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A B S T R A C T

The influence of coherent vortices on the turbulence structure above and below a dense plant canopy is
investigated using turbulence measurements collected at five levels on top and inside a coniferous forest on
an Alpine Plateau. Five different stability regimes, from free convection to very stable stratification, were
identified and considered in the analysis. Coherent structures are detected by fitting the vertical velocity
auto-correlation functions with a theoretical oscillating function. This allowed to evaluate the coherent
vortices characteristic timescales and to discriminate between turbulent data subsets characterized by fine-
scale turbulence and subsets in which turbulence is dominated by coherent structures generated at the canopy
top. An original methodology to fit cross-correlation function and to single out the most energetic frequency in
presence of periodic behaviour is presented and applied to the turbulent momentum flux. The analysis shows
how not far from neutral conditions the dominant time scale of the momentum flux is mainly determined
by the longitudinal wind velocity component, rather than vertical one, while in free convection and very
stable conditions coherent vortices do not seem to influence the momentum transport, dominated by large-
scale structures. This is confirmed by the fine-scale turbulence and coherent structures efficiency in turbulence
transport throughout the stability regimes.
1. Introduction

In recent years, experimental (Gao et al., 1989; Paw U et al., 1992;
Chen et al., 1997; Dupont and Patton, 2012b,a; Cava et al., 2022;
Mortarini et al., 2022), theoretical (Raupach et al., 1996; Finnigan
et al., 2009) and numerical studies (Su et al., 1998; Foster et al.,
2006; Drobinski et al., 2007; Dias-Júnior et al., 2015) highlighted the
important role of coherent structures (CS) on the flow dynamics within
and above plant canopies. The literature refers to ‘coherent structures’
as three-dimensional, well-organized flow patterns with characteris-
tic forms and timescale in which fundamental flow variables (such
as wind velocity or temperature) exhibit significant correlation with
themselves and with each other in a range of space and time that are
significantly larger than the high-frequency turbulent scales (Robinson,
1991; Serafimovich et al., 2011). CS in a roughness sublayer (RSL, i.e.
the portion of the atmosphere dynamically influenced by the canopy
structure, typically extending up to 2–3 times the mean canopy height,
ℎ) are organized in cycles of ejections (weak rising motions) and sweeps
(energetic and intermittent downward gusts) and may be revealed
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by periodic ramp and triangle-like patterns in scalar and vector time
series, respectively (Gao et al., 1989; Raupach et al., 1989; Paw U
et al., 1992; Dwyer et al., 1997; Finnigan, 2000; Thomas and Foken,
2007; Katul et al., 2013). Ramp patterns in scalar time series were
primarily observed within and above high plant canopies by Bergström
and Högström (1989) and Gao et al. (1989). They showed that distinct
ejection/sweep cycles can act on a scalar gradient to produce ‘micro-
fronts’ and highlighted their important role in the exchange processes
between forest and atmosphere. Comparison of various experiments
revealed that flux contributions from CS in the RSL may range from
40% to 90% of the total flux for periods of 1 to 2 h (Barthlott et al.,
2007). CS produce higher turbulent diffusivities in the RSL and may be
able to couple the layers above and within the canopy, simultaneously
affecting large vertical extents and producing counter-gradient fluxes
often observed in the RSL (Brunet, 2020).

In the literature various techniques for detecting CS in wind velocity
components and scalar time series were developed. Preliminary meth-
ods were based on the visual identification of ramps in scalar time series
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and, hence, could be easily applied only to limited data sets (Gao et al.,
1989). Conditional sampling approaches to extract strong fluctuations
from the temporal mean or to identify ejection/sweep patterns through
quadrant analysis proved to be a more promising approach (Antonia,
1981; Raupach and Thom, 1981; Bergström and Högström, 1989; Gao
et al., 1989). However, even if capable of quantifying the CS con-
tribution to fluxes, quadrant analysis is unable to characterize such
structures in terms of spatial scale and temporal evolution (Thomas and
Foken, 2005). The wavelet transform (Farge, 1992; Daubechies, 1992)
represented a powerful tool for implementing automated detection
algorithms easily applicable to large datasets and able to identify the
CS and their contribution to fluxes over and within forests and other
roughness elements (Collineau and Brunet, 1993a,b; Feigenwinter and
Vogt, 2005; Thomas and Foken, 2005, 2007; Barthlott et al., 2007;
Serafimovich et al., 2011; Dias-Júnior et al., 2017). Wavelets provide
multi-resolution analysis, that simultaneously captures time and fre-
quency information and detects isolated events providing information
about their time of occurrences and characteristics. Wavelet-based
detection schemes are optimal for studying intermittent or transient
processes; however, interpreting the complex two-dimensional signal
produced by the wavelet transform can be a difficult and meticu-
lous task. Even for a turbulent velocity time-series with no CS, the
wavelet transform identifies multiple energy peaks, which are difficult
to interpret (Dunyak et al., 1998). In presence of CS and concurrent
mechanisms (like horizontal meandering in strong stability or con-
vective structures in free convection) the wavelet signal analysis can
be even more delicate. Recently, a methodology based on the Eule-
rian Autocorrelation Function (EAF), originally developed for detecting
large-scale submeso motions (Anfossi et al., 2005; Mortarini et al.,
2019) was applied to identify CS at the top of a dense Amazonian
forest (Mortarini et al., 2022). CS were identified through a non-linear
fit of the 5 min autocorrelation function of the turbulent variables with
a decaying, oscillating exponential function. The oscillating frequency
of the fitting function was linked to the most energetic frequency in the
spectrum and consequently to the characteristic temporal scale of the
coherent vortices. The application of this new methodology allowed to
investigate and parameterize the behaviour of the time and separation
length scales of CS in different stability regimes as a function of the
shear length scale close to the canopy top.

