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Abstract. In a recent paper (Koga et al., 2007) it was shownby Sternberg et al. (1997) in two different forests in the
that the intermittent nature of solar wind turbulence can beAmazon basin during the dry season, one site character-
characterized by kurtosis and phase coherence index. In thiged by a closed canopy structure in which turbulent mixing
paper, we apply these two nonlinear time series techniques minimized and another site characterized by an open
to characterize the intermittent nature of atmospheric tur-canopy structure in which the turbulent mixing is maximized.
bulence above and within the Amazon forest canopy usingrhis analysis shows that the respiratory £f@cycling in

the day-time data of temperature and vertical wind veloc-the closed canopy forest with lower wind speeds is oc-
ity measured by amicrometeorological tower at two differ- curring to a greater extent than the open canopy forest
ent heights. By applying kurtosis and phase coherence indewith higher wind speeds. The vertical dispersion of trace
to quantify the degree of phase coherence, we identify argases using a Lagrangian approach was analyzed by Si-
enhanced scalar-velocity similarity for in-canopy turbulencemon et al. (2005) based on in-canopy turbulence data col-
compared to the above-canopy turbulence, during the interlected at Jaru and Cuieiras Reserves. This study indicates
val of data analysis. that for day-time conditions when there is an efficient tur-
bulent mixing in the upper canopy and profile gradients are
small, the radon-222 source/sink distributions show a high
sensitivity to small measurement errors and the, Gd

H>0O fluxes show a reasonable agreement with the eddy co-

. ) _ variance measurements made above the forest canopy, which
Amazon rain forest plays a key role in the regional and global,g .+ the case for night-time conditions when the GPo-

climate dynamics. One important problem for understand-ie gradients in the upper canopy are large due to reduced
ing the vegetation-atmosphere interactions in Amazonia i, ylent mixing.

the turbulent exchange of scalar and momentum in the atmo-
spheric boundary layer - above and within the forest canopy. The intermittent characteristics of atmospheric turbulence
Atmospheric turbulence in the Amazon forest has been in-above and within a forest canopy has been discussed by a
vestigated extensively. For example, Fitzjarrald et al. (1990)number of papers. For example, a review of turbulence in
performed detailed observations of turbulence just aboveplant canopies was written by Finnigan (2000) who noted
and below the crown of an Amazon forest during the wetan upsurge of interest in canopy turbulence sparked by the
season. This analysis shows that the forest canopy reneed to understand global biochemical cycles and their role
moves high-frequency turbulent fluctuations while passingin climate change. An analysis of fine-scale canopy turbu-
lower frequencies. A study of GQconcentration was made lence in an Amazon forest based on the generalized Tsal-
lis' thermostatistics theory was performed by Bolzan et
al. (2002). This investigation shows that the entropy param-

Correspondence toA. C.-L. Chian eterq from Tsallis’ non-extensive statistics, that controls the
BY (achian@dge.inpe.br) shape of the probability density function (PDF) of velocity
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has been developed for nonlinear space data analysis (Hada

[ ] | ] et al., 2003; Nariyuki and Hada, 2006; Koga et al., 2008).
6‘:: ] GEZZE&M‘M 'W The link between phase coherence, non-Gaussianity and in-
= ' el ] termittent turbulence was established by Koga et al. (2007),

| ] based on GEOTAIL magnetic field data upstream and down-

» ‘ » , stream of the Earth’s bow shock. The aim of this paper is
12:00:00 Loz 12:30:00 - 12:00:00 Loz 12:30:00 to apply the kurtosis (fourth-order structure function) and

: ‘ : ' phase coherence techniques to determine the intermittent na-
it 1 1 ture of day-time atmospheric turbulence above and within

% . % . the Amazon forest canopy. In particular, we show that both
5 > techniques are capable of characterizing the dissimilarity of
! T ] scalar and velocity in above-canopy and in-canopy atmo-
Ii.g(](]’l)(l 12:1‘5:00 12:30:00 lfﬂ)(}:l)l) IZ:IIS 00 12:30:00 Spherlc turbUIence
Local Time Local Time

Fig. 1. Time series of temperatuf® and vertical wind velocityw 2 Amazon forest canopy data

above the Amazon forest canopy (left panels) and within the Ama-

zon canopy (right panels), taken from noon to 12:30 on Julian DayA major atmospheric mesoscale campaign during the wet

