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[1] The aim of this study is to investigate the low-frequency characteristics of diurnal
turbulent scalar spectra and cospectra near the Amazonian rain forest during the wet and dry
seasons. This is because the available turbulent data are often nonstationary and there is no
clear spectral gap to separate data into “mean” and ““turbulent” parts. Daubechies-8
orthogonal wavelet is used to scale project turbulent signals in order to provide scale
variance and covariance estimations. Based on the characteristics of the scale dependence
of the scalar fluxes, some classification criteria of this scale dependence are investigated.
The total scalar covariance of each 4-hour data run is partitioned in categories of scale
covariance contributions. This permits the study of some statistical characteristics of the
scalar turbulent fields in each one of these classes and, thus, to give an insight and a
possible explanation of the origin of the variability of the scalar fields close to the
Amazonian forest. The results have shown that a two-category classification is the most
appropriate to describe the kind of observed fluctuations: “turbulent” and “mesoscale”
contributions. The largest contribution of the sensible heat, latent heat, and CO, covariance
contributions occurs in the “turbulent” length scales. Mesoscale eddy motions, however,
can contribute up to 30% of the total covariances under weak wind conditions. Analysis of
scale correlation coefficient [#(7,q)] between virtual temperature (7,) and humidity (q)
signals shows that the scale patterns of 7, and ¢ variability are not similar and 7(7,,q) <1 for

all analyzed scales. Scale humidity skewness calculations are negative during the dry
season and positive during the wet season. This suggests that different boundary layer

moisture regimes occur during the dry and wet seasons.
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1. Introduction

[2] In literature, accuracy of turbulent flux estimation
using the eddy-correlation method is often overlooked or
neglected, although its importance is evident, as discussed
by [Shuttleworth et al., 1984; Mahrt, 1991, 1998; Vickers
and Mahrt, 1997; McNaughton and Laubach, 2000], among
others. It is a complex problem and contains several
uncertainties associated with the nature of turbulence itself
[Lumley and Panofsky, 1964; Wyngaard, 1992; McNaugh-
ton and Laubach, 2000]. This can be aggravated when
measurements are made under certain peculiar conditions,
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such as on towers or aircrafts, over complex surfaces, or
under transient conditions [Mahrt, 1998], in the context of
disturbed surface layers [McNaughton and Laubach, 2000]
or disturbed wet tropical boundary layers [Garstang and
Fitzjarrald, 1999]. Two main sources of imprecision in
turbulent flux estimation could be stressed: the first one is
result of the errors associated with the measurements
themselves, and the second comes from the way in which
eddy-correlation method is used. In this work we discuss the
second aspect of the problem, by investigating questions
related to the measurement of turbulent fluxes under non-
stationary conditions or over nonhomogeneous surfaces and
the dependence of flux calculations on the choice of cutoff
frequency (or averaging period) used.
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Figure 1. Fourier power spectra of vertical wind velocity
component (w, solid line) and virtual temperature (7, dotted
line) at arbitrary units, measured from 1000 to 1200 UT
(local time), on day 98, over Rebio Jaru forest.

[3] This imprecision in flux estimation appears when the
power spectra of turbulent variables, such as w (vertical
wind velocity) sampled at 1-hour scale does not show a
clear spectral gap (see Figure 1). This problem was dis-
cussed by Lumley and Panofsky [1964, p. 45], on their
classical study about atmospheric turbulence structure. They
have identified scenarios where the autocorrelation function
does not tend to zero with time, in such a way that the
determination of integral scales sometimes becomes a
particularly difficult task. It is evident that turbulent signals
under such conditions leads to difficulties in defining
correct averaging periods and fluctuations [Hildebrand,
1991; Mahrt, 1998]. Two major objections could be raised
against the current practice concerning the validity of the
stationarity and horizontal homogeneity hypotheses of
the atmospheric boundary layer (ABL) turbulent fields.
The first one results from the fact that the power spectra
of turbulent fluctuations extend to large scales of motion,
such as mesoscale ones, whose existence is connected to
perturbations introduced by low-frequency motions
[McNaughton and Laubach, 2000]. The computed turbu-
lence variables are strongly dependent on the sampling
period used. The second complication is associated with
the factors regarding the variability imposed on the flow by
external forcing such as the roughness of the terrain
[McNaughton and Laubach, 2000], the existence of com-
plex distributions of sources or sinks of scalars at the
surface [Brutsaert, 1998], the effects originating from the
top of the ABL [Mahrt, 1991], and so on.

[4] Sun et al. [1996], based on the characteristics of scale
dependence, proposed partitioning the total flux into turbu-
lent, large-eddy, and mesoscale fluxes due to motions on
scales smaller than 1 km, between 1 and 5 km, and greater
than 5 km, respectively. In order to explain these scale
dependent characteristics of flux, McNaughton and Lau-
bach [2000] proposed a different three-class scheme, based
on the attempts of Kader and Yaglom [1990] to generalize
the classical Monin-Obukhov Similarity Theory (MOST).
According to McNaughton and Laubach [2000], three
different scaling regimes could act on the surface layer
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turbulent exchanges: an inner-layer scaling (ILS), an outer-
layer scaling (OLS) and a combined scaling (CS). Each one
of these regimes would explain the characteristics of turbu-
lent power spectra and cospectra in specific regions and
their classification depends on height and frequency. The
OLS components are associated with “inactive” turbulence
and ILS components with “active” turbulence in the sense
proposed by Townsend’s hypothesis about turbulence
atmospheric structure [7Townsend, 1976]. Further, according
to McNaughton and Laubach [2000], if the power spectra of
active and inactive components of turbulence were sepa-
rated by a spectral gap, there would be no interactions
between the components. On the other hand, if there is no
obvious spectral gap, there would be a matching region with
a slope of —1 and an absence of —5/3 power law (for u, v,
and scalar variables, but not for w-wind velocity compo-
nent) corresponding to the CS region. Williams et al. [1996]
in their study about flux airborne measures in the intertrop-
ical convergence zone ABL have presented detectable basic
structural differences between eddies containing the high
and low wave number fluxes. The turbulent characteristics
associated with the higher wave numbers show more
coherent and repeatable behavior than the ones associated
with low wave numbers. This is because the low frequency
is not only controlled by the atmospheric boundary layer
similarity parameters, but also by phenomena that are
generated outside of the boundary layer environment.

