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Abstract: Reynolds stress anisotropy is estimated from the stress spheroids, based on 20 Hz ultrasonic
anemometer measurements, performed in the coastal area of northern France, over a 1.5-year long
period. Size and shape variation (i.e., prolate, oblate, disk, rod, etc.) of stress spheroids are used for
the characterization of energy redistribution by turbulent eddies. The sea-breeze (SB) events were
identified using a change in wind direction from seaward (SWD) to landward (LWD) during the day
time. We found that the LWD wind creates more turbulent anisotropic states than SWD wind. The
prolate-shaped stress spheroids correspond to small-scale turbulence observed during LWD wind,
while oblate spheroids are found during SWD winds. Moreover, it was found that during LWD
winds, large turbulence kinetic energy (TKE) in the flow field produces large stress spheroids. On
the contrary, during SWD winds, a smaller level of TKE is responsible for small-size stress spheroid
formation. The average volume of the corresponding Reynolds stress spheroids during the LWD is
13% larger than that of during SWD wind.

Keywords: kinetic energy flux; reynolds stress anisotropy; sea-breeze circulation; turbulence;
ultrasonic anemometer

1. Introduction

Meteorological phenomena (such as sea-breeze and nocturnal low-level jets) affect the
air quality within the industrial and urban areas near the shoreline [1–3]. During summer,
the daytime thermal contrast between lands and sea leads to an air density difference,
resulting in the occurrence of sea-breeze (SB). The SB properties are dependent on the
topography of the land, atmospheric processes (e.g., the occurrence of clouds and synoptic
forcing), and turbulent convection [4,5]. Injection of humid cold air from the maritime
boundary layer into the ascending inland air leads to the generation of convective clouds,
which can be a cause of strong thunderstorms and convective precipitation [6]. Baker
et al. [7] revealed that SB-initiated precipitation in a coastal area affects the surrounding air
quality. The vertical circulation within SB, characterized by large up and downward veloci-
ties, results in the modulation of air quality and further environmental complications [8].
In addition, SB can enhance the dispersion of pollutants through gravity currents [9].

The numerical study of Briere [10] showed that the interaction between convection and
mean shear can alter the turbulence intensity during SB. Later, a field study by Chiba [11]
showed transformations in turbulence parameters within the lower atmospheric boundary
layer due to SB. Laboratory experiment by Cenedese et al. [12] showed that the generation
of turbulence over the land was decreased in the presence of sea-breeze (SB) fronts. Cuxart
et al. [13] reported that the turbulence intensity and kinetic energy increased during the
initiation of SB, then remained constant till afternoon, and finally decreased at nighttime.

During the last several decades, due to the development of offshore wind farms,
SB gained much attention. Steele et al. [14,15] stated that coastal wind turbines produce
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lower energy before the initiation of SB, and increase energy production during SB. Kumar
et al. [16] reported that the energy production is enhanced by 15% during SB days. However,
during SB days, the sudden change of wind speed, direction, and turbulence has an adverse
effect on wind turbines [17]. Rizza et al. [6] stated that wind shear plays an important role
in the occurrence of turbulence in SB. The evolution from the isotropic turbulence to the
anisotropic turbulence during SB days can be understood from the Reynolds stress tensor
(RST). Therefore, the quantification of turbulence using RST is an efficient tool.

In this study, we suggest a new perception of the turbulence variability during SB days,
using the RST anisotropy with the corresponding invariants [18]. In our approach, we use
stress tensor separation into isotropic and anisotropic parts. The turbulence momentum
and energy transport can be highlighted by the anisotropic part of the RST [19]. Therefore,
turbulence anisotropy can be used to describe the turbulence energy transfer and dissipa-
tion [20]. The relationship between the dissipation tensor and the RST in axisymmetric
turbulence was evaluated by Banerjee et al. [21].

A number of field, laboratory, and numerical studies were focused on characterizing
SB [11–13]. However, information on the landward wind (LWD) and seaward wind (SWD)
variability and turbulence anisotropy during SB days is missing in the literature. In
the present study, we focus on assessing the turbulence variability in the atmospheric
boundary layer (ABL) during sea-breeze days. This assessment is important for the wind
energy production industry as well as for air quality monitoring. We also quantify the
turbulence kinetic energy (TKE), rms velocity, TKE dissipation, and length-scales for LWD
corresponding to the SB flow and SWD wind. Moreover, we assess the three-dimensional
shape of Reynolds stress, which shows the energy distribution and describes its variability.
In Section 2, we present the data and the methods used for the analysis; the discussions of
the results are presented in Section 3, followed by the conclusion in Section 4.

