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A BRIEF OBSERVATION OF THE FORMATION OF COHERENT STRUCTURES
AND TURBULENCE OVER A RAIN FOREST AREA IN CENTRAL AMAZONIA:

THE ATTO-CLAIRE / IOP – 1/2012 EXPERIMENT

Newton S. Lima1, Júlio Tóta2, Mauŕıcio J.A. Bolzan3, Alan S. Ferreira1 and Matheus R. Pietzsch1

ABSTRACT. This work used micrometeorological measurements of temperature and wind in order to characterize the turbulence due to wind in a terra firme forest in
Central Amazônia as part of the ATTO-CLAIRE / IOP-1 (2012) (Amazon Tall Tower Observatory – Cooperative LBA Airborne Regional Experiment / Intensive Observation
Period – 2012 / LBA – Large Scale Biosphere-Atmosphere Experiment in the Amazônia ). This research was conducted at the Uatumã ATTO Sustainable Development
Reserve in the State of Amazonas, Brazil, from February to September, 2012, and used data from February 26 to September 07, 2012, dates that partially encompass the

wet and dry seasons, respectively. The ATTO site has 5 towers: one that is 320 m, and four that are 80 m in height, and this research was conducted on an 80 m triangular

tower. A total of ten 3D and 2D ultrasonic anemometers were installed on the tower, and the importance of these instruments used for flux measurements is also evident
when taking into account the fact that the dissemination and diffusion of seeds and chemical composts in the forest happens through the action of turbulent fluxes. In

order to understand the wind profile, the inflection point of the wind velocity, and coherent structures (ECs) and local turbulence, box-plot diagrams, quadrant analyses,
wavelet potential spectrum, and energy potential analyses were conducted. The turbulence characterized at the ATTO had a roll or ramp structure during the study period,

which represents favorable conditions for the maintenance of the forest during the wet and dry seasons in the Central Amazônia.

Keywords: inflection point, ramp, wavelet, turbulence.

RESUMO. Este trabalho faz uso de medidas micrometeorológicas de temperatura e vento, com finalidade de caracterizar a turbulência aerotransportada em uma
floresta de terra firme na Amazônia Central, realizadas no experimento ATTO-CLAIRE / IOP-1 (2012) (Amazon Tall Tower Observatory – Cooperative LBA Airborne
Regional Experiment / Intensive Observation Period – 2012 / LBA – Large Scale Biosphere-Atmosphere Experiment in Amazônia ), no sı́tio do ATTO, na Reserva de
Desenvolvimento Sustentável do Uatumã – AM (Brasil) nos meses de fevereiro a setembro de 2012, com dados analisados a partir do dia 26 de fevereiro de 2012 até

o dia 7 de setembro de 2012, entre as estações úmida e seca na Amazônia Central, no complexo de torres altas composto por 5 (cinco) torres; 1 (uma) de 320 m e 4

(quatro) de 80 m. Este trabalho foi realizado na torre triangular (80 m). Foram instalados 10 (dez) anemômetros ultrassônicos de 3D e 2D. Equipamentos necessários
em método de fluxos, visto que, a disseminação e difusão de sementes e compostos quı́micos da floresta, faz-se também por fluxos turbulentos. Para compreensão do

perfil de vento, ponto de inflexão do perfil da velocidade do vento, estruturas coerentes e a turbulência local, para tal desenvolveu-se a partir dos dados processados,
diagrama de caixa (box-plot ), análise de quadrantes, espectro de potência em ondeletas, espectro de energia. A turbulência caracterizada no ATTO, foi de estruturas do

tipo “rolo” ou rampa, para o peŕıodo estudado, condições favoráveis para manutenção da floresta em peŕıodo úmido-seco na Amazônia Central.

Palavras-chave: ponto de inflexão, rampa, ondeleta, turbulência.
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INTRODUCTION

The study of the dynamics of the atmospheric flow in a dry for-
est area of Central Amazônia (Brazil) highlights the importance of
the vertical profile of the average wind velocity in the formation
of coherent structures and the instability of the inflection point
over the forest crown cover during daytime, night-time, and tran-
sition phases. To understand the interaction between forest and
atmosphere, it was necessary to understand the turbulent changes
in the atmospheric boundary layer (ABL). The ABL evolves con-
tinuously as a response to surface heating or cooling. It is char-
acterised by different states that can be accurately described by
transition phases (day-night and/or vice versa) (Kaimal & Finni-
gan, 1994).