[s] Each one of these classes should have a specific
parameterization to represent the subgrid fluxes in models
of simulations of ABL. This is particularly difficult for large
eddies and mesoscale motions situations. Other class-sepa-
ration criteria have also been proposed. Howell and Mahrt
[1994] also studied the scale dependence of surface fluxes.
Using the Haar wavelet transform they decompose the
turbulent signals into 4 classes, the three cited above, and
a “fine scale” class, corresponding to very small-scale
motions, with nearly isotropic characteristics.

[6] The classes established by Sun et al. [1996] and
Williams et al. [1996] refer to tropical oceanic boundary
layer that in some specific situations (in the vicinity of large
cloud cluster systems, for example) do not show a clear gap
in the power spectra [Williams et al., 1996] and are similar
to the ABL over Amazon rain forest during the wet-season
[Garstang and Fitzjarrald, 1999]. According to Garstang
and Fitzjarrald, as in the tropical marine boundary layer, the
tropical wet season ABL above the rain forest could be
characterized as a disturbed state of the boundary layer,
which presents peculiar inter-scale links properties. It has
qualitatively different characteristics than that observed in
undisturbed boundary layers and exhibits some peculiar
tropospheric phenomena, such as outflows, which play
important role on vertical flux transport and in defining
vertical exchange processes time-scales. Under these con-
ditions, it is hard to characterize an upper limit to the ABL,
whose thermodynamic characteristics are strictly associated
with the nature of the convection in the humid troposphere.
It is important to mention that the exchanges of heat and
moisture on the top of ABL also appear to influence the
variability of turbulent scalar variables measured at the
surface [Mahrt, 1991; Williams et al., 1996; Garstang and
Fitzjarrald, 1999]. Mahrt [1991] showed that, depending on
the ABL moisture regime, different characteristic scales of
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potential virtual temperature and humidity are present in
some turbulent processes close to the surface.

[7]1 Even disregarding the influence of the top of ABL, at
least four physically distinct factors may contribute to the
variability of measurements at surface: (1) local circulation
induced by horizontal heterogeneity of the terrain [Mahrt
et al., 1994], which is expected to exist in Rebio Jaru site
(this study) due the existence of “fish-bone pattern” strips of
alternating forested/deforested areas surrounding the reserve
and also due to the wavy pattern of the vegetated crown top;
(2) contribution from updrafts and downdrafts to surface
fluxes, associated with the very strong convective activity
present in Amazonia [Garstang and Fitzjarrald, 1999];
(3) contributions from coherent structures in turbulent flow,
with specific characteristics over vegetated covers, partic-
ularly in scalar fluxes [Collineau and Brunet, 1993; Gao and
Li, 1993; Brunet and Irvine, 2000]; (4) the effects of slow
wind direction and wind strength variation on scalar trans-
port processes near the ground [McNaughton and Laubach,
2000]. The last variations are identified with the concept of
“inactive” turbulence [Townsend, 1976].

[8] These factors can result in important contributions to
the total fluxes by low frequency eddy motions, as reported
by Sakai [2000]. The author found that for a summer-time
signal, obtained above a midlatitude deciduous forest in
Canada, large eddies with periods ranging from 4 to 30 min
might contribute about 17% to total surface fluxes of heat,
water vapor and CO,. It is likely that these contributions
would not be taken into account if the fluxes were calcu-
lated by the currently popular averaging-periods procedures.
This is because these usual sampling time intervals are too
short to resolve the larger eddies present in the flow [Mahrt,
1998]. Sakai [2000] has also found that short-averaging
periods might underestimate daytime CO, fluxes at standard
towers by 10—40%, depending on wind speed conditions.

[o] In this work we analyze turbulent data measured at
Amazon rain forest during LBA 1999 wet-season campaign
and during 2000 dry season period. The measuring heights,
62 m and 67 m, are likely to be in a surface transition
sublayer. During daytime, low-frequency contributions to
eddy-correlation turbulent fluxes were often present. We
apply wavelet transform to project the data on scales and
calculate scale covariances similar to the ones used by
Howell and Mahrt [1994] and Katul and Parlange [1994].
We use the Daubechies-8 wavelet [Daubechies, 1992] to
decompose turbulent signals of vertical wind velocity (w),
virtual temperature (7), and humidity (¢) and CO, concen-
tration (c). In spite of some restrictions concerning the
feasibility of its applications [Treviio and Andreas, 1996],
wavelet analysis is a powerful tool to analyze turbulent
signals [Farge, 1992; Katul and Parlange, 1994]. Using
the scale-projected signals, we then identify and partition the
fluxes in the Amazonian atmospheric boundary layer.

2. Site Description and Deployed Instruments

[10] During the 1999 Wet Season in Amazonia, several
activities of the LBA Project (Large Scale Biosphere-
Atmosphere Experiment in Amazonia) took place at the
biological reserve of Jaru (Rebio Jaru), located about
100 km North of Ji-Parana, Rondonia, Brazil [Silva Dias
et al., 2002]. Rebio Jaru is a ferra firme forest reserve
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owned by the Brazilian Environmental Protection Agency
(IBAMA). In the predominant wind direction (moving
clockwise from the north west to south-south east), the
fetch condition is mainly of an undisturbed forest for tens of
kilometers. However, in the other directions, it is much less
(about 800 m). The Ji-Parana River forms the western
boundary of the reserve. On the other side of the river the
rain forest has been progressively cleared during the last
25 years. The cleared region has a very peculiar fish-bone
pattern, which alternate patches of forest and of degraded
land, and extends several kilometers to the south.

