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This study investigates the impact of terrain heterogeneity on local turbulence measurements
using 18 months of turbulence data taken on a 30 m tower at the SIRTA mixed land-use
observatory under varying stability conditions and fetch configurations. These measurements
show that turbulence variables such as the turbulent kinetic energy or momentum fluxes are
strongly dependent on the upstream complexity of the terrain (presence of trees or buildings,
open field). However, using a detection technique based on wavelet transforms which permits
the isolation of the large-scale coherent structures from small-scale background fluctuations,
the study shows that, for all stability conditions, whatever the upstream complexity of the
terrain, the coherent structures display universal properties which are independent of the
terrain nature: the frequency of occurrence, time duration of the coherent structures, the time
separation between coherent structures and the relative contribution of the coherent
structures to the total fluxes (momentum and heat) appear to be independent of the
upstream roughness. This is an important result since coherent structures are known to
transport a large portion of the total energy. This study extends to all stability conditions a
numerical study by Fesquet et al. [Fesquet, C., Dupont, S., Drobinski, P., Barthlott, C., Dubos, T.,
2008. Impact of terrain heterogeneities on coherent structures properties: experimental and
numerical approaches. In: 18th Symposium on Boundary Layers and Turbulence. No. 11B.1.
Stockholm, Sweden., Fesquet, C., Dupont, S., Drobinski, P., Dubos, T., Barthlott, C., in press.
Impact of terrain heterogeneity on coherent structure properties: numerical approach. Bound.-
Layer Meteorol.] conducted in neutral conditions which shows that a reason for such behavior
is that the production of local active turbulence in an internal boundary layer associated with
coherent structure originating from the outer layer and impinging onto the ground is not
sensitive to the nature of the terrain.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Turbulent exchange of momentum, heat and moisture
between the atmosphere and a flat, horizontally homoge-
neous surface is well described by Monin–Obukhov (MO)
similarity theory (Monin and Obukhov, 1954). In the frame-
work of this theory, the scaling variables are the friction
velocity, the measurement height, the Obukhov length and
the roughness length. Dimensionless flux profile relationships
have been estimated through careful field experiments
ique.fr (P. Drobinski).

All rights reserved.
under ideal conditions over flat sites with uniform vegetation
(Businger et al., 1971; Dyer, 1974).

However, the surface of the Earth is covered with rough-
ness elements, such as crops, forests, and urban areas, that
form a patchwork mosaic of varying surface roughness. This
wide range of complex surfaces disturbs the turbulent flow
over the surface and influences the processes that govern the
exchange of momentum, heat, and mass between the
“complex” surface and the planetary boundary layer (PBL).
Therefore, the surface–atmosphere interaction and the nature
of the flow upstream and downstream of the obstacles
themselves are only partly understood. Indeed, the surface
layer has to continually adjust to the surface changes. In
addition to the pressure gradients induced by the interaction
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of the flowwith obstacles which involve a rapid response, the
adjustment of the surface layer to the new surface properties
by turbulent mixing is not instantaneous, but rather a gradual
upward and downwind propagation through an internal
boundary layer. The surface layer in this state is not spatially
homogeneous nor are fluxes constant with height. As a result,
similarity theory is in principle not applicable and modelers
have difficulties to correctly describe the complex surface
interaction.

Experimental and numerical investigations have been
carriedout inorder to improveourunderstandingof turbulence
dynamics in “weakly” heterogeneous terrain (Bradley, 1968;
Claussen, 1987) focusing on the impact of roughness change
and/or heat flux transition on turbulence properties or model
parametrization (e.g. Taylor,1968;Mahrt,1996). These different
studies suggest that close to thenewsurface,within the internal
boundary layer, an inner “equilibrium layer” is formed. This
layer is in complete adjustment to the new surface, fluxes are
thus representative of the new surface and approximately
constant with height, allowing similarity theory to be applied
(Garratt,1990).Moreover, recent studies by Patton et al. (2005)
or Courault et al. (2007) have highlighted the disrupting effect
of breeze-like circulations induced by the surfaceheterogeneity
on the PBL structure and its energetics (turbulence fluxes
and variances). The level of complexity increases when dealing
with turbulence within and above a canopy. For urban canopy,
Kastner–Klein and Rotach (2004) and Lien and Yee (2004)
studied the mean and turbulent flow structure using a wind
tunnel and numerical simulations, respectively, whereas
Karlsson (1986) evaluated the applicability of different wind
profile formulas using field experiment. For vegetated canopy,
Baldocchi and Hutchinson (1987), Baldocchi and Meyers
(1988), Marcolla et al. (2003), and Kruijt et al. (2000) studied
the vertical profiles of mean and turbulence parameters within
and above the vegetation using sonic anemometers data
whereas Raupach et al. (1986), Seginer et al. (1976), Al-Jiboori
et al. (2001), andVillani (2003) investigated in complement the
vertical profiles of turbulent velocity spectra usingwind-tunnel
and field experiments. Flow structure upstream and down-
stream of high topographical elements such as a forest edge
has been analyzed for instance by Raynor (1971) and Gash
(1986). The case of forests is particularly complex since forests
represent, aerodynamically, a change in roughness, porosity
and effective surface height (zero plane displacement). Morse
et al. (2002) and Irvine et al. (1997) studied the turbulent
airflow development downwind of a forest transition by
presenting point measurements across a smooth to rough
transition. Liu et al. (1996) made E–ε simulations of the
turbulence pattern downwind a forest edge. It should be also
noted that consecutive arrangement of obstacles can signifi-
cantly modify the flow and turbulence properties (i.e. in wake
interference flow and skimming flow), horizontally homoge-
neous conditions can be restored with an inertial sublayer
above (e.g. observed in cities or forests).