2. Data and Methods
2.1. Study Area, Data Collection and Sea-Breeze Detection

Figure 1a,b shows the map of measurement location in the north of France. A 20 Hz
ultrasonic anemometer (shown in Figure 1c) was deployed on the rooftop (15 m above from
the ground) of the Laboratory of Oceanology and Geosciences (LOG) site for collecting the
wind speed during a 1.5-year period from June 2018 to November 2019 and assessing to
the wind variability.
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Figure 1. Study area: (a) map of North West of Europe, (b) location of the area of data collection
(cross), (c) 20 Hz Ultrasonic anemometer.

In the present study, a shift in wind direction from offshore to onshore was identi-
fied from an alteration of the sign of SB component (SBC) from negative to positive as:
SBC = U × sin(0−WD), where WD is the wind direction and U is the horizontal wind
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speed [1,22] (zero angle corresponds to the wind direction from the north with positive
values measured clockwise). We used a normalized SB component (SBCN = SBC/U) to
detect SB days. A negative value of SBCN (~−1) indicates the easterly wind (SWD) and
a positive value (~1) matches the westerly wind (LWD). In this study, the sonic measure-
ment of zonal, meridional, and vertical velocity components is defined as ur, vr, and wr,
respectively. Note that the positive zonal component represents the wind blowing from the
west, the positive meridional component vr characterizes the wind blowing from the south,
and the positive vertical component wr matches the wind blowing upward. In order to
interpret the fluctuating behavior of the wind in an optimal way, we have adopted a frame
of reference using a coordinate system with the x-axis aligned with the mean wind for each
averaging period (15 min) [23]. In this case, the horizontal wind is decomposed into the
along (streamwise) and cross (transverse) wind components. In this coordinate system,
the anisotropy and the structures of turbulence can be properly quantified. The velocity
vector projection onto axis in meteorological coordinate frame can modify the shape of
turbulence structures. The new coordinate system aligned with the mean flow direction
allows to avoid this effect.

Most of the SB days were observed within the summer (May to August). Based on
the SBCN calculation, we have selected 49 SB events. Figure 2a provides the wind rose
for the period from 1st May to 31st August 2019 and Figure 2b shows all selected SB days.
In each wind rose plot, 15 min averaged wind speed and direction were used during a
24 h period (00:00–24:00 UTC). It is clear that wind from the east-south-east (SWD) and
west-south-west (LWD) dominated during SB days (Figure 2b).
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Figure 2. Variation of the wind direction and speed (15-min averaged) measured by ultrasonic
anemometer during (a) the four months of summer, from 1st May to 31st August 2019; and (b) for all
selected SB days; (c) representation of the mean SBCN.

Figure 2c shows the averaged SBCN (all selected SB days) as a function of time. The
SWD wind is predominant during the nighttime (00:00 to 06:30 UTC), while LWD wind
blows during the daytime (09:00 to 16:00 UTC). Note that the transition period from SWD
to LWD (06:30 to 09:00) is characterized by different turbulence structures due to rapid
change in wind speed and direction. In addition, this period is not the same for all SB
days. To avoid the effect of turbulence structures from the transition period on the SWD
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and LWD wind turbulence, we have considered ±30 min tolerance for each SB day. In this
study, we did not consider the wind variability during the period from 16:00 up to 20:00
UTC, because it corresponds to a transition period between LWD and SWD wind. Since the
SBCN within the period from 20:00 up to 00:00 UTC is not similar to the SWD wind, we did
not consider this region as SWD. A rapid change in wind direction, speed, and temperature
during the SB days may create a difference in turbulence within the lower troposphere
in the coastal regions. In subsequent analysis, turbulence parameters are calculated for
all 49 SB days. As such, we have distinguished SWD and LWD during the SB days and
performed an estimation of turbulence parameters for these two stages of wind.

