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Abstract. This study applies acoustic sounding to observe coherent structures in the rough-
ness sublayer (RSL) above tall vegetated surfaces. Data were collected on 22 days during
two separate field experiments in summer 2003. A quality control scheme was developed to
ensure high data quality of the collected time series. The data analysis was done using both
discrete and continuous wavelet transform. The flow in the RSL was found to be a super-
position of dynamic Kelvin–Helmholtz instabilities and convective mixing. The characteris-
tic time scales for coherent structures resulting from the dynamic instabilities were observed
to be approximately 20–30 s while thermal eddies have much larger time scales of 190–210 s.
The degree of vertical coherency in the RSL increases with the flow evolving from neutral
to near-convective conditions. This increase in the degree of organisation is attributed to
the evolution of attached thermal eddies. The coherent structures resulting from instabilities
were found to be present throughout the RSL but do not contribute to the increased verti-
cal coherency. An alternative conceptual approach for the definition of the RSL is proposed,
which yields its maximum vertical extent to five times the canopy height.

Keywords: Acoustic sounding, Coherent structures, Turbulence, Vegetation, Wavelet trans-
form.

1. Introduction

The turbulent flow statistics above tall vegetation differ from those in the sur-
face layer above homogeneous surfaces and are largely controlled by coher-
ent structures. In the proximity to tall plant canopies, coherent structures
are an inherent part of the turbulent flow, which significantly contribute to
atmospheric turbulent fluxes and originate from the dynamical instabilities
of the inflected mean horizontal velocity profile (e. g. Raupach et al., 1996;
Finnigan, 2000). However, a recent study by Poggi et al. (2004) demonstrated
that dynamical instabilities are not the only mode of organised motion near
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canopies and that the effective spatial scales of coherent structures are a
superposition of multiple processes. The identification of the physical pro-
cesses determining the flow characteristics are crucial to obtaining a better
physical picture of the exchange of momentum, heat and matter between
the canopy and the atmosphere. Various definitions of coherent structures
can be found in the literature, depending on the time scale and the height
where they were observed. In this study we consider measurements made
above tall vegetation, where coherent structures become evident as aperiodic
ramp-like patterns in time series of scalar variables. In time series of vec-
tors they manifest themselves as more symmetric, triangle-like patterns. The
physical process of an individual event can be described as a slow upward
motion (ejection, burst) followed by a rapid downward motion (sweep, gust)
covering time scales from several seconds to a few minutes.

Coherent structures in and above tall vegetation have been observed by
many authors (Bergström and Högström, 1989; Gao et al., 1989; Raupach
et al., 1989; Paw et al., 1992; Lu and Fitzjarrald, 1994; Brunet and Irvine,
2000). Most data used in the literature were obtained using sonic ane-
mometers and fast response gas analysers providing data at high sam-
pling frequencies of several Hz. Despite the high temporal resolution, the
spatial resolution and representativeness of such data are often limited,
as the devices represent point measurements deployed on towers. In con-
trast, acoustic and radioacoustic sounding systems are commonly used to
obtain mean profiles of wind velocities and air temperature in the lower
atmospheric boundary layer. The mean profiles are commonly computed
by averaging individual soundings over a period of time commonly not
less than several minutes. However, the individual soundings can provide
time series with both high temporal resolution of several seconds and high
spatial resolution of several metres. Various authors have taken advantage
of the acoustic sounding technique to observing large coherent plumes in
the convective boundary layer (e. g. Hall et al., 1975; Taconet and Weill,
1982; Petenko and Bezverkhnii, 1999; Petenko et al., 2004). They found
evidence of large convective flow structures with characteristic durations
between 1 and 20 min within a vertical range of 60–550 m above the ground
using detection methods based on either visual, spectral or wavelet anal-
ysis. If one applies acoustic sounding in the proximity of a plant canopy
to observe coherent structures two questions arise, (i) Is the data qual-
ity of individual soundings sufficient as the acoustic backscatter intensity
largely varies with atmospheric stability? and (ii) Is the temporal resolution
of the time series sufficiently high for the observation of coherent structures
typically characterised by event durations smaller than those of convective
plumes? The data quality can be controlled through a proper selection of
(a) the sampling site, (b) the acoustic sounding frequency with a low inten-
sity of background noise, and (c) an efficient quality control to exclude
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inaccurate data due to the random nature of the backscattered acoustic sig-
nal (Spizzichino, 1974). The temporal resolution of the time series can be
increased by limiting the number of observed variables and of observation
heights.

This study uses spatial data obtained from a commercially available
acoustic sounding system to analyse coherent structures above tall vege-
tation. The data were collected during two individual field experiments in
Germany both conducted in the summer of 2003 with an overall number of
22 days of measurements. The objectives are (i) to demonstrate the applica-
bility of acoustic remote sensing for the observation of coherent structures
in the proximity to tall vegetation, and (ii) to obtain deeper insight into
the dynamics and driving processes of coherent structures in this part of
the atmospheric boundary layer.

