy fluxes have been corrected applying the Webb correction for density fluctuations (Webb
et al., 1980) and the correction for buoyancy flux due to sonic temperature measurements (Liu et
al.,2001). Tilt correction has been applied to take into account that the assumption of a negligible
mean vertical velocity is not always verified (Tanner and Thurtell, 1969). Frequency response
correction has been applied for the attenuation of eddy covariance fluxes due to sensor response,
path-length averaging, sensor separation, signal processing, and flux averaging period (Massman,
2000). The data during periods of rainfall were discarded. The database, after these corrections, is
composed of 4163 half hourly data.

4. Method

The first step was to identify the prevalent direction of the wind speed. During the experiments
the prevalent direction of the wind speed in the field was east-west, in agreement with the general
behavior observed during 2010. From the anemometric configuration the east-west component is
represented by the planar component U.

The second step was to calculate the autocorrelation function using Eq. (2) and the integral
length (Eq. 3). The (2) is integrated only up to the first zero-crossing (Katul and Parlange, 1995).

)

The third step was to calculate the footprint size (x), for each value of F(T;A, using Egs. (7) and
. 0 .
(12). M is an independent variable, and x was calculated for 99 different values of F();, Zn)
0 0
(i.e. 0.01,0.02,...,0.99). The parameters in (Eq. 8) and (Eq. 9) were calculated from experimental
data measured by the eddy covariance tower. To calculate the footprint size using Eq. (7) it was
necessary to determine the parameter z, (10), which is a function of vegetation height 4,. The plant
height is a function of the Julian day, for the Landriano field in 2010, represented by Eq. (13), which

is obtained from canopy height measured directly in the field, as showed in Figure 3.

h, =0.0158e"""", 152<JD <191
(13)

h, =280, 191=<JD <284

Where JD is the Julian day and the 4, is expressed in cm. The quantity Zu s called stability
parameter. If: L

z
T"< —0.04 the atmosphere is unstable (convective conditions);

—0.04 < ZLi <+0.04 the atmosphere is neutral;
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Fig. 3. Relationship between plant height and Julian day. Dots
represent the value of canopy height measured directly in the
field.

ZLi> +0.04 the atmosphere is stable.

This classification is important to define the value of D and P in Eq. (7) (Hsieh et al., 2000).

The fourth step was to show some experimental data of heat fluxes of the cornfield and to
analyze the different lengths of the source area and their possible effect on the heat fluxes. The
energy balance closure was calculated using the relation in section 2.1 and the footprint of
latent and sensible heat fluxes was analyzed in order to understand which was its role into the
energy balance closure. Landriano field was divided in four different sectors (Fig. 4) along the
geographic directions, so that the data are subdivided in four classes of 90° each depending on
wind direction. For each sector a radius of a source area which included at least for 95% in the
field was defined. The radius in sector I is 160, in sector II is 100, in sector III is 120 and sector
IV is 200 m.

For each measurement of latent and sensible heat fluxes, the footprint size (7), assuming
F .
that % was equal to 0.8, was calculated and the energy balance closure was calculated
0
using only the data of latent and sensible heat fluxes which had a footprint size less than field
dimension.

In the fifth step the latent and sensible heat fluxes were classified as a function of the atmospheric
stability conditions. The slope values of the linear regression and linear correlation coefficients
for energy closure balance in unstable, neutral and stable atmospheric conditions are presented.
Moreover, a statistic of the footprint sizes for the different atmospheric stability conditions is
calculated.

The data stored every 30 min were used to calculate the energy balance closure (fourth and
fifth steps) whereas the high frequency data set was used to study the integral length (from first
to third steps).
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Fig. 4. Landriano field and its subdivision in sectors.

5. Results and discussions

In Table I the stability conditions of the atmosphere which are in correspondence with the data
measured in high frequency way, are represented. On Julian days 173 and 203 the atmosphere was
unstable and the convective forces were prevalent, on Julian day 216 the atmospheric conditions
were neutral, on day 215 during the night the atmospheric conditions were stable.

Table I. Integral length and footprint dimension for different atmosphere stability conditions.

Julian day z,/L (—)  Stability condition L integr (m) Footprint model F/S¢ (%)
173 day time -10.8263 unstable 141 Hsieh et. al., 1999 0.94
203 daytime -3.9910 unstable 238 Hsieh et. al., 1999 0.96
216 day time 0.0575 neutral 322 Hsieh et. al., 1999 0.84
216 day time 0.0575 neutral 322 Gash, 1985 0.91
215 night 2.8241 stable 2055 Hsieh et. al., 1999 0.90

The form of the autocorrelation function (Fig. 5) is such that it generally decreases rapidly
to its first zero, after which it may become negative and proceed to oscillate about zero. Yaglom
(1987) founded that the shape of the autocorrelation function may contain information about
the structure of the turbulence. The oscillation of the autocorrelation values tends to zero with
time because the characteristics of the turbulence change moving away from the fixed station.

Integral length scales of the velocity are represented in Figure 6. If the PBL is in stable
conditions the turbulence is formed by eddies that have small dimension and are originated by
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Fig. 6. Integral length of the large eddies.

the mechanical forces of the wind shear. If the atmosphere is unstable, in addition to the small
isotropic eddies, there are large eddies that have a circular structure (isotropic hypothesis)
(Wyngaar, 1990). The integral length for stable conditions is greater than in unstable conditions
as shown in Table 1. This is due to the presence of small self-similar vortices, and the velocity
of the particles in two more distant points in the spatial domain tends to be correlated. For
unstable conditions the integral length is smaller than in stable conditions because the turbulence
structures are more defined.