In a literature review by Dennis (2015), the author studied tur-
bulence and the manners in which researchers approach the sub-
ject in an attempt to deconstruct the complex and unorganized
field of turbulent flux into a set of organized movements that, to a
certain degree, are generally referred to as “coherent structures”,
thus indicating their singularity.

Raupach et al. (1996) suggested that in order to study the
characteristics of active turbulence and coherent movements,
above the canopy of a terra firme forest, it would be necessary
to model them in a mixed flat layer, due to the instability associ-
ated with the strong inflection characteristic in the average wind
velocity profile. Additionally, Raupach (1992), emphasizes that an
analytical treatment must be conducted with respect to drag on
rough surfaces in order to develop simple predictive capabilities
that have practical applications and make sense of atmospheric
data in order to formalize the intrinsic character of the analysis.

The chaotic nature of turbulence in the atmospheric bound-
ary layer, in the interior and above the forest canopy, was investi-
gated by Campanharo et al. (2005), using a temporal series that
included components that were described individually in a terra
firme forest in the Amazon. In their study the objective was to
identify a low-dimension chaotic attractor, which was not the goal
of the present study. However, Dias Jr. et al. (2013) discuss the
vertical variability of coherent structures in the convective bound-
ary layer in the Amazon, indicating that ECs present a reduction
in their duration as they approach the forest canopy due to the
coalescence of turbulent vortices, thus emphasizing the impor-
tance of the study of ECs.

Lima et al. (2013) presented a brief introduction of the aero-
dynamic characteristics of turbulence above and within the forest
canopy in relation to an EC in a terra firme forest in the Central

Amazônia, thus contributing in loco measurements to the field of
observational studies.

In the forest of the Uatumã River (AM), the registered floris-
tic composition shows 741 individuals (abundance) per hectare,
including vines, lianas, and palms, and this result is within the
average for the Amazon region according to Rankin-de-Mérona et
al. (1992: 618 individuals), Valencia et al. (1994: 693), and Tello
(1995: 747), apud Amaral et al. (2000). Andreae et al. (2015)
highlight the importance of biodiversity and the ecosystems of the
ATTO when they emphasize that it is essential to establish long-
term measurement plots that can provide a baseline of actual cli-
mate, biogeochemical, and atmospheric conditions that could be
used in the coming decades in order to monitor changes in the
Amazon region with respect to expected increases in human per-
turbation the near future, which represents a large source of pre-
occupation in the northern region of South America. All the data
collected from these natural processes demonstrate that aerody-
namic transport through turbulence is an important and essential
contributor to the maintenance of life in the forest.

MATERIAL AND METHOD

Study Area

The Amazon Tall Tower Observatory (ATTO) was the first large
environmental observatory in South America, with a 320-metre
Tower (Fig. 1) and four peripheral 80-metre towers. It is located
in the Sustainable Development Reserve of Uatumã (SDR), São
Sebastião do Uatumã, AM, Brazil (2◦08’32.42”S; 59◦0’3.50”W;
Altitude: 131 m) as shown in Figure 2A. The data of this experi-
ment are shown with frequencies of 1 Hz, 4 Hz, and 10 Hz collected
from 26th February to 7th September 2012. In the intensive ob-
servation period – I (IOP-1/2012), we used three 3D ultrasonic
anemometers (Solent, Gill Instruments Ltd., UK), three 2D Wind-
Sonic ultrasonic anemometers (Gill Instruments Ltd., UK) and four
2D-Wind Speed & Direction Sensor ultrasonic anemometers (Gill
Instruments Ltd., UK) (Table 1). The tower of the present study
has the following characteristics: 80 metres high and triangular
cross-section area of 0.156 m2 (Fig. 2B). The leaf area index (LAI)
in this area is around 5 to 6 m2.m–2 (Oliveira, 2008). The equip-
ment was positioned at the following sampling heights: 78 m; 41
and 30 m for the Wind Master; 57 m; 70 and 62 m for the Met
Pack; 23 m; 36 m; and 45 and 50 m for the WindSonic. There was
northeast wind predominance and the average vegetation height
ranged from 40 to 45 metres, approximately.
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Figure 1 – Amazon Tall Tower Observatory (ATTO); height: 320 m. Source: INPA – MAX PLANCK (2014).

