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Abstract A nocturnal gravity wave was detected over a south-western Amazon forest dur-
ing the Large-Scale Biosphere–Atmosphere experiment in Amazonia (LBA) in the course
of the dry-to-wet season campaign on October 2002. The atmospheric surface layer was
stably stratified and had low turbulence activity, based on friction velocity values. How-
ever, the passage of the wave, an event with a period of about 180–300 s, caused negative
turbulent fluxes of carbon dioxide (CO2) and positive sensible heat fluxes, as measured by
the eddy-covariance system at 60 m (≈30 m above the tree tops). The evolution of vertical
profiles of air temperature, specific humidity and wind speed during the wave movement
revealed that cold and drier air occupied the sub-canopy space while high wind speeds were
measured above the vegetation. The analysis of wind speed and scalars high frequency data
was performed using the wavelet technique, which enables the decomposition of signals in
several frequencies allowed by the data sampling conditions. The results showed that the
time series of vertical velocity and air temperature were −90◦ out of phase during the pas-
sage of the wave, implying no direct vertical transport of heat. Similarly, the time series of
vertical velocity and CO2 concentration were 90◦ out of phase. The wave was not directly
associated with vertical fluxes of this variable but the mixing induced by its passage resulted
in significant exchanges in smaller scales as measured by the eddy-covariance system. The
phase differences between horizontal velocity and both air temperature and CO2 concen-
tration were, respectively, zero and 180◦, implying phase and anti-phase relationships. As
a result, the wave contributed to positive horizontal fluxes of heat and negative horizontal
fluxes of carbon dioxide. Such results have to be considered in nocturnal boundary-layer
surface-atmosphere exchange schemes for modelling purposes.
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1 Introduction

Atmospheric boundary-layer flow can be decomposed into three main components: the mean
flow, the turbulence field and waves. Although they all exist in combination, turbulence
accounts for most of the vertical surface-atmosphere scalar exchanges (Stull 1988). Atmo-
spheric gravity waves exist because of a stable density stratification of the atmosphere. As
important properties, we mention the capacity of such waves in transporting energy and
momentum from one region of the atmosphere to another and the capability of generating
turbulence during breaking processes (Meillier et al. 2008). Intermittent turbulence in the
stable boundary layer (SBL) is often associated with breaking gravity waves and is among
observed phenomena in the SBL that are responsible for intense vertical mixing at night
(Chimonas 1985; Finnigan 1988; Lee et al. 1996, 1997). These wave phenomena are ubiqui-
tous in the SBL and play an important role in exchange processes that are observed over forests
(Lee et al. 1996, 1997). Both above and within canopy vegetation, such canopy waves present
unique characteristics, such as short and monochromatic wave periods and low phase speed,
as compared with waves that originate in the upper boundary layer (Lee 1997). Fitzjarrald
and Moore (1990) reported motions that were associated with strong turbulent mixing and
exchange of scalars such as carbon dioxide (CO2) and water vapour during nights of stable
stratification over the Amazon forest. In that study, cloudiness periods were associated with
increased turbulent kinetic energy as a consequence of weakening of both radiative cooling
and stable stratification intensity. The authors also observed oscillations in the canopy layer
wind field that were related with an increase in wind speed above the forest and consequent
higher wind stress at the forest–atmosphere interface. An increase in turbulent activity fol-
lowing perturbations in net radiation was also observed over a pine forest for the same latitude
region by Cava et al. (2004).

