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In low-wind regimes (wind speed less than 1.5 m s−1) the nocturnal boundary layer is still
inadequately understood. In such conditions, turbulence is weak and often intermittent,
whereas dynamics and total fluxes are often driven by submeso motions. As a consequence,
the momentum, mass and energy transfers are poorly represented by dispersion models.
In low-wind conditions, an important fraction of submeso motions is represented by
meandering modes, which can be detected through the Eulerian autocorrelation functions
of horizontal wind components and temperature. Such an approach has been proven to
be reliable. However, a deeper insight could be useful for understanding the phenomenon,
especially when complex or multiple mesoscale motions simultaneously develop. In this
work, Eulerian autocorrelation functions and the Morlet continuous wavelet transform
were used to investigate an 8 h nocturnal period characterized by the coexistence of
horizontal meandering and vertical oscillations, rarely observed elsewhere. This ‘nice’
episode represents a good case-study to compare the two used methodologies and to
investigate the phenomenology of the two submeso phenomena simultaneously occurring
in a low-wind-speed regime. The two methodologies identified the same time-scale for the
detected meandering structures over the whole period. Moreover, the wavelet analysis: (i)
was able to discriminate horizontal meandering and gravity waves, which simultaneously
developed in the second part of the analysed period; (ii) showed that, in the investigated
case, the horizontal meandering was not triggered by gravity waves which appeared later
in the night; (iii) highlighted how both gravity waves and meandering can contribute to an
increase of the vertical turbulent energy and fluxes, confirming the crucial role of submeso
structures in the turbulence production during low-wind regimes in stable conditions.

Key Words: meandering; gravity waves; low-wind conditions; atmospheric turbulence; stable boundary layer; wavelet
analysis; Eulerian autocorrelation functions

Received 15 June 2016; Revised 13 October 2016; Accepted 22 October 2016; Published online in Wiley Online Library

1. Introduction

The dynamics of the stable boundary layer (SBL) has been
investigated in numerous studies over the past decades. Significant
progress has been made in understanding the main characteristics
in the stable regime where the turbulence is fairly continuous in
both time and space and decreases with height up to the top
of a quite well-defined boundary layer. In such conditions the
turbulent structure can be described by similarity theory and
parametrizations (Wyngaard, 2010).

On the other hand, the main features of the SBL still
remain poorly understood in low-wind regimes (wind speed

less than 1.5 m s−1) (Anfossi et al., 2005) because of the complex
interaction of multiple-scale processes (Mahrt, 2014). In these
conditions it is difficult to identify a classical structure of the
boundary layer as the turbulence becomes extremely weak and
strongly intermittent. Turbulent statistics are often influenced
by irregular small-scale eddies that do not directly interact
with the ground (z-less stratifications) (Nieuwstadt, 1984;
Dias et al., 1995; Mahrt, 1999). Moreover, turbulent transport
appears also driven by large downward bursting related to
intermittent short-term wind accelerations above a height-
dependent threshold value (Mahrt, 2011; Sun et al., 2012). These
infrequent mixing events account for much of the total flux
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and are modulated by various non-turbulent submeso motions,
on scales from metres to a few kilometres which can produce
significant flow non-stationarity (Mahrt, 2010; Vercauteren et al.,
2016).

Typical submeso motions include gravity waves (GWs; De
Baas and Driedonks, 1985; Chimonas, 2002; Nappo, 2002),
microfronts, two-dimensional modes (like meandering motions
or pancakes vortices; Anfossi et al., 2005; Mahrt, 2007; Mortarini
et al., 2013, 2016a), drainage flows (Doran and Horst, 1981),
density currents and solitary waves (Sun et al., 2004; Terradellas
et al., 2005) and other complex structures. The dynamics of such
motions and their influence on the generation of intermittent
mixing events in the SBL are poorly understood and, as a
consequence, usually not well represented in the dispersion
models which often fail in estimating pollutant concentrations
in low-wind-speed conditions (Gupta et al., 1997; Anfossi et al.,
2006; Vickers et al., 2008; Mahrt and Mills, 2009; Belušic and
Güttler, 2010).

