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Abstract The nocturnal low-level jet (LLJ) and orographic (gravity) waves play an
important role in the generation of turbulence and pollutant dispersion and can affect the
energy production by wind turbines. Additionally, gravity waves have an influence on the
local mixing and turbulence within the surface layer and the vertical flux of mass into the
lower atmosphere. On 25 September 2017 during a field campaign, a persistent easterly LLJ
and gravity waves are observed simultaneously in a coastal area in the north of France. In
the present study, an attempt is to explore the variability of the wind speed, turbulent eddies,
and turbulence kinetic energy in the time-frequency and space domain using an ultrasonic
anemometer and a scanning wind lidar. The results reveal a significant enhancement of the
turbulence kinetic energy dissipation (by ~50%) due to gravity waves in the LLJ shear layer
(below the jet core) during the period of wave propagation. Large values of zonal and vertical
components of the shear stress (~0.4]| and ~|1.5| m? s respectively) are found during that
period. Large size eddies (~110 to 280 m), matching high-speed wind regime, are found to
propagate the momentum downward. This enhances the downward mass transport from the
LLJ shear layer to the roughness layer. Furthermore, these large-scale eddies are associated
with the crests while comparatively small-scale eddies are associated with the troughs of the

gravity wave.
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1 Introduction

After sunset, strong wind acceleration at the altitude 100-200 m above ground level (a.g.1.)
is frequently observed. This phenomenon, known as the nocturnal low-level jet (LLJ), is
defined as concentrated airflow within the atmospheric boundary layer (ABL) over sea or
land surface (Banta et al. 2003). The maximum jet velocity is influenced by several factors
such as horizontal temperature gradients, orographic features, elevated turbulence level,
etc. (Birgitta 1998; Kallistratova et al. 2013). Moreover, LLJs can be formed by synoptic
cold fronts, thunderstorm gustfronts, drainage-flow fronts, and sea-breeze fronts. Bowen
(1996), Droegemeier and Wilhelmson (1987), and Darby et al. (2002) characterized the
LLJ profile after the front within a cold-air layer. Also, Whiteman et al. (1997) provided a
description of an LLJ generated at a cold-air front by large-scale density currents.
Furthermore, nocturnal LLJs are found to be generated by atmospheric pressure gradients
and baroclinitity (Hoecker 1963; Bonner 1968; Mitchell et al. 1995; Zhong et al. 1996),
which has been widely studied to detect its influence in severe weather conditions
(Stensrud 1996). Prabha et al. (2008) showed that a high wind speed may occur not only
in the vicinity of the ABL top, but also in the shear layer, i.e. from 10 to 100 m a.g.l. Kaimal
and Finnigan (1994) noted that the maximum turbulence exchange occurs between a
canopy and the atmosphere, due to the coherent wind structures of the size of the canopy.
Further, Raupach et al. (1996) documented large-scale eddies generated by the interaction
of the wind with a large canopy (large surface roughness). They observed a modulation of
the eddies’s size by turbulence, and showed that flow instabilities are governed by the wind
velocity shears.

Wind velocity fluctuations near the surface are involved in a cyclic process. In this
process the wind propagating slowly in the surface layer can be accelerated rapidly within
the outer layer (the uppermost 90% of the ABL, according to Rotach and Calanca 2015).
This is known as a “turbulent bursting event”. The downbursts due to the large roughness

heights were observed by Hunt and Durbin (1999) within the lower layer. Furthermore,
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Smedman et al. (2004) showed that this type of phenomenon could be observed in the
presence of a LLJ tied to intense shear.

In the present study, an undulating motion generated by gravity or orographic waves
collocated with a LLJ has been observed in the lower ABL. Hoffmann et al. (2013) reported
that the source of many gravity waves is related to orographic features. It was also
documented in several studies (e.g., Fritts and Nastrom 1992; Eckermann and Vincent
1993; Plougonven and Teitelbaum 2003) that low-frequency gravity waves occurred in the
area surrounding jets and fronts, particularly in the upper troposphere regions. Those large-
scale gravity waves are known as inertia-gravity waves (Uccellini and Koch 1987; Guest
et al. 2000).