[11] In the Rebio Jaru reserve, canopy has a mean height
of 35 m; however, some of the higher tree branches
have heights up to 45 m. Andreae et al. [2002] give
details of vegetation at this site. At the end of 1998, a
new 60 m tall micrometeorological tower was built at this
site (10° 4.706'S; 61° 56.027'W, at the height of 145 m
A.S.L.), within the collaboration of two subprojects: LBA/
WETAMC (first LBA major wet season Atmospheric Mes-
oscale Campaign [Silva Dias et al., 2002]) and LBA/
EUSTACH (European Studies on Trace Gases and Atmos-
pheric Chemistry [Andreae et al., 2002]). An extra mast of
7 m was built later at the top of this tower.

[12] Two data sets were used on this work. The first one
(data set A) is composed by wind velocity, temperature,
humidity and CO, concentration measurements made
between days 93 (3 April) and 98 (8 April) of 1999, and
between days 234 (21 August) and 244 (31 August) of
2000, with a 3-D sonic anemometer (Solent A1012R, Gill
Instruments), together with an infrared gas analyzer (LI-
6262, LICOR Inc.), both recording data at a sampling rate
of 10.4 Hz. These sensors were installed approximately
20 cm apart from each other. This data were obtained at
the height of 62.7 m, and is part of long term measurements
of surface fluxes supported by the LBA/EUSTACH project.
The second data set (B) is composed by turbulent data
collected from day 31 (31 January) to 60 (1 March) of 1999,
during WETAMC campaign, with a different 3-D sonic
anemometer (CSAT3, Campbell Scientific Inc.) installed at
the height of 67 m above the forest floor, measuring at a
sampling rate of 16 Hz. No humidity or CO, concentration
measurements were available during this period of data set
B. The sonic anemometers measure the three wind velocity
components (i, v, w) and virtual air temperature (7,), and
the IRGA measures the concentration of water vapor (¢) and
CO; (c) in the air. Data quality control was done using the
QC pack software of Vickers and Mahrt [1997]. Records
with bad data points, instrument dropouts, poor resolution
and abrupt changes are flagged and then examined visually.
Bad data records were not used in the analysis.

3. Scale Variability Analysis Theoretical Elements

3.1. Determination of Power Spectra and Cospectra
Low-Frequency Ends of the Turbulent Variables

[13] The Fourier energy spectrum has been one of the
most familiar techniques for analysis of signals. Indeed,
many of the traditional methods work in the Fourier space
most of the time. The Fourier energy spectrum E(k) of the
real function f(x) is defined by

E(k) =|f*(k) P k>0 (1)
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where f*(k) is the Fourier transform, given by

+00 )
\ F(x)e ™ dx (2)

—00

1) =

[14] The so-called ‘“‘spectral gap” usually appears in
power spectra of turbulent variables measured at middle
and high latitude sites over uniform terrain and provides the
necessary information about a good choice of the sampling
segment size (time duration of measurements to flux deter-
mination). It also gives information on the temporal scale
where the variables should be decomposed into mean and
fluctuation parts. Although it is broadly accepted that the
spectral gap exists, at least in a statistical sense, on temporal
scales close to 1 hour [Lumley and Panofsky, 1964; Stull,
1988], there are situations when is hard to observe a clear
gap, in intervals up to hundred of minutes [Sun et al., 1996;
Williams et al., 1996; Mahrt, 1998; McNaughton and
Laubach, 2000].

[15] Most of the power spectra observed over Rebio Jaru
with data measured during morning and afternoon times
show variance spread over a wide range of frequencies,
without any obvious spectral gaps, even when the sampling
sizes were increased to several hundreds of minutes. Figure 1
displays the power spectral density of vertical wind velocity
component and virtual temperature signals measured from
1000 to 1200 h (local time) on day 98. This difficulty in
determining a clear-cutoff frequency were observed both in
wet and dry season periods and motivated the authors to use
the methodology based on wavelet transforms, a mathemat-
ical tool which allows spectral analyses of nonstationary
data, to analyze the scale variability of surface fluxes over
this site.

3.2. Wavelet Transforms

[16] The wavelet transform (WT) is a powerful mathemat-
ical analysis tool, which permits an evolutionary spectral
study of turbulent atmospheric signals [Daubechies, 1992;
Farge, 1992]. WT is similar to, but an extension of Fourier
analysis. WT is computationally similar in principle to Fast
Fourier Transform (FFT). The FFT uses cosines, sines and
exponentials to represent a signal, and is most useful for
representing stationary functions. Since many 1-D and 2-D
signals display nonlinear, chaotic, intermittent or fractal
behavior, Fourier analysis is less suitable for analyzing such
signals. Wavelets offer a more adequate method to analyze
complex signals as they decompose such signals into con-
tributions of different scales as well as different locations.

[17] The following material is also discussed by Katul
and Parlange [1994] and the main points are presented here
for completeness.

[18] WT is classified under two broad categories: (1)
continuous WT, and (2) discrete WT. Daubechies [1992,
p. 7] further classifies the discrete WT as (1) redundant
discrete systems (also known as frames) and (2) orthonor-
mal wavelet expansions. For analysis of turbulence meas-
urements, discrete orthonormal WT is preferable since it is
suitable to provide nonredundant decomposition informa-
tion and it permits to obtain an inverse WT. The discrete
WT is the representation of a given signal /(f) € L*(R) using
a set of functions which are the scaled and shifted versions
of a single function y(7) € L*(R), called the mother wavelet.
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The function y(?) has to satisfy the admissibility condition
(/22 y(#)dt = 0) to be a wavelet.