2.2. Methodology

The streamwise, transverse, and vertical velocity components (u, v, and w) of the
turbulent flow were decomposed into a mean part and fluctuating part as:

u = u + u′, v = v + v′, w = w + w′, (1)

where u, v, and w are three components of the instantaneous velocity vector, u, v, and w are
15 min averaged velocity components, and u′, v′, and w′ are the corresponding velocity
fluctuations. Many studies have used an averaging time around 15 min to estimate
turbulent fluxes [24–26]. Indeed, the convective timescale is around 10 or 15 min in the
mid-afternoon [27]. Moreover, a 15 min averaging time is a good compromise because
it is large enough to ensure that the low-frequency limit of the inertial subrange is well
resolved in the FFT (fast Fourier transform), thus allowing the deduction of the dissipation
rate [28]. Further, it is short enough to ensure steady state mean meteorological conditions
according to Taylor’s hypothesis [25].

The root mean-square velocity (rms) is calculated as:

rms velocity =

√
1
3
(σu2 + σv2 + σw2), (2)

where σu, σv, and σw are the standard deviations of u, v, and w components of wind velocity,

respectively. Therefore, u′
2

= σu
2, v′

2
= σv

2 and w′
2

= σw
2, where overbar denotes

15 min averaged.
The time-averaged Reynolds shear stress components are defined as:

Ruv = −u′v′; Ruw = −u′w′; Rvw = −v′w′. (3)

The Turbulence Kinetic Energy (TKE) can be written as:

TKE =
3
2
(rms velocity)2. (4)

Further, we calculated the fluctuating energy (E′) as:

E′ =
1
2

(
u′2 + v′2 + w′2

)
. (5)

The streamwise, transverse, and vertical turbulence kinetic energy flux (Fu, Fv and Fw)
can be expressed as:

Fu = E′u′, Fv = E′v′ and Fw = E′w′. (6)

The TKE dissipation rate (ε) is calculated using velocity spectral density values Eu( f )
in the inertial subrange [29] as:

ε =
2π

U

(
f 5/3Eu( f )

α

)3/2

, (7)
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where U is the mean wind speed, f is frequency and α is the Kolmogorov constant = 0.52.
The turbulence length-scale (L) is calculated as:

L =
TKE3/2

ε
. (8)

The Reynolds stress tensor (RST) is a symmetric second-order tensor, given by:

τ = Rij =

 u′2 u′v′ u′w′
v′u′ v′2 v′w′
w′u′ w′v′ w′2

. (9)

Any symmetric matrix can be decomposed into isotropic Riso
ij and anisotropic Raniso

ij
parts.

Rij = Riso
ij + Raniso

ij . (10)

In the case of isotropy, turbulence motions are independent in three-dimensional
space domain and Reynolds normal stresses (u′u′ = v′v′ = w′w′) are identical. On the
contrary, unequal normal stresses (u′u′ 6= v′v′ 6= w′w′) characterize anisotropic turbulence.
The decomposition of RST can be performed as:

Riso
ij =

1
3

K2δij; Raniso
ij = Rij − Riso

ij . (11)

Here K2 = 2 TKE and δij =

{
1, (if i = j)
0, (if i 6= j)

For further analysis, the anisotropic part is considered in its non-dimensional form

χij =
Raniso

ij

K2 =
Rij

K2 −
δij

3
=


u′2

K2 − 1
3

u′v′
K2

u′w′
K2

v′u′
K2

v′2

K2 − 1
3

v′w′
K2

w′u′
K2

w′v′
K2

w′2

K2 − 1
3

. (12)

The anisotropy tensor χij is considered to be the fundamental characteristic of the
turbulence anisotropy. The anisotropy tensor is nondimensional, has zero traces, and is
bounded by − 1

3 ≤ χij ≤ 2
3 . It disappears for isotropic cases.

The characteristic equation of χij for second-order tensor can be written as:

λ3
1 − Iλ3

2 + I Iλ3 − I I I = 0, (13)

where, λ1, λ2, and λ3 are the eigenvalues and the principal invariants, and I, I I, and I I I
are defined as [20]:

I = χii = 0; I I = −χijχji/2; I I I = χijχjkχki/3 =
∣∣χij
∣∣. (14)

3. Characteristics of Seaward and Landward Wind Turbulence
3.1. Assessment of TKE and Rms Velocity

In atmosphere, TKE represents the mean kinetic energy of the turbulence per unit
mass within wind flow [30]. Figure 3 shows the probability density function (PDF) of the
TKE for LWD and SWD wind during SB days. The TKE density for SWD wind (PDF = 1 at
TKE = 0.4 m2s−2) is slightly smaller than that for LWD wind (PDF = 0.7 at TKE = 0.8 m2s−2).