Gravity-wave motions are observed in the free atmosphere when the Brunt—Vaiisdla
period of oscillations in positively stratified air changes to the inertial period. Mountain-
waves are one of the specific cases. In the lower troposphere, wind blowing over small hills
starts oscillating vertically. The Coriolis force creates individual elliptic shape in the plane
of wind propagation and perhaps gives rise to low frequency, horizontal, inertia gravity
waves. These waves are frequently observed at mid-latitudes, especially in the lower
atmosphere (Vaughan and Hooper 2015). Recently, Wei et al. (2017) demonstrated that
events with small wind speed, large-scale motions (e.g., gravity waves, mesoscale
disturbances, or synoptic-scale variability) were capable of generating small- to large-scale
turbulent eddies.

Recent studies have focused on assessing ABL phenomena, such as LLJ or gravity
waves, individually (Teixeira 2014; Soufflet et al. 2019). Also, some studies focused on
the low-level gravity waves (Tepper 1950; Abdullah 1955). They revealed that low-level
gravity waves produce vertical motions, which are capable of forming convective storms.
Recently, Du and Chen (2019) studied the mesoscale impacts of wavelike disturbances of
double LLJs on convection initiation mechanisms. This recent research highlighted the
need to improve understanding of the relationship between gravity waves and high
frequency turbulence in the lower ABL. The gap of knowledge is related to the insufficient
simultaneous observations of both phenomena.

In the present study, we focus on assessing the turbulence characteristics (such as

turbulence kinetic energy and momentum fluxes) in the lower ABL, at 10 m height above
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the ground, and their modulation by gravity waves propagating at large distance from the
ground. We also quantify the distribution of turbulent eddies in time—space and frequency
domain and identify the direction of kinetic energy transfer generated by turbulent eddies
toward the roughness layer (extending up to a few metres from the ground level).
Moreover, we assess the variability of turbulence kinetic energy (TKE) dissipation,
turbulence length scales, momentum fluxes, and turbulent bursting events in the presence
of a gravity wave collocated with a LLJ. The paper is organized as follows. In Sect. 2, we
present the data and the methods of analysis. Section 3 contains the discussion of our
results. Section 4 concludes the study and gives some implications of the observed large-

scale motions in the ABL on turbulence near the ground.

2 Data and Methods

2.1 Study Site and Wind Measurements

In the frame of the EMPATIE project (Multiscale study of turbulent atmospheric
phenomena and their influences on wind power), an atmospheric mobile unit (UMA) was
deployed on 25 September 2017 (Fig. 1), near the seashore at Boulogne-sur-Mer (France).
Wind profiles were measured using a scanning Doppler wind lidar (LEOSPHERE,
Windcube WLS 100) and a sonic anemometer (model USA-1, Metek GmbH). The pulsed
Doppler lidar operates at 1543 nm and uses a heterodyne technique to measure the Doppler
shift of laser radiation backscattered by the aerosols (Augustin et al. 2020). The wind speed
is estimated from the Doppler shift at different vertical levels. More technical details are
given by Ruchith et al. (2015) and Kumer et al. (2016). During the experiment, the lidar
performed, consecutively, range—height indicator (RHI) scans along the north—south and
east—west and Doppler beam swinging (DBS) techniques (Kumer et al. 2016). The DBS
technique has been used to determine the temporal evolution of horizontal wind velocity
profiles. The RHI scans allowed us to observe the vertical and spatial structure of the lower
troposphere from the ground to few kilometres with a blind zone of 100 m around the lidar.
Moreoever, vertical profiles from RHI scans have been used to measure directly the vertical
wind speed. The measurement strategy was constituted of two 180° RHI scans along east—
west and south—north axes with 1° resolution (3 min duration per each RHI scan), and a

75° elevation DBS technique (1 min duration).
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Two particular periods of lidar observations were considered: the first period, P-I, from
1800 to 0000 UTC (from sunset to midnight) and the second period, P-II, from 0000 to
0600 UTC (from midnight to sunrise). During P-I, a LLJ collocated with gravity waves
was observed in the lower troposphere. However, both phenomena (the LLJ and gravity

waves) dissipated during P-II.