Wave-like structures are fundamental features of the SBL and
their influence on the transport of momentum, mass and energy
throughout the atmosphere has been the most extensively studied
among all other submeso motions (Rees et al., 2000; Nappo, 2002;
Cava et al., 2004, 2015; Viana et al., 2010; Durden et al., 2013;
Sorbjan and Czerwinska, 2013; Nappo et al., 2014). Nonetheless,
the description of GW dynamics and the parametrization of
turbulence–wave interaction remain an open question.

An important fraction of submeso motions is represented
by meandering modes which, as well as GWs, can modulate
the intermittent turbulent production in the SBL in low-
wind conditions. Moreover they can cause large horizontal
dispersion usually not captured in dispersion models (Sharan
et al., 2003; Anfossi et al., 2006) in the absence of a proper
physical understanding of the meandering dynamics.

Meandering does not have a precise definition; it generally
refers to large horizontal oscillations of the wind direction due to
a complex mix of motions on scales between the main turbulent
eddies and the smallest mesoscale motions (Joffre and Laurila,
1988; Belušić and Mahrt, 2008; Vickers et al., 2008). There is
not a general consensus on the physical causes responsible for
the wind meandering during low-wind-speed conditions. They
include surface pressure perturbations induced by mesoscale
motions, internal GWs, quasi-2D pancake motions, pulsating
drainage flows, solitons, and vortices with either a horizontal or
a vertical axis (Mahrt, 2007). Although meandering has also been
observed at low wind speeds in neutral and unstable conditions
(Sharan et al., 2003; Anfossi et al., 2005; Mahrt, 2011; Mortarini
et al., 2013, 2016a, 2016b), in most studies stable stratification
is considered a necessary condition for observing meandering
flows (Mahrt, 2014 gives a review). Starting from the works of
Oettl et al. (2001) and Anfossi et al. (2005) in low-wind-speed
conditions, Mortarini et al. (2016a, 2016b) defined meandering
as a non-turbulent oscillation of the temperature and horizontal
wind velocity components and characterized it through the
evaluation on hourly datasets of the Eulerian autocorrelation
function (EAF). By fitting the temperature and horizontal wind
velocity component EAFs with an oscillating function (Frenkiel,
1953; Murgatroyd, 1969), it is possible to determine a loop
parameter that identifies the ratio of time-scales of small-scale
and large-scale oscillatory motions (Anfossi et al., 2005; Mortarini
et al., 2013) and identifies meandering and non-meandering cases
(Mortarini et al., 2016b). The EAFs fit also allows the estimation
of the meandering time-scale, i.e. of the time-scale of the low-
frequency submeso motions associated with the meandering
phenomenon.

In this work we present the analysis of wind, temperature
and pressure fluctuations collected in a low-wind stably stratified
night observed during the Urban Turbulent Project in Turin,
Italy (UTP;Trini Castelli et al., 2014). This episode was chosen for
the simultaneous presence of horizontal wind meandering and
vertical submeso oscillations rarely observed in previous studies
(Anfossi et al., 2005; Mortarini et al., 2016a).

An original approach is proposed here to estimate the
meandering time-scales of the wind velocity and temperature
using two complementary methodologies. First, we used the
Mortarini et al. (2016a) method based on the EAFs and then we
compared these results with a wavelet analysis. The continuous
wavelet transform based on the Morlet basis was used to detect
and characterize the time-scale of the wavelike oscillations both
in the wind velocity and in the temperature signals and their
connections with pressure fluctuations. Moreover, cross-wavelet
spectra were used to identify the nature of the wavy patterns in
order to discriminate the presence of GWs. The wavelet analysis
corroborated the results obtained with the EAFs and opened
new promising perspectives for the study of the meandering
phenomenon.

2. Experimental site and measurements

The UTP experiment (Mortarini et al., 2013; Trini Castelli et al.,
2014) was held in Turin (about 900 000 inhabitants), located at
the western edge of the Po Valley at 220 m amsl (above mean
sea level). Turin city covers an area of about 130 km2 and the
eastern sector lies at the foot of a hill range (maximum altitude
of about 700 m amsl); the other three sectors are surrounded
by the Alps (with crest line at about 100 km distant), and the
Apennines to the south. The UTP station (45.018◦N, 7.643◦E)
was a suburban meteorological station located in an area on the
southern outskirts of the town on grassy, flat terrain surrounded
by buildings and some open-field plots. The distance of tallest
buildings (about 30 m high) from the measuring site was about
150 m in the north to northeast direction, while in the other
directions the closest buildings, characterized by heights ranging
from 4 to 18 m, were at about 70–90 m distance. Therefore, the
measurements were taken in a complex and mixed geometry and
were not representative of a typical street-canyon configuration
or dense urban canopy.