[19] As shown by Daubechies [1992, p. 10], using a
logarithmic uniform spacing for the scale discretization with
increasingly coarser spatial resolution at larger scales, a
complete orthogonal wavelet basis can be constructed with

(m) _-m/2 y—jb0(181
W) =" (P, G)

where m and j are variable scale and position indices,
respectively, ao is the base of the dilation, by is the
translation length in units of ag', and (m) is used as a scale
index (not to be confused with power m). The simplest and
most efficient case for practical computations is the dyadic
arrangement (ao = 2 and by = 1). All scales along octaves 2"
and translations along 2" j contribute to the construction of
S () =f()) using
m=00 i=+00

D=3 S wmlgi—2m j, 4)

=1 i=—o0

where g"[i] is a discrete version of the continuous wavelet
y(?) at scale m, and the wavelet coefficients W "[i] are
obtained from the signal, by the following convolution

i=+00

Wl = > g™l - 21 (), (5)

i=—00
and they satisfy the conservation of energy condition
+00

> F(j)=

i

m=+00 i=+00

> Y (wmi)’ ©)

m=1 i=—00

[20] In general, the number of observations is finite and
the summations in the above equations do not extend to
infinity. If N = 2" is the number of observations (i.e., N is
an integer power of 2), the scale index m then varies from 1
to M = log,(N) and the position index at scale m varies from
1 to N x 27™. Note that this definition implies that as the
scale increases, the spatial resolution becomes much coarser
(e.g., at m = 1, we have N/2 coefficients, at m = 2 we have
N/4 coefficients, at m = M we have 1 coefficient).

[21] Just as the Fourier transform can be computed using
the Fast Fourier Transform (FFT), the discrete wavelet
transform can be computed using the fast filtering scheme
of Mallat [1989]. The wavelet coefficients are computed
using a pair of dyadic orthogonal filters called Quadrature
Mirror Filters (QMF), which are related to the mother
wavelet and the scaling functions. The QMF filter associ-
ated with the scaling function yields an approximate or
smoothed version of the original signal at successive
resolutions, while the output of the filter associated with
the wavelet gives the details of the signal. The outputs of
the approximation filter are cascaded to give the different
scales. The detail signals at stage m and location i are the
wavelet coefficients W “[i] (for more details, see Katul and
Parlange [1994]).

3.3. Wavelet Statistics

[22] Some statistical tools that utilize the wavelet coef-
ficients can be deduced for characterizing the contribution
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of different scales to the total variances and covariances of
turbulent signals. The variance of a signal f(7), in terms of
its wavelet coefficients, is deduced from (6) using

(wi)° ™)

where N is the number of observations (multiples of 2), M
is logy(N), m is the scale index, and i is the position
index. Assuming that the observations are sampled every
dy meters (or in the case of observations sampled at a fixed
point, with the flow passing through the sensors, one
can analyze in terms of timescales or use Taylor’s
hypothesis), the total energy 7z contained in scale R,, =
(2" dy) is given by

IZM M

Ty =N~ Z (W/ [1) (8)

This energy can be directly interpreted as the contribution
from scale R, to the total variance of the signal.

[23] Similarly, the covariance of two signals f;(¢) and f>(¢)
can be expressed as

m=M i=N

=N Yo ww,

m=1 i=1

Cov( f1,/2) 't )[l'} )

and scale contribution to total covariance can be analyzed
using

2’l4n

Cov'™ -l Z WSl

'(fi ) = (10)

4. Results and Discussion

[24] In order to project transient signals on selected
scales, the turbulence time series of data set A (B), were
divided into overlapping records of 131,072 (262,144) data
points, that correspond to approximately 3.5 (4.5) hours,
recovered from the data sets following a time step of 1 hour.
These record lengths were chosen to provide better analyses
of low frequency motions, and because under diurnal
conditions, turbulent signals seldom presented spectra or
cospectra low frequency end at scales larger than 2 to 3
hours. Each record of vertical wind velocity component (w),
virtual air temperature (7,), humidity (¢) and CO, concen-
tration (c) were then decomposed into 16 scales (15 scales,
in case of data set B), using the Daubechies-8 WT. This WT
is a discrete orthogonal wavelet and the cospectra based on
this kind of detail separation can be interpreted as fluxes
decomposed into values computed from moving averages
[Howell and Mahrt, 1997]. Since our interest is mainly on
the flux computation, the exact shape of the wavelet is not
very important. Various wavelets were examined and there
were very little differences in the scale variances and
covariances, a result similar to the one obtained by Katul
and Parlange [1994] for turbulent data measured at atmos-
pheric surface layer under several stability conditions. We
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have therefore chosen the Daubechies-8 wavelet as a com-
promise between very short abruptly changing wavelets,
like Haar, and smooth wavelets, such as Battle-Lemarie.

[25] Next, results and discussion are presented split in the
following parts: (1) low-frequency time series analyses and
range of validity Taylor’s hypothesis; (2) scale variance of
wind velocity w-component and scalars; (3) scale cova-
riance analyses providing useful information about momen-
tum and scalar turbulent fluxes; (4) separation of variances
and fluxes into classes; (5) scale similarity regarding scalar
fluxes and scale Bowen ratio analysis; (6) scale heat flux
and mean horizontal wind speed relationship.

4.1. Lower-Frequency Time Series Analyses and
Taylor’s Hypothesis Range of Validity

[26] To perform our scale variability analysis, we address
the range where Taylor’s hypothesis (TH) is valid. Taylor’s
frozen turbulence hypothesis can be used to convert from
timescales to length scales: the instruments installed on a
fixed point permit one to obtain time records of the
turbulent variables as the flow blows past the sensors with
an a mean wind speed (U ). Therefore, we can convert from
time increments to space increments using

y=(U) (11)

[27] To assess range of validity TH we used Wyngaard
and Clifford [1977] test (here referred to as WC) in which
the turbulent intensity 7, (= 0,/(U ), where o,, is the standard
deviation of the turbulent longitudinal wind velocity com-
ponent and (U) is the mean wind velocity which impacts
the measuring instrument) should not exceed 0.33.