XFrance,
Boulogne-sur-Mer,
Latitude = 50°43'8.83"N
Longitude = 1°34'19.30"E

Date: 25/09/2017

Orographic waves

o /

Fig. 1 Location and period of measurements in Boulogne-sur-Mer. (a) Map of topographical levels, (b)

mobile atmospheric data acquisition unit of the University of Littoral Cote d'Opale located on the seashore
(red cross) equipped with a sonic anemometer and lidar (Windcube WLS 100), (c) satellite image of the study
area with the indication of wind directions, (d) schematic of orographic waves due to easterly wind over

elevated topography

Lidar measurements were complemented by the data from an ultrasonic anemometer
operating at 10-Hz (from 1800 to 0600 UTC) and provided three components of the wind
velocity and temperature variations. This sonic anemometer was deployed in the roughness
layer on a 7 m mast in the blind zone of the lidar. Indeed, the lidar near-field is affected by
an incomplete overlap between the laser beam and the field-of-view of a telescope
corresponding to the blind zone of the lidar. No data could be recorded in this zone. The

first gate was 100 m and the along-beam spatial resolution was 50 m.
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2.2 Methodology
The velocity components u, v, and w of the wind flow (measured by ultrasonic

anemometer) are decomposed into a mean part and fluctuating part as
u=u+u,v=v+v ,w=w+w', (1)
where u, v, w are three components of the instantaneous velocity vector, u, v, w are 10-min
averaged components and u’, v, and w' are the corresponding velocity fluctuations. Note
that the positive zonal component u represents the wind blowing from the west, the positive
meridional component v characterizes the wind blowing from the south, and the positive

vertical component w describes the wind blowing upward.

The time-averaged Reynolds shear stress components are defined as

Ruy = —W'; Ry = —WW; Ry = =070, 2)

and the turbulence kinetic energy (7KE) can be written as
TKE=§(W+W+W). 3)
To understand the distribution of the turbulent eddy structures in the frequency domain and
the maximum energy-carrying frequency of the wind velocity signal, spectral analysis was
performed using the FFT (fast Fourier transform) algorithm. The turbulence dissipation
rate (&) is estimated from instantaneous wind measurements by sonic anemometer using
two different methods: the energy spectra method and the second-order structure function
method. The velocity spectrum, which satisfies the -5/3 slope within the inertial subrange

(Kolmogorov 1941), can be defined as
E(k) = ag?/3k™5/3 , “4)

where k is the wavenumber and « is the Kolmogorov constant (@ = 0.52). The conversion
of the spectrum from wavenumber to frequency domain is based on Taylor’s frozen

turbulence hypothesis (Taylor 1935) providing
k =2nf/U, (5)

where U is the mean wind speed. The turbulence dissipation rate is computed using one-

dimensional velocity spectrum S.(f) in the inertial subrange (Champagne et al. 1977) as

e = 2x(£L5uy ©)

U a
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Further, velocity increments within the inertial subrange can be conveyed as the second-
order structure function (SF2) using Kolmogorov’s hypothesis, and it can be

interconnected to £ as

SF2,(r) = [ulx +1) —u@)? =~ £2/3r?/3 (7)

where 7 represents the spatial separations within the inertial subrange, which can be also
expressed as temporal velocity increments by applying Taylor’s frozen turbulence
hypothesis. Finally, € can be calculated (similar to Bodini et al. 2018) from the second-

order structure function as
e = [asF2, (M), ®)

where SF2,(7) is the second-order structure function for velocity u with respect to
temporal increments 7. The turbulent length scale (L) is computed as