Figure 2 – (A): ATTO-CLAIRE (IOP-1/2012) experiment; tower height: 80 m; (B): outline of the experiment (2◦8’32.42”S; 59◦0’3.50”W,
Altitude: 131 m). Note: not in scale. Source: INPA-UEA-LBA (2012).

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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Figure 3 – ATTO-CLAIRE (IOP-1/2012) experimental site plateau located in the Sustainable Development Reserve of Uatumã, in the
Amazon basin, AM (surrounded). The darkest colour in the grey figure (lower elevations) illustrates the rivers, the Uatumã River being
the widest, and the lightest colour illustrates the highest elevations. (Source: INPA – MAX PLANCK; SRTM – USGS-NASA, 2012).

Table 1 – Instrumentation of turbulent fluxes measurement at ATTO-CLAIRE (INPA – MAX PLANCK) (IOP-1) during the obser-
vation period (February-September 2012). The wind velocity components were: (u, v, w) m.s-1; the sonic speed was (C) m.s–1;
the sonic, virtual, and dew point temperatures were (T , Tv and Td) ◦C ± 0.15◦C; the direction of the wind was (|DirV |)
0-259◦± 3◦ (12 m.s–1); average velocity module (|v|) m.s–1; barometric pressure (P ) hectopascal – hPa± 0.5 hPa; relative
humidity (RH) % RH± 0.8% (23◦C); battery charge (BAT ) V= volts. (Source: INPA – MAX PLANCK, 2012).

Tower
Height

Acess
Frequency

Ultrasonic
Reading

(80 m) Code Anemometer

Turbulent

78 USB0 10 3D1 u, v, w,C, Tv

fluxes

41 USB1 10 3D1 u, v, w,C, Tv

30 USB2 10 3D1 u, v, w,C, Tv

DirV, |v|,
37 USB3 1 2D2 P,RH, T,

Td, BAT

ATTO-CLAIRE

DirV, |v|,

(IOP-1)

70 USB4 1 2D2 P,RH, T,

Td, BAT,

DirV, |v|,
62 USB5 1 2D2 P,RH, T,

Td, BAT

23 USB6 4 2D3 DirV, |v|,
36 USB7 4 2D3 DirV, |v|,
45 USB8 4 2D3 DirV, |v|,
50 USB9 4 2D3 DirV, |v|,

1Turbulent Fluxes Tower (IOP-1) WindMaster, Gill Instruments Ltd., UK.
2Turbulent Fluxes Tower (IOP-1) MetPak, Gill Instruments Ltd., UK.
3Turbulent Fluxes Tower (IOP-1) WindSonic, Gill Instruments Ltd., UK.
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METHODOLOGY

Statistical Method
The components of the wind u and v were determined by the defi-
nition of average wind velocity (U) in the direction of average hor-
izontal flux, but without applying the correlation of the wind ver-
tical inclination and keeping the wind component w unchanged.
One of the resources used was digital processing for 600 sec-
onds, followed by the method proposed by Lloyd et al. (1984) and
Baldocchi & Meyers (1988) for separating tendencies and fluc-
tuations (u, v, and w). Fluctuations can be directly compared
using statistics of second- and superior-order variables. Often,
basic statistic is the standard for describing turbulence at each
level of observation. The vertical movement of air over the tops
of the trees is shown through averages and variances to identify
how the turbulence is structured in any position. Also, the covari-
ance indicates that the movement of the wind is associated with
the horizontal momentum transport, asymmetries (skewness)
and kurtosis, thus showing that this variance of air movement is
characterised by fast movement, intermittency, and descending
vortices.

The raw data of 10 Hz, 4 Hz, and 1 Hz were submitted to calcu-
lation of averages of the three wind components (u, v, andw), as
well as the variance, covariance, asymmetries (skewnesses ), and
kurtosis, using the rateZ/h = 2.08 in the rough sub-layer of the
forest in ATTO. The data were normalized to infer parameters such
as: the average wind with height of treetops (u/u(h)); momen-
tum flux, with the (u∗) friction wind velocity (u′v′/(u2∗)), which
at the top of the tower is equivalent to (u∗) = (−u′vtop)1/2;
for the height of the h = 80-metre tower, the standard deviations,

σu = (u′2)1/2/u∗ and σw = (w′2)1/2/u∗;

the correlation coefficient between u and w, −r + uw =

−u′w′/(σuσw); the asymmetries (skewnesses) of u and w,
Sku and Skw (e.g.,w′3/σ3w); and finally, the kurtosis of u and
w, (e.g., w′4/σ4w), Kaimal & Finnigan (1994), Bolzan (2000),
Kruijt et al. (2000).