A ground-based 25 m mast, equipped with horizontal booms
pointing west and east at 5, 9 and 25 m heights, was located at the
centre of the station; there were also two booms pointing north
and south installed at 25 m height. There were three anemometers,
recording at 20 Hz the three wind velocity components (u, v, w,
respectively the longitudinal, lateral and vertical component) and
the sonic temperature (θ): two Gill Solent 1012R2 placed at 5
and 9 m, and a Gill Solent 1012R2A at 25 m. However, during
the examined night the 25 m anemometer was out of operation.
Near the ground a differential microbarometer (Richiardone,
1993) measured the atmospheric pressure fluctuations (�p). The
instrument resolution of 0.2 Pa allowed an optimal accuracy since
the typical amplitude of pressure fluctuations due to GWs was of
the order of 10 Pa.

3. Methods of analysis

In this section the methodologies applied in the data analysis are
briefly summarized.

3.1. Eulerian autocorrelation function

Different authors (Oettl et al., 2001; Anfossi et al., 2005) found and
others (Steeneveld and Holtslag, 2011; Luhar, 2012) confirmed
that the meandering phenomenon can be well represented
in a mathematical framework by an EAF with a distinctive
negative lobe.

For a generic stationary process χ , the EAF, Rχ (τ ), is defined
as

Rχ (τ ) = 〈χ(t + τ )χ(τ )〉
σ 2

χ

. (1)

Both numerical and analytical approaches (Oettl et al., 2005;
Goulart et al., 2007) showed that, when the wind speed decreases
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below a threshold value (around 1.5 m s−1), the wind velocity
EAF assumes the form (Frenkiel, 1953; Murgatroyd, 1969):

R(τ ) = e−pτ cos(qτ ), (2)

where the parameter p is connected with the turbulence time-
scale, and the parameter q is associated with the meandering
characteristics (Mortarini et al., 2013). Mortarini et al. (2016a)
showed that in low-wind-speed conditions the temperature also
frequently exhibits the oscillating behaviour described by Eq. (2).

Through p and q it is possible to define the loop parameter,
m = q/p, and the meandering time-scale

T∗ = 2π

q
. (3)

The loop parameter describes the ratio of the time-scales of
the submeso meandering motions associated with q and the
small-scale turbulent motions associated with p. High values of
m are associated with a meandering phenomenon occurring on
scales larger than the turbulent time-scale. Low values of m are
associated with a turbulent time-scale larger than the identified
meandering time-scale and the meandering phenomenon is
therefore deemed negligible. Mortarini et al. (2016a, 2016b) use
the loop parameter to discriminate between meandering and not-
meandering cases. Following their methodology in this work we
identified meandering episodes when

{
u ≤ 1.5 m s−1

mu,v,θ ≥ 1
, (4)

where ū is the mean wind speed.
The meandering time T* identifies the time-scale of the

submeso processes associated with the meandering phenomenon.
However, the estimation of T* may depends on the duration of
the time series used to evaluate the EAF. In fact, Mortarini et al.
(2013) noticed that, when fitting the autocorrelation function
with Eq. (2) to evaluate p and q, the maximum allowed value for
q is related to the length of the sampling time.

3.2. Wavelet analysis

Wavelet analysis is a mathematical tool frequently used in
geophysical studies for its versatile applicability. Localization
properties of the wavelet transform are especially advantageous
for decomposing a signal into time and frequency components,
and for determining its dominant modes and their time evolution
(Daubechies, 1992; Farge, 1992).

Wavelets have been efficiently used in atmospheric boundary-
layer studies for investigating the intermittent periodicities and
the non-stationary character of atmospheric turbulence and its
interaction with larger structures such as GWs, meandering or
drainage flows (Howell and Mahrt, 1997; Katul and Vidakovic,
1998; Rees et al., 2001; Cava et al., 2005, 2015; Viana et al., 2010;
Durden et al., 2013; Sun et al., 2015).