The genesis of gravity waves over forests, also called canopy waves, has been attributed
to shear instabilities near the canopy top, specifically Kelvin-Helmholtz instabilities (Lee
1997; Hu et al. 2002). The instabilities occur near the inflection point in the vertical pro-
file of wind speed, generally located around the vegetation top (Garratt 1992). The wind
shear at this height reduces the Richardson number below the critical value of 0.25 and trig-
gers the instability (Lee et al. 1997; Lee 1997). Hu et al. (2002) proposed a four-stage life
cycle for a canopy wave that is triggered near the tree tops, and also proposed that coherent
structure phases, as sweeps and ejections, would be associated with one of the wave stages.
Apart from forest–atmosphere interface, gravity waves in the SBL have been investigated in
Antarctica (Rees et al. 2001) and over forest stands. The investigations of exchange processes
in the SBL have experienced a remarkable progress with the SABLES (Stable Atmospheric
Boundary Layer Experiment in Spain, as presented by Cuxart et al. (2000)), and CASES-99
(1999 Cooperative Atmosphere-Surface Exchange Study, presented in Blumen et al. (2001)
and Poulos et al. (2002)) experiments.

Intermittent periods of turbulence as well as wave-like motions were detected during the
CASES-99 experiment. Sun et al. (2002) used data from this experiment and described the
turbulence intermittency caused by the passage of a cold air density current during the night
of 18 October 1999. According to them, the fast-moving density current swept the surface
and produced strong turbulent mixing above and below the canopy. Sun et al. (2004) analysed
two wave-like motions that were detected during the same night and found that they were
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associated with thermal instability at the surface, when cold air was forced over warm air,
and a downward transport of momentum. Wavelet methods are often used in such studies
regarding gravity waves and turbulence interaction. Terradellas et al. (2005), using data from
the CASES-99 experiment, separated contributions to the vertical flux of heat for different
periods of oscillation. The events observed in the SBL produce a mixing of energy and sca-
lars (e.g. temperature and carbon dioxide) and contribute to vertical and horizontal fluxes at
time scales ranging from seconds to several minutes, as reported in Viana et al. (2009) for
the SABLES2006 (Stable Atmospheric Boundary Layer Experiment in Spain 2006) exper-
iment. Rees et al. (2001) reported the effects of two wave-like oscillations on the SBL over
Antarctica: a small amplitude wave associated with the main flow and a large amplitude
wave propogating 55◦ from the main wind direction. The second wave was hypothesized
to be associated with katabatic flows caused by local topography. In the current work, the
effects of a wave event that occurred over an Amazon forest site in Brazil are characterised
by analysing vertical profiles of scalars, as well as high frequency eddy-covariance data.
Wavelet methods are used to decompose the signals at several temporal scales in order to
determine the contribution of different frequencies to the vertical and horizontal fluxes of
heat and CO2.

2 Site and Data

The measurements were carried out at the Jaru Biological Reserve, located about 100 km
north of Ji-Paraná, in the Brazilian state of Rondônia. Kruijt et al. (2000) described this
ecosystem as an open tropical rain forest, with a leaf area index of approximately 4 m2 m−2.
The average tree height is 35 m, but some branches reach up to 45 m. The mean annual
rainfall is 1,600 mm (Gash et al. 1996) and the average air temperature (T ) was 25.4◦C for
2002. A 60-m tall micrometeorological tower was installed at approximately 600 m from
the shore of Machado River (coordinates: 10◦4′42.36′′ S; 61◦56′1.62′′ W, at 145 m a.s.l.).
The tower location can be seen in the satellite picture in Fig. 1. Illegal logging resulted in
patches in the forest cover from the north-west to the north-east sectors. One of the “rules of
thumb” in micrometeorology requires that the fetch extends to at least 100 times the height
of measurement above the vegetation (Businger 1986; Garratt 1990). However, it has been
reported that even moderate stable stratification can cause this area to be much larger (Leclerc
and Thurtell 1990; Horst and Weil 1994). The eddy-covariance measurements during this
experiment were performed at ≈30 m above the mean canopy height, requiring a fetch of at
least 3 km (or more during nighttime). The deforested areas to the north and south-west cer-
tainly influenced the daytime and nighttime measurements, especially because the main wind
directions at the site are north–north-east and south, according to the wind rose histogram in
Fig. 2. The influence of these sectors on our results will be discussed in Sect. 4.1.