068, 1999. season of the Large-Scale Biosphere-Atmosphere Experi-
ment in Amazonia (LBA) was carried out in January—March
1999 (Silva Dias et al., 2002). LBA is an international

and temperature differences, can be used to quantify the inProject led by Brazil designed to study: 1) the climato-
termittency buildup in atmospheric turbulent flows. Ramoslogical, ecological, biogeochemical, and hydrological func-
et al. (2004) extended the study of Bolzan et al. (2002) to in-tions of the Amazon region, 2) the impact of land uses
vestigate how the entropy parametevaries from above to  caused by deforestation, and 3) the interactions between
within the forest canopy, or when the atmosphere changeémazonia and the Earth system. As part of this cam-
from day/unstable to night/stable conditions. In addition, Paign, a micrometeorological tower was set up in a south-
it is shown that large-scale, ramp-like, coherent structuregvest Amazon basin at the Biological Reserve of Jaru (Re-
in the temperature fields affect the properties of the inertialbio Jaru: 1004'S, 6T56'W) in Rondnia State of Brazil;
subrange resulting in an increase of the temperature kurtowith instruments located at two different heights: above-
sis above the canopy. Using time series of turbulent velocitycanopy at 66 m and inside-canopy at 21 m, to make simul-
and scalar concentration collected in the atmosphere abovet@nheous measurements of eddy covariance and vertical pro-
temperate pine forest, Katul et al. (2006) demonstrated thafiles of air temperature, wind velocity, radiation and hu-
Tsallis' non-extensive thermostatistics provides a unifying midity. Three-dimensional wind velocity and air tempera-
framework to study two inter-connected problems: dissim-ture measurements were made at a sampling rate of 60 Hz,
ilarity between scalars and velocity statistics within the in- Using sonic anemometers and thermometers.

ertial subrange and contamination of internal intermittency In this paper we investigate the atmospheric turbulence
by external factors. This work indicates that the dissimilar- data taken from noon to 12:30 on Julian Day 068, when the
ity in statistics between velocity and scalars within the in- forest crown is heated by the solar radiation. A dataset of
ertial subrange is strongly dependent on external intermit108 000 points for temperature and vertical velocity is used
tency. Thomas et al. (2006) applied a Doppler-Sodar to obfor this analysis. During this period the top of the canopy
serve coherent structures in the roughness sublayer aboyg hotter than its surroundings, thus temperatures decrease
forest canopy, and found that the turbulent flow is a superdoth upwards towards the atmosphere above the canopy and

position of dynamic Kelvin-Helmholtz instabilities and con- downwards towards the ground surface, resulting in an un-
vective mixing. stably stratified atmosphere above the canopy and a stably

stratification region inside the canopy. Figure 1 shows the

In analytic modeling and numerical simulations of inter- ~ .~ . : . ;

. N . original time series of temperatuf and vertical wind ve-
mittent turbulence based on a set of deterministic equa‘uon%City w above and within the Amazon forest cano
in the absence of noise, it is naturally expected that the de- PY-

parture from Gaussianity is due to phase coherence related
to nonlinear interactions (Frisch, 1995). In contrast, the ob-
servational data of atmospheric turbulence is an admixture
of deterministic signal and stochastic noise. In such case, a
demonstration of finite phase coherence is required to ascer-
tain the nonlinear origin of non-Gaussian fluctuations. Re-
cently, a phase coherence technique based on surrogate data
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Fig. 2. Scale dependence of the normalized temperature-differencéig. 3. Scale dependence of the normalized temperature-difference
AT and the normalized vertical wind velocity-differenaev above AT and the normalized vertical wind velocity-differenaew

the Amazon forest canopy for three different time scates((15s, within the Amazon forest canopy for three different time scales
3.3sand 100s). (r=0.15s, 33s and 100s).

3 Intermittency and phase coherence in atmospheric

turbulence Figure 5 shows the corresponding PDFs inside the Amazon

forest canopy. It follows, from Figs. 4 and 5, that for both
Figures 2 and 3 show, respectively, the scale de_temperatur_e an_d v_erti(_:al wind velocity the PDF is clos_e to
pendence of the normalized temperature-differencelN® Gaussian distribution at large scaie=100s) but devi-
AT=(8T—<38T>)/or and the normalized vertical wind ates substantially from the Gaussian distribution as the scale
velocity-differenceAw = (Sw— < dw >)/o,, above and T decreases. At small scallezs:0.1.5§.and 3.35_,) the shape
within the Amazon forest canopy, respectively, for three of PDF becomes leptokurtic, exhibiting fat tails and sharp

different time scalest(= 0.15 s, 3.3 s and 100.0 s), where peaks. Figures 4 and 5 show that the tails of PDF get longer