[28] According to our data analysis, in almost all 4-hour
records the intensity of the turbulent signal /7, follows the
relation 7, < 0.33 and so WC test for TH holds, for most of
our data. The only situations in which WC test failed are
those in which the wind velocity, averaged on the 4-hour
period, was relatively small. These records were excluded
from the analysis. After excluding the records where WC
test fails, 23 records on wet season and 37 records on dry
season were available for analyses, in data set A and 82 day
time records in data set B.

4.2. Scale Variances

[29] To perform an analysis on the scale contributions of
different physical processes to total fluxes, the scale var-
iances of w, T, g and ¢, were calculated for data set A, using
(7), and then averaged during diurnal periods (9:00 to 17:00
h, L.T.). The first period, comprising days 93 to 98 of 1999,
is representative of late wet season, when the forest environ-
ment is likely to have higher soil moisture content and a
more intensive convective activity, compared to the dry
season. The second period analyzed uses days 234 to 244,
in the dry season of 2000. For comparison of scale varia-
bility, the energy contained in each scale (7x(m)) is nor-
malized by the total variance of the signal. The seasonal
variability of these spectral energy distributions, are shown
in Figures 2a and 2b. In the former, we present the scale
variances of w and of scalar variables during the wet season.
In the latter, we present the same variables, for the dry
season. The scales are presented as eddy length scales,
which were estimated using TH.
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Figure 2. (a) Scale variances of vertical wind velocity (w), virtual temperature (75,), and humidity (q)

and CO, concentrations (c), averaged during diurnal periods (0900 to 1700 UT), over Rebio Jaru forest,
for data collected from day 93 to 98 (wet season period). The error bars represent the 95% confidence
level. (b) Same as Figure 2a, but for averages from day 234 to 244 (dry season period).

[30] The main differences observed between the two
seasons are the following:

1. During dry season there are no significant differences
among the shape of scalar variance curves along the full
range of scales analyzed. Variances of 7, ¢ and ¢ show a
nearly exponential pattern growing from very small values
at small scales, to their largest values at mesoscale.

2. During the wet season period there are clear differ-
ences between scale variability of g-variance and of the
other scalars variances. While T,-variance and c-variance
show similar pattern as in the dry season, the g-variance
still presents pronounced energy in scales ranging from 10
to 1000 m, compared to larger scales, showing a nearly
linear growth.

3. Regarding the differences between the scale variance
of w in dry and wet seasons, we observe that the scale
variation patterns are similar during the two seasons, with
the same maximum-energy range scale. Nevertheless, w-
variances during dry season present a more pronounced peak
on scales ranging from 100 to 300 m than the during wet
season.

[31] These differences could be attributed to different
dominant eddy structures in the dry and wet seasons. The
investigation of the physical mechanisms which generate
different eddy structures in the ABL lead many authors to
propose physical criteria to characterize distinct atmospheric
boundary layer regimes. One classification of them was
proposed by LeMone [1976] and discussed by authors such
as Mahrt [1991] and Garstang and Fitzjarrald [1999, p.
178].

[32] As possible mechanisms responsible by the seasonal
var(q) differences we could take in consideration the
remarks of Mahrt [1991] about boundary layer regime
classes. As was demonstrated by him, within an unstable
boundary layer and a relatively weak surface evaporation
and drier air aloft, boundary layer top-down eddy motions
could transport dry air from the entrainment layer down to
the surface layer resulting in negative moisture skewness
values there. This is in spite of positive temperature and
vertical velocity skewness associated with warm moisture

updrafts in the same region. An opposite situation occurs
associated with greater surface evaporation regimes, where
moisture skewness is positive near the surface. To inves-
tigate the existence of such a mechanism in Amazon forest
ABL, we have calculated the scale skewness values of ¢
(S,) for wet and dry season periods. The skewness factor of
the scalar x at m-scale can be computed by

(m) {r°)

s =L (12)

(o)™

[33] Our results, presented in Figure 3, show clearly that,
in wet season, S, > 0 for all but three scales that, in dry
season, S, < 0 for all but two scales. However, two of the
scales in which §, > 0 for dry season and S, < 0 for wet
season are the smallest ones and the results in this range are
probably affected by very local phenomena related to

—@— wet season
—O— dry season

Skewness (q)

-1

0.1 1 10 100 1000 10000

Length scale (m)

Figure 3. Scale skewness factor of humidity signals (S,)
for the same periods as in Figure 2.
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(a) Scale covariance contribution to fluxes of sensible (H) and latent heat (A\E) averaged for

the same period as in Figure 2. Details are the same as in Figure 2. (b) Scale covariance contribution to
CO, fluxes, averaged for the same period as in Figure 2. Details are the same as in Figure 2.

physical roughness sublayer. It is also possible to observe
that the dispersion S, is more pronounced in wet season
comparatively to dry season. This higher dispersion in wet
season period is probably related to the more transient
character of the flow during this season. Figure 3 results
probably explain the differences between 7, and ¢ fields
arising from the humidity transport mechanisms proposed
by Mahrt [1991], consequent of the entrainment-drying
boundary layer or of boundary layer eddies which transport
warmer, drier air toward the surface, a mechanism pointed
out by Nicholls and Lemone [1980].