The data used in this work were obtained during the Dry-to-Wet LBA1 campaign that took
place at several locations in the north-western Brazilian state of Rondônia from September to
November 2002. This forest was the location of two previous campaigns of the LBA project
and measurements were continuous until November 2002, when the tower was dismantled. A
description of the energy balance components and turbulent fluxes for this site were reported
in von Randow et al. (2004) and more recently in Zeri and Sá (2010), while the characteristics
of the convective boundary layer for this region were presented in Fisch et al. (2004). Other

1 Large-Scale Biosphere–Atmosphere Experiment in Amazonia, http://lba.cptec.inpe.br/lba.
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Fig. 1 Landsat 7 picture for 1 October 2002. Tower location is marked with the star

results and detailed site characteristics can be found in Kruijt et al. (2000), Andreae et al.
(2002), Silva Dias et al. (2002) and von Randow et al. (2002).

For the 2002 intensive campaign, the tower was equipped with an eddy-covariance system
installed at a height of 62.7 m. The system consisted of a three-dimensional sonic anemom-
eter (model Solent 1012R2, Gill Instruments, UK) and a closed path infra-red gas analyser
(IRGA) model LICOR 6262 (LICOR Inc., Nebraska, USA), both operating at 10.4 Hz. On
11 October 2002 an open path IRGA was added to the system, located close to the sonic ane-
mometer. Air pressure was measured at a height of 40 m using a barometer model PTB100A,
from Vaisala (Helsinki, Finland), and wind direction was assessed using a wind vane placed
at 60 m height (model W200P, Vector Instruments, UK). Measurements of wind speed were
made above and below the canopy using cup anemometers (model A100R, Vector Instru-
ments, UK) placed at heights of 15, 25, 35, 37, 39, 41, 44, 50 and 60 m. For air temperature
and relative humidity, thermohygrometers (model HMP35A, Vaisala, Helsinki, Finland) were
installed at the following heights: 3, 12, 22, 28, 33, 37, 42, 52 and 60 m. The vertical profiles
of wind speed, air temperature and relative humidity were averaged every minute. All the
other variables were averaged every 30 min.

3 Methodology

The Alteddy2 software was used to process the high frequency data and calculate the eddy-
covariance fluxes. The software was set up to apply a two-dimensional rotation to the coor-
dinate system so that the horizontal wind components were aligned with the main flow and

2 http://www.climatexchange.nl/projects/alteddy/index.htm.
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Fig. 2 Wind rose histogram for September–November 2002. Histogram calculated using bins of wind direc-
tion that were 22.5◦ wide and centred around the cardinal marks (N, NNE, NE, etc.)

the average vertical velocity is forced to zero (Kaimal and Finnigan 1994). The Schotanus
correction (Schotanus et al. 1983) was used to correct for the effects of humidity on the
temperature measured by the sonic anemometer. The Webb correction (Webb et al. 1980)
was applied to correct for the effects of air density on the measurements of the open path
IRGA. The time lags introduced by the transport of air from the closed-path IRGA inlet to
the analyser were determined and accounted for in each half-hour file before calculating the
covariances. Finally, high frequency losses in the fluxes caused by both transport through
the tubes and sensor separation were corrected according to Moore (1986). In addition, flags
based on the quality control proposed by Foken et al. (2004) were generated for each flux
every 30 min.

3.1 Wavelet Transform

The continuous wavelet transform is a tool used to decompose a time series into its frequency
components while keeping the information about their localisation in time (Daubechies 1992).
It is generally used to analyse non-periodic features of geophysical signals (Farge 1992;
Sá et al. 1998), specially characteristics of the turbulent flow and organised motions (coher-
ent structures) observed in the time series of scalars over vegetated surfaces (Collineau and
Brunet 1993a,b; Lu and Fitzjarrald 1994; Katul and Vidakovic 1998; von Randow et al. 2002;
Thomas and Foken 2005; Bolzan and Vieira 2006). The wavelet decomposition is obtained
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by calculating the convolution between the discrete time series xn with scaled and translated
versions of �, a function called the wavelet mother. A wavelet mother can be continuous or
discrete, must have zero mean and be localised both in time and in frequency. One example
of such a function is the Morlet wavelet, defined as:

�(η) = π−1/4eiω0ηe−η2/2, (1)

where η is the non-dimensional time parameter and ω0 is the non-dimensional frequency.
Other kinds of wavelet functions and their characteristics can be found in Torrence and
Compo (1998). The Morlet function was used in our study given its correct identification of
spectral characteristics of known features of artificial time series on the turbulence production
frequency range (Thomas and Foken 2005). After choosing the wavelet function, the wavelet
transform is defined as:

W (t, a) = 1√
a

∞∫

−∞
x(τ )�∗

(
τ − t

a

)
dτ (2)

where t is the time, a is the scale parameter, τ is the integration variable that displaces the
scaled versions of the wavelet mother along the time series xn and (*) denotes the complex
conjugate. The wavelet technique can also be applied to a pair of time series x and y so that
their common variability in frequency and time can be determined by the wavelet cross spec-
trum, calculated as Wxy = Wx W ∗

y . The absolute value of Wxy is the cross-wavelet power,
proportional to the covariance between the two time series, and the complex part of Wxy

gives information about the phase difference between x and y (Grinsted et al. 2004). The
results presented herein were corrected according to Liu et al. (2007), who demonstrated that
the wavelet power spectrum should be divided by the scale coefficient so that it becomes
physically consistent and unbiased.

4 Results

4.1 Wave Event and Influence on the Turbulent Fluxes and Vertical Profiles of Scalars

The wave event was observed on 21 October 2002 between 0400 and 0430 local time (0800
and 0830 UTC). The impact on the high frequency data of wind velocity, temperature and
carbon dioxide (measured at 62.7 m) can be seen in Fig. 3. The wave had a period of approx-
imately 300 s, lasted on the recorded data for 20–25 min, and had the strongest impact on the
signals of vertical velocity (w) and CO2 concentration (c). The changes in c between peaks
and valleys of the wave were approximately 50 ppm, associated with peaks and valleys in
vertical velocity. The valleys in w preceded in some minutes strong decreases in c, while the
peaks in w caused strong increases in c. Although delayed in time, the relationship between
these variables affected the vertical fluxes of carbon dioxide, which is further discussed in
Sect. 4.2.

Rawinsonde data from a balloon released 5 km from the tower were analysed in order to
study the surface-layer state during the wave passage (Fig. 4). The vertical profile of wind
speed (panel a) reveals the presence of a moderate low-level jet (LLJ) at approximately 400
m, denoted by the maximum velocity at this height. This result is in agreement with the
observations of Prabha et al. (2008), who reported a relationship between moderate LLJs
and enhanced turbulence activity at the surface as a consequence of the top-down induced
mixing process above the LLJ height. The enhanced wind shear caused the wind direction
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Fig. 3 Time series of the high frequency data during the wave event: a longitudinal wind velocity compo-
nent, b transversal wind velocity component, c vertical wind velocity component, d air temperature, e CO2
concentration, c. Wind coordinate system rotated according to a two-dimensional scheme (u aligned with the
main wind direction and w forced to zero). Frequencies below ≈1 Hz removed in order to eliminate spikes and
for clarity in the plots. Frequencies corresponding to periods of ≈800 s or more were also removed, because
30 min of data would not be enough to record a significant number of events in that scale. All filtering done
using the discrete wavelet transform

to steer to the north-east in the lowest 200 m compared to northern winds at higher levels
(Fig. 4b). The lowest 200 m were also characterized by strong thermal stratification caused
by radiative cooling at the surface, as can be seen in the vertical profile of equivalent potential
temperature, θe (Fig. 4c). Given that this variable aggregates the effects of moisture, the curve
in Fig. 4c indicates that the surface was colder and drier than the higher levels after the wave
passage.