Detailed tutorial papers on wavelet theory and applications
to the analysis of geophysical data have been published in the
literature (Kumar and Foufoula-Georgiou, 1997; Torrence and
Compo, 1998). In the following only a brief summary of the
methodology used in this study will be included.

The wavelet transform Wf(λ,t) of a function f(t) with finite
energy is defined as the integral transform with a family of
functions ψλ,t(u) = 1√

λ
ψ

(
u−t
λ

)
and is given by:

Wf (λ, t) =
∫ ∞

−∞
f (u) ψλ,t(u)du, (5)

where λ(> 0) is a scale parameter and t is a location parameter.
Changing the value of λ has the effect of dilating or contracting the

function ψ (called mother wavelet), i.e. of analysing the function
f(t) at different spatial scales; whereas changing t has the effect of
analysing the function f(t) around the point t.

In this work a continuous wavelet analysis was applied in
order to investigate the characteristics of the submeso motions
embedded in the analysed time series. The Morlet function has
been chosen as mother wavelet for its high resolution in frequency
space, well suited for the determination of the period of detected
meandering or wavy events (Thomas and Foken, 2005).

The wavelet spectra

S = |Wf (λ, t)|2 (6)

provide an estimation of the time evolution of the energy of
the analysed signals as a function of the resolved time-scales (or
frequencies).

Moreover, the common variability in frequency and time of
different signals (f, g) can be computed through the wavelet cross-
spectrum Wf ,g = Wf (λ, t). * Wg(λ, t); the cospectrum (Co), i.e.
the real part of Wf,g, is proportional to the covariance between the
two time series, whereas the quad-spectrum (Q), i.e. the complex
part of Wf,g, represents the spectrum of the product of f and g
shifted by 90◦. Furthermore, it is possible to define the wavelet

coherence spectrum
(

Coh = (Co2+Q2)
Sf Sg

)
, which reveals significant

coherence between two signals even if the common power is low,
and the wavelet phase spectrum (ϕ = tan− 1(Q/Co)) which gives
information about the phase difference between f and g (Grinsted
et al., 2004).

In particular, cross-spectral statistics can be used for the
identification of GW events in the measured series. In fact,
in the presence of linear waves, the lack of vertical diffusion
produces fluctuations of vertical velocity and scalars 90◦ out of
phase. Therefore, in the wave source region, the quad-spectrum
is larger than the cospectrum, the phase spectrum assumes values
close to ±90◦, and the coherence spectrum is close to 1 (de Baas
and Driedonks, 1985).

4. Results

In this work we analysed 8 h of data measured on 11 December
2007 between midnight and 0800 (local time, LT= UTC + 1)
in stable conditions. Data consisted of sonic anemometer
measurements (u, v, w, θ), collected at 5 m and 9 m, and
of pressure fluctuations (�p) measured by a differential
microbarometer at ground level. The wind velocities were rotated
using the triple rotation method (McMillen, 1988; Cassardo et al.,
1995; Cava et al., 2001) and linear trends were removed.

Figure 1 displays the time series for the analysed variables. Even
if the instantaneous wind velocity values can exceed 2.5 m s−1,
the mean speeds evaluated on hourly subsets (not shown) are
never larger than 0.6 m s−1, well below the threshold for a
low-wind-speed regime. For the most part, the horizontal wind
velocity components show marked oscillations between 0130 and
0700 LT, particularly evident in the v-component between 0300
and 0400 and in the u-component between 0430 and 0630 The
w-component often exhibits an increase in fluctuations alongside
the oscillations of the horizontal wind velocities. Similar patterns
are also present in the temperature and the pressure fluctuation
time series. In particular, between 0430 and 0600 LT, the pressure
fluctuations show a very regular wavy pattern.