In a turbulent air flow, turbulence is generally composed of
both disorganized motion and more organized motion, also
called coherent structureswhich can take the formof convective
PBL rolls or cells (e.g. Etling and Brown, 1993; Drobinski et al.,
1998), near-surface streaks (e.g. Drobinski and Foster, 2003;
Drobinski et al., 2004, 2007) and waves (e.g. Mahrt, 1999),
depending on the atmospheric stability. According to Barthlott
et al. (2007), the contribution of the coherent structures to
the overall transport is most often about 50% with a broad
probability distribution (from 30 to 70%) consistent with other
published results: 75% (Gao et al.,1989), 40% (Lu and Fitzjarrald,
1994), 60% (Drobinski et al., 2004) and about 30% (Feigenwinter
and Vogt, 2005). Only few numerical simulations and nearly no
experimental studies address the questions of the dynamics of
the coherent structures in the context of a “complex” terrain
and the modulation of the coherent structure contribution to
the turbulence fluxes by the complex elements of the terrain.
This is a fundamental issue since it has been shown that the
contribution of coherent structures on the turbulent fluxes
needs to be accounted for in subgrid-scale parameterizations of
meso-scale to global-scalemodels (e.g. Foster and Brown,1994;
Morrison et al., 2005; Drobinski et al., 2006).

In a previous study (Fesquet et al., 2008, in press), the
impact of surface heterogeneity on near-surface turbulence
structure was investigated experimentally and numerically in
a neutral PBL. Using the same detection technique as Barthlott
et al. (2007), based on wavelet transforms, which permits
the isolation of the large-scale coherent structures from
small-scale background fluctuations, the numerical study,
based on large-eddy simulation (LES), showed that whatever
the upstream complexity of the terrain (forest or open field),
coherent structures display universal properties such as the
frequency of occurrence, duration and separation times and
relative contribution to total fluxes (momentum and heat).
This numerical investigation also showed that the region of
development of structures is located well above surface
heterogeneities, in the outer layer, where shear instabilities
induce structures that are hereafter transported downward
onto the ground through a ‘top–down’ mechanism. The
production of local active turbulence in the internal boundary
layer associated with the impinging coherent structure is
independent to the surface nature.

The present paper can be seen as an extension of Fesquet
et al. (2008) and Fesquet et al. (in press) study to all stability
conditions, i.e. from very stable to very unstable stratification.
We take advantage of the long-termdatabase of high-frequency
measurements collected by sonic anemometers at 10 and 30 m
heights at the SIRTA observatory located at Palaiseau, 20 km
south of Paris, France (Haeffelin et al., 2005). The observatory is
located on a plateau in a semi-urban environment divided
equally in agricultural fields, wooded areas, and sparse housing
and industrial developments. The data set covers all types of
meteorological situations and stratification and allows the
identification of coherent structures and the derivation of their
structural and energetic properties. Using this data set, we
address the following questions:

• What is the impact of terrain heterogeneities on the average
turbulence variables such as turbulent kinetic energy and
momentum and heat fluxes for different stability conditions?

• What is the impact of terrain complexity on the coherent
structure properties such as their frequency of occurrence
(number of structures detected in 30-min period), their
duration and separation times and their relative contribu-
tion to the turbulent fluxes, in very stable to very unstable
PBLs?

After the introduction in Section 1, Section 2 describes the
main characteristics of the SIRTA observatory, Section 3 shows
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the impact of the upstream topographical elements to the
average turbulence variables (momentum and heat fluxes,
turbulent kinetic energy). Section 4 recalls the methodology
of coherent structure extraction and discusses the coherent
structure properties as a function of upstream complexity of
the terrain, and stratification. Finally, Section 5 concludes the
study and suggests still open questions to be addressed in
future work.

2. Characteristics of the research site

2.1. Research site

Since April 2005, turbulence data have been collected
at the French ground-based remote sensing atmospheric
Fig. 1. Map of the École Polytechnique campus hosting the SIRTA observatory. The
uncut grass field indicates the location of the 30 mmeasurement tower. (For interpr
the web version of this article.)
observatory, SIRTA (Haeffelin et al., 2005), located in a mixed
land-use environment, in Palaiseau, 20 km south of Paris.
SIRTA operates a 30 m mast instrumented with two sonic
anemometers at 10 and 30 m heights. The observatory sits
on a 10-km plateau about 160 m above sea level. The plateau
is a semi-urban environment divided equally in agricultural
fields, wooded areas, and sparse housing and industrial
developments. In Drobinski et al. (2006) and Barthlott et al.
(2007), only the prevailing westerly winds are considered
since this sector corresponds to a homogeneous terrain grass
field upstream of themast, so the twomeasurement levels are
in the atmospheric surface layer (ASL) above the roughness
sublayer (which is approximately 30 cm deep). In this study,
the other wind sectors are analyzed since complex topo-
graphical elements are located upstream of the mast (Fig. 1).
colors correspond to various typical terrain types. The red dot located in the
etation of the references to color in this figure legend, the reader is referred to
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Indeed, north of the mast, at about 70 m, there is a forest
barrier about 50 m width (i.e. x/h~3–4 where x is the fetch
distance and h~20 m, the height of the topographical
element). East of the mast, there is a distant forest, at about
400 m (i.e. x/h~15–20). In the south direction, there are
the laboratory buildings at about 300 m (i.e. x/h∼10–15).
West of the mast, there is an open field, thus chosen as the
reference direction.