_ TKE3/2 . )
&

L

All these quantities are used in the subsequent analysis for assessing the wind
variability in the roughness layer modulated by gravity-wave interaction with the LLJ.
Reynolds shear stress depicts the direction of the momentum flux affected by a LLJ
collocated with gravity waves. Further, the variability of TKE and & shows the modulation
of the overall energy by large-scale motions in the ABL (LLJ and the gravity waves). Time
variability in wind energy is related to eddy motions of length scale given by L. Turbulent
energy propagates three-dimensionally and the dominant direction of an energy flux can
be quantified by the skewness. Turbulence bursts establish variations in the momentum
exchanges, demonstrated by the probability density distributions and joint distributions of
velocity fluctuations. In this study, quadrant analysis is used to demonstrate the impact of
gravity waves on the direction of high- and low-speed eddy propagation within the

roughness layer.

3 Discussions of the Results

3.1 Temporal Variations of Wind
The horizontal wind direction, and horizontal and vertical wind speed in the lower
atmosphere observed by Doppler lidar are shown in Fig. 2a, b. In general, northerly wind

is observed above the altitude 600 m from 2000 to 0600 UTC (wind speed 1 m s to 4 m
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s'!). However, below this altitude and above the ground, the wind direction changes to
easterly for the whole period of observation. Large range of horizontal (3.5 to 8 m s!) and
vertical (-0.6 to 0.3 m s™') wind speed variation are observed below 500 m during P-1.

During P-II (after 0000 UTC), the wind speed decreases in the whole layer covered by

observations.
a) Wind direction and wind speed at Boulogne (25-26/09/17) (b) Jono_ Vertical wind speed at Boulogne (25-26/09/17)  m s
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Fig. 2 Time-height cross-section of (a) horizontal wind direction (arrows) and speed (colour scale) and (b)
vertical wind speed observed in Boulogne-sur-Mer on 25/09/17. Downward and leftward arrows represent
northerly wind and easterly wind, respectively. The orange line (bottom of the figure) shows undulating
patterns of maximum wind speed at 100 m. The white dashed time window corresponds to the main location
of the jet core observed. RHI scan of radial wind speed toward the sea at (¢) 1833 UTC and (d) 2111 UTC

illustrating the LLJ phenomenon (positive values indicate flow away from lidar).

In Fig. 2a, a blue dash-dot line separates this high-speed and low-speed wind periods in the
lower troposphere (<500 m). During P-I and in the lower troposphere, LLJ is clearly
detected by the lidar (Figs. 2c, d). The RHI scan of radial wind speed toward the sea,
performed one hour after the sunset, shows a 500 m thick LLJ (Fig. 2¢), which becomes
thinner and decouples from the ground at about 1930 UTC (Fig. 2d). However, during the
day and before the LLJ occurrence, surface wind speed was relatively low (between 2 and
4 m s'') and the wind direction was mainly easterly (not shown). Although during the night,
the wind speed was relatively hight (> 6 m s!), it decreased considerably from 6 m s down
to 2 m s’ after the sunrise at about 530 UTC (25/09/2017). The frictional force caused by

the turbulence associated with the heated ground during the day can decrease the wind
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speed. Conversely, at the sunset (about 1730 UTC), the daytime frictional force shut down
(due to the collapse of convective turbulence) and consequently the air mass accelerates
generating the LLJ. Figure 2d represents a typical radial wind speed RHI scan obtained
after 1930 UTC and illustrates the shear located above and below the height of the LLJ
maximum wind speed (jet core), which can be an important source of turbulence,
particularly during the night. Observations at altitude levels ranging from 100 to 200 m
(white dashed rectangle in Fig. 2a, b) show the horizontal and vertical wind speed
variations. To investigate the nature of this variability in wind speed, we analyzed the
maximum wind speed at a fixed altitude of 100 m (jet core) as a function of time (Fig. 2a
bottom plot). Figure 2a (bottom plot) shows a sinusoidal oscillation of the wind speed. The
vertical wind velocity component (w) within the jet core area shows fluctuation of
downward motion (Fig. 2b). A quasi-harmonic oscillation of w is observed in the region
characterized by higher wind speed (P-I region in Fig. 2b). Later in time, during P-II, w is
found to be chaotic (fluctuation of upward and downward motion). Therefore the
variability of the horizontal wind speed components modulates the vertical wind
component variability.