The presence of CS strongly affects the RSL and, as a consequence,
the traditional law-of-the-wall or the standard Monin–Obukhov Sim-
ilarity Theory (MOST) flux-gradient relationships, often used in me-
teorological or climate models to predict vertical turbulent fluxes at
the surface, fail in the RSL requiring the introduction of appropriate
corrections (Harman and Finnigan, 2007, 2008; Chor et al., 2017;
Mortarini et al., 2023). Hence, a careful understanding of coherent
motion dynamics is essential for a truthful description of the turbulent
dispersion above vegetated surfaces. The characteristics of coherent
motions were theoretically explained through the plane mixing-layer
analogy, that have led to significant improvement in modelling the
flow in the RSL (Raupach et al., 1996; Harman and Finnigan, 2007,
2008). According to the mixing-layer analogy, CS evolve from Kelvin–
Helmholtz instabilities triggered by the wind shear at the top of the
vegetation; their vertical scale (𝐿𝑠, the ‘canopy-shear length scale’) is
proportional to the vorticity thickness related to the inflection point
of the wind velocity profile (Raupach et al., 1996). The applicability
of the mixing-layer analogy has been assessed for neutral conditions
or, anyway, for thermal conditions close to neutrality (Shaw et al.,
1995; Brunet and Irvine, 2000; Dupont and Patton, 2012a; Patton
et al., 2016), whereas it has been shown that other mechanisms may
influence the flow dynamics in convective conditions and strong stable
stratification (Cava et al., 2022). In unstable conditions, the organi-
zation of turbulence in the RSL is a combination of CS generated by
shear processes and larger convective eddies. As atmospheric instabil-
ity increases, the inflection in the wind velocity profile progressively
2

weakens (Dias-Júnior et al., 2013) leading to a domination of RSL I
flow by warm updrafts (canopy plumes) and cool downdrafts in free
convection limit (Villani et al., 2003; Thomas et al., 2006; Dupont and
Patton, 2012a; Patton et al., 2016). In stable conditions, CS are damped
by buoyancy as stability increases; observational studies showed that
they tend to become highly intermittent and unable to penetrate in the
deeper layers of the vegetation (Launiainen et al., 2007; Dupont and
Patton, 2012a,b), similar results were found from DNS analyses (An-
sorge and Mellado, 2014, 2016; Allouche et al., 2022). In very stable
conditions, CS remain confined close to the canopy top (Cava et al.,
2022) or may resemble waves (‘canopy waves’) with similar time scale,
transporting energy but not mass (Lee and Baar, 1998; Cava et al.,
2004). Further, the flow characteristics may be strongly influenced by
the presence of large-scale submeso motions (Mortarini et al., 2019),
such as horizontal meandering or gravity waves, in particular in very
stable and low wind regimes. Cava et al. (2022) analysed data collected
above and within a dense Amazonian forest, and showed that the
increasing atmospheric stratification produced a gradual lowering of
the RSL and the consequent propagation of submeso motions up to the
canopy top and within the forest, where submeso motions were able to
modulate the forest exchange, particularly the scalar fluxes, as already
observed by Santos et al. (2016) and Oliveira et al. (2018).

In this work, the influence of CS on the turbulent statistics of the
atmospheric flow at the top and within a coniferous forest on an Alpine
Plateau was investigated. For this purpose, the EAF methodology used
in Mortarini et al. (2022) was extended to study the behaviour of the
cross-correlation function between horizontal (𝑢) and vertical (𝑤) wind
velocity components and its relationship with the 𝑤 autocorrelation
function. This original approach allowed the detection of CS, as well
as the characterization of their temporal scales and the influence on
vertical spectrum and momentum cospectral features. Data were con-
ditioned using the EAF methodology for 𝑤 and the new methodology
for 𝑢𝑤, separating data sets in classes dominated or not by the presence
of CS. The application of the conditioning method at the top of the
forest and in the crown region permitted the study of the coupling
of the canopy flow at different levels. Also, the ensemble averages of
𝑤 spectrum and 𝑢𝑤 co-spectrum in the detected flow classes allowed
the investigation of the spectral characteristics and the transport ef-
ficiency of different flow structures as a function of the atmospheric
stratification.

A brief description of the experimental site is given in Section 2.
The proposed methodology for the detection of CS oscillations based
on the fit of autocorrelation (ACF) and cross-correlation (CCF) functions
and the main results of its application to the experimental data set are
described in Sections 3 and 4, respectively.

2. Experimental site

The experimental site, part of a long-term CO2 flux monitoring
program known as CarboEuroflux (Valentini et al., 2000), is an uneven-
aged mixed coniferous forest located on an Alpine plateau in Lavarone,
Italy (45.96◦ N, 11.28◦ E; 1300 masl). The forest is primarily composed
of Abies alba (70%), Fagus sylvatica (15%), and Picea abies (15%). It is
about 28 m tall (= ℎ) and the tree crown extends up to 10–12 m above
the forest floor. The maximum leaf area index (LAI) is 9.6 m2 m−2,

hen expressed as half of the total leaf surface area per unit ground
rea (Chen and Black, 1992), and more than 90% of this leaf area is
oncentrated in the crown region. The analysed data set were collected
s part of a summertime intensive measurement campaign performed
etween August 09 and October 07, 2000. The micrometeorological
ower was placed on a gently rolling plateau and was surrounded by
omogeneous vegetation for radial distances exceeding 1 km (Fig. 1). It
as equipped with five sonic anemometers situated at 33, 25, 17.5, 11
nd 4 m from the forest floor. The turbulent wind velocity components
nd sonic anemometer temperature were sampled at 20 Hz for the
ighest and lowest levels by Gill R3 ultrasonic anemometers (Gill

nstrument, Lymington, U.K.), whereas at the remaining levels, data
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Fig. 1. Map of the region around the Lavarone experimental site (a) and lateral views from S (b) and from W (c).
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were sampled at 20.8 Hz using Gill R2 ultrasonic anemometers (Gill
Instrument, Lymington, U.K.). Further details on the experimental set-
up can be found in Marcolla et al. (2003), Cava et al. (2006) and Cava
and Katul (2008).