The two sonic anemometers record the data at 10 Hz
sampling frequency. Many studies were conducted on sonic
anemometer data processing in order to give access to the
mean meteorological variables (wind speed and direction and
temperature which is approximately equal to virtual tempera-
ture) and to the second-order moment statistics of these
variables (variances and fluxes): Champagne et al. (1977)
used averages on about 1-min whereas McAneny et al. (1988)
averagedover 5-min (3000 samples) andDrobinski et al. (1998)
and Peters et al. (1998) over 10-min (6000 samples). Most
published articles use averaging periods between 5 and 10-min.
Vickers and Mahrt (1997) chose to average their data over a
5 min period, for a best compromise between sampling error
and representativeness due to shift in wind direction. We
conducted a sensitivity studyusing5-minand30-min averaging
periods. No differences were found on the turbulent variable
values but the scatter was reduced using the 30-min averaging
period. Since a 30-min averaging period is used for coherent
structure detection (see Section 4 and Barthlott et al., 2007), we
thus use for consistency a 30-min averaging period for all data
processing. The data set used in this study corresponds to the
period extending between April 2005 and October 2006,
covering all types of meteorological situations and stratification
Fig. 2. Wind direction measured at 30 m height versus wind direction measured at 1
forest, buildings and open field wind sectors, respectively.
(from stable to convective). Both the 10-Hz and 30-min
averaged data are stored and processed in this study.

2.2. Data processing

In order to have u′ as the streamwise velocity fluctuations,
we first rotate the coordinate system with the downstream
direction x′ along and the crossstream direction y′ perpendi-
cular to the mean flow, so that u′=ucosα+vsinα and v′=
−usinα+vcosα, with u and v the turbulent horizontal
velocity components and α the wind direction. Following
Deardorff (1972), local stratification in the PBL can be
expressed by zi/L⁎, where zi is the PBL inversion height and
L⁎ is the Obukhov length given by:

L⁎ = � u3
⁎ T̄

kg w̄′T ′
ð1Þ

where T is the temperature, k the Von Karman constant
(k≃0.4), g the gravity acceleration, w′ the vertical velocity
fluctuations, T′ the temperature fluctuations and u⁎ the
friction velocity defined by:

u⁎ = ð ū′w′
2
+ v̄′w′

2Þ1=4; ð2Þ

with u′, v′, the deviations of the horizontal velocity compo-
nents calculated from the 30-min averaged mean values.
The average mean (T̄) and turbulence variables (ū′w′; v̄′w′

and w̄′T ′) are directly computed from the sonic anemometer
measurements; zi/L⁎b0 (N0) indicates thermal instability
0 m height. Notations CF, DF, B and OF correspond to the close forest, distant



Table 1
Available reliable data (h) for the different stability regimes after quality
control as a function of wind direction.

Very stable Stable Unstable Very unstable Total

Close forest
10 m data (h) 81.5 105.5 220.5 249 656.5
30 m data (h) 816 336.5 352.5 443 1948

Distant forest
10 m data (h) 328.5 65 50.5 343.5 787.5
30 m data (h) 346 190 96.5 243.5 876

Buildings
10 m data (h) 378 466 314 566.5 1724.5
30 m data (h) 287 382.5 413.5 282.5 1365.5

Open field
10 m data (h) 741 219 206.5 818.5 1985
30 m data (h) 737 307.5 315 600 1959.5
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(stability). The surface momentum and heat fluxes are equal
to ρu⁎2 and ρCpu⁎T⁎ respectively, where ρ is the air density,
Cp the specific heat at constant pressure, and T⁎ the scaling
temperature given by:

T⁎ = � w̄′T ′

u⁎

ð3Þ

The data set between April 2005 and October 2006
represents approximately 215 days (256 days) of data avail-
able at 10 m (at 30 m) after quality control (see details in
Barthlott et al., 2007).

2.3. Classification according to upstream terrain

The data set is clustered as a function of wind direction.
A comparison between thewind directionmeasured at 10 and
Fig. 3. Probability distribution function
30 m heights is shown in Fig. 2. We define four different wind
direction sectors:

1. The wind sector ranging between 310° and 30° corre-
sponds to a close forest about 70 m upstream of the
measurement tower to the north. The forest height is
about 20 m so x/h~3–4. In this situation, thewind at 30 m
is slightly shifted to the east with respect to that at 10 m
(Fig. 2) since the low level flow turns around the vegetation
belt so theflowmeasured at 10 m ismore disturbed than the
flowmeasuredat the30 mmeasurementpoint (Nord,1991).

2. The wind sector ranging between 100° and 170° corre-
sponds to a distant forest which is about 400 m upstream
of the measurement tower to the east (i.e. x/h~15–20).
Fig. 2 shows a perfect match between wind direction at 10
and 30 m heights as would be the case over perfectly flat
terrain. Indeed, thewind veering decreases with increasing
distance to the forest edge.

3. The wind sector ranging between 170° and 260° corre-
sponds to a group of buildings located 300 m to the south
of the measurement tower (i.e. x/h~10–15).

4. The wind sector ranging between 260° and 310° corre-
sponds to an open field sector to the west. The terrain
“seen” by the instrumented tower is fairly flat and
homogeneous, the turbulent fluxes as well as the wind
direction are constant with height (Drobinski et al., 2006).

It must be noticed that the measurement tower is located
over a grass field with at least 70 m fetch (distance from
terrain property change) in all directions. We did not use the
data in the 30°–100° sector because when the wind blows
from this sector, the anemometers are in the tower wake
and the data are no longer reliable (Barthlott and Fiedler,
2003). Finally, after quality control, the number of hours of
observations per wind sector and stability conditions is
given in Table 1; Fig. 3 shows the probability distribution
function of the wind direction at 10 m with a peak about
of the wind direction at 10 m.