To further explore the mechanisms behind the wavy nature of the atmospheric flow
characterized by large speed (Ugmax), the temporal evolution of the temperature (&),
pressure (P), and Upmay) are compared in Fig. 3. Figure 3a shows an exponential decay of
temperature with time. The pressure (P) increases until 2136, then decreases. Wavy

evolution of the wind speed is clearly seen in Fig. 3c.
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Fig. 3 Temporal variations of (a) temperature [£]; (b) Pressure [P] and (c) wind speed [Upmay] at 100 m

The study site is characterized by a complex topography with elevated topographic
features (50—100 m) perpendicular to the wind. This causes gravity-wave generation and
velocity undulation. Other examples given in the literature (e.g., Lott and Teitelbaum 1993;
Tsuda 2014; Teixeira 2014; Sandu et al. 2019) and the present observations support the
hypothesis that the wavy nature of the wind speed is due to an orographic wave of ~ 60
minutes propagating from east to west. Lott and Teitelbaum (1993) stated that wave
packets might be generated within the roughness layer in the temporal domain. Further,
Tsuda (2014) stated that the interaction of a sheared wind flow with the topography could
be a key parameter for the occurrence of orographic (gravity) waves. In the same year,
Teixeira (2014) noted that downstream of the mountains, Lee wave trapping occurs. Owing
to wave trapping, the formation of vortices (rotors) can be observed. Recently, Soufflet et
al. (2019) showed that for small mountains, trapped Lee waves occur at a small value of
the near-surface Richardson number (Ri = N2/(0U/0Z)?), where N is the Brunt-Viisild
frequency and U is the horizontal wind speed at height Z. In our case, the value of Ri =
0.0028 estimated, at 100 m altitude a.g.l., reveals the presence of trapped Lee waves. The

small value of the inverse Froude number (E~1= 0.05) also supports this condition.

10
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3.2 Characteristics of Low-Level Jet

The time-height section of the horizontal wind speed (Fig. 2a) and the RHI radial wind
speed (Fig. 2c, d) reveal the presence of low-level jet. The observed wind profiles shown
in Figure 4 are in good agreement with Stensrud (1996) and Vera et al. (2006). For a better
quantification of the LLJ, we have defined four regions within the boundary layer: the
roughness layer, closest to the ground, where there is a constant profile of U; the shear
layer; the LLJ jet core, and the upper layer. Three crests and troughs, referred to hereafter
as Crl-3 and Tr1-3, have been selected (Fig. 3¢) for assessing the impact of LLJ and gravity
waves propagation on turbulence.

The jet speed (Unax = 8 m s7!) is similar for these three crests (Crl1-3). As expected, the
velocities are smaller (= 0.75 X Upay) for the trough regions (Tr1-3). A small difference of
velocities is observed in the LLJ shear layer region for trough and crest regions (Figs. 4 a—
¢, blue shading). Moreover, U is nearly similar for Tr1-3 compared to Crl-3 within the
roughness layer. However, the maximum differences of U (for Tr1-3 compared to Cr1-3)

are observed in the upper layer and in the jet core.
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Fig. 4 Vertical profiles of the wind speed U corresponding to three crests and troughs of the propagating
gravity wave and low wind conditions; (a) Crl and Trl (b) Cr2 and Tr2 (c) Cr3 and Tr3, and (d) low wind

conditions (no Tr and Cr observed)

In this regard, Storm et al. (2019) stated that the deficiency of vertical mixing might
be one of the reasons for the velocity difference in the upper layer compared to the

roughness layer. These velocity differences may play an active role in accelerating the wind
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speed within the outer layer, unaffected by surface roughness. Furthermore, Figs. 3¢ and 4

reveal that the gravity wave modulates the wind speed periodically.