The oscillating behaviour of the time series was first studied by
means of the EAFs. The dataset was divided into subsets of 1 h and
for each hour the EAFs of the wind velocity components, and the
temperature and the pressure fluctuations were evaluated. Then
the Mortarini et al. (2016a) criterion (Eq. (4)) was used to identify
meandering episodes. At 9 m, six of the eight analysed hours were
found to exhibit a meandering behaviour; only the third and fifth
hours did not satisfy Eq. (4) because of an unclear oscillating
behaviour of the temperature EAF (Figures S1(a) and (b)).

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)
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(a)

(b)

(c)

(d)

(e)

Figure 1. Time series of (a) longitudinal, (b) lateral and (c) vertical wind velocity components, (d) sonic temperature collected at 9 m (black lines) and 5 m (grey
lines), and (e) pressure fluctuations collected at ground level on 11 December 2007. For a better comparison, the wind vertical component at 5 m has been artificially
shifted.

Figure 2. Meandering time-scales (Eq. (3)) for the analysed variables collected at (a) 9 m and (b) 5 m. Only the values where the EAFs fit Eq. (2) are shown in the
plots.

Figure 2 shows the meandering time-scales (Eq. (3)) for the
analysed variables; T*�p is shown in both panels for the sake of
comparison. It is worth stressing that Figure 2 shows the mean-
dering time-scales evaluated using Eq. (3) every time the EAF
function of a single quantity (u, v, w, θ , �P) fits Eq. (2) and
not only when the meandering condition (Eq. (4)) is satisfied. In
the first hour the oscillating behaviour is evident in the u and v
velocity components at both the measurement levels and in the
temperature at 9 m, but the meandering time-scale values are dif-
ferent from the ones evaluated for the following hours. From the

second hour until the end of the analysed period, the T* for all the
variables converge to a value of about 8 min. For the pressure fluc-
tuations, the EAFs identify a meandering time-scale on the third,
fifth and sixth hours, while for the w-velocity component the EAFs
recognise an oscillating behaviour in the fifth and sixth hours.

This procedure allows the detection of the meandering
phenomenon when there is a clear separation between turbulent
and submeso motions. However, as it can be seen in the
temperature EAFs of the third and fifth hours at 9 m (Figures S1(a)
and (b)), when more wave modes are simultaneously present, the

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)
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Figure 3. Time evolution in the submeso time-scale (TS) range of wavelet energy spectra of (a) longitudinal, (b) lateral and (c) vertical wind velocity components,
(d) temperature collected at 9 m, and (e) pressure fluctuations collected at ground level on 11 December 2007.

(a)

(b)

(c)

(d)

Figure 4. Time evolution in the submeso time-scale (TS) range of wavelet coherency spectra for the cross-correlation between pressure fluctuations and longitudinal
wind component at (a) 9 m (u9) and (b) 5 m (u5) and lateral wind components at (c) 9 m (v9) and (d) 5 m (v5) collected on 11 December 2007.

fitting procedure fails. Moreover, the EAFs procedure does not
permit determination of the nature of the oscillating structures
and does not allow us to state if the differences in the T* estimation
among different variables are significant.

For these reasons a wavelet analysis may help in characterizing
the wave phenomena and in isolating the turbulent components
from submeso motions. Because the wavelet technique is less
influenced by non-stationarity and the averaging time, it allows
the study of the temporal evolution of detected structures and the
possible identification of linear GWs.

The wavelet spectra (Eq. (6)) provide an estimation of the
time evolution of the wavelet energy spectra of the analyzed
signals at the different resolved time-scales. Figure 3 displays the
wavelet spectra for the time series collected at 9 m in the submeso

time-scale range. The increase of the wavelet energy density at
0130 LT highlights the activation of submeso structures with a
characteristic time-scale of about 8 min until 0700 LT. In the first
part of the night, the energy of the horizontal wind components
reveals the presence of meandering motions that intensify their
energy around 0300 LT. A similar behaviour is observed in the
temperature and pressure fluctuation energy distribution. On the
contrary, over the same time period the vertical wind velocity
component does not show any activity at the same scales. The
detected submeso structures are observed until 0630 LT with an
energy activation of the vertical wind component at 0430 LT,
characterized by the same time-scale of the other variables.