The calculations were used to determine the profiles of the
vertical component of the wind, as well as for creating a box-plot
diagram to show the variation between averages and medians at
different heights, indicating dispersion, asymmetry and correla-
tion between the vertical component of the wind and the tempera-
ture inside and over the vegetation canopy.

Covariance Method
The covariance method allowed to directly compare the fluc-
tuation with statistics of second- and superior-order variables.

Basic statistical analysis was used as the standard for describing
turbulence at each level of observation. The vertical movement of
air over the treetops is shown through averages and variances to
identify how the turbulence is structured in any position.

We selected the variables of the atmosphere, including its tur-
bulent characteristic, in order to carry out the measurements. The
covariance method of direct measurement with application of em-
pirical constants of wind components (w) and temperature (T )
was used according to Foken’s method (2008). Through statistical
analysis, we determined: averages; fluctuations; standard devia-
tion; correlation; drag coefficient, for subsequent construction of
quadrant analysis graphs with linear regression; global wavelet
spectrum; and energy spectrum.

The covariance of the vertical component of the wind velocity
(w) and a horizontal component of the wind, or scalar (x), and
temperature (T ) could be determined by Eq. (1).

w′x′ =
1

N − 1
N−1∑
k=0

[(
wk − wk

)(
xk − xk

)]

=
1

N − 1

[
N−1∑
k=0

wkxk − 1
N

(
N−1∑
k=0

wk

N−1∑
k=0

xk

)] (1)

The high frequency measures were sampled at 10 Hz, 4 Hz,
and 1 Hz. The instrument used was an ultrasonic anemometer,
since this equipment also provides the sonic temperature (very
close to virtual temperature). The flux calculated in the present
study with this temperature is the sensible heat flux (Eq. 2)
(Foken, 2008).

QHB

ρcp
= w′T ′v (2)

in which QHB is the sensible heat flux in W m-2; and Tv is
the virtual temperature in Kelvin (K) (Foken, 2008).

Wavelet Transform
Fourier transform (FT) is a useful tool for studying the power spec-
trum (variance) of a stationary time series, because it provides
the distribution of spectral density that identifies the “energies”
associated with the frequencies and their relative contributions to
the time series.

However, it does not provide information regarding its tem-
poral location. According to Gasquet & Witomski (1990), the FT
consists only of a “global” transform. Therefore, for a signal x(t),
the FT is a natural “stationary wavelet transform” defined by:

F (ω) =

∫ ∞
−∞

f(t)e−iωtdt (3)

in which f(t) is the signal to be analysed.

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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Therefore, the problem of FT is the inability to analyse non-
stationary signals. This difficulty was observed by Gabor, who in
1946 added a “local frequency” parameter (local in time), so that
the local FT, applied through a window, would operate through
a signal that was approximately stationary in a given interval,
what later became known as Windowed Fourier Transform (WFT).
However, Gabor’s WFT method had an obstacle, i.e., the window
was fixed and restricted the applicability of the method to pre-
viously chosen scales. The solution of the problem was a rev-
olutionary innovation, i.e., the inclusion of a “variable” window
which, like an accordion, could expand or compress depending
on the scale of analysis (Gasquet & Witomski, 1990). This in-
clusion was accomplished by Morlet in the 1980s and became
known as “wavelet transform” (WT) (Farge, 1992). Meyer (1990)
demonstrated the orthogonality conditions of this new mathe-
matical operator, providing safe conditions for the application of
the new technique.

The term “wavelet” refers to a set of functions in the shape
of small waves generated by expansions, Ψ(t) → Ψ(2t), and
propagation, Ψ(t)→ Ψ(t+1), of a generating simple function,
Ψ(t), i.e., mother wavelet. It should be quadratically integrable
within a real time or space [L2(�)], that is, it should have finite
energy. The fact that its average energy is zero constitutes the ad-
missibility condition of the function. Mathematically, the wavelet
function in scale a and position b is expressed by:

Ψa,b(t) = a
−1/2Ψ

(
t − b
a

)
(4)

in which a and b are real and a > 0. It should be noted that the
Eqs. (4) and (5) include the normalization term a−1/2. Wavelet
transform is defined by:

(
Wψf

)
(a, b) =

1

|a|1/2
∫
f(t)ψ

(
t− b
a

)
dt (5)

in which the temporal function f(t) is the series of data to be
analysed.