3.3 Wind Velocity and Turbulence Assessment near the Ground

Since the primary focus of this study is to evaluate the turbulent properties within the
roughness layer, we have analyzed the temporal variations of the velocity vector in the
roughness layer using the ultrasonic anemometer data. Figure 5 shows large velocity
fluctuations for u, v, w within P-I. These fluctuations are gradually reduced within P-II.
This result suggests that larger levels of turbulence are generated during the gravity wave

events.

u,v,w velocity fluctuations
o

|
2034

1 1 1
2149 2304 0019 0134 0250 0405 0520
Time UTC

1
1803 1918

Fig. 5 Time series of u, v, w wind velocity fluctuations (m s™') in the roughness layer.

Figure 6b—c shows that during the observation period, the dominant wind near the ground
was from the north—east. The vertical wind component (w) is slightly positive during P-I
(w=0.001 m s!) and drops to 0.000 during P-II (Fig. 6a). It is also noticed that the wind
speed ranges from 3.5 to 4.5 m s'! at P-I while its variation decreases from 1 to 2 m s}, at
P-II (Fig. 6d). The occurrence of larger wind speed at P-1 is due to the LLJ.

Figure 6e shows the distribution of Reynolds shear stress R, Ry, and R,,, as a
function of time. It is evident from Fig. 6e that all three shear stress components are
negative at P-I and nearly zero at P-II, which is due to a decrease in wind speed during this
period. In a coordinate system aligned with the dominant wind direction, that is from east
to west, negative Ry, values indicate momentum fluxes from north to south, negative R,

values represent momentum fluxes downward, towards the roughness layer. This signifies

12
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that there is a larger magnitude of momentum at P-1, and that the shear layer is a region of
turbulence production. Indeed, we observed a relatively high TKE level during P-I. Figure
6e also reveals that the variability of the momentum flux u'w’ is similar to the maximum
wind speed (U) variability shown in Fig. 3c. The gravity wave performs a modulation of

the momentum flux, with larger values occurring within crests and lower values within

troughs.
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Fig. 6 Time series of (a) u, v, w wind velocity components in the roughness layer, 10-min averaged (m s™);
(b) wind direction with respect to the north; (c) wind velocity vector; (d) horizontal wind speed (m s); (e)
Reynolds stresses components R,,,,, R,,,,, and R,,,, (m? s2); (f) Turbulence kinetic energy TKE (m? s?); (g)

energy dissipation rate £ (m? s°); (h) Turbulent length scale L (m)

13



311
312
313
314
315
316
317
318
319
320
321
322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

339
340

The temporal variation of TKE (Fig. 6f) shows a similar evolution to that of the wind
speed (Fig. 6d), with a variability of ~ 60 minutes during P-I. Thus, the maximum energy
appears concentrated at crests and minimum at troughs of the propagating gravity wave.

Figure 6g shows the temporal variation of €. The wavy distribution of ¢ is evident
during P-1. This was revealed for ¢ estimated by two methods (spectral and SF2 approach).
Moreover, the LLJ associated with a gravity wave enhances the turbulent length scale L at
P-I (Fig. 6h). Time series of L and ¢ (Fig. 6g—h) reveal large periodic variations during P-
I. Near the ground level, the magnitude of variations of the eddy dissipation and turbulent
length scale with respect to the mean value attains 50% and 20% respectively. These
variations are caused by the gravity wave propagating at the height of 100 m above the
ground. The values of € deduced from zonal wind component variations by the spectral
method and ranging from 0.001 to 0.015 m? s~ are found to be analogous to that estimated

by the structure function method.