4.3. Scale Fluxes

[34] Scale covariance calculations of w and scalars (7, ¢
and ¢) from the wavelet coefficients were carried out to
assess the partial contribution of specific scales to the total
fluxes of energy and carbon. Figure 4a shows this scale
dependence for sensible (H ) and latent (\E) heat fluxes, and
Figure 4b, for CO, flux, averaged at the same periods as in
Figure 2. We will discuss some aspects of the high and low
frequency features of our results. On the smallest scales,
corresponding to the fully developed turbulence inertial
subrange, that should involve nearly isotropic motions, the
fluxes are very small, although different from zero. Under
certain conditions, anisotropy predominates in the lowest
scales and the contributions to turbulent fluxes in this
interval are not null. This has been analyzed by Katul et al.
[1997] who investigated situations where large-scale aniso-
tropy disturbs the inertial subrange isotropy. This could be
an explanation for our results. From 10 m toward larger
scales, the fluxes increase significantly, which shows a
strong turbulent transport contribution to the total turbulent
transport coming from this interval. Both sensible and latent
heat fluxes, as well as CO, flux, reach a maximum value at
scales close to 400 m (corresponding to timescales of
approximately 3 min), and then decrease to smaller values
at larger scales. The physical origins of these maximum-
energy eddies in such scale interval are most likely related to
convective processes which are typical of the Amazonian
tropical boundary layer. Coincidentally, Gu et al. [2001]

have recently presented evidences of cloud modulation of
solar irradiance in a Amazonian pasture (located not far
from our experimental site) associated with cloud gap
patterns whose long time fluctuations are of the order of
3 min, the same time-scale order that we have obtained in
our results. This modulation of irradiance may be respon-
sible for convective turbulence regimes during diurnal
unstable conditions over Amazonia. Based on the work of
Gu et al. [2001], we suggest that cloud gap effects represent
the more important source of w-TKE in the Amazon forest
(wet) convective boundary layer and this could explain, at
least in part, the physical origin of our 3 min energy-peaks.

[35] The general pattern of heat and CO, fluxes scale
dependence is very similar considering wet and dry season
periods. However, two seasonal differences are observed:
(1) one is related to the available energy partition between
sensible and latent heat flux (Figure 4a). During dry season
the H mean value increases and N\E mean value decreases
compared to mean values obtained during the wet season.
This is an expected result since the dominant hydrology
conditions during dry season lead to lower evapotranspira-
tion and higher sensible heat fluxes from the vegetation to
the atmosphere in this period, compared to wet season, in
Amazonian forest; (2) the second, related to different CO,
diurnal uptake from the atmosphere by forest vegetation in
wet and dry seasons, is clearly observed in Figure 4b. A
similar seasonal behavior of CO, diurnal fluxes was also
observed by Malhi et al. [1998], over an undisturbed forest
area in Central Amazonia. According to their measure-
ments, the diurnal CO, uptake by photosynthesis activity
is apparently constrained by water availability, and there-
fore, the soil water stress observed during dry season lead to
smaller CO, assimilation by vegetation. This kind of water
availability constraint is likely to diminish our diurnal CO,
flux measurements too.

[36] Although the largest amount of the energy and mass
fluxes occur on turbulent scales lower or of the order of the
w-spectral peak, larger scale eddy motions could generate
important contributions to the total fluxes, during wet and
dry seasons. According to our results, these low-frequency
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contributions to surface fluxes also show large variation
among the various investigated data records, as we can see
on Figures 4. This shows up by the estimated large sampling
errors that are observed in this figure, at largest scales region.

4.4. Variances and Fluxes Separated in Classes

[37] There is no consensus in the literature with respect to
categories in which the variances and fluxes might be
classified regarding their scale dependence. Among the
various classification schemes mentioned in our introduc-
tion, we will investigate two classification suggestions: the
three classes proposed by Sun et al. [1996] and the two
main classes proposed by Williams et al. [1996]. In this
section we will investigate the feasibility of application of
the above criteria. We will perform this based on the
available measured variables to choose an appropriate
classification scheme concerning scale dependence fluxes
in the Amazonian ABL.

[38] We propose to assess the more adequate classification
by both analyzing our earlier section results and investigat-
ing the scale dispersion of the flux calculations. To obtain
such scale dispersions we calculate a normalized standard
deviation of the scale flux (NSDF') by the expression:

1/2 /
var!/ ((w’x)(m))

NSDF,,) =
mean ((w’x’)(m)>

(13)

which is a ratio between the standard deviation of the
calculated m-scale flux for scalar x and the same variable
mean value. In Figures 5a and 5b we show estimations of
NSDF for sensible heat, latent heat and CO, fluxes at wet
and dry seasons, respectively.

[39] All the curves in both dry and wet seasons depict a
clearly two general categories pattern with respect to scale
variation of NSDF. In the first, associated with smaller
scales range, there is no important variation of NSDF along
the scales. In the second, associated with the larger scales,
there is a clear increase of NSDF with length scale. Despite
the fact that these shapes are the same for the two studied
periods, the threshold length scale separating the two NSDF
variability regimes in wet season is lesser than the one
obtained in the dry season. We also observe that in all
available situations, the curves for (wT') and (wgq) present a
very similar behavior, except for the largest scales analyzed.
However, this is not true for (wc) curve, whose two-regimes
threshold occurs at length scales smaller than the ones for
(wT') and (wgq).

[40] After Sun et al. [1996], the existence of three distinct
classes is suggested by the dependence of momentum flux
calculations on both the cutoff length scale and flux
averaging scale. As their measurements of momentum
flux are nearly independent of flux averaging scale until
scales close to 5 km, this threshold would separate the low-
frequency components in two classes: “large eddies” and
“mesoscale”. However, based only on scale scalar flux
behavior, a number of independent considerations from
authors such as Williams et al. [1996] all suggest only
one clear distinction isolating turbulent fluctuations from
larger-scale variations. Our results confirm the existence of
two main classes of scalar fluxes.
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Figure 5. Normalized m-scale standard deviations of
fluxes (NSDF') for wT,, wg and wc scale covariances,
calculated during the same periods as in Figure 2: (a) wet
season; (b) dry season.

[41] These results led us to consider that a two-classes
scheme for eddies containing fluxes is more appropriate to
explain scale scalar flux variability in Amazonia than the
Sun et al. [1996] three-classes scheme. Other aspects of the
flux scale dependence issue will be discussed after next
subsection.