The Eqs. (4) and (5) are similar and the only difference is
the nucleus (kernel) of the equations, i.e., the nucleus in the FT
is given by an exponential function and in the WT by a wavelet
function.

There is the possibility of using different types of wavelet
functions for WT depending only on the need. This way, these
different types of wavelet functions can be classified into two
large groups, namely: continuous wavelets and discrete wavelets .
Among the best-known discrete wavelets are Haar (Gao & Li,
1993), Meyer (Mak, 1995) and biorthogonal (Daubechies, 1992).

The best-known continuous wavelet is Morlet, which also allows
the analysis of the phase and the signal module when it is complex
(Farge, 1992). The Mexican hat wavelet (Davis et al., 1994; Farge
et al., 1996; Chen et al., 1997) is also mentioned in the literature;
however, it is generally operated without a complex part. In the
present study, we will use Morlet wavelet function and, therefore,
it deserves greater attention.

The Morlet function is a complex wavelet that provides a
wealth of information about the signal, such as the module and
the phase (Farge, 1992; Weng & Lau, 1994; Lau & Weng, 1995).
This function has the following equation:

ψ(t) = eiKψte−(|t|
2/2) (6)

Figure 4 shows the graphs of this function regarding its real
and imaginary parts for KΨ = 5.

With the choice of Morlet WT and the measurements of 600-
second temporal series for obtaining the power wavelet spec-
trum, temperature, and global wavelet spectrum, we obtained re-
sults within 95% confidence. The support used was Torrence &
Compo (1998) WT modified routines.

Quadrant Analysis
Antonia (1981), Raupach et al. (1996), Katul et al. (1997), Pope
(2000), and Foken et al. (2012) suggest that quadrant analysis can
be used to study turbulent fluxs in events associated with vortices
ejections or intrusions characterized by coherent structures. The
state of the art of this method described by Bolzan et al. (1998)
allows correlating two variables through a Cartesian system, i.e.,
a graph where the abscissa axis is associated with the horizontal
component of the wind (x = u) and the ordinate axis is asso-
ciated with the vertical component of the wind (y = w), or yet
x = T and y = w (where u is the turbulent fluctuation of wind
velocity along the flux direction; w is the fluctuation of vertical
velocity; and T is the temperature fluctuation) according to the
goal of the study. Caramori et al. (1994), Bolzan et al. (1998), and
Prasad et al. (1998) affirm that the quadrants have better defini-
tions when “upwards ” excess or “downwards ” excess of a studied
flux, or even “upwards ” and “downwards ” deficit are identified,
as shown in Figure 5.

Based on studies conducted by Bolzan et al. (2002), we anal-
ysed the “aggregates”. The first quadrant analysis mode showed
the dominant quadrants for heat and momentum fluxes, and how
they behave at different height levels under different atmospheric
stability conditions (Fig. 6). In the second mode, we performed
simple rotation analysis of the averages of aggregates to establish
reliability of fluxes ejections and intrusions.

Revista Brasileira de Geof́ısica, Vol. 35(3), 2017
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Figure 4 – Function corresponds to the real part (left); imaginary part of Morlet wavelet (right) consideringKΨ = 5.
(Source: Bolzan, 2000).

Figure 5 – Definition of ejections and intrusions for heat flux (unstable conditions) and momentum (x = w and y = u,
in general). Events in quadrants II and IV define intrusions and ejections for the momentum flux, whereas quadrants III and
I define intrusions and ejections for heat flux (x = w and y = T , in general) under unstable conditions.

Figure 6 – “Lapse Rate” and quadrant analysis of sensible heat flux. (Adapted from Stull, 2000).