2. Experimental Description

The datasets were obtained during the WAveLet Detection and Atmospheric
Turbulent Exchange Measurements (WALDATEM) 2003 and the Emis-
sion and CHemical (ECHO) transformation of biogenic volatile Organic
compounds field experiments. The objective of WALDATEM-2003 was
the extensive investigation of coherent structures and exchange processes
above a spruce forest through a combination of tower-based measurements
and ground-based acoustic remote sensing technique. The experiment was
conducted during May–July 2003 at the Fluxnet station Weidenbrunnen
Waldstein 775 m above sea level (a. s. l.) in the Fichtelgebirge mountains, Ger-
many (Figure 1a). The data were collected on 18 consecutive days, yielding
an overall 632 datasets each representing 25 min of continuous sounding.
The ECHO experiment aimed at a better understanding of forest stands as
a complex source of reactive trace gases into the troposphere (Koppmann,
2003). The ECHO data were obtained on four consecutive days during a field
campaign in July–August 2003 conducted at the Research Centre Jülich (Fig-
ure 1b), yielding an overall 110 datasets. In this paper, observation levels of
the acoustic sounding system and tower measurements are given as heights
about ground level (a. g. l.) unless otherwise stated.

2.1. Experimental sites

The ambient conditions at a sampling site are crucial for both the success-
ful operation and the interpretation of the data of an acoustic sounding
system. They determine the intensity and spectral distribution of back-
ground noise and fixed echoes. The experimental site in WALDATEM-
2003 was located in a spruce forest with a mean canopy height hc of
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Figure 1. (a) Map of the WALDATEM-2003 experimental site; numbers on isopleths are
heights [m] a. s. l. (b) Map of the ECHO experimental site; numbers on isopleths are heights
[m] a. s. l.
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19 m (Gerstberger et al., 2004). ECHO was conducted above a mixed for-
est stand with a mean canopy height of 30 m (Aubrun et al., 2005). The
acoustic sounding system was placed in clearings for both experiments with
a size of approximately 100 m × 200 m and approximately 500 m × 500 m
in WALDATEM-2003 and ECHO respectively. In the WALDATEM-2003
dataset, fixed echoes were caused by the large step changes of forest edges
and appeared in the data up to an observation level of 30 m. The level of
background noise was very low with an evenly distributed amplitude over
the analysed range of the acoustic spectra. The site can be classified as
remote without any permanent influence of road traffic and other sound
sources and thus ideal for acoustic sounding systems. For the ECHO exper-
iment, the acoustic sounding system was located close to a waste water
treatment plant. No fixed echoes were evident in the data, but the level
of background noise was significant with intermittent peaks of fairly high
intensity caused by numerous pumps, flushing water and road traffic. The
site can thus be classified as non-ideal for acoustic sounding systems. High-
quality data were collected only from the late afternoon to the early morn-
ing hours.

2.2. Acoustic sounding system

The acoustic sounding system was a phased-array Doppler-Sodar (model
DSDPA90.64, Metek GmbH) in combination with a 1290-MHz-RASS
extension (Metek GmbH). The operating settings were optimised in respect
to high resolution in time. Only the vertically orientated acoustic antenna
and the radioacoustic antenna were selected for operation allowing mea-
surements of the vertical velocity, the acoustic backscatter intensity and
the acoustic temperature. By increasing the repetition rate of the sound
pulses, one may run into the problem that the current sounding is dis-
turbed by the backscatter of the preceding sound pulse, which results in
multiple spectral peaks and erroneous results. Thus, one must wait until the
backscatter intensity of the preceding sound pulse is indiscernible from the
level of background noise before emitting the next sound pulse. This period
of time that the sound pulse needs to propagate through the air at the
speed of sound corresponds to a certain observation level termed the ‘noise
height’. As the absorption of sound waves in the atmosphere depends on
the acoustic frequency (Neff, 1975), an optimal adjustment of sounding
frequency, observation levels and noise height is necessary. Correspond-
ing tests resulted in an optimal acoustic sounding frequency of 2000 Hz.
The minimum and maximum observation levels zmin and zmax were selected
as 35 and 145 m respectively during WALDATEM-2003 and as 40 and
150 m respectively during ECHO, with a vertical resolution of 10 m in both
cases. The noise height was chosen to be 180 m, as this height was the first
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observation level adjacent to the ground where the emitted sound pulse was
indiscernible from the background noise in the acoustic spectra. The effec-
tive sampling frequency was determined to be 0.4 Hz, which is equivalent
to a repetition rate of 2.5 s. However, the selected vertical resolution was
too small to obtain reliable instantaneous profiles of the acoustic tempera-
ture, as the radioacoustic system was operated beyond its technical specifi-
cations. Therefore, measurements of the acoustic temperature were excluded
from further analysis. A 25-min interval of measurements with the settings
described above was followed by profiling the atmospheric boundary layer
for a period of 5 min up to an observation level of 900 m, using an acous-
tic sounding frequency of 1650 Hz and a vertical resolution of 20 m. This
gave a mean profile of the wind vector and the acoustic temperature.