[42] To provide quantitative information about the amount
of flux contained in these two turbulence-pattern classes,
we present Table 1. In this table we present the mean class
and total heat fluxes, Bowen ratio, CO, flux and variances
of w, Ty, q and ¢ averaged during the two periods of data
set A. About 28% of sensible heat and 27% of latent heat is
transported by motions in scales higher than 800 m, in the
wet season, and these percentages are even slightly higher
during dry season 29% and 30%, for sensible and latent
heat fluxes, respectively. For CO, fluxes, the results are
similar: 30% and 27% occur on large eddy motions, during
wet and dry season periods, respectively. These calcula-
tions do not provide a true climatology of fluxes, which
would require averaging over a much larger data set
including a wider range of conditions, but provide a simple
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Table 1. Partition of the Total Surface Flux Contribution From Each One of the Two Scale Ranges for the Wet and Dry Seasons

Wet Season Dry Season

Turbulent Mesoscale Total Turbulent Mesoscale Total
H (W/m?) 71.50 27.60 99.09 101.78 41.78 143.56
N\E (W/m?) 221.04 83.94 304.98 190.81 83.09 273.90
CO, flux (pmol/m?*/s) —11.30 —4.61 —15.90 —7.12 —2.67 —9.78
B (= H/\E) 0.32 0.33 0.32 0.53 0.50 0.52
var(w) (m?/s%) 0.24 0.04 0.28 0.36 0.06 0.42
var(T) (K?) 0.10 0.40 0.51 0.11 0.35 0.46
var(q) (g/kg?) 0.12 0.16 0.29 0.07 0.15 0.22
var(c) (pmol*/mol?®) 3.68 18.23 2191 2.50 14.48 16.98

summary of the scale dependence of fluxes over Rebio Jaru
forest. Our purpose here is to warn about the various
phenomena that can influence the exchange processes on
this disturbed ABL, as described by Garstang and Fitzjar-
rald [1999].

[43] An explanation of our results can be based on the
conclusions presented by McNaughton and Laubach [2000]
in their investigation about the consequences of the unstead-
iness of the wind field on the scalar fields. According to
them, the surface fluxes of temperature and humidity do
indeed vary in step with low-frequency variations in the
wind under certain nonhomogeneous surface conditions.
Theoretically, they showed, that these low-frequency varia-
tions of wind would affect the values of the eddy-diffusiv-
ities for temperature and humidity in different ways. It is
interesting to note that this kind of low-frequency wind
velocity variability and that dissimilarity between 7, and ¢
fluctuations was also observed in Rebio-Jaru turbulent
data. It is important also to keep in mind that our exper-
imental site is in a rain forest strip, which is surrounded by
deforested areas in a very peculiar “fish-bone” pattern.
Such a nonhomogeneous boundary condition could gener-
ate mesoscale circulations that would explain our low-
frequency scalar fluxes.

4.5. Temperature-Humidity Correlation and Bowen
Ratio Scale Dependence

[44] Studies about similarity or dissimilarity in the
potential temperature and humidity fields in the ABL are
well known [Moeng and Wyngaard, 1984; Hill, 1989] and
provide useful information about external forcings acting
on ABL borders. This is particularly interesting with
respect to entrainment zone influences on boundary layer
top and even on atmospheric surface layers [Mahrt, 1991].
The fact that under certain conditions, the structure of
moisture fluctuations in the boundary layer is different
from that of heat makes the comparison of the moisture
and heat statistics an useful tool to obtain some more
physical insight into the flux scale-dependence problem. In
this section we will investigate two related subjects: the
scale correlation coefficient between ¢ and 7, and the
scale relationship between sensible and latent heat fluxes
(Bowen ratio concept extended to a scale assessment). In
Figure 6 we present the scale correlation coefficient
between T, and ¢, n(Tq), plotted against its related length
scale, for dry and wet seasons. Observing these results, it
is clear that #(T,q) < 1 for all analyzed scales: (T,q) = 0
at the length scales of the order of 1 m and increases until
reach the 10 m length scale. This fast decrement of #(7,q)

curve for the smallest length scales close to 1 m is not
expected, since at these scales the ¢-7,, cospectrum should
behave as a —5/3 power law, rather than the much faster
“normal cospectra” decrease [Andreas, 1987], and there-
fore the r(T,q) should diminish only slowly with the
length scale. However, our result might be attributed to
the distance between the 7, and ¢ measuring probes (recall
that 7, is measured by sonic anemometer and ¢ is
measured by IRGA, whose structure device center and
inlet tube entrance separation is of the order of 20 cm). In
such scales, 7, and ¢ turbulent signals must present an
important phase-difference, what could justify the drastic
fall observed in correlation coefficient values. From the
scale of 10 m up to approximately 100 m, »(7,q) presents a
nearly constant value of approximately 0.7 in the dry-
season curve and of approximately 0.6 in the wet season
curve. For the length scales greater than 100 m, both (7,q)
curves fall down until cross the zero-axis at a length scale
of the order of 3 km. From this point, they become
negative. Starting from these results and based on the
findings of Hill [1989] and De Bruin et al. [1999], one
possible conclusion is that the atmospheric surface layer
Monin-Obukhov Similarity Theory (MOST) does not hold
for all investigated scale-ranges. We could formulate ten-
tative explanations for the above results: (1) For the scales
of the order of tens of meters, as the measurements were
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Figure 6. Scale correlation coefficient between virtual
temperature (7,) and humidity (g), averaged for the same

periods as in Figure 2. The error bars represent the 95%
confidence level.
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Figure 7. Ratio between scale sensible and latent heat
fluxes, for the same periods as in Figure 2.

performed in a transition roughness sublayer, we indeed
expect the failure of MOST [Raupach and Thom, 1981;
Fitzjarrald et al., 1990]. So it is not surprising to obtain
0 < r(Tyq) < 1 in that region. (2) Another argument is
based on the fact that there are topographically induced
eddying as well as convectively induced eddying over the
Rebio Jaru site. In this context, it would be useful for us to
keep in mind the propositions of McNaughton and Lau-
bach [2000] to explain the breakdown of MOST. As these
authors have shown, some boundary conditions could
introduce low-frequency wind speed fluctuations that gen-
erate dissimilarities between the eddy diffusivities for
temperature and humidity. However, a more adequate
explanation is that proposed by Mahrt [1991], concerning
different boundary layer moisture regimes and their con-
sequences for dissimilarity between 7y, and ¢ fluctuations
as we have already discussed in section 4.2.