Su = u(t + 1) — u(r) denotes the two-point difference and the peaks of PDF get sharper as the scale decreases.

of vertical wind velocityw or temperaturel’ for a given Intermittency can be quantified by calculat-
time scaler, the brackets denote the mean valuédwfand ing the variation of the normalized fourth-order
o, denotes the standard deviation &f. Evidently, the  structure function K  (kurtosis) with scale 7,
fluctuations in Figs. 2 and 3 become more intermittent as theX (t)=(1/n) Z;‘zl((aui—<8ui>)/ou)4—3. For an in-
scale becomes smaller. termittent signal K(r)>0 and K increases when scale

The intermittent characteristics of Amazon atmosphericdecreases; for a Gaussian noike0 for all scales. Top
turbulence can be elucidated by the probability density func-panels of Figs. 6 and 7 show the computed variatiork of
tion (PDF) of the temperature and vertical wind velocity with scale t for temperature and vertical wind velocity,
fluctuations. Figure 4 shows the PDF of the normalizedabove and inside the Amazon forest canopy, where the
temperature-differenc&T (right panels) and the normalized horizontal bar denotes the inertial subrange, approximately
vertical wind velocity-differenceAw (left panels) fluctua- from 0.15 s to 3.3s (Bolzan et al., 2002; Ramos et al.,
tions above the Amazon forest canopy for 3 different scale2004), estimated by the method of Kulkarni et al. (1999)
(r=0.15s, 3.3s and 100.0s, indicated by a, b and c, respeaising isotropy coefficient calculated by the Haar wavelet
tively, in Fig. 7), superposed by a Gaussian PDF (gray line) transform.
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Fig. 5. Probability density distribution (PDF) of the normalized
vertical wind velocity-differenceAw (left panels) and the normal-
ized temperature-differenc&T (right panels) fluctuations within
the Amazon forest canopy for three different time scate0(15 s,
3.3sand 100.05s), superposed by a Gaussian PDF (gray line).

Fig. 4. Probability density distribution (PDF) of the normalized
vertical wind velocity-differenceAw (left panels) and the normal-
ized temperature-differenc&T (right panels) fluctuations above
the Amazon forest canopy for three different scates)(15s, 3.3s
and 100.0 s), superposed by a Gaussian PDF (gray line).

An alternative way of quantifying intermittency is to ap- and phase coherence in turbulence. Left panels of Fig. 6
ply the phase coherence technique using surrogate data kghow that for all scales~35 s the in-canopy vertical velocity
defining a phase coherence index (Hada et al., 2003; Kog& more intermittent than the above-canopy vertical velocity.
etal., 2007, 2008’y (t)=(Sprs(T)—Sora(T))/(SPrRe(T) — Right panels of Fig. 6 show that for small scales outside the
Spcy(r)). This indexmeasures the degree of phase coherinertial subrange the in-canopy temperature is more intermit-
ence in an original data set (ORG) by comparing it with tent than the above-canopy temperature; whereas, for scales
two surrogate data sets created from the original data setwithin and greater than the inertial subrange the in-canopy
the phase-randomized surrogate (PRS) in which the phasasmperature is less intermittent than the above-canopy tem-
of the Fouriermodes are made completely random, and th@erature.
phase-correlated surrogate (PCS) in which the phases of the
Fourier modes are made completely equal. The power spec-
trum of three data sets ORG, PRS and PCS are kept the same,
but their phase distributions are different. Each length of4 Scalar-velocity dissimilarity in atmospheric intermit-
ORG, PRS and PCS data set ismeasured by the magnitude tentturbulence
of first-order structure functiofiy (t)=>"7_; |uj4+r—u;i|. An
average of over 100 realizations of the phase shuffling is perThe dissimilarity between temperature (scalar) and vertical
formed to generate the phase-randomized surrogate data setnd velocity (momentum) can be elucidated by Figs. 4, 5
Spry(1). Cy(7)=0 indicates that the phases of the scale$ and 7. Figure 4 shows that for scakes0.15 s and 3.3 s (a
the original data are completely random, wher€ggér)=1 and b in Fig. 7) the PDFs of temperature fluctuations have
indicates that the phases are completely correlated. Bottortonger tails and sharper peaks than the PDFs of vertical ve-
panels of Figs. 6 and 7 show the computed variatio@pf locity fluctuations, implying that at these scales tempera-
with scaler for temperature and vertical wind velocity above ture is more intermittent than vertical wind velocity above
and inside the Amazon forest canopy. the Amazon forest canopy. The scalar-velocity dissimilar-