2.3. Tower-based measurements

A vertical array of six sonic anemometers was installed on a tower during
the WALDATEM-2003 experiment. The data from the sonic anemome-
ter (sonic type R3-50, Gill Instruments Ltd.) at the uppermost observa-
tion level of 33 m, operated at 20 Hz sampling frequency, was used for the
determination of vertical fluxes according to Foken et al. (2004). Radiation
measurements were made at 30 m using upward and downward facing
shortwave (CM-14, Kipp&Zonen) and longwave (CG-2, Kipp&Zonen)
radiation sensors. The main tower was located approximately 250 m apart
from the acoustic sounding system (Figure 1).

3. Method of Analysis

The post-processing consists of the data preparation and the wavelet anal-
ysis. The data preparation includes quality control, i. e. detecting and dis-
carding erroneous data, filling the resulting gaps in the time series and
de-noising the time series. These steps are crucial since data obtained by
acoustic sounding systems are highly affected by occasional environmen-
tal noise (Miller and Rochwarger, 1970; Neff and Coulter, 1986; Crescenti,
1998). The wavelet analysis yields the wavelet spectrum and its peak fre-
quencies.

3.1. Quality control, gap filling and de-noising

In a first step, the data were filtered using the error flag output by the
sodar system. A flag was assigned to each individual sounding by the spec-
trum analyser of the acoustic sounding system based on the properties
of the received spectrum. It includes an assessment of the shape of the
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spectrum, i. e. extremely narrow or broad peaks, the signal-to-noise ratio
and the presence of multiple peaks. All error flagged data were discarded
and replaced by an error wildcard causing gaps in the time series. As a next
step, a quality control and quality assessment protocol was applied. The
quality of each time series was assessed individually for each observation
height z regarding the length Dg and the number ng(Dg) of the contained
gaps. The size of a gap is given through Dg =nf −1

s , where n is the num-
ber of consecutive error wildcards and fs the sampling frequency in Hz. A
quality flag adopting values of 1, 2, 3, 4 and 9 was assigned to each time
series in dependence of the fraction Fg of small gaps not exceeding the crit-
ical gap size Dc (Equation (1)),

Fg = ng(Dg ≤Dc)

Ng
, (1)

where Ng is the total number of gaps in a time series. The applied cri-
teria of the quality flag are listed in Table I and the detailed statistics
for both experiments shown in Tables II and III. The critical gap size Dc

was chosen as 5 s in respect to the subsequent de-noising filter, discard-
ing all fluctuations with event durations smaller than Dc. Thus, gaps with
a length smaller than Dc are not expected to have an effect on the de-
noised time series and on the corresponding wavelet spectrum. Only time
series with assigned quality flags of 1 or 2 were passed to the wavelet anal-
ysis. Furthermore, all time series with a total length over all gaps

∑ng

i=1 Dg,i

exceeding 20 % of the total length of the time series were discarded. This
selection ensures that the calculated spectrum is expected to represent the
characteristics of the physical flow. The data quality of the lower obser-
vation heights is high for both the WALDATEM-2003 and ECHO data
(Tables II, III). The data quality decreases with increasing observation
height depending on the level of background noise. The WALDATEM-
2003 dataset is characterised by high-quality data reaching ≈ 54% of the
available data at a height of 115 m. For the ECHO dataset, the number
of high-quality data decreases more rapidly due to the noisy environment.
Defining an arbitrary threshold of 50 % data availability of high-quality
data, the analysis of the vertical profiles was performed up to 115 and
80 m for the WALDATEM-2003 and ECHO experiments respectively. Sub-
sequently, the gaps in the time series were interpolated using a non-linear
algorithm (Akima, 1970). As the last step in the data preparation protocol,
a low-pass filter was applied to the quality checked time series using a bior-
thogonal wavelet function. This filter discards all fluctuations smaller than
the critical event duration Dc =5 s. Note that is the same value used for the
critical gap size when assessing the data quality of the time series. As the
de-noising filter removes all information of the time series with event dura-
tions smaller than Dc, the effect of the interpolated gaps with Dg ≤Dc on
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TABLE I

Quality assessment of the
data; the fraction Fg is given
by Equation (1).

Quality flag Fg ≥
1 0.9
2 0.8
3 0.7
4 0.5
9 <0.5

TABLE II

Data quality in WALDATEM-2003 measurements: number (percentage) of files with a
length of 25 min each; the total number of files is 632.

Height a. g. l.
Quality

flag 35 m 45 m 55 m 65 m 75 m 85 m

1 474 (75.0) 502 (79.4) 490 (77.5) 417 (66.0) 397 (62.8) 328 (51.9)
2 57 (9.0) 30 (4.7) 39 (6.2) 93 (14.7) 100 (15.8) 136 (21.5)
3 12 (1.9) 8 (1.3) 10 (1.6) 23 (3.6) 32 (5.1) 44 (7.0)
4 4 (0.6) 6 (0.9) 4 (0.6) 12 (1.9) 16 (2.5) 34 (5.4)
9 85 (13.4) 86 (13.6) 89 (14.1) 87 (13.8) 87 (13.8) 90 (14.2)

Height a. g. l.