To ensure the validity of the € estimation, the power spectral density (PSD) of u, v, and
w velocity components were calculated and their distribution in frequency domain is shown
in Fig. 7, for one particular 10-min interval of measurements by sonic anemometer. The
distribution shows that the turbulence is isotropic, and the inertial subrange spans from f
= 0.1 to 2 Hz (slope -5/3). In this subrange, there is a Richardson—Kolmogorov energy
cascade. The turbulent energy is generated in the frequency range /= 1.5 X 1072 to ~ 0.1
Hz. Within the energy-containing range (<0.1 Hz), the energy production is larger for
horizontal components u and v than for the vertical component w within the energy-
containing range (<0.1 Hz). On the contrary, in the inertial subrange, the energy level of w
is found slightly larger (Fig. 7). Similar results are obtained for all intervals of
measurements at P-I, and demonstrate the dominance of large-scale horizontal and small-
scale vertical turbulent motions in the flow field during the observation period (P-I). The
direct energy transfer through energy cascading occurs in a smaller band of the inertial
subrange (f = 0.1Hz -2 Hz) during P-I, and in a larger band (f'= 0.05Hz — 2Hz) during P-

IT (results not shown).
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Fig. 7 Power spectral density of three (1, v, w) velocity components recorded by sonic anemometer for 10

min of measurement (1830—-1840).

3.4 Assessing Higher-Order Moments and Turbulent Bursting Events

It was shown in Sect. 3.3 that in the roughness layer of the ABL, the shear stress R,,,
experiences a modulation by the gravity wave. Here we analyze u’ and w' time series to
better understand the behaviour of their higher-order moments and probability density
functions (PDFs). The PDF of 1’ and w' have been calculated using a method proposed in
Tennekes and Lumley (1972). Figure 8 shows that the maximum of the PDF of w' is ~11%
larger than that of u', for all the troughs and crests. This means that the probability of
occurrence of small fluctuations is larger for the w velocity component than for u.
Furthermore, observations show that the peak values of u’ and w' distributions at all the
troughs are greater than that of at the crests (Fig. 8a). This suggests that the probability of
the occurrence of small-scale fluctuations at troughs is larger than at crests. It may be due

to the presence of small-scale eddies for lower wind speed in troughs.
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Fig. 8 Scatter plots of u’ and w' in four quadrants at the troughs (blue circles) and crests (pink circles) for P-
I (a) and P-II (b). The PDF of u’ and w' are presented in the top and right side of scatter plots, respectively.

The blue circles in (b) do not represent the velocity perturbations since there is no gravity wave at this time

Comparison of panels (a) and (b) in Fig. 8 suggests that the probability of occurrences of
small-scale eddies is larger at P-1I, without LLJ or gravity wave phenomenon. Wind speed
and shear stress are much smaller at P-II than at P-I.

The quadrant analysis has been frequently used to characterize the instantaneous wind
speed and its direction of propagation (e.g., Lu and Willmarth 1973; Nakagawa and Nezu
1977; Raupach 1981; Shaw et al. 1983). In the present study, we have used 10-min long
time series at each trough and crest region during P-I and P-II. For each time frame,
instantaneous u’ and w' are plotted in the four quadrants. Distributions of the data (u' and
w') in each quadrant represents the behaviour of turbulent bursting events (Nakagawa and
Nezu 1977; Raupach 1981). Further, Raupach (1981) stated that the contribution of four
events characterizes the total momentum flux (—R,,, ). These events are defined in Fig. 9
as (Q1) ejection event, (Q2) outward interaction, (Q3) sweep event, and (Q4) inward
interaction. These events show the direction of propagation of high and low-speed turbulent
eddies. In the present study, the quadrant threshold technique is used to define the

influences of turbulent events in the flow field and its contribution to the total shear stress