Several meteorological variables were plotted in Fig. 5 in order to further investigate the
surface-layer conditions before and after the wave event. The wave occurrence is marked
with the thin red vertical bar, when the surface-layer had low wind speeds (panel a), westerly
winds (panel b), and decreasing air temperature (panel d). In order to understand what hap-
pened in this period, it would be helpful to describe the events marked with thick bars to
the right and left (green and yellow). The green bar marks the interval from 1430 to 1630
local time on the same day when the wave was observed. This period was characterized by a
strong burst in wind speed (panel a) and a sudden change in wind direction (panel b), a sharp
decrease in both equivalent potential temperature, θe, and air temperature (panels c and d),
a rapid increase followed by a decrease in mixing ratio (panel e) and precipitation (panel f).
Events with similar characteristics were reported before by Garstang et al. (1998) (and ref-
erences therein) for the central Amazon region. These disturbances were attributed to strong
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downbursts associated with travelling convective storms. Descending air from clouds above
reaches the surface and is converted by inertia into horizontal motion with air spreading over
a region of several hectares. This descending motion has different values of air temperature
and humidity, causing fast changes in those meteorological variables as it mixes with the
air close to the surface. Strong downbursts with similar characteristics were also observed
by Nogueira et al. (2006) for the Caxiuanã Amazonian forest site. The mixing caused by
these events was associated with up to 50% of the vertical turbulent transport of heat during
nighttime.

The yellow bars after midnight in Fig. 5 mark a period 4 h before the wave occurrence;
this period is referred to as the weak downburst due to its lower impact on the variables.
This downburst was associated with the highest wind speeds during the night of the event,
while wind direction was the same compared to the daytime event, θe fell steadily, air tem-
perature increased and the mixing ratio decreased. The differences compared to the daytime
downburst were the increase in air temperature and the absence of rain. The increase in
air temperature reveals that this motion brought warmer air to the surface, which is consis-
tent with the vertical profile of air temperature derived from the rawinsounding data (not
shown). The decrease in θe (panel c) was caused by the decrease in the mixing ratio (panel
e), which is used in the calculation of θe. According to the site picture in Fig. 1, the area
surrounding the tower had several bare patches in the forest cover, which could have contrib-
uted to the more rapid cooling of the overlaying air and consequent onset of density currents.
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Fig. 5 Meteorological variables for 20–21 October 2002: a wind speed, b wind direction, c equivalent
potential temperature, d air temperature, e mixing ratio, and f precipitation. Data in left panels are averaged
every minute; data in right panels are averaged every 30 min

Simultaneous measurements in multiple towers would be required in order to confirm whether
air that occupied the canopy space during the wave occurrence was associated with deforested
areas surrounding the tower.

The impact of the wave on the vertical fluxes and other variables can be seen in Fig. 6,
where the event occurrence is marked with a vertical arrow on panel a. The concentration of
CO2 peaked simultaneously with the wave, implying that the passage of the event mixed the
surface-layer, bringing to the flux sensor placed above the canopy the carbon dioxide accu-
mulated below the vegetation during nighttime. The flux of CO2 (FC , panel b) was negative
at the time of the wave, caused by the combination of the turbulence generated by the oscil-
latory motion and the vertical gradient of CO2. There were no measurements of the vertical
profile of c in the 2002 campaign, but from the evolution of c in panel a and the vertical flux
in panel b we speculate that the air transported by the wave had a higher concentration of
carbon dioxide than the air below the sensor, contributing then to the downward CO2 flux.

The vertical motions induced by turbulence carried CO2-enriched air downwards or CO2-
depleted air upwards, resulting in negative fluxes of CO2. Conversely, the sensible heat flux
(H) and latent heat flux (L E) (panel b) were positive, indicating that the air moving over
the tower was colder and drier than the underlying air. The friction velocity u∗ (panel d)
peaked 2 h before the event and decreased after that, suggesting low values of the vertical
momentum flux. The wave affected not only the measurements above the canopy but also
disturbed the vertical profiles of scalars down to the forest floor. The effects of the passage
of this event on the vertical profiles of wind, temperature and specific humidity can be seen
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in Fig. 7. The data in this figure range from 30 min before to 30 min after the event, which
occurred between 0400 and 0430 local time.