95 m 105 m 115 m 125 m 135 m 145 m

1 316 (50.0) 231 (36.6) 186 (29.4) 141 (22.3) 112 (17.7) 69 (10.9)
2 114 (18.0) 157 (24.8) 155 (24.5) 149 (23.6) 127 (20.1) 134 (21.2)
3 65 (10.3) 80 (12.8) 103 (16.3) 111 (17.6) 118 (18.7) 119 (18.8)
4 37 (5.9) 52 (8.2) 70 (11.1) 99 (15.7) 127 (20.1) 135 (21.4)
9 100 (15.8) 112 (17.7) 118 (18.7) 132 (20.9) 148 (23.4) 175 (27.7)

the subsequent spectral analysis is negligible and underlines the importance
of quality control and quality assessment protocol based on the number of
small gaps present in a time series.

An alternative filtering and gap handling approach was applied to both
datasets for comparison reasons. A method suggested by Katul et al. (2001)
distinctly takes advantage of the wavelet transform resolving the signal in
both the frequency and the time domains when dealing with gaps randomly
occurring in measurements. According to this method, gaps are replaced
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TABLE III

Data quality in ECHO measurements: number (percentage) of files with a length of 25 min
each; the total number of files is 110.

Height a. g. l.
Quality flag

40 m 50 m 60 m 70 m 80 m 90 m

1 87 (79.1) 73 (66.4) 73 (66.4) 51 (46.4) 38 (34.5) 15 (13.6)
2 15 (13.6) 22 (20.0) 19 (17.3) 32 (29.1) 29 (26.4) 29 (26.4)
3 4 (3.6) 7 (6.4) 12 (10.9) 15 (13.6) 27 (24.5) 32 (29.1)
4 3 (2.7) 7 (6.4) 5 (4.5) 11 (10.0) 14 (12.7) 27 (24.5)
9 1 (0.9) 1 (0.9) 1 (0.9) 1 (0.9) 2 (1.8) 7 (6.4)

Height a. g. l.

100 m 110 m 120 m 130 m 140 m 150 m

1 4 (3.6) 13 (11.8) 0 (0.0) 4 (3.6) 2 (1.8) 0 (0.0)
2 23 (20.9) 23 (20.9) 19 (17.3) 11 (10.0) 18 (16.4) 4 (3.6)
3 30 (27.3) 26 (23.6) 25 (22.7) 31 (28.2) 23 (20.9) 16 (14.5)
4 37 (33.6) 36 (32.7) 42 (38.2) 41 (37.3) 46 (41.8) 50 (45.5)
9 16 (14.5) 12 (10.9) 24 (21.8) 23 (20.9) 21 (19.1) 40 (36.4)

by zeros in the raw signal and their corresponding wavelet coefficients are
simply omitted when calculating the wavelet spectrum. The effect of gaps
on spectral calculations is thus negligible without the application of any
gap filling strategy. Furthermore, the universal wavelet thresholding method
(Donoho and Johnstone, 1994) was applied for filtering the signals. This
approach uses a fixed value equal to (2 log n)

1
2 for thresholding wavelet

coefficients to suppress noise, where n is the number of data. It has been
applied in recent studies to isolate attached from detached eddy motion in
the atmospheric surface layer (e. g. Katul and Vidakovic, 1998). The effect
of the data preparation protocol proposed in this study and the alternative
approach on a signal and its spectrum is illustrated in Figure 2. The differ-
ences in the shape of the normalised and de-noised signals, as well as in
the determined spectra, are negligible. The peak frequencies were observed
to remain the same for both methods. Thus, the interpolation of the ran-
domly occurring gaps, in combination with the data quality control and the
low-pass filtering as proposed in this study, were found to yield no signifi-
cant differences in the wavelet spectra when compared to other approaches.

3.2. Wavelet analysis

A detailed description and discussion of the applied method of analysis
was presented in Thomas and Foken (2005). Here, only the main steps
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Figure 2. Comparison of data preparation methods using the signal of the vertical wind w

collected during WALDATEM-2003, June 23, 2003 1500–1510 CET. Left panel: as described
in Section 3.1 and used in this study, right panel: alternate method with no gap interpola-
tion and universal wavelet thresholding. Raw quality controlled time series (a), (e); norma-
lised and gap interpolated (b) and no gap interpolated (f) time series; de-noised time series
using a biorthogonal wavelet filter with Dc =5 s (c) and using universal wavelet thresholding
(g); corresponding normalised wavelet variance W(D) spectra (d), (h).

will be outlined. Subsequent to the data preparation, the wavelet spectrum
is calculated by a continuous wavelet transform using the Morlet wavelet
function. The transform was performed on wavelet dilation scales a rep-
resenting event durations D ranging from 10 to 240 s, whereas the event
duration D is defined as (e. g. Collineau and Brunet, 1993a)

D = 1
2

f −1 = a π

fs ω
0
�1,1,0

, (2)

where f is the frequency corresponding to the event duration, fs the sam-
pling frequency of the time series and ω0