3. Detection of coherent structure oscillations by correlation func-
tion methodology

The periodic behaviour of CS above and below the canopy reflects
itself in oscillatory autocorrelation functions. Mortarini et al. (2022)
identified the characteristic time scales of CS by fitting 5-min EAFs
with a damped oscillating function. In presence of CS, all the wind
velocity components and the air temperature autocorrelation functions
presented an oscillatory behaviour with different time scales. In this
work, Mortarini et al. (2022) approach is extended to study the be-
haviour of the cross-correlation function between 𝑢 and 𝑤, 𝐶𝑢𝑤(𝜏), and
its relationship with the 𝑤 autocorrelation function, 𝑅𝑤(𝜏). For this
purpose, the following functions are considered:

𝑅𝜒 (𝜏) = 𝑒−𝑝𝜒 𝜏 cos(𝑞𝜒𝜏); 𝜒 = 𝑢,𝑤 (1)

𝐶𝑢𝑤(𝜏) = 𝑒−𝑝𝑢𝑤𝜏
(

𝑢′𝑤′

𝜎𝑢𝜎𝑤
cos(𝑞𝑢𝑤𝜏) +

𝑐
𝑞
sin(𝑞𝑢𝑤𝜏)

)

(2)

in which 𝑝𝜒 and 𝑝𝑢𝑤 are the inverse of the decorrelation timescales
and 𝑞𝜒 and 𝑞𝑢𝑤 represent the frequencies of oscillation of the auto
and cross-correlation functions, respectively; 𝑐 is a frequency that
adjusts the behaviour of the correlation functions near the origin; 𝜎𝑢
and 𝜎𝑤 are standard deviations of horizontal and vertical turbulent
wind components, respectively. Fig. 2 shows a 5 min time series of
the vertical wind component, 𝑤 (panel a) and of the instantaneous
momentum flux (product of the turbulent fluctuations of the stream-
wise and the vertical wind components), 𝑢′𝑤′ (panel b) measured at
33 m in neutral conditions. In panels c and e, the auto and the cross-
correlation functions together with their fits represented by Eqs. (1)
and (2), respectively, are shown. The evident good comparison with
the proposed theoretical behaviour and the experimental results can
be further assessed estimating the spectra associated with Eqs. (1) and
(2).

Applying a Fourier transform to Eq. (1) the corresponding spectrum
can be evaluated:

𝐹𝜒 (𝑓 ) =
𝐸𝜒 (𝑓 )

𝜎2𝜒
=

=
∞
𝑅𝜒 (𝜏) cos(2𝜋𝑓𝜏)𝑑𝜏 =
3

∫0 f
= 2𝑝𝜒
⎛

⎜

⎜

⎝

1

𝑝2𝜒 +
(

𝑞𝜒 + 2𝜋𝑓
)2

+ 1

𝑝2𝜒 +
(

𝑞𝜒 − 2𝜋𝑓
)2

⎞

⎟

⎟

⎠

(3)

The cospectrum, i.e. the real part of the cross-spectrum, correspond-
ing to Eq. (2) is the Fourier transform of the even part of 𝐶𝑢𝑤 (Kaimal
and Finnigan, 1994, pp. 60–61):

𝐶𝑜𝐹𝑢𝑤(𝑓 ) =
𝐶𝑜𝑆𝑢𝑤(𝑓 )

𝑢′𝑤′
=

= ∫

∞

0

[

𝑒−𝑝𝑢𝑤 𝜏 cos(𝑞𝑢𝑤𝜏)
]

cos (2𝜋𝑓𝜏) =

= 2𝑝𝑢𝑤

(

1

𝑝2𝑢𝑤 +
(

𝑞𝑢𝑤 + 2𝜋𝑓
)2

+ 1

𝑝2𝑢𝑤 +
(

𝑞𝑢𝑤 − 2𝜋𝑓
)2

)

(4)

Hence, 𝐹𝜒 (𝑓 ) and 𝐶𝑜𝐹𝑢𝑤(𝑓 ) have the same mathematical expression,
hich cannot represent an Eulerian spectrum (cospectrum), since it
oes not follow a − 5

3 (− 7
3 ) slope at high frequency. However, they

rovide an analytical expression for the frequency, 𝑓peak, associated to
heir maximum value. 𝑇peak = 𝑓−1

peak represents the characteristic time
cale associated with CS. As a matter of fact, Eqs. (3) and (4) admit a
aximum at

peak𝛹 = 1
2𝜋

√

2
√

𝑞2𝛹
(

𝑝2𝛹 + 𝑞2𝛹
)

− 𝑝2𝛹 − 𝑞2𝛹 (5)

ith 𝛹 = 𝑢, 𝑤, 𝑢𝑤. Eq. (5) implies that both 𝐹𝜒 (𝑓 ) and 𝐶𝑜𝐹𝑢𝑤(𝑓 ) have
maximum only when 𝑚𝛹 = 𝑞𝛹

𝑝𝛹
> 1

√

3
.

Fig. 3 highlights the role of the 𝑚𝛹 parameter in shaping the
pectrum and cospectrum behaviours. In particular, for 𝑚𝛹 < 1

√

3
he spectrum (or cospectrum) manifests a swift transition between the
egime 𝑓 0 and the regime 𝑓−2 (Fig. 3a, black line), looking qualitatively
ery similar to the spectrum of a non-oscillating function. When 𝑚𝛹 > 1
he spectrum maximum and, hence, its contribution to the variance of
he turbulent variable are more evident (Fig. 3a, red line). Further, the
ertical lines identify the spectra and cospectra maxima.