The wavelet spectra computed at 5 m (Figure S2) show a
distribution of energy similar to that observed at 9 m for all the
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(a)

(b)

(c)

(d)

Figure 5. Time evolution in the submeso time-scale (TS) range of wavelet coherency spectra for the cross-correlation between pressure fluctuations and vertical wind
component at (a) 9 m (w9) and (b) 5 m (w5) and temperature at (c) 9 m (T9) and (d) 5 m (T5) collected on 11 December 2007.

(a)

(b)

(c)

(d)

Figure 6. Time evolution in the submeso time-scale (TS) range of (a, b) wavelet cospectrum (Co) and (c,d) quadrature (Q) for the cross-correlation between the
vertical wind component and the sonic temperature at (a, c) 9 m and (b,d) 5 m collected on 11 December 2007.

variables with the exception of w which does not present any
submeso activity.

These results are in good agreement with the EAF analysis
(Figure 2) and confirm the presence of meandering at a time-scale
of the order of about 7 min.

The wavelet coherence spectra between the wind components
and �p show that the detected horizontal meandering (Figure 4)
as well as the vertical oscillations (Figure 5) are highly correlated
with pressure; in fact coherence spectra between �p and
horizontal components assume very high values (Coh ≈ 1) after
the activation of horizontal meandering (after 0100 LT in Figure 4)
corresponding with the meandering time-scales. On the other
hand, coherence spectrum between �p and vertical component
reaches maximum values after the activation of GWs at 9 m (after
0400 LT in Figure 5(a)).

Furthermore, the nature of detected vertical wave-like motions
was analyzed through the wavelet cross-spectra between w and

θ . The oscillating sign of the wavelet cospectrum and the high
values of the quad-spectrum between 0430 and 0700 LT (Figure 6)
highlight the lack of vertical diffusion (i.e. w and θ are 90◦ out of
phase) and suggest the activation of linear GWs at 9 m, confirmed
by the behaviour of wavelet coherence and phase spectra (Figure
S3). The same analysis at 5 m displays an attenuation of the GWs
probably because of the interaction with mechanical turbulence
produced near the ground.

In order to investigate the influence of submeso motions
on the turbulence production, the variances of the horizontal
and vertical velocity components were split into submeso and
turbulent contributions (Figure 7). On the basis of the hourly
spectral behaviour (not shown), a clear and constant gap between
the two kinds of motions was observed at a time-scale of
about 4 min for the entire analysed period; hence, this value
was chosen as the threshold to separate the wavelet coefficients.
The submeso contribution was evaluated as the integral of the

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)
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(a)

(b)

(c)

(d)

Figure 7. Mean variances of (a) horizontal and (b) vertical components and (c,d) sensible heat flux at 9 m (black lines) and 5 m (grey lines) on 11 December 2007.
The total mean statistics (continuous lines) have been decomposed into submeso (long dashed lines: time-scale greater than 4 min) and turbulent contributions (short
dotted lines: time-scale below 4 min). In order to highlight the erratic flux behaviour due to submeso scales, (c) mesoscale and (d) turbulent components have been
shown separately.

wavelet coefficients relative to time-scales greater than 4 min,
and the turbulent one as the integral of time-scales below 4 min.
The total variance of horizontal velocity components is mainly
due to the submeso contribution and the horizontal turbulent
energy remains almost constant for the whole analysed period
(Figure 7(a)). On the other hand, vertical turbulent energy
increases simultaneously and exhibits the same magnitude of
the submeso one at both levels (Figure 7(b)). This result can be
explained by a mechanism of turbulent production in low-
wind regimes by intermittent short-term wind accelerations
above a height-dependent threshold value modulated by submeso
motions, as suggested by Sun et al. (2012). It is also worth noticing
that the ratio between the vertical and horizontal total standard
deviations of the wind velocity (not shown) ranges between 0.10
and 0.15, well inside the prescribed values evaluated in Mortarini
et al. (2016b) for the identification of meandering cases.