�1,1,0
the centre frequency of the

mother wavelet function. For a sine function, the event duration D repre-
sents half the length of a single period. The shape of the wavelet spectrum
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is to some degree sensitive to the analysing wavelet function. Various
wavelet functions are expected to be well localised in either frequency or
time domain dependent on their mathematical definition (e. g. Holschneid-
er, 1995). An alternative use of the Mexican-hat wavelet as analysing wave-
let function did not reveal significantly different spectral peaks although
the absolute spectral densities differed. The minimum event duration was
chosen as twice the critical event duration of the wavelet filter Dc accord-
ing to the Nyquist frequency (Kumar and Foufoula-Georgiou, 1994), which
prevents aliasing effects in the calculated spectra. The method is completed
by deriving the characteristic time scales of coherent structures De from the
peak frequencies determined in the wavelet variance spectra.

4. Results and Discussion

In the following the results for the vertical wind velocity as a Doppler
variable and on the acoustic backscatter intensity as a non-Doppler var-
iable, both derived from the acoustic sounding system, are presented and
discussed. A Doppler variable is derived from the observed Doppler shift
of the peak frequency in the received spectrum of the acoustic backscat-
ter compared to that of the emitted sound pulse and thus is inferred indi-
rectly. The acoustic backscatter intensity is a non-Doppler variable and
directly measured by the system. Both types of variables have been used
widely in atmospheric research and can reveal different information about
the observed turbulent flow.

4.1. Vertical wind

The vertical wind and its spectrum represent the active turbulence near
the canopy at z � hc that controls the vertical exchanges of momentum
and scalar variables to a major extent (Raupach et al., 1989). The proba-
bility density function (PDF) of the detected characteristic time scales of
coherent structures De in the vertical wind for WALDATEM-2003 show
almost no variation with height (Figure 3). The PDFs clearly show a max-
imum density peak located between 20 and 30 s and continuously decreas-
ing densities towards larger event durations with a minimum near 150 s. A
second maximum becomes evident between a 190-s and 220-s event dura-
tion, while the exact location of the peak varies between different obser-
vation levels. The global maximum peak at approximately 25 s is in close
agreement with Collineau and Brunet (1993b), Chen and Hu (2003) and
Thomas and Foken (2005), who found similar characteristic time scales for
coherent structures in the vertical wind ranging between 10 and 30 s. The
evaluation of the available data from the sonic anemometer collected at
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Figure 3. PDF of the characteristic event durations De of detected flow structures in the ver-
tical wind for the WALDATEM-2003 data; the resolution �De is 10 s.

the uppermost level of the tower at 33 m revealed similar results for the
vertical wind and therefore confirms the results derived from the spatial
sodar data. The typical duration of coherent structures was determined to
be 22 s showing no significant variation with stability. The characteristic
shear length scale Ls =Uhc(dU/dz)−1

hc
(Raupach et al., 1996) was evaluated

from the tower measurements, where Uhc is the horizontal wind speed and
(dU/dz)hc is the gradient of the horizontal wind speed, both evaluated at
canopy height. Ls was found to be approximately equal to 5 m under stable
conditions, to range between 5 and 10 m under near-neutral conditions and
to approach approximately 8 m with increasing unstable stratification. The
canopy mixing-layer analogy proposed by Raupach et al. (1996) links the
presence of coherent structures close to the canopy to the inflected velocity
profile and its resulting dynamic Kelvin–Helmholtz instabilities. This the-
ory was basically established for near-neutral conditions but was proven
to be valid over a wide range of stabilities in Brunet and Irvine (2000).
According to the canopy mixing analogy, the spacing of coherent struc-
tures in active turbulence � is predicted to be a linear function of Ls (� =
mLs) with slope m ranging between 7 and 10. � was determined by wavelet
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analysis by detecting the individual coherent structures in the time series
of the vertical wind according to Thomas and Foken (2005). The evalua-
tion of m for the WALDATEM-2003 dataset yielded values ranging from
8 to 15 and therefore confirms the canopy mixing-layer analogy and the
dynamic origin of the coherent structures with time scales approximately
equal to 25 s. The somewhat larger values for m found here compared to
those in Raupach et al. (1996) could be related to differences in canopy
density and heterogeneity of the terrain, similar to Novak et al. (2000) and
Poggi et al. (2004).

The second, local maximum found at approximately 210 s corresponds
well to Petenko et al. (2004) for convective coherent structures. Although
one might expect to find increasing time scales for convective structures
with increasing height, no trend is evident in the PDFs. However, the
absence of this trend is not surprising as the highest observation level is
still close to the canopy with a normalised height zh−1

c � 6. The merg-
ing of small coherent convective elements with larger convective plumes
has been observed by some authors (e. g. Hall et al., 1975; Williams
and Hacker, 1993; Petenko and Bezverkhnii, 1999) but at greater heights
z ≥ 300 m.