From Figure 3 it is clear that the wind energy is larger for LWD compared to SWD
wind during SB days. Fluctuations during LWD wind could be increased by the effect
of TIBL (Thermal Internal Boundary Layer) whereas, during the SWD, the buoyancy is
reduced in the nocturnal boundary layer so that the TKE is low.
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3.2. Probability Density of Energy Dissipation Rate and Length-Scale of Turbulent Eddies

The probability density of TKE dissipation rate ε is evaluated using a one-dimensional
velocity spectrum method for both LWD and SWD wind during SB days, shown in Figure 4.
A peak density (PDF =20) is found at a value of ε = 0.015 m2s−3 for LWD wind, however,
the PDF =50 at ε = 0.01 m2s−3 for SWD wind. A large density peak for small value of ε
signifies that the TKE dissipation within SWD wind is smaller than LWD wind. This result
is coherent since the values of TKE and rms velocity for SWD are also smaller than for
LWD wind. A tight correlation of ε with TKE was highlighted by Puhales et al. [31].
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The turbulence length-scale (L) which is known as the dissipation length is calculated
using the dissipation rate and TKE. Thus, the influence of TKE and ε on L is expected.
Figure 5 shows the probability density distribution of length-scale for LWD and SWD
winds. Peak values of probability distribution observed at L = 18 m for SWD wind, and
L = 25 m for LWD wind are observed. The probability of occurrence of large length-scales
for LWD wind is slightly higher than for SWD wind (Figure 5).
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Since the measurements were performed not far from the ground (15 m above ground
level) there may be some effects of micro-orography on the flow field (e.g., neighboring
buildings or large tree) for SWD wind. However, near-ground obstacles faintly affect
the upper flow field. Since the study area is on the seashore, there is no existence of a
large structure on the seaside but some buildings and elevated topographies are there on
the landside. For LWD wind there is no micro-orographic effect. Figure 5 shows small
dissipation length-scales for SWD wind. We speculate that the micro-orographic effect can
be one of the factors for small values of L. Presence of obstacles within the SWD wind flow
field can generate vortex shedding, which can create smaller turbulence eddies. The eddy
scales depend of the dimensions of the obstacles.

3.3. Quadrant Analysis of TKE Fluxes

Streamwise (Fu) and vertical (Fw) turbulence kinetic energy fluxes are shown jointly in
Figure 6a,b and the flux direction is identified using a four-quadrant frame, Q1–Q4. Blue
dots located in Q1 show TKE fluxes in the direction opposite to the mean flow direction and
upward (OF-UP). TKE fluxes shown in Q2 have direction along the mean flow and upward
(AF-UP). Q3 and Q4 quadrants show fluxes along with (AF-DW), opposite (OF-DW) to the
mean flow and downward. This analysis helps in understanding the direction of the TKE
flux during SB events.

Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 13 
 

 

Since the measurements were performed not far from the ground (15 m above 
ground level) there may be some effects of micro-orography on the flow field (e.g., neigh-
boring buildings or large tree) for SWD wind. However, near-ground obstacles faintly 
affect the upper flow field. Since the study area is on the seashore, there is no existence of 
a large structure on the seaside but some buildings and elevated topographies are there 
on the landside. For LWD wind there is no micro-orographic effect. Figure 5 shows small 
dissipation length-scales for SWD wind. We speculate that the micro-orographic effect can 
be one of the factors for small values of L. Presence of obstacles within the SWD wind flow 
field can generate vortex shedding, which can create smaller turbulence eddies. The eddy 
scales depend of the dimensions of the obstacles. 

3.3. Quadrant Analysis of TKE Fluxes 
Streamwise (𝐹௨) and vertical (𝐹௪) turbulence kinetic energy fluxes are shown jointly 

in Figure 6a,b and the flux direction is identified using a four-quadrant frame, Q1–Q4. 
Blue dots located in Q1 show TKE fluxes in the direction opposite to the mean flow direc-
tion and upward (OF-UP). TKE fluxes shown in Q2 have direction along the mean flow 
and upward (AF-UP). Q3 and Q4 quadrants show fluxes along with (AF-DW), opposite 
(OF-DW) to the mean flow and downward. This analysis helps in understanding the di-
rection of the TKE flux during SB events. 