Fig. 4.Normalised friction velocity u⁎/U10 at 10 m (solid line) and 30 m (dashed line) as a function of the 10-mwind direction and stratification. Panels a, b, c and d
correspond to the unstable, stable, very unstable and very stable situations, respectively. The bars indicate the 1−σ uncertainty.
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240° (direction south west–west). The stability regimes are
classified as a function of the Obukhov length (L⁎ ): the very
unstable regime corresponds to −200bL⁎b0, the unstable
regime to −1000bL⁎≤−200, the stable regime to 200≤
L⁎b1000 and the very stable regime to 0≤L⁎b200 (as used in
Barthlott et al., 2007).
3. Near-surface turbulent kinetic energy momentum and
sensible heat fluxes

When describing the turbulent flow structure in the
surface layer, many authors use the friction velocity (u⁎),
the scaling temperature (T⁎) and the turbulent kinetic energy
(e) as scaling parameters. u⁎ and T⁎ are derived from the
momentum and sensible heat flux, respectively, whereas e=
(1/2)(ū′2 + v̄′2 + w̄′2) characterizes the turbulence inten-
sity per unit mass. Figs. 4, 5 and 6 show values of the
normalized friction velocity u⁎/U10 , where U10 is the
mean streamwise velocity at 10 m, T⁎ and the normalized
turbulent kinetic energy e/u

⁎
2, averaged on 10° sectors with

the standard deviations associated (1−σ uncertainty), as
function of the wind direction and stability. In stably and
neutrally stratified PBL over flat terrain, the momentum
and heat fluxes (and so u⁎ and T⁎) are homogeneous in
the atmospheric surface layer whereas they are expected
to slightly decrease with height (by less that 10%) in the
convective PBL (see Stull, 1988).

Fig. 4 illustrates the effect of upstream terrain complexity
on the friction velocity u⁎. Indeed, the 30-min u⁎/U10

measured at 10 and 30 m depend on the wind speed and
stratification and varies as a function of the 30-min mean
wind direction: the lower values of u⁎/U10 are found for the
open field sector (west) whereas it increases with increasing
upstream roughness, the maximum u⁎/U10 values being
downstream of the buildings (south). One can also notice,
particularly for very stably and stably stratified PBL, a
significant difference (i.e. larger than one standard deviation)
between themeasurements at 10 and 30 mwith larger u⁎/U10

values at 30 m particularly for wind sectors corresponding to
upstream distant forest and buildings. The reason for such
behavior has been extensively studied: the airflow is
disrupted as it flows across the roughness elements. The
distortion of the flow generates strong local shear which
generates turbulence. The wind then advects enhanced
turbulence downstream of the roughness elements towards
the 30 m mast. In the presence of the forest or the building,
local advection and pressure gradient can thus no longer
be neglected in the Reynolds averaged equation of motion, so
the turbulent flux divergence is not zero and the turbulent
fluxes vary with height. Downwind from a surface roughness
change, several authors (Raine and Stevenson, 1977; Liu et al.,



Fig. 5. Same as Fig. 4 but for T⁎.
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1996) used to distinguish 3 different regions in the turbulent
flow: the quiet zone (0bx/hb3.5), the wake zone (3.5bx/
hb18) and the readjustment zone (x/hN18). For our most
homogeneous sectors (open field, west sector), the values of
u⁎/U10 and T⁎ measured at 10 and 30 m are very similar
(within one standard deviation), contrary to the sector
associated with the distant forest and the buildings, located
between the wake and readjustment zones (easterly and
southerly winds, respectively), for which the values of u⁎/U10

measured at 30 m are significantly larger than those mea-
sured at 10 m. For the north sector (tree fence upstream of the
tower and x/h~3–4), the two anemometers are located
within the wake zone where strong shear-induced mixing
occurs, homogenizing the vertical profile of u⁎/U10 at the two
levels. The observed values of the friction velocity u⁎/U10 are
also strongly dependent on stratification. For very unstable
conditions, the differences are minimum between 10 and
30 m heights and wind sectors (i.e. within the uncertainty
bars). This is consistent with the fact that, in this stability
class, the source of turbulence is local and essentially of
thermal origin, and one can notice the weak dependence of
u⁎/U10 on the wind direction. This difference between 10
and 30 m becomes significant for unstable (i.e. shear-driven
convective PBL), stable and very stable conditions. Under such
conditions, the main source of turbulence is shear (maximum
due to the topographical elements) and advection is domi-
nant favoring turbulence transport to the measurement
tower.
The situation is somehow different for T⁎ (Fig. 5). Indeed,
surface heat fluxes are very small for stable and neutral
conditions at the SIRTA observatory so the distinction
between the different wind sectors is completely masked
by the intrinsic uncertainty. In very unstable conditions, the
footprint is very small and the forcing is mostly of thermal
origin and thus local so the upstream heterogeneity is not
felt at the tower. Indeed, the values of T⁎ are fairly
homogeneous with respect to the wind direction (less than
20% variability) with, however, one peak at about 160° which
corresponds to upstream buildings. The still present signa-
ture of the upstream buildings on the measured turbulence
variables for the “very unstable” stability class may be due to
the fact that even for weakly shear-driven convective PBL,
the impact of advection may not be negligible (however,
decreasing the number of data in this stability class may
affect the reliability of the statistics). Finally, we can see
slightly weaker values of T⁎ (in absolute value) at 30 m than
at 10 m by 20% maximum (about 10% on average) but the
uncertainty bars are large.

The normalized turbulent kinetic energy e/u⁎
2 displays

similar features: e/u⁎
2 is strongly affected by upstream rough-

ness in very stable, stable and unstable conditions with large
differences between 10 and 30 m heights, whereas more or
less homogeneous e/u⁎

2 values are expected as a function of
height for these stability regimes (Stull, 1988).