The question whether the observed low-frequency flow is a superposi-
tion of both dynamic and thermal mechanisms acting simultaneously as
observed by Poggi et al. (2004), or if both processes can be separated in
space or time, will be addressed in the following. Therefore it is important
to know (i) if one or more maxima exist in the spectrum of a single obser-
vation level, and (ii) if these maxima are consistent across different obser-
vation levels. An example is given in Figure 4a, b using spectra at selected
observation levels. The data for the lower observation heights in Figure 4a
consistently exhibit the first maximum at � 18 s. This maximum vanishes
with increasing height suggesting that the corresponding coherent struc-
tures persist only close to the canopy. In Figure 4b, only the spectrum of
the lowest observation level exhibits a maximum at � 19 s, while the obser-
vation levels above show their first maximum beyond 40 s. The correspond-
ing time–height cross-section of the vertical wind is presented in Figure 5
for a 13-min period. The large-scale updraft evident in the centre of the
plot is consistent across all observation levels and persists for 130 s at the
lower and for 250 s at the upper observation levels. These visually estimated
event durations are in good agreement with the spectral peaks in Figure
4b. Despite this dominating large-scale updraft, other smaller updrafts can
be seen around time indices 100, 500 and 660 s. These bursts are consis-
tently found at the lower observation levels but barely reach a height of
150 m. The large-scale events show a complex substructure consisting of
smaller accelerated or slowed structures with an estimated event duration
of approximately 20 s.
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Figure 4. Spectra of the wavelet variance W(D) of selected observation levels for the verti-
cal wind during (a) WALDATEM-2003 June 8, 2003 1230-1255 CET and (b) ECHO July
29, 2003 1545–1610 CET.

In order to obtain statistically representative results, we introduce the
correlation coefficient Rs between the wavelet variance spectrum at a ref-
erence level zref and a comparison level zcomp,

Rs(zref , zcomp)= W(D)zref W(D)zcomp

σW(D)zref
σW(D)zcomp

. (3)

W(D) denotes the wavelet variance, i. e. the spectral density at event dura-
tion D, σ the standard deviation and the overbar depicts the phase mean
over the fluctuations. We are thus able to express the coherency in the
spectra between different observation levels in one parameter. As a statisti-
cal analysis requires a dataset with a sufficient representation in both space
and time, the analysis will be limited to the WALDATEM-2003 data in the
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Figure 5. Time–height cross-section of the low-pass filtered and normalised vertical wind
during ECHO July 29, 2003 1554–1607 CET corresponding to the spectra presented in Fig-
ure 4b; updrafts are grey-shaded, downdrafts are filled white.

following. The reference height zref was set equal to the lowest observation
level at 35 m. The mean diurnal course of Rs (Figure 6a) was calculated
for 15 selected days all characterised by high incoming shortwave radia-
tion, low cloudiness and moderate wind speeds (Figure 7). The degree of
coherency between the observation levels reveals complex dynamics of low-
frequency turbulence (represented by the vertical wind) above the canopy.
Given the definition of coherent structures as correlated motions through-
out the roughness sublayer (RSL) (Gao et al., 1989), coherent structures
are expected to be represented by the same spectral peaks and thus to yield
larger correlation coefficients Rs.

Under stable conditions during the night, the correlation coefficient Rs

is generally small (≤0.3, Figure 6a). The coherency between the observa-
tion levels increases (Rs ≥0.4) when stability changes from stable to neutral
conditions beginning from around 0600 CET. As the atmospheric stabil-
ity approaches −0.5 around 1000–1200 CET, the high correlation coeffi-
cients (Rs ≥ 0.5) clearly indicate greater coherency in the vertical motion.
After 1400 CET the degree of coherency gradually decreases with Rs falling
below 0.4 at about 1800 CET. The joint effects of dynamic instabilities and
thermally induced eddies on the degree of organisation was investigated
in Wesson et al. (2003). They demonstrated that the degree of organisa-
tion in the vertical wind increases as the flow evolves from near-neutral to
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Figure 6. (a) Time–height cross-section of the ensemble averages of the correlation coeffi-
cient Rs (Equation 3) calculated for the vertical wind spectra with event durations 10 s≤D≤
240 s for 15 selected days during WALDATEM-2003. (b) The same as in (a), but with event
durations 10 s≤D ≤60 s. (c) The same as in (a), but with event durations 60 s≤D ≤240 s.
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near-convective conditions in the RSL, using various methods of non-linear
time series analysis including wavelet thresholding. The results illustrated in
Figure 6a independently confirm the conclusions in Wesson et al. (2003)
using spatial sodar data. If the Kelvin–Helmholtz instabilities were acting
alone on the vertical motion in the RSL, the degree of organisation would
be expected to be independent of atmospheric stability. As the degree
of organisation was clearly found to increase with transition from near-
neutral conditions to more convective forcing, thermally formed eddies
must be responsible for the greater vertical coherency. This point will
be addressed further below. A phenomenon worth noting is the elevated
region of increased coherency (Rs ≥0.5) at z �100 m around 1700 CET. Its
occurrence coincides with the transition from neutral to stable conditions
(Figure 7). As the thermal stabilisation is caused by cooling processes in
the canopy and therefore starts from below, thermal eddies may still exist
in the local unstable residual layer while being suppressed below. Through
evaluation of the shear length scale Ls, in combination with the canopy
mixing-layer analogy, it was demonstrated that the coherent structures with
time scales �25 s originate from dynamic instabilities of the inflected wind
profile. The contribution of these coherent structures to the degree of verti-
cal organisation is expected not to vary with stability. However, the degree
of vertical organisation was found to increase under convectively forced
conditions. As the time scales of thermal eddies were found to be much
larger (�200 s) than those originating from dynamic instabilities, we expect
to separate the joint effects of dynamic and thermal eddies by splitting the
wavelet spectra into separate parts and subsequently computing Rs for (a)
the dynamically induced coherent structures with 10 s<D<60 s and (b) the
thermal eddies with 60 s < D < 240 s. The separation of the spectral parts
at D = 60 s seems justified when inspecting the PDFs shown in Figure 3
as this event duration represents a spectral minimum. The results are dis-
played in Figure 6b, 6c. The vertical organisation is generally high for the
smaller time scales with Rs ≥0.6 and varies only little with stability. How-
ever, the largest coherency occurs between 0800 and 1400 CET when both
the friction velocity and the sensible heat flux reach their diurnal maxi-
mum. The degree of organisation in Figure 6c for the large time scales
clearly increases with the flow evolving to more unstable conditions. Note
that the elevated region of higher correlation at z �100 m around 1700
CET, observed in Figure 6a, can clearly be related to an increased orga-
nisation in the larger time scales between 60 and 240 s. This observation
gives support to the proposed interpretation as a residual layer with ongo-
ing thermal forcing.