[4s] Bowen ratio (3 = H/\E) is an important micro-
meteorological parameter that expresses how the surface
available energy is shared between sensible and latent heat
fluxes. Earlier investigations have already determined the
overall characteristics of Bowen ratio variability in Ama-
zon forest, such as studies by Sd et al. [1988]. According
to Sd et al. [1988], the mean hourly 3 calculated from
values from 0700 to 1600 h varies from 0.05 to 0.85. Such
results are not in opposition with our mean values shown
in Table 1. However, no systematic study has been carried
out to assess the scale variability of this ratio in Amazon
forest environment. From Figure 7 the shape of the scale
variability of H/\E mean values is quite similar for dry
and wet seasons and, as expected, the ratio is larger in the
former than in the latter period. Except for length scales
smaller than 10 m or larger than a few kilometers, the
scale 3 remains almost constant, around 0.3 during wet
season and 0.5 during dry season, for each one of the
investigated classes. The fact that 3 presents discrepant
values only at the edges of the investigated scale range
may be due to (1) at the smallest length scales, as the
fluxes are very small, the ratio between them can be
strongly influenced by errors. Additionally, the fact that
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T, and ¢ measurements were performed 20 cm apart from
each other can also introduce some errors there; (2) at the
largest scales, we do not expect r(7,q) to be statistically
robust and the physical processes which determine the heat
exchanges there are not related to inner boundary layer
processes, but to peculiar external forcings, as discussed
by Williams et al. [1996].

4.6. Scale Heat Flux and Mean Horizontal Wind Speed
Relationship

[46] In Figure 8 we present R,, (the ratio of scale w7,
covariance contributions of a specific eddy-pattern class to
total sensible heat flux) as a function of the mean horizontal
wind speed, (U), calculated from data set B (wet season
period only). It is interesting to observe that the R, becomes
more important as (U) enhances. The larger scale R,, show
a clear decrease with increasing (U). This seems to confirm
our suggestion that contributions to the total heat flux are
related to convective cloud gap patterns associated with
updrafts, since they probably drive the main TKE gener-
ation mechanism in such region. For the low-frequency
contributions, this would be attributed to the fact that the
lower the mean speed, the greater the relative importance of
the horizontal temperature gradient induced mesoscale
motions to the overall wind field configuration. Starting
from the assumption that these horizontal 7-gradient are
associated with fish-bone deforested strips and taking into
consideration that wind direction often changes above
Amazonian forest, a peculiar feature of the TKE generation
in equatorial regions [Garstang and Fitzjarrald, 1999], we
might expect important transient cellular motions under
such conditions. Malhi et al. [1998] have pointed out the
importance of distribution of wind directions in Amazonia,
particularly concerning CO, fluctuations. Some remarks of
Mahrt [1998] might support other possible arguments to
explain this results: (1) under weak large-scale flow and
significant surface heating, the velocity fluctuations may
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Figure 8. Ratio of sensible heat fluxes of two eddy-pattern
classes to total sensible heat flux (R,), as a function of
horizontal wind speed, calculated from day 31 to 60 over
Rebio Jaru forest. The ratios were separated by wind speed
classes and then averaged for each class. The standard errors
are also shown.
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more closely approach pure updraft and downdraft motions
and the special flow distortion effects under these situations
would enhance low frequency motions; (2) the existence of
stationary eddies, which could be attached to surface
heterogeneity elements or could be slowly moving with
weak winds.

5. Summary and Conclusions

[47] High frequency measurements (10.4 Hz, or 16 Hz)
of vertical wind velocity (w), virtual temperature (7),
humidity (¢) and CO, concentration (¢) of air, obtained
over Rebio Jaru tropical rain forest reservation, in south
west Amazonia, were projected into 15 scales using the
Daubechies-8 wavelet transform (WT). The relative con-
tributions of each scale to the total variances and cova-
riances were then assessed, and normalized scale standard
deviation of scalar fluxes were calculated. Based on this
information, two main flux scale-dependence classes have
been identified: (1) Turbulent scales, main scales of vertical
turbulent transport of mass and energy in the atmospheric
surface layer, ranging from the inertial subrange domain up
to scales on the order of 800 m (or 6.5 min); (2) Large
scale eddies, motions involving eddies of scales on the
order of or larger than the height of the ABL, involving
processes not expected to be controlled only by ABL
parameters.

[48] The variance of w shows most of turbulent kinetic
energy occurring on turbulent scales reaching a maximum
on scales close to 300 m and decreasing to very low values
on larger scales. Variances of T, g and ¢ show the higher
values at mesoscale, indicating a likely high influence of
mesoscale motions and convective systems that act on
amazonian ABL on these data. Scale skewness calculations
for humidity data were predominantly negative in dry
season and positive in wet season. This suggests that during
dry season top-down eddy motions could transport dry air
from the entrainment layer down to surface layer leading to
negative moisture skewness values, but this does not occur
during wet season.

[49] The largest amount of the sensible heat, latent heat
and CO, fluxes occur on turbulent length scales below or of
the order of the w-spectral peak scale. Larger scale eddy
motions could, however, generate important contributions to
the total fluxes. In addition, these low-frequency contribu-
tions to surface fluxes show large variation among the
several investigated data records, and can be either positive
or negative irrespectively of mean ABL gradient conditions.
About 30% of scalar fluxes were found to be transported by
motions on scales larger than 800 m, on both wet and dry
season studied periods.

[s0] We also performed scale calculations of the correla-
tion coefficients, r(7yq), between virtual temperature (7,)
and humidity (q). The results show that the turbulent fluctu-
ations pattern of 7, and ¢ are not similar, and #(7,q) < 1
for all analyzed scales.
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