Figure 6 confirms that both kurtosis and phase coherencéy above the canopy is clearly characterized by both kurtosis
index can be used to measure the degree of intermittencgnd phase coherence techniques in the left panels of Fig. 7,

Nonlin. Processes Geophys., 15, 5673 2008 www.nonlin-processes-geophys.net/15/567/2008/
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Fig. 6. Kurtosis and Phase Coherence Index of vertical wind veloc-Fig. 7. Kurtosis and Phase Coherence Index of vertical wind veloc-
ities (left panels) and temperatures (right panels) above and withirities and temperatures above (left panels) and within (right panels)
the Amazon forest canopy. Thick solid lines denote the in-canopythe Amazon forest canopy. Thick solid lines denote the in-canopy
vertical wind velocity, thin dash-dotted lines denote the above-vertical wind velocity, thin dash-dotted lines denote the above-
canopy Vvertical wind velocity, thick dashed lines denote the in- canopy vertical wind velocity, thick dashed lines denote the in-
canopy temperature, and thin dotted lines denote the above-canomanopy temperature, and thin dotted lines denote the above-canopy
temperature. The bar indicates the inertial subrange (approximatelyemperature. Letters a, b and c indicate scate®8.15s, 3.3s and
from t=0.15st0 3.3S). 100.05s, respectively. The bar indicates the inertial subrange (ap-
proximately fromr=0.15 s to 3.3 s).

which show that the above-canopy temperature is more inter- ' . _ '
mittent than vertical wind velocity for all scales<55 s. chaos and spatiotemporal chaos in fluids and plasmas (Chian

In contrast, the right panels of Fig. 7 show that the scalar—et_al'_’ 2006; Rempel and Chian, 2007; Rempel etal,, _2097)'
It is likely that phase coherence and chaotic synchronization

velocity dissimilarity of the in-canopy turbulence is greatl o
y y by g y are the origin of energy bursts and coherent structures of tur-

reduced. The scalar-velocity similarity inside the canopy isb | in th I h H d
evidenced in Fig. 5 which shows that, 50.15s the PDFs  PU'€Nce In the complex earth-ocean-space system (He an
Chian, 2003, 2005).

of temperature and vertical wind velocity have similar shar
P y P The turbulent exchange of mass and momentum from and

peaks and long-tail statistics. within canopies is dominated by coherent structures (Finni-
gan, 2000). Wesson et al. (2003) applied three nonlinear
time series technigues (Shannon entropy, wavelet threshold-
ing, and mutual information content) to contrast the level of

In this paper, we applied two different nonlinear techniques,organization in verti_cal wind velocity in the canopy sublayer
kurtosis and phase coherence index, to analyze day-time a@nd the atmospheric surface layer. In the present paper, we
mospheric data above and within an Amazon forest canopy{‘ave demonstrated that both kurtosis an(_j phase coherence
We showed that the scale dependence of kurtosis and phad@dex techniques are capable of characterizing the degree of
coherence index for vertical wind velocity and temperaturedeparture from Gaussianity, due to phase coherence, of at-
above and within canopy exhibit similar behaviors, as S,eermosphenc_mter_mlttent turbulence. The no_nllnea_r techniques
in Fig. 6. In particular, both techniques demonstrate a cleafiScussed in this paper can be applied to investigate the role
enhancement of scalar-velocity similarity for in-canopy tur- Played by coherent structures in experimental (Gao et al.,
bulence in comparison to its above-canopy counterpart, a$989; Barthlott et al., 2007), theoretical (Raupach, 1996;
seen in Fig. 7. Our results prove that the atmospheric inHarman and Finnigan, 2007), and large-eddy simulation (Su
termittent turbulence, above and within the Amazon forest€t @l., 1998; Qiu et al., 2008) studies of atmospheric turbu-
canopy, is generated by the phase coherence due to nonline/gnce in forest canopy, as well as in orchard canopy (Wang
wave-wave interactions. Turbulence consists of an admix£t al-, 1992; Stoughton et al., 2002), rice canopy (Gao et al.,
ture of chaos and noise. Recent studies have identified thé003), corn canopy (Yue etal., 2007; Zhu etal., 2007), cotton
chaotic nature of the solar-terrestrial environment (Macek,2nd grape canopies (Mitic et al., 1999), coral canopy (Rei-
1998; Chian et al., 2006) and the atmospheric turbulencélénbach et al., 2007), and urban canopy (Feigenwinter and
above the Amazon forest (Campanharo et al., 2008), which/09t: 2005; Salmond et al., 2005).

have been confirmed by computer simulations of temporal

5 Conclusions
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