The RSL is a concept to separate a layer adjacent to rough surfaces
in which the flow is largely determined by the roughness elements of
the surface from a layer above in which the surface roughness ceases to
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affect the flow. Within the RSL vertical profiles of wind speed, tempera-
ture and humidity are expected to depart from their inertial layer values.
The vertical extent of the RSL is generally estimated as 3hc. However,
vertical profiles in non-uniform, complex terrain such as tall canopies are
often distorted by the surface heterogeneity and may induce reduced ver-
tical gradients, complicating interpretation. Poggi et al. (2004) proposed
a conceptual model for the canopy sublayer consisting of three regions
in which the main driving forces for the observed flow vary. The flow
in their Region II extending from the top portion of the canopy to a
certain height above reveals the characteristics of boundary-layer flow, a
mixing layer and von Karman streets and is thus assumed to be a super-
position of all three processes. These characteristics resemble the results
for the layer of increased vertical coherency derived from the analysis of
the spatial acoustic sensing data presented in Figures 3 and 6a in this
study. Hence, we can derive an alternate approach for the definition of the
RSL as the flow region of increased vertical coherency resulting from both
dynamic Kelvin–Helmholtz instabilities and convective processes. Following
this definition, the maximum vertical extent of the RSL can be estimated
to be approximately 5hc rather than 3hc (Figure 6a). From observations
of increased vertical coherency, it also follows that the height of the RSL
cannot be assumed as constant but rather reflects the temporal and spatial
dynamics of canopy and above-canopy flow.

4.2. Backscatter intensity

The backscattered acoustic intensity P(z) of an emitted sound pulse is a
fundamental parameter in the field of acoustic sounding. P(z) of a mono-
static acoustic sounding system can be related to the parameter of the tem-
perature structure function C2

T through

σ(z)=0.0039λ−1/3C2
T T

−2
(4)

(Tatarskii, 1971) and the radar equation (e. g. Little, 1969)

P(z)=Se−2αzσ (z). (5)

Combining Equations (4) and (5) one yields

C2
T =256S−1λ1/3e2αzT 2P(z), (6)

where σ (z) is the scattering cross-section, λ the wavelength of the acous-
tic frequency, T the mean air temperature over the range of interest, e2αz

is power loss due to atmospheric attenuation with α being the attenua-
tion coefficient, z is the travel distance to the scattering volume, i. e. height
for the vertical antenna and S is a system calibration function specific for
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2003.

the acoustic sounding system (see e. g. Haugen and Kaimal, 1978; Coulter
and Wesely, 1980). P(z) is a non-Doppler variable directly measured by
the acoustic sounding system and is a measure of the relative strength
of the acoustic refractive index structure function Cn. This coefficient is
related mainly to C2

T (Equation 6) but to a certain degree also to C2
q (Wes-

ely, 1976), the parameter of the water vapour structure function. These
coefficients are a measure of the intensity of high-frequency fluctuations
with length scales in the inertial subrange of the temperature and humid-
ity field scattering the acoustic energy of the sound pulse. The analysis of
P(z) in this study is thus expected to reveal important information about
the characteristics of the high-frequency scalar fields transported with the
low-frequency eddies rather than of the vertical velocity field only as pre-
sented in the previous subsection.