The largest difference is found for the east and south wind
sectors whereas nearly no difference is found for the north



Fig. 6. Same as Fig. 4 but for the normalized turbulent kinetic energy e/u⁎
2. The value of e/u⁎

2 at 10 m (30 m) corresponds to the ratio between e and u⁎
2 measured at

10 m (30 m).
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and west sectors (close forest and open field, respectively).
Shear-induced turbulent kinetic energy production is very
strong at 10 m height and very dependent on thewind sectors
whereas at 30 m, shear-production is weaker (less shear) and
rapidly balanced by dissipation thus generating weaker
turbulent kinetic energy and lower dependence on the wind
sector. For northerly winds, the tower being in the wake
zone of the tree fence, strong verticalmixing and homogeneous
e/u

⁎
2 values are measured between 10 and 30 m as suggested

numerically by Liu et al. (1996). For very unstable conditions,
the dependence of e/u

⁎
2 on the 313 wind direction becomes

very weak, as expected, except for thewind sector correspond-
ing to the buildings upstream of the tower (see above).

4. Coherent structures

Atmospheric turbulence is generally composed of both
disorganized motion and more organized motion. Depending
on the PBL stratification, the coherent structures can take
the form of convective cells (very unstably stratified PBL)
or longitudinal rolls (sheared unstably stratified PBL) (e.g.
Drobinski et al., 1998), streaks (shear-driven PBL) (e.g.
Drobinski and Foster, 2003; Drobinski et al., 2004, 2007)
and waves (stably stratified PBL) (e.g. Mahrt, 1999).

In this study, the identification of coherent structures
consists in detecting ramp-like patterns in the time series of
the temperature fluctuations using a wavelet analysis (see
details in Barthlott et al., 2007). This analysis involves a
wavelet transform which is well suited to the detection of
non-periodic signals with variable durations. The one-
dimensional continuous wavelet transform of a function x(t)
with respect to an analyzing wavelet ψ(t) is defined as:

WnðsÞ =
1
s
∫∞
�∞

xðtÞψðt � n
s

Þdt ð4Þ

where s is a scale dilation and n a position translation. A
wavelet ψ is a real or complex valued function that must have
zero mean. By varying the wavelet scale s and translating
along the localized time index n, one can construct a picture
showing both the amplitude of any patterns and how this
amplitude varies with time (Torrence and Compo, 1998). The
choice of the wavelet is of particular importance, since the
resulting correlation pattern will reflect the characteristics of
the wavelet. Thewavelet should possess a good localization in
frequency space for the determination of characteristic scale,
but should also be well localized in time space for event
detection. Collineau and Brunet (1993a) demonstrated the
advantages of the Mexican–Hat wavelet for jump detection.
The Mexican–Hat wavelet is a compromise between a good
frequency localization and a sufficient localization in time
space. In addition, this wavelet reacts to the second derivative



Table 2
Mean values of coherent structure frequency of occurrence (FO) and
contribution to the momentum (Fcohuw) and heat (FcohwT) fluxes, for the
four stability classes and the four wind sectors at 10 and 30 m measurement
points as well as their uncertainty (≃ ±10% on average, computed by
subdividing the data set and estimating the variability of the mean value
estimates for the different sub-datasets).

Very stable Stable Unstable Very unstable

Close forest
Fcoh(uw)10 m (%) 46±6 44±6 37±5 42±3
Fcoh(wT)10 m (%) 45±6 48±6 44±6 45±2
FO10 m (30 min−1) 12±2 11±3 8±1 8±2
Fcoh(uw)30 m (%) 43±3 39±3 42±5 53±3
Fcoh(wT)30 m (%) 42±3 42±2 45±3 51±2
FO30m (30 min−1) 11±1 10±1 8±1 7±1

Distant forest
Fcoh(uw)10 m (%) 51±6 42±9 38±20 48±4
Fcoh(wT)10 m (%) 48±5 31±11 64±13 49±2
FO10m (30 min−1) 10±1 8±5 9±2 8±1
Fcoh(uw)30 m (%) 44±5 44±4 42±10 50±6
Fcoh(wT)30 m (%) 45±4 47±2 55±10 50±4
FO30m (30 min−1) 10±1 10±1 8±1 6±1

Buildings
Fcoh(uw)10 m (%) 46±4 39±4 38±3 42±2
Fcoh(wT)10 m (%) 44±3 42±5 46±3 46±2
FO10m (30 min−1) 10±1 9±1 8±1 8±1
Fcoh(uw)30 m (%) 40±3 39±2 40±2 49±3
Fcoh(wT)30 m (%) 44±2 45±3 46±4 50±2
FO30m (30 min−1) 9±1 9±1 8±1 7±1

Open field
Fcoh(uw)10 m (%) 46±4 40±6 35±6 45±3
Fcoh(wT)10 m (%) 46±2 42±5 48±5 48±2
FO10m (30 min−1) 11±1 10±1 7±2 7±1
Fcoh(uw)30 m (%) 43±2 39±3 39±4 50±2
Fcoh(wT)30 m (%) 45±2 44±4 47±6 51±2
FO30m (30 min−1) 11±1 9±1 7±1 7±1
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of the signal, which has a change in sign (a zero-crossing) at
discontinuities such as ramps. Hence this method avoids the
uncertainty of empirically setting optimum detection thresh-
olds, which is required for other wavelets (e.g., Haar, Ramp,
Morlet). A number of authors have therefore used the
Mexican–Hat wavelet and the zero-crossing of the wavelet
coefficients to detect coherent structures in temperature
time series (Chen et al., 1997; Brunet and Irvine, 2000;
Feigenwinter and Vogt, 2005). In order to establish the most
representative scale of the coherent structures, the global
wavelet spectrum W

―
(s) is computed as follows:

W̄ðsÞ = ∫
∞

�∞
jWnðsÞ j2dn ð5Þ

According to Collineau and Brunet (1993a), the time scale
associated with the maximum of W̄ðsÞ corresponds to the
mean duration of the most energetic turbulent structures.