Finally, the same approach was applied for the separation of
submeso and turbulent contributions to the vertical sensible heat
flux (H, Figures 7(c) and (d)). The performed analysis shows that
submeso motions (Figure 7(c)) can produce errors in both sign
and magnitude of the computed fluxes and confirms the necessity
of filtering the submeso scales for a correct estimation of the
turbulent fluxes in stable conditions. In particular, Figure 7(c)
shows as the activation of GWs (after 0400 LT at 9 m) can
produce very small and/or counter-gradient fluxes, as already
observed in other studies (Cava et al., 2015; Sun et al., 2015).
The separation of the different motions highlights that the erratic
flux behaviour is related to submeso scales (dashed lines in
Figure 7(c)), in agreement with cross-spectral analysis shown
in Figure 6. In fact the filtering of submeso motions corrects
the turbulent H sign that remains negative after the activation
of GWs (Figure 7(d)). Moreover, filtered turbulent heat flux
intensifies after the intensification of submeso motions and, in
particular, after the activation of GWs (after 0400 LT), since they
can induce in the range of turbulent time-scales (TS < 4 min)
a stronger intermittent turbulence production and a stronger

vertical turbulent mixing than the horizontal meandering (Sun
et al., 2015).

5. Conclusions

In this article a night-time period of 8 h characterized by the
coexistence of linear GWs and horizontal meandering was
analysed with the aim of investigating the character of the two
submeso phenomena simultaneously occurring in a low-wind-
speed regime. Two different methods of analysis were applied
to the three wind velocity components, the sonic temperature
and the pressure fluctuations collected during the UTP campaign
in Turin (Italy). The first method is based on the evaluation
of the EAFs and it has been specifically implemented for
meandering studies (Anfossi et al., 2005). The second method
is based on wavelet analysis, commonly used for GW detection
and here applied to characterize the meandering motions. The
two methodologies identified the same time-scale for the detected
structures over the whole period. The wavelet analysis highlighted
that, in this case, the horizontal meandering is not triggered by
vertical GWs which were absent during the meandering activation
and appeared later in the night.

The meandering phenomenon was observed with similar
characteristics at both levels, while the GW presence was evident
at 9 m but it appeared much weaker at 5 m, probably due
to the interaction with mechanical turbulence produced near
the ground. The cross-spectral wavelet analysis indicated high
coherence between the pressure fluctuations and the horizontal
components of the wind velocity, suggesting that the observed
meandering was driven by pressure perturbations, as already
pointed out by Mahrt (2007).

Both GWs and meandering contributed to an increase of
the turbulent energy, especially in the vertical component of
the wind velocity, in agreement with Sun et al. (2012). This
behaviour confirmed the crucial role of submeso structures in
the turbulence production during low-wind regimes in stable
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conditions. Moreover, the correct determination of the turbulent
fluxes required a proper filtering of the submeso components
which may produce counter-gradient fluxes in particular when
GWs are present.

Summarizing, the wavelet analysis proves to be a valuable
tool for studying the activation and the evolution of horizontal
meandering as a continuous function of time on different
time-scales. Further, it allows the discrimination between the
linear GWs and the pure horizontal meandering, which is
often not feasible with the EAFs. The good agreement in the
evaluation of the time-scales obtained with the two approaches
confirmed how the EAFs and the loop parameter can be
confidently used for the identification of the meandering cases,
in particular in ‘clean’ cases when there is a clear separation
between submeso and turbulent scales. However, the necessity to
confirm and generalize the encouraging results obtained and to
identify the limitations of the methodologies used requires their
application to larger datasets collected in different conditions and
experimental sites.

Supporting information

The following supporting information is available as part of the
online article:
Figure S1. (a) EAFs for the u (black continuous lines) and v (black
dashed lines) velocity components (top panel) and for the w
velocity component (green dashed lines) and for the temperature
θ (black continuous lines) (bottom panel) computed for the first
four hours of the analysed period. The red lines represent the
prescribed theoretical behaviour. (b) is as (a), but for the last four
hours of the analysed period.
Figure S2. Time evolution in the submeso time-scale (TS) range
of wavelet energy spectra of longitudinal (a), lateral (b) and
vertical wind velocity components (c), temperature (d) collected
at 5 m, and pressure fluctuations (e) collected at ground level on
11 December 2007.
Figure S3. Time evolution in the submeso time-scale (TS) range
of wavelet coherency and phase spectra for the cross-correlation
between temperature and vertical wind component at 9 m (Coh9

and �9, respectively) and at 5 m (Coh5 and �5, respectively)
collected on 11 December 2007.
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