 
Figure 6. Joint scatter plots of streamwise (𝐹௨) and vertical (𝐹௪) turbulence kinetic energy fluxes for 
(a) LWD and (b) SWD wind, PDF of 𝐹௨ and 𝐹௪ are shown in the top and right side of each joint 
scatter plots respectively. These PDFs are fitted functions, calculated to approximate the original 
data. Blue dots show the joint scatter plots of TKE fluxes. 

For LWD wind, the maximum probability of TKE flux is observed in the opposite 
direction of the mean flow and upward, as maximum data are located in Q1 (Figure 6a). 
However, for SWD wind, the maximum probability of TKE flux is found in Q1 and Q2 
(Figure 6b). During SB days, the LWD wind blows along the streamwise direction, but the 
TKE flux is opposite to the mean flow. We found that this flux causes an increase in TKE 
dissipation rate (Figures 4 and 6a). On the contrary, during the SWD wind, equal distri-
bution of TKE flux along and opposite the mean flow direction provides a decrease in TKE 
dissipation rate (Figures 4 and 6b). In addition, large upward TKE flux (PDF peak at 𝐹௪ 
= 0.1 m3s−3) is observed within LWD wind (Figure 6a). Upward TKE flux within SWD wind 
is also observed but the value of 𝐹௪ is smaller (PDF peak at 𝐹௪ = 0.025 m3s−3) than that 
for LWD wind (Figure 6a). The fact that the TKE flux is upward merely says that TKE is 
being exported from near the surface to higher up. 

3.4. Reynolds Stress Anisotropy 
States of stress spheroids are shown in Appendix A. For isotropic case the value of ξ 

and η should be zero. Figure 7 shows the AIM (anisotropy invariant map) in ξ–η space, 
computed for LWD and SWD wind during SB days, where ξ and η are modified 
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(a) LWD and (b) SWD wind, PDF of Fu and Fw are shown in the top and right side of each joint scatter
plots respectively. These PDFs are fitted functions, calculated to approximate the original data. Blue
dots show the joint scatter plots of TKE fluxes.

For LWD wind, the maximum probability of TKE flux is observed in the opposite
direction of the mean flow and upward, as maximum data are located in Q1 (Figure 6a).
However, for SWD wind, the maximum probability of TKE flux is found in Q1 and Q2
(Figure 6b). During SB days, the LWD wind blows along the streamwise direction, but
the TKE flux is opposite to the mean flow. We found that this flux causes an increase in
TKE dissipation rate (Figures 4 and 6a). On the contrary, during the SWD wind, equal
distribution of TKE flux along and opposite the mean flow direction provides a decrease in
TKE dissipation rate (Figures 4 and 6b). In addition, large upward TKE flux (PDF peak at
Fw = 0.1 m3s−3) is observed within LWD wind (Figure 6a). Upward TKE flux within SWD
wind is also observed but the value of Fw is smaller (PDF peak at Fw = 0.025 m3s−3) than
that for LWD wind (Figure 6a). The fact that the TKE flux is upward merely says that TKE
is being exported from near the surface to higher up.

3.4. Reynolds Stress Anisotropy

States of stress spheroids are shown in Appendix A. For isotropic case the value of ξ
and η should be zero. Figure 7 shows the AIM (anisotropy invariant map) in ξ–η space,
computed for LWD and SWD wind during SB days, where ξ and η are modified invariants.
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No isotropic state is found for both LWD and SWD winds. Axisymmetric expansion and
contraction are observed for both LWD and SWD winds which indicates the existence of
prolate and oblate stress spheroids (in Figure 7, the right and left cluster of data points,
respectively) in the flow field. This map is good for qualitative analysis but it is difficult to
distinguish the turbulence states for LWD and SWD winds.
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For better quantification of the 3D anisotropic turbulence, an invariant function (ζ = 1
+ 27III + 9II) is calculated. This anisotropic invariant function (ζ) provides a percep-
tion of the anisotropic stress distribution ranging between two limits: two-component
turbulence (ζ = 0) and isotropic turbulence (ζ = 1) [32]. For two component turbu-
lences II =−(3I I I + 1/9), for prolate spheroids II = −3(I I I/2)2/3, for oblate spheroids
−I I = −3(I I I/2)2/3, and for isotropic turbulence −II = III = 0. Since the absolute value of
I I is the same for both prolate and oblate spheroids, it is very difficult to distinguish the
particular shape of spheroids using ζ.