The time–height cross-section of wind speed is shown in Fig. 7a. The highest wind speed
above the canopy was observed before (at 0330 and 0400) and after (0430) the wave event.
During the wave passage intermediate wind speeds were recorded at 1.7 h, where h is the
canopy height. The influence close to the canopy top (h ≈ 1) or lower was intermittent
and only related to the strong bursts at higher levels. The cross-section for air temperature in
Fig. 7b shows that cold air started to fill the canopy space before the wave event and continued
steadily during and after the oscillatory motion had passed. The cooling was only affected at
0400 and 0430, synchronous with the strong bursts of wind that penetrated the canopy upper
layer. The evolution of these two variables suggests that intermittent turbulence was associ-
ated with the wave evolution and contributed to the vertical exchanges of energy and mass.
This result supports the numerical study of Hu et al. (2002), which proposed the existence
of turbulent motions as ejections and sweeps near the canopy top during the passage of a
canopy wave.

The air that was moving above and below the vegetation was also drier than the canopy
air being displaced, as can be seen in the evolution of the specific humidity in Fig. 7c. The
canopy space started to be filled with drier air before the wave event but this process was
interrupted by the wind bursts at 0400 and 0430 and continued afterwards. This event is con-
sistent with the schematic view described by Sun et al. (2002) for a gravity current event that
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moves over the surface carrying mass and energy and initiating turbulent mixing in its path.
From the evolution of the cross-section of air temperature and specific humidity presented in
this work one can conclude that the gravity wave was associated with a mass of air sweeping
the surface and affecting the vertical profiles above and below the canopy. In the next sec-
tion the high frequency signals of horizontal and vertical velocity, air temperature and CO2

concentration are analysed in order to investigate how this event influenced the vertical and
horizontal fluxes of mass and energy.

4.2 Wavelet Analysis

Nocturnal fluxes associated with the passage of waves have been observed in other studies
(Fitzjarrald and Moore 1990; Lee et al. 1996; Cava et al. 2004). Wave-like motions were
observed to contribute to along-gradient or counter-gradient fluxes of CO2 and other scalars
depending on the phase relationship between these scalars and vertical velocity (Lee et al.
1997; Cava et al. 2004). In this section, the high frequency data shown in Fig. 3 were ana-
lysed in order to investigate the influence of the wave motion on the vertical and horizontal
turbulent fluxes. In the previous section it was shown (Fig. 6) that the vertical flux of CO2

was negative and H was positive during the passage of the wave. The processes that led to
these fluxes can be understood if one makes use of the cross-wavelet analysis. This technique
can be used to decompose the common power between two time series in several time scales,
or frequencies. A wave similar to that observed in this study would appear well defined in
one frequency band, separated from other phenomena with different time scales, such as
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Fig. 8 Time series of vertical velocity (a) and air temperature (b), and periodogram of cross-wavelet power
between w and T (c). The colour axis in (c) represents the cross-wavelet power. Arrows angle (trigonometric
convention) indicate the phase relationship, thick contour lines enclose regions that are statistically significant,
and light shaded regions mark the area where edge effects due to time-series limited size distort the results

turbulence, for instance. From the cross-wavelet output one can also derive the phase rela-
tionship between the two signals being analysed. For the specific case of gravity waves the
phase between the vertical velocity and temperature, for example, can determine if positive,
negative or zero vertical fluxes are associated with the event (Lu et al. 1983). Two time series
in phase (phase angle 0) or anti-phase (angle 180) result in positive or negative covariance,
respectively. The intermediate value of ±90◦ result in zero covariance, or flux, because the
peaks and valleys of the wave do not coincide.