R, = —u'w’ in the vertical plane (uw).
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Figure 8a shows the distribution of the largest amount of data in O/ and Q3 for troughs
and crests during P-I. On the contrary, during P-II, an equilibrium in u' and w'
distributions in all four quadrants is observed (Fig. 8b). The velocity fluctuations are more
spread in Q1 at crests than the troughs of the gravity wave. The joint distribution of velocity
fluctuations shown in Fig. 9 suggests a dominance of low-speed turbulent eddies moving
upward (ejection), and high-speed turbulent eddies moving downward (sweep), during the
LLJ event. However, turbulence fluctuations are homogeneous for low wind speed = 0.5
m s (Fig. 8b). According to Raupach (1981) and Prabha et al. (2008), the contribution of
ejection and sweep is larger than inward and outward interactions for LLJ over a large
roughness. Their results are in good agreement with those presented in our study. Hunt and
Durbin (1999) stated that the occurrence of intense shear shelters by the large eddies within
the lower layer leads to the suppression of turbulence. The present measurements were
carried out over a flat surface 10 m a.g.l. This weak motion is due to the land proximity.
The dominance of low-speed upward turbulent eddies is observed in the presence of a LLJ

and gravity waves, with larger undulations for crests than troughs.

w(+)
u'<0,w' >0 A u>0,w' >0
Outward interaction Ejection
02 01
High-speed turbulent eddies Low-speed turbulent eddies
of wind moving upward of wind moving upward

u(-) € P u(+)
High-speed turbulent eddies Low-speed turbulent eddies
of wind moving downward of wind moving downward
03 04
Sweep Inward interaction
u'<0,w'<0 v u>0,w'<0
w ()

Fig. 9 Definition diagram to portray the characteristics of # and w velocity fluctuations in the four quadrants
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4 Conclusions

Simultaneous measurements of the wind speed by a sonic anemometer and a lidar
performed in a coastal region of France were used for assessing flow variability and
turbulence in the atmospheric boundary layer. Observations revealed a dominant wind
from the north-east (directed from the land towards the sea) and an occurrence of a LLJ in
the boundary layer of the lower troposphere, during the first part of the observation period
(P-I), which disappeared during the second part (P-1I). The wind speed was approximately
7 times higher during P-1, with large periodic variations observed within the roughness
layer during this period. We found that these periodic variations were caused by an
occurrence of orographic (gravity) waves generated by the wind interactions with the local
topography, i.e., limited height coastal relief perpendicular to the wind. To the best of our
knowledge, the gravity waves collocated with LLJ have been documented for the first time
in the coastal region of northeastern France, sought to be a flat plain with only few raised
orographic features.

Our analysis revealed a modulation of turbulence characteristics in the lower ABL (in
the vicinity of the ground) by the gravity waves propagating ~100 m above the ground.
The major effects of the gravity waves on local turbulence are the following:

1. The generation of a shear stress of zonal and vertical components appeared larger than
that of the meridional component. Larger values of the shear stress and downward
momentum flux were found within the crests of the propagating wave.

2.The LLJ and the associated gravity wave enhanced the wind turbulence and turbulence
kinetic energy dissipation near the ground.

3. Near the ground, the size of turbulent eddies varied in a wide range (from 110 m to 280
m) with respect to the wind speed variation controlled by the gravity wave. The size of
turbulent eddies was found larger within the wave’s crests, while smaller size turbulent
eddies were associated with the troughs.

4. Large-size eddies were found to generate a downward momentum. This enhanced the
downward mass transport from the LLJ shear layer to the roughness layer.

5. Assessment of the momentum flux, specifically during the LLJ event, revealed the
dominance of low-speed turbulent eddies moving upward (ejection) and high-speed

turbulent eddies moving downward (sweep).
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We expect that this study is helpful for understanding the boundary-layer dynamics,
turbulence, momentum and energy flux variability in the roughness sublayer in the
presence of orographic waves. Additionally, turbulence generated by gravity waves may
affect aerosol concentrations through turbulent mixing, and thus contribute to a complex

dynamics of the aerosols in the ABL.
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