Fig. 2 shows the experimental spectra, 𝑆𝑤(𝑓 ), (panel d) and the
ospectra, 𝐶𝑜𝑆𝑢𝑤(𝑓 ), (panel f), corresponding to the time series de-
icted in panels a and b. The vertical dashed lines refer to Eq. (5),
eaturing the ability of the fitting procedure in identifying the more
nergetic frequency of the spectra.

. Application of the correlation methodology to experimental
ata

The methodology proposed in Section 3 was applied to the Lavarone
ata set in order to detect and characterize CS above and inside the
orest in different atmospheric stability conditions. As a preliminary
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Fig. 2. Five minute time series (07:50–07:55, 31st August 2008) of 𝑤 (a) and 𝑢′𝑤′ (b) measured at 33 m in neutral conditions. Experimental autocorrelation function (c: blue line)
and cross-correlation function (e: green) together with their fits represented by Eqs. (1) and (2), respectively (thick grey lines). Experimental 𝑤-spectrum (d) and 𝑢′𝑤′ co-spectrum
(f) corresponding to the time series shown in panels (a) and (b). The vertical dashed lines refer to the frequency 𝑓peak detected by Eq. (5).
Fig. 3. Log–log representation of the (a) unweighted and (b) frequency-weighted spectra and cospectra (Eqs. (3) and (4)) for 𝑝𝛹 = 1
60

s−1 and 𝑚𝛹 = 0, 1.4
√

3
, 1.5 (black, blue and red

lines, respectively). The vertical lines identify 𝑓peak (Eq. (5)).
c
m
t
2

step the anemometric data were rotated into the streamwise system
and the mean vertical wind component was removed (double rotation,
McMillen, 1988).

The identification of atmospheric stability classes was performed
on the basis of the behaviour of the main turbulent statistics close to
the top of the forest (Dupont and Patton, 2012b; Cava et al., 2022).
For this classification, the turbulent variables were evaluated choosing
4

two average time scales: 1 h for z/L < 0 and 5-min for z/L > 0. This
riterium allows the capture of the actual turbulent contribution to
icrometeorological statistics and to filter out the spurious contribu-

ion due to submeso activity in stable conditions (Vickers and Mahrt,
006). Fig. 4 shows the kinematic heat flux (𝑤′𝑇 ′), the kinematic mo-

mentum flux (𝑢′𝑤′), the normalized vertical velocity standard deviation
(𝜎 ∕𝑈 ) and the mean wind speed (𝑈 ) as a function of the stability
𝑤 ℎ ℎ
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Fig. 4. Average values of the turbulent heat flux (a), momentum flux (b), normalized vertical velocity standard deviation (c) and wind velocity (d) computed at the different
measurement levels as a function of the stability parameter 𝑧∕𝐿 measured at 𝑧 = 33 m. The vertical dotted lines and the shaded areas with different colours mark the stability
regimes: free convection, forced convection, neutral (in the unstable and stable sides), weakly stable and very stable conditions. The vertical bars refer to the standard error of
the mean.
parameter (𝑧∕𝐿) measured at the highest level (close to the canopy
top), where 𝑧 = 33 m, 𝐿 = −(𝑢3∗𝑇 )∕(𝑘𝑔𝑤′𝑇 ′) is the Obukhov length,
𝑢∗ is the friction velocity, 𝑘 is the von Karman constant and 𝑔 is the
gravitational acceleration. Both 𝐿 and 𝑢∗ should refer to the canopy
top and are, therefore, computed at the highest level (33 m). Hence,
five stability regimes were identified, two unstable (free convection
and forced convection), neutral (in unstable and stable sides), and
two stable (weakly stable and very stable). Free convection regime
(𝑧∕𝐿 < −5) is characterized by significant heat flux and vertical energy
(𝜎𝑤∕𝑈ℎ), but very small momentum flux and weak wind speed (𝑈ℎ <
1.5 ms−1). Forced convection (−5 ≤ 𝑧∕𝐿 < −0.1) is characterized
by the largest values of energy and turbulent heat and momentum
fluxes and larger wind velocity (𝑈ℎ < 2.5 ms−1). In neutral regime
(−0.1 ≤ 𝑧∕𝐿 < 0.02) wind intensity, vertical energy and momentum
flux remain quite intense, while the heat flux collapses to zero and
begins to grow again (in absolute value) in weakly stable conditions
(0.02 ≤ 𝑧∕𝐿 < 3) characterized by large magnitudes of turbulent
energy and fluxes and quite intense wind speed close the canopy top
(2 < 𝑈ℎ < 4 ms−1). In the very stable class, (𝑧∕𝐿 ≥ 3) wind speed
becomes weak and turbulent fluxes appear strongly reduced because
inhibited by the negative buoyancy. Notably, forced convection and
weakly stable regimes are the most frequent conditions during daytime
and nighttime, respectively (not shown).

4.1. Methodology assessment

The correlation function methodology, proposed in Section 3, was
applied to the experimental time series in order to investigate and
compare the impact of coherent dynamics on the 𝑤 spectrum and on
the 𝑢𝑤 cospectrum shapes in the identified stability regimes. In this
step of the analysis 5 min subsets were used for all stability classes with
the aim of identifying oscillations with temporal scales compatible with
mixing-layer CS. The procedure was largely tested by Mortarini et al.
(2022) above an Amazon forest, and guarantees to filter our large-scale
structures that could mask the CS dynamics. The 𝑤 autocorrelation
function and the 𝑢𝑤 cross correlation function were fitted using Eqs. (1)
5

and (2), respectively. Then the temporal scales of the CS (detected for
𝑚𝛹 > 1

√

3
) were estimated using Eq. (5).