Despite the efforts of investigating coherent structures, in
recent years, the definition of these boundaries are still not
established (Krusche and De Oliveira, 2004). Some authors
such as Collineau and Brunet (1993b); Lu and Fitzjarrald
(1994); Qiu et al. (1995); Feigenwinter and Vogt (2005)
included in their definition of the coherent structures, portions
of temperature fluctuation time series that follow the sudden
fall (i.e. microfront). Following the approach of Antonia et al.
(1979), the microfront determines the temporal/spatial end of
the structure for convective conditions whereas it determines
its beginning in case of stable stratificationwhere the pattern is
inverted. Hence, under convective conditions, the end of the
structure is represented by zero-crossings from positive to
negative values whereas the beginning of the structure is
represented from negative to positive values for the case of
stable stratification. The different slope sign for stable and
unstable conditions is due to different characteristics of the
temperature ramps (unstable: gradual rise followed by sudden
fall; stable: sudden rise followed by gradual fall). In order to
derive parameters like duration, separation or contribution to
the turbulent transport, the other boundary of the structure has
to be specified. Some authors use a fixed time window around
the zero-crossing of the wavelet coefficients (Feigenwinter and
Vogt, 2005) or the nearest zero-crossings in both directions of
the microfront (Qiu et al., 1995).

Gao et al. (1989) determines the length of a structure by
taking into account the region with continuous updrafts
preceeding the microfront to the region with continuous
downdraft afterwards. The determination of the mean dura-
tion by themaximumof the global wavelet spectrum (applied
byGao and Li,1993; Lu and Fitzjarrald,1994) can be influenced
by the fact that the ramp patterns can have varying duration
and separation times between ramps even inside an analyzed
30-min period (which is the block chosen for this study).

An improved approach is presented here where the
graduation of the time series using the wavelet coefficients
allows a dynamical adjustment to the varying scales as
accurately as possible: starting from each microfront
(detected by the zero-crossing of the wavelet coefficients),
we use the preceeding minimum of the coefficients under
convective conditions or the following one for stable situa-
tions to determine the duration D of each coherent structure
separately. The remaining parts of the time series are the
separation times S. Especially for the separation times, this
method provides a more accurate result since long ramp-free
periods and shorter separation times are detected as well. By
doing this, we take into account the internal variability inside
a 30-min period and have now the separation times between
two detected structures which are not only calculated by the
number of detections per data block. Another advantage is
that the calculation of probability distributions can be based
on all detected structures and not on half-hourly averaged
duration or separation times.

Collineau and Brunet (1993a) pointed out that the zero
crossingmethodusing theMexican–Hatwaveletmight identify
too many structures during long ramp-free periods. For this
reason, we introduce a threshold value for the detection: a
coherent structure is identified only by those zero-crossings of
the wavelet coefficients whose corresponding maximum
(representing the amplitude of the ramp) exceeds at least
40% of the total maximum of the coefficient at the analyzed
scale. The introduction of this selection criterion is a necessary
supplementation when regarding long-term measurements
which may include ramp-free periods. Another advantage of
our method is the avoidance of overlapping structures which
may caused problems in the works of Lu and Fitzjarrald (1994)
and Feigenwinter and Vogt (2005).
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The individual steps of our detection method for a given
temperature time series are as follows:

1. remove small-scale fluctuations by digital filtering based
on a fast Fourier transform (cut-off frequency 2 Hz);

2. lower the sampling frequency from 10 Hz to 1 Hz and
remove a linear trend;

3. calculate wavelet transforms for 30 min data runs and the
global wavelet spectrum using the Mexican–Hat wavelet,
and then

4. analyze the wavelet coefficients at the peak scale of the
global wavelet spectrum depending on the type of stability
• for unstable stratification:
• determine the ending points of the structures by each
zero-crossing of the wavelet coefficients with a nega-
tive slope whose preceeding local maximum exceeds
a value of 0.4 times the absolute maximum of the
coefficients at that scale, and

• determine each starting point by the preceeding
minimum of the wavelet coefficients.

• for stable stratification:
• determine the starting points of the structures by each
zero-crossing of thewavelet coefficients with a positive
slope whose following local maximum exceeds a value
of 0.4 times the absolute maximum of the coefficients
at that scale, and
Fig. 7. Probability distribution functions of coherent structures occurrence per 30 mi
of stratification. Panels a, b, c and d correspond to the north (close forest), east (dis
• determine each ending point by the following mini-
mum of the wavelet coefficients.

The results of this study are not influenced by steps 1 and 2,
since they just smooth the time series and reduce the
computation time. The large-scale signal remains unaltered.
However, the choice of the threshold criteria has a strong
impact on our results if long ramp-free periods exist. We
tested a number of threshold values ranging from 20% to 60%
for several days of measurements, the value of 40% seemed to
be the most appropriate one.

With this value, the bulk of the occurring structures
was detected, structures on smaller scales were also
detected and random-like fluctuations during ramp-free
periods were discarded. In the range of 40%, the number of
detected structures did not vary as much as in the range
around 60% or 20%. However, false detections cannot be
completely excluded, which is the reason why a visual
inspection of all treated data-blocks was performed after
the wavelet detection algorithm. Then, our wavelet
analysis of the temperature fluctuations allows the detec-
tion of sweeps or ejections associated with the presence of
coherent structures at the instrumented tower, the locali-
zation of the coherent structures in time, the quantification
of their life time and their occurrence and the estimation
of their contribution to the turbulent transport calculated
n time period, obtained from the measurements collected at 30 m as function
tant forest), south (buildings) and west (open field) sectors, respectively.
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as follows (the notations are those of Barthlott et al.
(2007)):

Fcoh = ∑
no

i=1
w̄′x′coh × tcoh

� �
= w̄′x′ × t
� �

with : ð6Þ

w̄′x′coh = t�1
coh∑ w� w̄

� �
x� x̄

� � j
coh

ð7Þ

w̄′x′ = t�1∑ w� w̄
� �

x� x̄
� �

ð8Þ

The quantities w̄ and x̄ are calculated over the entire half-
hour period t, where x represents temperature T or the
longitudinal velocity component u and no is the number of
detected structures. The quantity w̄′x′coh is the conditionally
averaged flux of variable x for each coherent structure with
duration tcoh and w̄′x′ stands for the total Reynolds averaged
turbulent flux.