The cross-wavelet analysis for vertical velocity and air temperature is shown in Fig. 8. The
signals are displayed in panels (a) and (b) and the cross-wavelet power is shown in panel (c).
The colour axis is proportional to the common power between the two time series and areas
enclosed in black contours are those with a higher significance. The arrows denote the phase
relationship between w and T following the trigonometric convention: the arrows pointing
right indicate zero phase angle while arrows pointing up or down indicate, respectively, 90◦
or −90◦ phase angle (out of phase). That was the case for the relationship between w and T
for the period of 180–300 s, the approximate period of the wave. The arrows in that region
indicate that the signals had a mean phase angle of −90◦, implying that the wave did not
contribute to the turbulent fluxes. However, the mixing caused by the passage of this event
resulted in turbulent fluxes at smaller scales (less than 1 min) that had in-phase or anti-phase
relationships, leading to negative or positive vertical fluxes. This result is in agreement with
the small values found for the sensible heat flux in Fig. 6c. A similar relationship was found
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Fig. 9 Same as Fig. 8, for vertical velocity and c

for the signals of w and c, as shown in Fig. 9. The mean phase angle for these variables for
the time scale around 240 s was of 90◦, suggesting no CO2 vertical flux associated with the
wave. Similarly to that observed for the sensible heat flux, the turbulent mixing caused by
the wave generated large fluxes of CO2 at time scales lower than 1 min.

According to the linear theory of gravity waves, the phase relationship between vertical
velocity and scalars is ±90◦, depending on the location where measurements are performed
(above or within the stand) or on the relationship between the wind speed and phase speed
(Lee 1997; Rees et al. 1998, 2001). Lee (1997) modelled the phase relationship between
w and T and found it to be approximately −90◦ above the canopy, where a negative value
indicates that the maximum in T precedes the maximum in w. That was the case for the
canopy wave described herein and also for the wave reported by Cava et al. (2004). Although
the wave was not related to the vertical fluxes of heat or carbon dioxide, the cross-wavelet
analysis between the horizontal velocity component and the signals of temperature and c
revealed large horizontal turbulent fluxes. These results are presented in Figs. 10 and 11, for
the pairs [u, c] and [u, T ], respectively. The horizontal velocity component u was in phase
with the temperature signal, resulting in positive turbulent transport of heat in the horizontal.
The signals of u and T were also in phase in the canopy waves described in Lee (1997)
and Cava et al. (2004). For u and c (Fig. 11) the mean phase angle was 180◦ at the scale of
180–300 s, implying negative horizontal turbulent fluxes.

The analysis of the fluctuations induced by the wave on the signals of T and c suggests
the occurrence of entrainment of air from higher levels of the nocturnal surface layer. The
vertical profile of temperature (Fig. 4) indicates the existence of a temperature inversion,
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Fig. 10 Same as Fig. 8, for wind speed and air temperature

i.e., the higher the altitude, the warmer the air. Conversely, c is expected to be higher close to
the surface given the existence of sources as plant and soil respiration. The departures from
the mean for air temperature and c during the passage of the wave were in opposite direc-
tions: positive departures in T were associated with negative departures in c and vice versa.
This combination suggests that the wave had two alternating stages: a downward motion that
carried warmer air from above (lower c) and an upward motion that carried cool air enriched
in carbon dioxide upwards. One would expect the vertical velocity pattern to be consistent
with this framework, but the relationship between w and scalars was more complicated given
that the changes in T and c preceded the changes in vertical velocity. The determination of
the three-dimensional structure of this event would require simultaneous measurements from
multiple towers and heights, similar to that done in other experiments that have investigated
the stable boundary layer (e.g. CASES-99). It should be noted that the measurements pre-
sented herein were made at a height ≈2 h, where the horizontal transport might be different
from that within the vegetation due to the decoupling of the flows above and below the can-
opy, which is frequently observed during stable stratification (Knohl et al. 2003; Froelich and
Schmid 2006). Indeed, according to the cross-section of the vertical profile of temperature
(Fig. 7b), the air below the canopy commenced cooling before the layer above the canopy.