Fig. 5 shows the density histograms and the corresponding inter-
polated pdfs for 𝑇peak of 𝑤 spectra and 𝑢𝑤 cospectra, respectively,
computed at the three highest measurement levels (17.5, 25, 33 m)
in the five stability regimes. Table 1 shows the density peak values of
𝑇peak𝑤,𝑢𝑤

for the same heights and stability conditions represented in
Fig. 5. Notably, the 𝑇peak pdfs display well defined maxima confined
on temporal scales smaller than 100 s and very similar shapes along
the different levels in forced convection, neutral and weakly stable
stratifications. In these stability regimes both timescales increase inside
the canopy, highlighting the effect of the crown area on the CS. Over
the Amazon, Mortarini et al. (2022) found larger values of 𝑇peak𝑤 , this
is expected for the larger height of the tropical forest. 𝑇peak𝑤 is related
to the CS length-scale which in turn depends on the canopy depth. In
free convection and very stable regimes the pfds have broader and less
defined peaks because of the possible influence of larger scale motions.
This is more evident in the 𝑇peak pdf of 𝑢𝑤 because the momentum
behaviour is influenced by the longitudinal velocity (𝑢), which is more
affected than the vertical velocity component (𝑤) by large-scale mo-
tions (Mortarini et al., 2022). In all stability regimes at each height
𝑇peak𝑢𝑤 is considerably larger than 𝑇peak𝑤 , reflecting the influence of
the horizontal velocity field on the momentum transport. The vertical
evolution of spectral and cospectral energy showed in Cava et al. (2022)
suggests that the fat tails in Fig. 5 may be due to the influence of
inactive turbulence or of small convective plumes originating within
the canopy in unstable conditions as well as to the interference of CS
with horizontal submeso structures in very stable conditions. Hence,
𝑇peak𝑤 values far from the distribution peaks do not clearly represent
CS. In the following of the analysis, 𝑇peak𝑤 = 100 s at 33 m will be
used as a threshold value: subsets whose 𝑇peak𝑤 values exceed 100 s at
33 m and the respective subsets at lower levels will be disregarded. In
forced convection and very stable stratification 100 s might be a strong
constraint and it is worth of future investigations.

The value of the 𝑚 parameter, representing the ratio between the
time scale of fine-scale turbulence and the time scale of periodic
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Fig. 5. 𝑇peak density histograms and corresponding interpolated pdfs for 𝑤 and 𝑢𝑤 (first and second column, respectively) at different measurement levels. The vertical dashed
line refers to the 100 s threshold. Colours refer to the five stability regimes.
Table 1
Density peak values of 𝑇peak𝑤,𝑢𝑤

evaluated according to Eq. (5) in the five stability regimes at 33, 25 and 17.5 m.

Free convection Forced convection Neutral Weakly stable Very stable

𝑇peak (𝑠) 𝑤 𝑢𝑤 𝑤 𝑢𝑤 𝑤 𝑢𝑤 𝑤 𝑢𝑤 𝑤 𝑢𝑤

33 m 56 83 24 55 21 47 26 46 34 80
25 m 54 74 24 51 23 48 33 42 36 64
17.5 m 90 102 37 49 28 40 37 49 83 200
oscillations (Mortarini et al., 2016, 2022), was used to discriminate
between data subsets where coherent structures were absent (𝑚𝑤 = NA,
i.e. Not Available) and data subsets in which the flow was characterized
by them (𝑚𝑤 > 1). Spectra relative to the two end members exhibit
a different behaviour mainly in the region of energy production (as
shown in Fig. 6). In the first class (𝑚𝑤 = NA), both above and inside
the crown, spectra exhibit the shape typical of fine-scale turbulence in
the inertial sublayer in each stability regimes; i.e. a broad maximum
at large-scale and a clear energy cascade in the inertial subrange
(𝑓−5∕3). On the other hand, in the second class (𝑚𝑤 > 1), spectra
have a well defined and narrow peak at 𝑓peak𝑤 (identified using the
autocorrelation method, Eq. (5)) and showing a 𝑓−2 decay typical of
oscillating functions in the proximity of the peak region (see Fig. 3).
This indicates that the energy production is mainly concentrated at the
scale of the CS detected with Eq. (1); at smaller scales the energy drops
following the K41 (Kolmogorov, 1941) power law (𝑓−5∕3). The spectral
behaviour appears similar in the different stability conditions and at
the different levels except at 𝑧 = 17.5 m, where a faster energy cascade
(𝑓−2) is observed for 1 < 𝑓 < 0.1, suggestive of a dominance of coherent
vortexes and a short-circuiting of energy produced by the interaction of
coherent structures with the crown elements (Cava and Katul, 2008).
Notably, the unconditioned average spectra (black lines in Fig. 6) show
the influence of both flow structures detected by the correlation method
able to discriminate between them.

The mean average 𝑢𝑤 cospectra (Fig. 7) show the same differences
observed in the spectra at the production scales between the two classes
6

of motions, but they appear noisier in particular at 𝑧 = 17.5 m, where
the momentum flux is largely absorbed by the forest crown (see Fig. 4).
In the inertial subrange all the cospectra collapses and decay following
the −7∕3 power law. The unconditioned averaged cospectra (black
lines) show the peak related to CS at almost all heights and stability
conditions except in free convection and very stable at 𝑧 = 33 m. This
confirms the influence of coherent vortices on the momentum flux.
However, as noticed discussing Fig. 5, the cospectral maxima in Fig. 7
might be influenced by horizontal structures (both coherent vortices or
large-scale fluctuations) and not only by vertical coherent motions.