Table 2 summarizes the mean values of the frequency of
occurrence of the coherent structure (FO) and their relative
contribution to the momentum (Fcoh(uw)) and heat (Fcoh(wT))
fluxes for the four stability classes and the four wind sectors
at 10 and 30 m heights; as well as their uncertainty (≃10%,
computed by subdividing the data set and estimating the
variability of the mean value estimates for the different sub-
datasets). One striking feature is the absence of significant
Fig. 8. Probability distribution functions of the contribution of the coherent structur
collected at 30 m as function of stratification. Panels a, b, c and d correspond to the no
sectors, respectively.
difference between the different sectors (within one standard
deviation) whatever the stability conditions despite the strong
dependence on the averaged turbulent variables such as kinetic
energy and fluxes found in Section 3. This is consistent with
the numerical study by Fesquet et al. (2008, in press) for
neutral PBL.

This strong similarity between thewind sectors is not only
seen on the mean values but also on the probability
distribution functions (PDF) which is a much more demand-
ing criterion. We display the PDF for coherent structure
occurrence (Fig. 7), coherent structure contribution to
momentum (Fig. 8) and sensible heat fluxes (Fig. 9) at 30 m
height. Very similar results are obtained at 10 m height but
are not shown. Fig. 7 displays the PDF of coherent structure
occurrence on 30 min period as a function of the wind sectors
and the stability. We observe on average between 6 and 12
structures every 30 min with no clear deterministic relation-
ship between the coherent structures occurrence and the
stability (in agreement with Gao et al., 1992), but more
structures are detected under stable stratification than for
convective conditions. Our values are comparable to other
studies (e.g. Feigenwinter and Vogt (2005): 7–10 structures
per 30 min). Despite some noise due to the limited number of
data used to compute the PDFs for the four wind sectors and
stability classes, the PDFs are very similar for all wind sectors
and a given stability class. This feature is also found in Fig. 8
es to the total turbulent momentum fluxes, obtained from the measurements
rth (close forest), east (distant forest), south (buildings) andwest (open field)



Fig. 9. Similar as Fig. 8 for heat flux.

Table 3
Mean and dominant (most probable) values of the duration (D) and
separation (S) times for the fourwind sectors and for the four stability classes.

Very stable Stable Unstable Very unstable

Mean Dom. Mean Dom. Mean Dom. Mean Dom.

Close forest
D10m (s) 64 50 60 40 82 60 90 60
D30m (s) 67 50 67 50 84 50 98 60
S10m (s) 79 15 82 15 101 15 96 15
S30m (s) 79 15 82 15 85 15 94 15

Distant forest
D10m (s) 70 60 77 60 83 60 87 50
D30m (s) 68 60 66 50 85 70 96 50
S10m (s) 86 15 91 15 94 15 107 15
S30m (s) 87 15 83 15 108 15 126 15

Buildings
D10m (s) 65 50 69 50 79 50 85 50
D30m (s) 67 50 68 50 82 60 99 60
S10m (s) 84 15 91 15 93 15 107 15
S30m (s) 86 15 96 15 100 15 120 15

Open field
D10m (s) 64 50 64 50 88 40 89 60
D30m (s) 63 50 66 40 87 50 96 60
S10m (s) 82 15 81 15 109 15 103 15
S30m (s) 78 15 93 15 102 15 113 15
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which displays the PDF of the coherent structure contribution
to the momentum fluxes and shows that whatever the
upstream roughness, coherent structures are, on the average,
not the dominant processes for the turbulent transport for
most of the stability classes (Table 1), themeanvalues ranging
between 31 and 57%.

A trend which seems to be verified for all wind sectors is
that the contribution of the coherent structures to the
momentum fluxes is more important in the very stable case.
Fig. 9 shows the probability density functions of the coherent
structures contribution to the heat flux. There again, the PDFs
are very similar for all wind sectors (which is also expected
because of the weak dependence of the average sensible heat
flux to the upstream roughness, see Section 3) with a mean
value of 46% (Table 2).

Table 3 shows the mean and dominant (most probable)
values of the duration and separation times of the coherent
structures detected at 30 m. It appears that, in average, the
duration and separation times of the coherent structures
increase with the instability. We notice no significant
difference between 10 and 30 m measurement height. The
mean duration time increases from about 60–70 s, in very
stable and stable stratification, to about 80 and 100 s in
unstable and very unstable PBL, respectively. This indicates
that more unstable the PBL bigger the structures. However,
the dominant duration of the coherent structures is about
50 s and does not vary significantly with the stability nor the
wind sector. This observation is confirmed by Fig. 10 which
represents the probability distribution functions of the
duration time. Indeed, whatever the wind sector (panel a, b
c or d), the distributions peaks are very close. However, in
unstable condition, the distributions show more great values



Fig. 10. Probability distribution functions of coherent structure duration at 30 m as function of stratification. Panels a, b, c and d correspond to the north (close
forest), east (distant forest), south (buildings) and west (open field) sectors, respectively.
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which explain the grater mean values in these stability
classes. As regards the separation time, the mean value
increase from about 80 to 90 s in stable and very stable
conditions to about 100–120 s in unstable and very unstable
conditions (Table 3). The probability distribution functions of
the separation time are very similar, the wind sectors and the
stability seem almost to have no influence on the time
between two consecutive structures (Fig. 11). We can also
notice that the dominant value is surprisingly exactly the
same, 15 s (Table 3). This small value in comparison to the
averaged one seems to indicate that we detect packets of
coherent structures.