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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RESULTS AND DISCUSSION

Wind Profile and Inflection Point

We will describe the scenario using Figure 7 which provides in-
formation of the Julian day 58, 2012, 02:00 LT, when winds as-
sociated with a velocity of up to 15 km/h distort the shape of
the forest crown cover opening temporary gaps in the Amazon
forest at ATTO, Uatumã SDR and inducing wave movement over
and within the forest canopy. This effect reflects the dynamics
of the canopy, especially over the rough sub-layer. Generally, it
has a typical behaviour of the location regarding the inflection
point of the profile of the vertical wind velocity captured by ten
ultrasonic anemometers (2D and 3D). For this profile, we forced
a polynomial adjustment using least squares procedures, which
showed an S-shaped profile. These important characteristics of
turbulence including the dynamic effect of instant change caused
by shear stress – i.e., rapid change in the wind direction and
velocity – indicates an adjacent adverse pressure gradient at
these points.

However, Figure 8 shows that the inflection point of the
vertical profile of wind velocity was between 50 and 62 m at
10:00 LT, demonstrating that the thermal forcing (heating of the
forest crown cover) overlaps the mechanic forcing of the wind
shear. As the thermal forcing increases, the inflection point rises
at greater heights.

The box-plot diagram in Figure 7 shows little variation be-
tween averages and medians of the different heights sampled, in-
dicating that the dispersion was stable, as well as the asymmetry
(skewness) of the observed data. Outliers values were determined
in the upper ends and below the crown denoting low correlation,
which is possibly attributed to strong momentum absorption by
the canopy and branches. There was also a downwards transfer of
movement amount which reduced turbulence. Figure 8 illustrates
the variations of different medians and outliers in upper ends at
higher levels, suggesting that convection begins to predominate
over the wind shear.

Figures 7 and 8 illustrate the loss of momentum through the
transfer of turbulence in the surface boundary layer through the
vegetation branches. This momentum loss is proportional to the
local mean square velocity, which is a similar condition to that of
the definition of drag coefficient for the rough surface and, conse-
quently, to the formation of roll-type coherent structures observed
through the vertical profile of wind velocity at certain heights.

Figure 9 shows the quadrant analysis of relative contribution
of sensible heat flux at the height of 78 m on Julian day 58, 2012,
1000 LT, following the methodology of Caramori et al. (1994) and
Bolzan et al. (1998). This figure shows strong rise of sensible
heat flux transport between quadrants 1 and 3 (ejection and in-

trusion) with unstable condition at this height. Under instability,
the T and w fluctuations have the same sign and generate sensi-
ble heat fluxes in the upwards direction (from the crown cover to
the atmosphere). As it should be expected, there is clear influence
of the atmospheric condition for the sensible heat flux on the con-
figuration of aggregates forms. This can also be understood from
the analysis of the atmospheric conditions (day/night) suggested
by Stull (1988) regarding the observation of the potential temper-
ature gradient (lapse rate) given by the convective effect (Fig. 6).

Figure 9 validates Figures 7 and 8 through the obtainment of
geostationary signals at the frequency of 10 Hz from data obtained
by a rapid response instrument (Solent). The graphs of Figure 10
shows that the temperature time series at the height of 78 m, on
Julian day 28, 2012, 10:00 LT had significant amplitude growth
from 200 s and remained until the end of the observation at 600 s.
In addition, it shows ramp-shaped structures, denoting the forma-
tion of coherent structures. The wavelet power spectrum exhibited
higher energy intensity peaks ranging from 200 to 450 s within the
confidence cone, which inserts the 4-6 s period interval, showing
a resonance in the responses of the different graphs presented.

The presence of the so-called coherent structures in turbu-
lent flux over a rough surface were observed by the construction
of vertical profiles of wind velocity (Figs. 7 and 8). These pro-
files showed the known inflection point, assuming that the vari-
ation of the height at the inflection point can show the timescale
(Julian day 58, 02:00 and 10:00 LT) of coherent structures oc-
curring in the thermal field, a phenomenon extremely related to
turbulent fluxes of sensible heat.

The results showed an S-shaped curve; however, the uncer-
tainties hamper a single model of vertical profile of wind velocity.
In the box-plot attached in Figures 7 and 8, the spacing between
the different parts of the diagram help indicate the degree of dis-
persion (spread) and asymmetry (skewness) of the data, whereas
the outliers indicate the low correlation in the momentum trans-
fer due to the turbulence, thus hindering the interpretation of the
results. However, its importance lies in the universality of the con-
stants involved. There is also a lack of a general theory valid for
all types of rough surfaces.