For LWD and SWD wind, ζ is calculated and the probability density distribution of ζ
is plotted in Figure 8. Maximum probability density of ζ is observed at ζ = 0.88 for SWD
and ζ = 0.64 for LWD wind, which signifies that the LWD wind is slightly more anisotropic
than SWD wind. The internal boundary layer after the onset of the SB creates an unstable
stratification of ABL resulting in an increment of shear stress within the roughness layer
(measurement location) [33]. The increment of anisotropy may be due to the increment of
shear stress during LWD.
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Figure 8. Probability density distribution of anisotropic invariant function (ζ) for LWD wind and
SWD wind.

To make a possible connection between the stress spheroid and TKE, the nondimen-
sional degree of anisotropy Da = I I I/2

(I I/3)1.5 is calculated. Liberfigurezon et al. [34] stated

that the value of Da typically varies from −1 (along the left side curve of AIM) to 1 (along
the right-side curve of AIM).
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Figure 9 shows the variability of the TKE as a function of the degree of anisotropy
(Da). The maximum TKE is observed at the Da range starting from 0.1 to 0.8 for LWD wind,
which signifies that the prolate-shaped stress spheroids have a maximum TKE for LWD
wind. After “axisymmetric” expansion, the streamwise component of normal stress is being
stretched more than vertical and transverse components. The maximum TKE concentration
within prolate-shaped stress spheroids suggests that a TIBL develops during LWD winds
limiting the increase of the convective boundary layer top during daytime. Large wind
shear during the LWD [1] creates prolate-shaped stress spheroids. However, a large value
of TKE is observed at the Da range −0.3 to 0, which signifies that the oblate-shaped stress
spheroids contain large TKE within SWD wind. It may be due to the stable stratification of
ABL during the nighttime (the wind shear is comparatively low).
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To visualize the actual size of stress spheroids, we have introduced the modified
AIM map. For better perception, we have modified the coordinates as, x = 100ξ, y = 100η,
and z = 50. Note that z (separation distance) is a pseudo number it can be adjusted for
distinct visualization, this number does not have any effect on spheroid sizes. In the
present study, we have tried different values of z and selected a range z = 1 to 50 for good
representation. Each spheroid is estimated using 15 min averaged normal stress. Three
normal stress components are used to construct the stress spheroids. Note that all normal
stress components are computed from raw sonic data with the x-axis of coordinate system
being aligned along the mean flow.

Figure 10 shows the actual size of stress spheroids for LWD and SWD winds during
SB days. The prolate and oblate stress spheroids are clearly seen for both LWD and SWD
winds. However, the size of spheroids is larger for LWD wind than SWD wind. We found
large stress spheroids where energy redistribution is confined within a large volume of
spheroid during LWD winds (Figure 10a). On the contrary, during SWD winds, the energy
redistribution is limited within a smaller volume of stress spheroid (Figure 10b). The
average volume of these spheroid during the LWD is 13% higher than SWD wind.

Figure 6 shows that the magnitude of Fu and Fv is similar and slightly higher than Fw
during SWD wind. Therefore, the distribution of TKE fluctuations along the x- and y-axis is
equal and higher than that along the z-axis within oblate spheroids (Figure 10b).Magnitudes
of Fu are large than that of Fv and are much larger than that of Fw, within these prolate
spheroids during LWD winds (Figure 10a). In the atmosphere, the shape of stress spheroids
has an influence on pollutant transport and mixing in three dimensions. This can lead to
particular pollutant dispersal processes such as the fumigation phenomenon which can
be significantly involved in the increase of pollutants’ ground-level concentrations during
daytime sea breeze events.
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4. Conclusions

Wind measurements by ultrasonic anemometer over 1.5 years in the coastal region are
used for assessment of the dynamics of landward (LWD) and seaward (SWD) winds during
SB days. The analysis of three-dimensional wind speed revealed a total of 49 SB days
during the summertime. High-frequency wind measurements by ultrasonic anemometer
showed that the turbulence kinetic energy and rms of velocity are different for LWD and
SWD winds during SB days. Large anisotropy in turbulence has been found between two
stages of SB days. We show that the turbulence energy distribution is also different for LWD
and SWD winds, which may affect the air quality in the coastal region during SB days. In
addition, the modulation of turbulence energy distribution, length-scales, dissipation, and
anisotropy for LWD and SWD winds during the SB days can have favorable and adverse
effects on the wind turbines and on air quality in coastal regions. Analysis conducted in
the present study explores these turbulence parameters.