The independence of the coherent structure properties to
the upstream roughness, in all stability conditions, is a key
outcome of this study, considering that conversely, the
average turbulence variables are strongly dependent on the
upstream terrain complexity, whatever the stratification. This
result extends thefindings of Fesquet et al. (2008) and Fesquet
et al. (in press) to the stable and unstable cases (including the
very stable and very unstable PBLs). In these studies, LES
simulations of neutral PBL including the effects of plant–
atmosphere interactions were run to investigate the influence
of surface inhomogeneities on near-surface coherent struc-
tures with configurations similar the north (close forest) and
west (open field) sectors of our experimental site. The
simulations of the neutral PBL were in excellent agreement
with the observations collected in near-neutral stratification
considering on the one hand the turbulent fluxes and kinetic
energy, and on the other hand the coherent structure proper-
ties derived in the sameway as in Barthlott et al. (2007) and in
the present study: for the open field case, 7 to 14 structures
were detected per 30 min in the LES, contributing to about 36
to52% to the turbulentfluxes,whereas for the inhomogeneous
terrain case, 9 to 14 structures were detected contributing to
39 to 55% to the turbulent fluxes.

In Fesquet et al. (2008) and Fesquet et al. (in press), the
analysis of coherent structure trajectories, in neutral PBL,
showed that structures are created significantly above the
topographical elements (between z=50 and 100 m). These
structures can be produced through shear (e.g. Fesquet et al.,
2008, in press; Drobinski and Foster, 2003; Drobinski et al.,
2004) and/or convective (e.g. Drobinski et al., 1998)
instability. Then, they seem transported downward onto the
ground in agreement with recent observations of Drobinski
et al. (2004), and confirming the ‘top–down’ behavior of
coherent structures in the atmospheric surface layer as
initially proposed by Hunt and Morrison (2000), Hunt and
Carlotti (2001) and Carlotti (2002). As a result, the properties
carried out by the large-scale outer eddies become indepen-
dent from the nature of the terrain. Conversely, near-surface
small-scale inner turbulence depends on the roughness
elements since formed at the ground by convective instability



Fig. 11. Probability distribution functions of coherent structure separation at 30 m as function of stratification. Same labelling as Fig. 10.

267C. Fesquet et al. / Atmospheric Research 94 (2009) 254–269
(as suggested by McNaughton (2004)) or by shear and
blocking at the surface (as suggested by Hunt and Morrison
(2000)) where it can also interact with large-scale outer layer
turbulence (McNaughton and Brunet, 2002).

Quantitatively, we can separate the coherent structure
properties into two categories. On the one hand, the structural
properties, i.e. the separation time between consecutive
coherent structures, the coherent structure duration and
the frequency of occurrence appear to be independent of the
upstream condition in absolute value. This means that
the presence of roughness elements does not contribute to
the generation of more or less coherent structures and has
no impact on the life time of these structures. Conversely,
considering the energetic properties, only the contribution of
coherent structures to the total surface fluxes does not depend
on the terrain heterogeneity, but the surface fluxes associated
to the coherent structures behave similarly as the average
turbulent fluxes affected by upstream roughness. In other
words, the intensity of near-surface turbulence and fluxes
increaseswith upstream roughness (i.e. with increasing shear,
see Barthlott et al. (2007), for stable stratification) but the
contribution of the coherent structures to the fluxes remains
unchanged whatever the terrain complexity.

5. Conclusion

This study investigates the impact of surface heterogeneity
and stratification on local turbulence measurements using
18 months of turbulencemeasurements by sonic anemometers
at 10 and 30 m heights on the 30 m tower of the SIRTA sub-
urban observatory, under varying meteorological conditions
and fetch configurations.

The data set extends the results of Fesquet et al. (2008, in
press) from very stable to very unstable cases and this paper
shows that no significant differences are found between the
different stability class: the terrain complexity has an
important impact on the various average turbulence variables
like turbulent kinetic energy, and momentum fluxes whereas
the upstream complexity of the terrain has no impact on the
coherent structure properties, whatever the stability condi-
tions. Indeed, the frequency of occurrence, the duration time
of the coherent structures, the separation time between
consecutive coherent structures and the relative contribution
of the coherent structures to the total fluxes (momentum and
heat) appear to be independent from the upstream roughness
in all stability classes. The stability conditions have an impact
on the structural properties of the coherent structures; more
unstable, bigger than the coherent structures. So, in unstable
regimes, we detect less structures but bigger ones.

This paper shows evidence of non-significant impact of the
stability conditions on the turbulent processes in the presence
of upstream heterogeneity and advocates for similar process
for all stability conditions: large coherent structures (inactive
turbulence in the Townsend sense) are created significantly
above the canopy, in the outer layer, through shear and/or
convective instability and are transported downward onto the
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ground. When impinging onto the ground, they create an
internal boundary layer where smaller structures (active
turbulence) are created locally at the surface and carry
properties independent of the surface heterogeneity.

These results are important since the coherent structures
are known to be crucial in momentum, heat and mass
transfers between the surface and the atmosphere. A better
understanding of their ‘universal’ properties whatever the
stability class should facilitate their parametrisation in
meteorological models even in the presence of important
heterogeneity. A further step of the current work could
consist in performing a LES, in convective and stable, PBLs
with other types of surface heterogeneities, representative of
rural or urban canopies.
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