In order to summarise these results, the cross-wavelet coefficients in Figs. 8–11 were
summed over 30 min, for each scale, and plotted versus the period, as shown in Fig. 12.
The flux associated with each pair of variables is proportional to the area under the curve,
similar to the cospectra generated from the traditional Fourier analysis. Areas above the zero
line indicate positive fluxes while areas below zero represent negative values. As expected,
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Fig. 11 Same as Fig. 8, for wind speed and c

the cospectra for the vertical heat flux and CO2 flux had positive and negative contributions
inside the range of the wave period (180–300 s). For FC (panel B), however, negative fluxes
also contributed below the time scale of 180 s, which explains the negative flux observed in
Fig. 6b. The horizontal fluxes of heat and CO2 were positive and negative, respectively, with
no significant contribution from smaller scales.

The passage of the wave had a large impact on the vertical and horizontal fluxes at this
site. These results help to describe the complexities associated with nocturnal flows under
stable stratification (Lee et al. 1996; Cuxart et al. 2000; Poulos et al. 2002; Sun et al. 2002,
2004). The turbulent and non-turbulent fluxes caused by the wave can be important if one
is interested in short-term experiments, in small-scale studies of the vertical profiles above
and below the canopy, or in modelling of the vertical exchanges for forest ecosystems. For
long-term calculations the impact of such fluxes would be small given that they are associated
with strong non-stationarity, i.e., periods when the time series statistic parameters change
abruptly over time. When annual balances for carbon or water are calculated, the stationarity
is used as a filtering criterion for defining periods of good data quality, which would certainly
exclude the data whose periods were associated with waves such as that described in this
work. However, if terrain conditions or the site location favour the periodic occurrence of
such events, then the inclusion of these fluxes in the annual balances would be recommended
as their contribution could be significant for an accurate balance calculation. Measurements
at the Jaru forest site during the experiment described herein was screened for other turbulent
periods that were associated with negative nighttime fluxes of CO2. However, only one had
similar characteristics to the event described here (wave-like pattern on the signals of wind
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Fig. 12 Wavelet cospectra for w and T (a), w and c (b), u and T (c), and u and c (d). The vertical lines
enclose the approximate period of the wave (180–300 s)

velocity and scalars) and the others contained periods of intermittent turbulence such as those
observed by Sun et al. (2004).

5 Conclusions

Data collected during an intensive experimental campaign of the LBA project in the south-
western Amazon forest in 2002, during the dry-to-wet transition from September to Novem-
ber, were used to investigate the influence of a gravity wave event on the vertical fluxes
estimations performed above the canopy. The wave was recorded on 21 October 2002 between
0400 and 0430 local time and influenced the vertical and horizontal fluxes. The event had a
period of 180–300 s and induced strong variability in the time series of vertical velocity and
CO2 concentration. Cross-wavelet analysis was used to characterise the phase relationship
between the signals of vertical and horizontal velocity and scalars as temperature and CO2

concentration. The signals of w and T were out of phase (−90◦), resulting in negligible ver-
tical heat flux (H) associated with the gravity wave. However, the turbulent mixing induced
by the oscillatory motion resulted in a small positive value of H in such situations. The
signals of w and c were also out of phase (90◦), but the turbulence induced by the passage
of the wave produced large negative flux. The passage of this event had a large impact on the
horizontal turbulent fluxes at this forest site. The signals of the horizontal velocity component
and temperature were in phase, resulting in large horizontal fluxes. The phase relationship
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between u and c was 180◦, producing a negative horizontal turbulent flux of CO2. This dem-
onstrates that wave-like motions can be responsible for significant turbulent exchanges in
the nocturnal surface layer over an Amazon forest site. The similarities between the wave
described in our study with those reported elsewhere suggest that oscillatory motions over
vegetated surfaces might have universal characteristics that are independent of forest type or
structure.
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