The PDFs of the detected time scales in the backscatter intensity peak
with maximum densities in the range between 20–30 s and 190–200 s event
duration respectively (Figure 8). Compared to the results of the vertical
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acoustic backscatter intensity for the WALDATEM-2003 data; the resolution �De is 10 s.

wind (Figure 3), the PDFs for the backscatter intensity are stronger skewed
towards smaller scales. Furthermore, the event duration corresponding to
the maximum density in the range between 15 and 30 s generally increases
with increasing height. This observation suggests that the spatial scales
of coherent structures in the backscatter intensity increase with increasing
height. Although the maximum observation level does not exceed 7hc, this
result points to the findings of Hall et al. (1975), Williams and Hacker
(1993), Petenko and Bezverkhnii (1999), who observed the merging of small
convective elements into larger ones at greater heights. The spectral peaks
visible in the PDFs confirm the physical picture derived from the analysis
of the vertical flow field, that both dynamically induced coherent structures
and thermal eddies coexist in the observed layer.

The spectral correlation coefficient Rs, introduced in Equation (3), gen-
erally varies between 0.3 and 0.6 (Figure 9a). An area of high correlation
becomes evident between 0500 CET and 1800 CET when atmospheric
stratification ζ ≤ 0 (Figure 7). Almost no temporal and spatial variations
in the spectral coherency of the backscatter intensity become evident when



LOW-FREQUENCY TURBULENCE ABOVE TALL VEGETATION 583

Figure 9. (a) Time–height cross-section of the ensemble averages of the correlation coeffi-
cient Rs (Equation 3) calculated for the spectra of backscatter intensity with event durations
10 s≤D ≤240 s for 15 selected days during WALDATEM-2003. (b) The same as in (a), but
with event durations 10 s ≤D ≤ 60 s. (c) The same as in (a), but with event durations 60 s ≤
D ≤240 s.
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focusing on smaller event durations between 10 and 60 s (Figure 9b). This
finding suggests that coherent structures emerging from Kelvin–Helmholtz
instabilities detected in the backscatter intensity are omnipresent in the
considered layer (35–115 m) and generally cannot be linked to the merg-
ing of smaller into larger convective structures as presumed above. This
conclusion agrees with the conception of convection as a large-scale pro-
cess occupying the entire atmospheric boundary layer with characteristic
time scales beyond 60 s. Figure 9c clearly shows that the vertical coher-
ency is smaller (Rs < 0.3) during stable stratification than during neutral
or unstable stratification (Rs ≥ 0.3). It reaches its maximum between 1000
CET and 1200 CET. Comparing Figure 9a, c one can see that the tem-
poral dynamics of Rs can be linked to the thermal eddies with event
durations exceeding 60 s. The occurrence of an elevated area of increased
coherency around 1300 CET between 85 and 105 m coincides with the
peaks in the mean diurnal courses of the atmospheric stability, sensible
heat flux and incoming shortwave radiation (Figure 7). The simultaneous
excursions in both time series and spatial coherency obtained from inde-
pendent measurements suggest that a numerical artifact due to averaging
can be excluded to explain its presence. It could be related to a tempo-
rary stabilisation of the atmosphere due to the development of convec-
tive clouds, recalling that only days with strong convective forcing during
the day were selected for the calculation of the ensemble averages. The
same phenomenon has been observed for the vertical wind but for the
transition time from unstable to stable stratification around 1700 CET
(Figure 6a).

Summarising, we can state that the analysis of the acoustic backscat-
ter intensity not only confirms the physical picture derived from the verti-
cal wind, but unambiguously demonstrates that flow structures with large
time scales beyond 60 s increase the vertical coherency in the RSL. The
presence of these flow structures can be attributed to convective pro-
cesses and are most likely large thermal eddies. These results do not only
confirm independently the conclusions of Wesson et al. (2003), but also
clearly define a spatial context for the layer in which the turbulent flow
is a superposition of both dynamic Kelvin–Helmholtz instabilities and
convective processes.

5. Conclusions

The present study presents an analysis of time series of vertical wind veloc-
ity and acoustic backscatter intensity obtained by an acoustic sounding
system in the RSL above all vegetated canopies. Based on the results
derived from wavelet analysis we can draw the following conclusions:
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– Acoustic sounding was successfully tested for the observation of coher-
ent structures above tall vegetation. It provides time series with a tem-
poral resolution sufficient for the observation of coherent structures
during stable and unstable stratification. A thorough quality control is
necessary to sort out false data and to minimise effects due to random
nature of the signals.

– The characteristic time scales of the flow in the RSL revealed that both
Kelvin–Helmholtz instabilities and attached thermal eddies affect the
effective mixing length in this region. Both processes can be separated
in the frequency domain as their time scales differ significantly.

– Spectral correlation between neighbouring observation levels revealed
an increasing vertical coherency as atmospheric stability approaches
near-convective conditions. This increase could be related to the evo-
lution of large attached eddies rather than to the presence of coher-
ent structures emerging from Kelvin–Helmholtz instabilities, which were
observed to show almost no variation with atmospheric stability.

– The proposed alternative definition of the RSL allows us to define its
vertical extent to a maximum of 5hc. Hence, the influence of dynamic
instabilities on characteristics of low-frequency turbulent flow reaches
higher than is commonly assumed.
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