4.2. Turbulent vertical profiles

The application of the correlation methodology for the CS detection
allows the investigation of the influence of different scales of motions
on flow characteristics above and inside the forest. The detection of
CS was performed using 𝑤 autocorrelation. Vertical velocity auto-
correlation functions were chosen, since they only take into account
vertical coherent vortices, while the timescales identified by the 𝑢𝑤
cross-correlation function are influenced by horizontal structures and,
in non-neutral conditions, by larger convective or submeso scales.
As stated in the methodology assessment (4.1), the classification of
turbulent structures corresponds to the two-end members shown in
the 𝑤 spectra (see Fig. 6): Coherent structures (𝑚𝑤 > 1) refer to 5
min time series with periodic behaviour and 𝑇 < 100 s, while
peak𝑤
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Fig. 6. Mean normalized 𝑤 spectra, 𝐹𝑤(𝑓 ), as a function of the normalized frequency, 𝑓 , for the two end members of the 𝑚𝑤 classification: no fit (𝑚𝑤 = NA) or fine-scale turbulence
(blue lines and 𝑓 = 𝑓 𝑧

�̄�
); and 𝑚𝑤 > 1 and 𝑇peak𝑤

< 100 s or CS (red lines and 𝑓 = 𝑓 𝑇peak𝑤
). Black lines refer to the unconditioned average spectra (mean of blue and red lines).

The columns refer to different stability regimes, while the rows refer to different measurement levels.
Fig. 7. Mean normalized 𝑢𝑤 cospectra, 𝐶𝑜𝐹𝑢𝑤(𝑓 ), as a function of the normalized frequency, 𝑓 , for the two end members of the 𝑚𝑢𝑤 classifications: no fit (𝑚𝑢𝑤 = NA) or fine-scale
turbulence (blue lines 𝑓 = 𝑓 𝑧

�̄�
); and 𝑚𝑢𝑤 > 1 and 𝑇peak𝑢𝑤

< 100 s or CS (red lines and 𝑓 = 𝑓 𝑇peak𝑢𝑤
). Black lines refer to the unconditioned average spectra (mean of blue and red

lines). The columns refer to different stability regimes, while the rows refer to different measurement levels.
fine-scale turbulence (𝑚𝑤 = NA) refers to 5 min time series that do
ot exhibit periodic behaviour and consequently no fit was found.
hose turbulent structures were selected on the basis of the results
f autocorrelation methodology applied at the highest level (33 m) in
rder to use a coherent subset of data throughout the different levels.
his criterion allows to study the propagation inside the forest of the
tructures detected at the canopy top.

Figs. 8 and 9 show the vertical profiles of the most typical canopy
urbulent statistics for the different stability classes (shown in the
ultiple rows). In each panel the effect of distinct flow structures is
7

shown: the contribution of CS (red lines), of fine-scale turbulence (blue
lines) and the unconditioned averages (black lines) obtained using a
temporal average of 1 h for free and forced convection and 5 min for
neutral and stable regimes. In particular, the comparison in unstable
conditions of the unconditioned averages with those conditioned by
the two end-members (periodic structures and fine-scale turbulence)
allows to distinguish the effect of CS and from that of larger scales
(such as thermal structures) which cannot be resolved using the short
time window used for computing the ‘conditioned’ statistics.
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Fig. 8. Turbulence family portrait showing profiles with normalized height 𝑧∕ℎ at each stability class: �̄�, 𝑟𝑢𝑤, 𝑟𝑤𝑇 , 𝑢′𝑤′
sweep∕𝑢′𝑤′

ejection, 𝜎𝑢∕𝑈ℎ 𝜎𝑤∕𝑈ℎ where 𝑈ℎ = 𝑢(ℎ) and ℎ = 28 m
is the height of the canopy. Red lines refer to 𝑚𝑤 > 1 and 𝑇peak𝑤

< 100 s, while blue lines refer to available no fit (𝑚 = NA). Black lines refer to the unconditioned averages with
a temporal average of 1 h for free and forced convection and 5 min for neutral and stable regimes.
r

The wind speed (shown in the first column of Fig. 8) exhibits a rapid
decay in respect to the value observed close to the canopy top. The
strong shear just above and in the upper part of the forest results in
an inflection point at the forest–atmosphere interface (Raupach et al.,
1996). In free convection and very stable stratification, the wind speed
assumes its smallest value at the canopy top (≈ 1.5 ms−1), presenting
almost no difference for the two constraining cases. This underlines the
almost negligible role of wind shear in both free convection and very
stable cases. Confirming the results of Dias-Júnior et al. (2013) and
Thomas et al. (2006), the small vertical velocity gradient at the canopy
top results in a less evident inflection point and is associated to the
attenuation of coherent vortices in the RSL. On the contrary, in all the
other stability conditions (in particular in neutrality and weakly stable
stratifications) the profiles associated with the presence of CS present
slightly weaker winds and stronger shear at the canopy top.

The correlation coefficients measure the turbulence ability in trans-
ferring momentum flux (𝑟𝑢𝑤 = 𝑢′𝑤′∕(𝜎𝑢𝜎𝑤), second column in Fig. 8) or
heat flux (𝑟𝑤𝑇 = 𝑤′𝑇 ′∕(𝜎𝑤𝜎𝑇 ), third column in Fig. 8) inside the vege-
tation. As observed in the typical RSL profiles found in literature (see
Brunet, 2020, for a review), the largest values of correlations are ob-
served in the highest part of the forest, then they decrease and display
8

differences related to the stability conditions and to the kind of flow
structures responsible for the transport. The comparison of the profiles
of the two end-members highlights the highest efficiency of CS (red
lines) in transferring momentum and heat. Moreover, in all stability
conditions the CS appear more energetic than fine-scale turbulence
(blue lines), as shown in the vertical profiles of the normalized wind
standard deviations (fifth and sixth columns in Fig. 8). As already ob-
served elsewhere (Cava et al., 2022), the flow inside the canopy appears
mainly modulated by sweeps (𝑆𝑘𝑢 > 0 and 𝑆𝑘𝑤 < 0, first and second
ows of Fig. 9) that dominate the transport (𝑢′𝑤′sweep∕𝑢′𝑤′ejection > 1,