Our analyses revealed significant differences in turbulence characteristics for LWD
and SWD winds during SB days are the following:

1. During the SB days the TKE is relatively larger for LWD compared to SWD winds.
2. The TKE dissipation rate is smaller for SWD wind than for LWD wind, resulting

in larger sized (maximum probability of occurrence of L = 25 m) turbulence eddies
developing for LWD wind conditions and smaller sizes (maximum probability of
occurrence of L = 20 m) for SWD wind conditions.

3. During SB days, the LWD wind blows along the streamwise direction, but the TKE
flux is opposite to the mean flow. We found that this flux causes an increase in TKE
dissipation rate. On the contrary, during the SWD wind, equal distribution of TKE flux
along and opposite the mean flow direction provides a decrease in TKE dissipation
rate.

4. The proposed modified AIM performed better to capture the exact size of stress
spheroids after axisymmetric expansion and contraction than previous two-dimensional
AIM. It is found that LWD wind turbulence is more anisotropic than that of SWD
wind. Prolate and oblate stress spheroids are formed due to this anisotropy.

5. Large fluctuations of TKE in the flow field create large stress spheroids where the
energy distribution is confined within a large area of prolate spheroids during LWD
winds. On the contrary, during SWD winds, small fluctuations of TKE in the flow
field give rise to a small oblate stress spheroids with the energy distribution limited
to a smaller area of spheroid.
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The results on SBCN, large TKE and dissipation rate during LWD wind are in good
agreement with Augustin et al. [1]. Note that information on TKE flux and anisotropy
during LWD and SWD is new. We found an adverse gradient of wind speed during the
transition period between SWD and LWD. This variation in wind speed may change the
turbulence structures during the transition period. There is future work to do concerning
the transition period, during which the anisotropy and stress spheroid shape could be
different than during the SWB and LWB shapes because of the development of the ABL.
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Appendix A

In 3D space, isotropic turbulence can be represented as variable shape stress spheroid.
It represents idealized wind equally fluctuating in all directions, without a preferential
direction [19]. The basic physics behind isotropic turbulence is that the three-dimensional
velocity fluctuations are independent of the axis of rotation. Therefore, it means that all
the normal stresses are equal (τd1 = τd2 = τd3), where d1, d2 and d3 are x, y and z
direction indicators respectively. The AIM is useful to quantify the development of the
Reynolds stress anisotropy in the wind turbulence [18,20]. Since this map was constructed
using the actual invariant values (II and III from Equation (14)), the area under the map is
very narrow. To improve this situation researchers implemented a new plot with modified
invariants ξ (defined as ξ = 3

√
I I/2) and η (η = 2

√
I I I/3)).

In this study, the AIM is constructed with the modified invariants (Figure A1),
where the origin (ξ = η = 0) characterizes the three-dimensional (3D) isotropic turbu-
lence (τd1 = τd2 = τd3), at this point the stress ellipsoid has a spherical form [32]. The left
vertex of the AIM (Figure A1) having ξ = −1⁄6; η = 1⁄6 matches to the two-component (2D)
isotropic (i.e., axisymmetric) turbulence, where z component of the stress vanishes with
the remaining two being equal ((τd1

∼= τd2) > τd3). After an axisymmetric contraction,
i.e., along the line η = −ξ, it has an oblate shape (left line of AIM shown in Figures 7
and A1) since the z component is lower than x and y components of the normal stress
((τd1 ≥ τd2 or τd1 ≤ τd2) > τd3). After an axisymmetric expansion, i.e., along the line limit
η = +ξ, it has a prolate shape (right line of AIM shown in Figures 7 and A1) since the x com-
ponent of the normal stress is higher than two others (τd1 > (τd2 ≥ τd3 or τd2 ≤ τd3)). The
one component of turbulence with only one stress component (τd1 > 0; (τd2 = τd3 = 0))
is at the uppermost right vertex of the triangle with limit ξ = η = 1/3. The non-linear

(η =
(

1
27 + 2ξ3

)0.5
) curve connects the left and right vertices, along this curve the stress

ellipsoid becomes an elliptic disk.
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