Note that the integral length in convective conditions increases and after 300 s becomes constant,
defining the time and spatial domain of the eddy covariance measures. In contrast for stable
conditions, the integral length tends to infinity and due to poorly mixed conditions. In this case the
PBL is not well defined and there is no clear line that characterized the top of the boundary layer.
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The footprint cumulated curves calculated by (Eq. 7) and (12), are presented in Figure 7.
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Fig. 7. Footprint curves using Hsieh’s model and Gash’s model for different atmosphere
stability conditions.

Comparing the footprint size, for the different stability conditions, and the integral lengths, we
note that the integral lengths are about the 90% to the footprint size (Table I). This result shows
that the footprint size and the integral lengths are correlated and the footprint size depends on the
turbulence structure of the atmosphere and in particular on the size of the large eddies.

In Figure 8a the energy balance closure with all data (4163) are presented. The slope value ()
of the linear regression forced thought the origin is equal to 0.6433, while the linear correlation
coefficient (R’) is equal to 0.8715. In Figure 8b the energy balance closure using only the data
which have a footprint size compatible with the field dimension (section 4) are presented. A small
improvement in terms of m and R’, respectively, of about 0.6 and 4.4% was obtained. In Table
I1 the values of m and R’ for different atmospheric stability conditions are shown. In the column
Total data the energy balance closure was calculated using the total data set whereas in Fluxes
with compatible footprint size the energy balance closure was calculated using the data which had
a representative source area less than the field dimension.

The atmospheric stability conditions play a relevant role on eddy covariance measurements. In fact,
during stable conditions, the fluxes measured by the tower are not corrected because the turbulence in
the PB is low. The stable stratification of the atmosphere causes a quasi laminar flow (Foken, 2008)
and this phenomenon generates very small values of m and R?, respectively, 0.1415 and 0.0744. It is
not possible to use the eddy covariance method during stable conditions, only during unstable and
neutral conditions the data are corrected because the turbulence in the PBL is high.
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Table I1. Slope values of linear regression (m) and linear regression coefficient (R?) for different stability
conditions of the atmosphere for all data set and for only data which have footprint size compatible with
the field dimension. The number of data set for each atmospheric condition and the percentage over the
total data set are shown.

Total data Fluxes with N° data %  N°data with % data with
compatible data  compatible compatible
footprint size footprint size footprint size
m R’ m R’
Unstable conditions 0.6453 0.9045 0.6467 0.9097 1980 47.6 1840 442
Neutral conditions  0.6552 0.9035  0.6609 0.9478 977 23.5 477 11.5
Stable conditions ~ 0.1415 0.0744 0.5007 0.3240 1206 29.0 12 0.3

All data 0.6433 0.8715 0.6473 0.9095 4163 100 2329 55.9
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The footprint lengths for different atmospheric stability conditions are presented in Figure 9.
For each atmospheric conditions the footprint lengths from minimum to maximum value were
stored in 20 classes and the percentage of data for each class was calculated. The results show
that 1980 data points (47.6% of the total set) are in unstable conditions, 977 data (23.5%) are
in neutral conditions and 1206 (29%) are in stable conditions. Figure 9a (unstable conditions)
shows that the most characteristic range of values of the footprint size is from 34 to 43 meters
with a frequency of about 16%; in neutral conditions (Fig 9b) the range is from 128 to 147
meters with a frequency of about 37% and in stable conditions (Fig. 9¢) the range is from 173
to 264 meters with a frequency of about 24%. From unstable to stable conditions the footprint
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Fig. 9. Footprint size for different atmospheric conditions.
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size increases from 43 to 264 m, the dimension of the representative source area for latent and
sensible heat fluxes, for unstable conditions, is smaller than in stable conditions and the number
of data points with a footprint size compatible with the field dimension is higher than in stable
conditions: In fact, during unstable and neutral conditions the fluxes which have a source area
compatible with the field dimension are, respectively, 1840 and 774, while in stable condition
only 12 (Table II).

6. Conclusions

In this paper we have shown how the eddy covariance technique and high-frequency measurements
can be used to assess the footprint size. In particular the footprint models depend on height,
roughness, stability conditions and wind speed. However, a correspondence between the footprint
sizes and large eddies exists. The turbulence structure plays a fundamental role determining
the representative area of the eddy covariance instruments. The integral length under different
atmospheric situations (stability, unstability and neutral) is about 90% of the footprint size (Table
I). The integral length in the convective situations tends to be constant from ¢ > 300 s (>5 min).
This value of 7, when multiplied by the mean wind velocity, represents the maximum spatial
domain of the eddy covariance station that is the area where the flux exchange between soil-
vegetation and atmosphere influenced the measure of the sensors. This study demonstrates that it
is possible to assess the footprint dimension of the eddy covariance sensors from the turbulence
atmospheric characteristic parameters using the spatial-temporal autocorrelation function from
high frequency data.

The representative source area for eddy fluxes has been studied and the influence of a footprint
size compatible with the field dimension on the energy balance closure has been shown. The slope
value of the linear regression (m) and the linear correlation coefficient (R’) increase respectively,
about 0.6 and 4.4%. A decrease in dispersion and the process of eliminating some spikes around
the linear regression curve in the energy balance closure was noticed. The slight improvement of
m value is caused because the Landriano field is surrounded on three sides (north, east, south)
by other maize fields so that if the footprint size is larger than the field dimension, the latent and
sensible fluxes do not change in a substantial way. The footprint size changes with atmospheric
stability conditions and in unstable conditions the source area is smaller than in stable conditions
as a consequence of the atmospheric turbulence structure as presented in section 5. The most
representative values for footprint size are 43 m for unstable, 147 for neutral and 264 for stable
conditions.
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