fourth column in Fig. 8), characterized by a high intermittency as
indicated by the values of kurtosis larger than the typical Gaussian
value (𝐾 = 3) (third and fourth rows of Fig. 9). In the crown region, the
sweep contribution to momentum transport appears largest in unstable
and neutral conditions (𝑢′𝑤′sweep∕𝑢′𝑤′ejection > 4), whereas is halved in
stable regimes. More, the sweeps appear more intense (𝑆𝑘𝑢 ≈ 0.8 and
𝑆𝑘𝑤 ≈ −1) and intermittent (𝐾𝑢 and 𝐾𝑤 ≈ 5) in forced convection
and neutral regimes. In the trunk space the role of ejections and
sweeps tends to balance 𝑢′𝑤′sweep∕𝑢′𝑤′ejection ≈ 1 and the degree of
the structure intermittency decreases.
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Fig. 9. Same as Fig. 8 for 𝑆𝑘𝑢, 𝑆𝑘𝑤, 𝐾𝑢, 𝐾𝑤, and the median of the temporal scales 𝑇peak (Eq. (5)) for 𝑢 (dotted line), 𝑤 (continuous line) and 𝑢𝑤 (dashed line).
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The characteristics of turbulent profiles in very stable stratification
re similar to those observed in other regimes, but CS appear less
nergetic and less intermittent. Notably, the momentum and heat fluxes
everse their signs in the trunk space indicating that the weak CS
enerated at the canopy top are unable to penetrate in the deepest
ayers of the forest with a consequent decoupling of the flow in very
table conditions (see also Dupont and Patton, 2012b; Cava et al.,
022). In this regime the unconditioned profiles of normalized standard
eviations (fifth and sixth columns in Fig. 8) and of higher moments
skewnesses and kurtoses, shown in Fig. 9) display the highly inter-
ittent intrusions of large-scale and energetic sweeps inside the forest.
ven if weaker, this effect can also be observed in forced convection
egime.

The last column of Fig. 9 shows the median vertical profiles of the
pectral (𝑇peak𝑢 , 𝑇peak𝑤 ) and cospectral (𝑇peak𝑢𝑤 ) peak values (Eq. (5)),
nly cases with 𝑚𝑤 > 1 are considered. As depicted in Fig. 5, both
ime scale distributions have a positive skewness (more evident for
orced, neutral and weakly conditions), i.e. extreme values of 𝑇peak
ffect the mean more than the median. Since our interest is centred
n the characteristic time scales of CS, the median was chosen as the
est descriptor of central tendency in these asymmetric distributions. It
s very interesting how in neutral, weakly stable and forced convection
tratification the most energetic timescale for the momentum flux is
ssociated to the longitudinal scale of the CS and not to their vertical at
9

ll measurements heights but 4 m. Close to the ground the momentum
lux exceeds both the horizontal and the vertical time scales. On the
ther hand, just outside the canopy the time scale of the momentum
lux in both free convection and very stable conditions is larger than
peak𝑤 and smaller of 𝑇peak𝑢 . This may explain the poor performance of
q. (4) (see also Fig. 7) in these conditions. During free convection and
ery stable regimes, the momentum transport is mainly influenced by
onvective and submeso structures, respectively. Hence, CS are more
are and intermittent, while the cross-correlation function does not
dentify a clear peak (Fig. 3, right panels). All the 𝑇peak values be-
ome larger while propagating downward inside the canopy. Coherent
ortices produced at the canopy top have dimensions comparable to
he canopy height. Thus, if we assume that their length-scale can be
valuated from the Taylor hypothesis as 𝑢 𝑇peak, as 𝑢 rapidly reduces

with height inside the canopy 𝑇peak needs to grow to preserve the
coherent structures spatial length-scale.

4.3. Coherent structures contribution to turbulent exchange

The estimate of CS contribution to the turbulent transport is one
of the main goals in the RSL research, in particular above forested
sites (Gao et al., 1989; Collineau and Brunet, 1993b; Lu and Fitzjarrald,
1994; Thomas and Foken, 2005, 2007; Barthlott et al., 2007; Serafi-
movich et al., 2011). Differences in the definition of flux contribution
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Fig. 10. Average values in different stability regimes of time cover (a, Eq. (6)), coherent structures contribution to the transport (Eq. (7)) and transport efficiency (Eq. (8)) for
momentum flux (b, d) and for heat flux (c, e), respectively. Red lines refer to coherent structures (𝑚𝑤 > 1 and 𝑇peak𝑤

< 100 s) while blue lines refer to fine-scale turbulence (no
fit, 𝑚𝑤 = NA) detected at 33 m.
depend on the methodology used to detect the CS (Barthlott et al.,
2007). In this work flux contribution was estimated adapting (Lu and
Fitzjarrald, 1994) definitions to the autocorrelation methodology.

The net time cover (𝑇𝐶) of detected structures represents the per-
centage of 5 min subsets with active coherent structures in the overall
data set:

𝑇𝐶 =
𝑁CS
𝑁tot

(%) (6)

where 𝑁CS is the number of 5 min time series where the coherent
structures were active (𝑚𝑤 > 1 and 𝑇peak𝑤 < 100 s) and 𝑁tot is the total
number of 5 min subsets in the data set. The contribution of coherent
structures to the turbulent flux (𝐹𝐶) and their transport efficiency (𝑇𝐸)
are, respectively, defined as:

𝐹𝐶 =
(

1
𝑁CS

𝑁CS
∑

𝑘=1
𝐹𝑘

)

∕
(

1
𝑁

𝑁
∑

𝑖=1
𝐹𝑖

)

(%) (7)

𝑇𝐸 = 𝐹𝐶
𝑇𝐶

(8)

where 𝐹𝑖 is the mean turbulent flux in the 𝑖th 5 min time series and
𝐹𝑘 is the mean turbulent flux in the 𝑖th 5 min time series with active
CS. 𝑇𝐸 values greater (lower) than 1 indicate efficiency (inefficiency)
of CS in the turbulent transport. The same parameters can be defined
for fine-scale turbulence subsets (𝑚 = NA).