Quadrant analysis was used to determine the formation of co-
herent structures. We related the component of the wind velocity
in the vertical direction (w) and temperature (T ) and assessed
the data obtained by rapid response instruments which were sam-
pled simultaneously with measurements performed at ten different
heights using the covariance method (Eddy Covariance) (Fig. 9).

The dominant aggregate concentration quadrants were mainly
located in quadrants 1 and 3, i.e., between ejection and intrusion,
both for heat fluxes and the momentum . In addition, their distri-
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Figure 7 – Box-plot diagrams, with the inflection point of the wind velocity, with an adjusted polynomial curve. On the right is a pictorial diagram of the inflection point
of the wind shear with the formation of coherent “roll” structures above the tree canopy in the study area at 02 LT, for the 58th Julian day of 2012.

Figure 8 – Box-plot diagrams, with the inflection point of the wind velocity, with an adjusted polynomial curve. On the right is the setting without
the boxes, the inflection is associated with wind shear and thermal forcing on the canopy of the local trees, at 10 LT, for the 58th Julian day of 2012.

butions varied under atmospheric stability conditions, exhibiting
a tendency to reflect the existence of coherent structures in the
form of “rolls” generated by the instability of the inflection point
(Fig. 11). The use of Morlet wavelet transform (Fig. 11) allowed
toobserve the growth of convective effect from 200 to 350 s caused
by the heating of the canopy, a phenomenon with a period of 150 s.
It was also possible to observe the occurrence of considerably in-
termittent periods that were shorter than 16 s, i.e., periods that
occur during timescales without any periodicity.

CONCLUSIONS
The results from this work, that had the result of investigating
characteristics of turbulence in a forest in the Central Amazônica,
indicate that for the study period from February to September
2012, at the ATTO-CLAIRE site, the most important results are:

1. The presence of coherent structures (ECs) in turbulent

flux above a rough surface of the forest canopy in the
ATTO-CLAIRE experiment (IOP-1/2012), in a terra firme
forest (Central Amazônica), were detected after the inflex-
ion point of the average wind velocity, using box-plot di-
agrams, quadrant analyses, and wavelet transformation in
the wet and dry seasons.

2. The results from the ATTO-CLAIRE experiment (IOP-
1/2012), are in agreement with those described by Wallace
(1972), Hussain (1986), Katul et al. (1997), and Bolzan et
al. (1998), according to which, when there are variations in
stability conditions, there is an influence of time on the du-
ration of coherent structures. Therefore, this study demon-
strated a robustness in the identifcation of coherent struc-
tures denominated as “rolls” for the studied flux, as was
also demonstrated by Raupach & Thom (1981), Raupach
et al. (1996), Bolzan (2000) and Bolzan & Vieira (2006).
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Figure 9 – Quadrant analysis panels, global wavelet spectrum, and power spectrum (w′ and T ′), Julian day 58, 2012, 1000 LT. The columns are arranged from left
to right at heights of 78, 41, and 30 m. There is a tendency for ejection and intrusion between the quadrants in the three top figures. The global wavelet spectrum and
the energy spectrum show the characteristics of turbulence above and within the canopy.
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LIMA NS, TÓTA J, BOLZAN MJA, FERREIRA AS & PIETZSCH MR 197

Figure 10 – Wavelet transform panels showing the form of coherent structures (type: ramp or roll) at three height levels (30, 41, and 78 m), i.e., at 09:56:27 (LT) above
and within the forest canopy at ATTO, for the 105th Julian day of 2012. (Source: UEA-INPA-MAX PLANCK, 2012).
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Figure 11 – Existence of roll- and ramp-type coherent structures due to the instability of the inflection point of the vertical profile of the wind over the canopy (41 m)
on Julian day 58, 2012, 09:56:27 LT. (Source: UEA-INPA-MAX PLANCK, 2012).
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DIAS JR CQ, SÁ LDA, MARQUES FILHO EP, MANZI AO, TREBS I &
WINDERLICH J. 2013. Variabilidade Vertical de Estruturas Coerentes na
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KESSELMEIER J, LÜERS J, MAYER J-C, MORAVEK A, PLAKE D,

Revista Brasileira de Geof́ısica, Vol. 35(3), 2017



�

�

“main” — 2018/8/30 — 19:09 — page 199 — #13
�

�

�

�

�

�
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