In Fig. 10 the average values of time cover, contribution to momen-
tum and heat turbulent fluxes and correspondent transport efficiencies
relative to both CS and fine-scale turbulence are shown in the different
stability regimes. The proposed detection methodology revealed an
average time occurrence of CS that not exceeded 40% in all stability
regimes. The lowest values are attained in free convection and stable
regimes. In very stable conditions the CS remain active only 10% of
the total time, confirming their weak contribution to the momentum
transport (Figs. 8 and 9 and relative discussion). The time cover of fine-
scale turbulence exhibits a specular trend with the maximum value in
very stable atmospheric stratification (≈ 80%). It is important to clarify
that the percentages do not sum to 100% since uncertain cases (𝑚 < 1)
are not plotted, in order to have a clear comparison between the role
of coherent and incoherent structures in the turbulent transport.
10
In agreement with (Barthlott et al., 2007) who observed an in-
creasing flux contribution with increasing time cover, the contribution
to the momentum and heat fluxes by different structures follows the
same behaviour of 𝑇𝐶. The CS contributions for momentum flux lie
between 30%–40%, dropping to 7% in very stable case, where CS
remain active for only 10% of the total time. A similar trend is observed
for heat flux. These values are in agreement with other results found
in literature (Collineau and Brunet, 1993b; Lu and Fitzjarrald, 1994;
Barthlott et al., 2007). Fig. 10d display a large transport efficiency of CS
(𝑇𝐸 > 1) for all stability regimes. On the other hand, 𝑇𝐸 for fine-scale
turbulence attains low values (𝑇𝐸 < 1) remarking the relatively poor
efficiency of incoherent eddies in turbulent transport although their
comparable or higher values of time cover. This result confirms the
importance of CS in the transport processes above vegetated canopy.

5. Conclusions

The aim of this work was to investigate the impact of coherent
structures on the RSL flow dynamics, and on the exchange processes
at the canopy–atmosphere interface in different atmospheric stratifi-
cation conditions. A dataset collected within an uneven-aged mixed
coniferous forest on an Alpine Plateau (Lavarone, Italy), during a sum-
mertime intensive measurement campaign, was used for the analysis.
Five different stability regimes, from free convection to very stable
stratification, were defined. The detection of CS and their charac-
teristic timescales were accomplished by fitting the vertical veloc-
ity auto-correlation function with an oscillating decaying function.
The auto-correlation function methodology was extended to cross-
correlation functions, proposing an original theoretical form for the
cross-correlation function of turbulent fluxes in that atmospheric flow
presents a periodic behaviour. The proposed methodology represents
a new and alternative pathway for assessing the presence and the
influence of CS in the atmospheric flow at the canopy–forest interface.
The value of the 𝑚 parameter, (that represents the ratio between
the time scale of fine-scale turbulence and the time scale of periodic
oscillations), was used to discriminate between data subsets where
coherent structures were absent (𝑚𝑤 = NA, i.e. Not Available) from
data subsets in which the flow was characterized by them (𝑚 > 1).
𝑤
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Average spectra and cospectra of the two 𝑚-classes presented dif-
ferent behaviours in the energy production region. For fine-scale tur-
bulence, they exhibited a broad maximum, while for CS, a well defined
and narrow peak was evident at a frequency correspondent to the
temporal scale identified by the correlation methodology. On the other
hand, close to the spectral peak a −2 slope in the energy cascade
evidences the dominance of CS on the flow dynamics, at smaller scales
both flow structures exhibit the inertial range power law (𝑓−5∕3, Kol-

ogorov, 1941). The presence of CS is associated with larger vertical
elocity gradients and slightly weaker winds, resulting in smaller shear
ength scales at the canopy top.

In neutral, weakly stable and forced convection regimes, CS mani-
ested themselves inside the forest as energetic and intermittent sweeps
ery efficient in the transport of momentum and heat. Farther from
eutrality, their influence on the atmospheric flow was reduced and
ess evident. As a matter of fact, in free convection and very stable
egimes, CS appear less energetic and less efficient in the transport
nside the forest. The sign reversal of the momentum fluxes disclosed
he inability of such structures to reach the deepest layers of the
anopy and the decoupling of the flow between the upper and lower
evels. The vertical time scale of coherent vortices is lower than their
ongitudinal timescale at all heights in all stability regimes. While the
oherent vortices propagated downward, both the 𝑤 and 𝑢 timescales
ncreased, probably trying to preserve the CS length scale as wind speed
ecayed inside the canopy. Close to neutrality (neutral, weakly stable
nd forced convection regimes), rather than the vertical component,
s the longitudinal velocity that appears to modulate the momentum
lux timescale. Since free convection and very stable regimes showed
o be less apt to the development of coherent structures, the momentum
ransport was modulated by larger scales such as thermal structures and
ubmeso motions.

The contribution to momentum and heat fluxes of both CS and fine-
cale turbulence increases with increasing time cover. The maximum
lux contributions are attained in neutral conditions or in moderately
table and unstable regimes and do not exceed 40%. In free convection
nd very stable stratifications, the contributions of turbulent fluxes
rop, reaching their minimum value in very stable regimes (< 10%).
owever, even in the two extreme stratification regimes transport
fficiency associated to CS remains larger than 1. Fine-scale turbulence,
n spite of similar or larger time cover, showed poor transport effi-
iency. Finally, the obtained results demonstrated the EAF methodology
fficiency in a clear and fast detection of CS when compared to wavelet
lgorithms that are usually applied to window larger than 5 min and
hat may lead to erroneous results in presence of superimposition of
low motions characterized by different scales.
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