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Abstract
The characteristics and occurrence conditions of large-scale turbulence structures in the
atmospheric boundary layer (ABL) are investigated above the suburbs of Kyoto City, Japan.
An extensive observational set-up, including sonic anemometers–thermometers mounted on
a tower, Doppler lidar, and radiosondes, was used to examine the turbulence structures and
vertical profiles of the ABL downwind from the city. In near-neutral situations, large-scale
turbulence structures with temporal scales of 100–300 s are detected by the wavelet analysis
in the time series of the streamwise velocity component measured in the surface layer. A
shift towards unstable conditions is found to be favourable for the emergence of large-scale
turbulence structures. Furthermore, the existence of these structures is seen to be related
to the development of the ABL and the change of the turbulence situation in the daytime.
On average at this site, wind speed in the lower ABL increases in the afternoon. From the
intensive observations, we can infer that the downward transfer of momentum via turbulent
mixing and other mechanisms extends a high-speed layer at the upper levels towards the
surface. Intermittent occurrence of the further increase of wind speed in an interval of several
tens of minutes is also found. Turbulence structures are clearly identified in these periods of
higher wind speed.
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1 Introduction

Laboratory experiments have demonstrated the existence of well-organized and long-lived
eddy structures, called coherent structures, in turbulent flows (Foken 2008). Such turbulence
structures have a variety of shapes and sizes. Interest in large-scale structures has increased,
since these structures are assumed to have a significant influence on the overall flow and
turbulence fields. Kim and Adrian (1999) observed “very large-scale motions” (VLSMs), in
the form of long regions of streamwise velocity fluctuations, in a turbulent pipe flow. The
length of the VLSMs in the streamwise direction corresponds to approximately 12–14 times
the pipe radius. From the wind-tunnel experiments, Hutchins and Marusic (2007) found that
very long streamwise velocity fluctuations with spanwisemeandering extend to over 20 times
the boundary-layer thickness, and they refer to these as “superstructures”.

Most laboratory experiments on coherent structures have been performed under conditions
of neutral stability (no buoyancy effects) and a low Reynolds number Re (e.g. Re ≈ 103

in Kim et al. 1971). In the case of the atmospheric boundary layer (ABL), the Reynolds
number of the flow is very high (Re ≈ 108). Therefore, the conditions of the ABL are
very different from those of the laboratory experiments. The mean statistics and large-scale
coherent structures in the near-neutral atmospheric surface layer (ASL) developing over the
uniquely flat and smooth terrain of salt flats have been compared with those in the laboratory
turbulent boundary layers (Hutchins et al. 2012). Their analysis of two-point correlationmaps
from the ASL indicates the presence of large-scale structures that are entirely consistent with
the VLSM observed in laboratory flows.

Two mechanisms have been proposed for the generation of large-scale turbulence struc-
tures. InHutchins et al. (2012), large-scale structureswere considered to be packets or clusters
of many vortices created in the layer near the surface; this is a “bottom-up” mechanism for
making those structures. In contrast, from the theoretical results and experimental data, Hunt
and Morrison (2000) proposed a “top-down” picture for the behaviour of turbulent eddies
in the boundary layers with high Reynolds number, suggesting that large-scale eddies orig-
inally situated in the upper layer impinge onto the surface. For the typical case observed
by sonic anemometers on a tower in a near-neutral ABL, Horiguchi et al. (2012) revealed
a descending high-speed structure with a spatial scale of approximately 1 km at a height of
200 m, which likely corresponds to the large-scale eddies suggested by Hunt and Morrison
(2000). An ascending low-speed area was also revealed to precede the high-speed structure,
and the overall wind pattern was similar to the ejection–sweep structure observed by Gao
et al. (1989) under unstable and near-neutral conditions for a forest canopy (mean height
≈ 18 m). Gao et al. (1989) operated sonic anemometers on two towers and indicated the
flow structure consisting of an ejection (the slow region of upward motion) from the canopy
top followed by a sweep (the fast region of downward motion) into the canopy. This ejec-
tion–sweep structure effectively contributes to the downward transfer of momentum. Vertical
wind shear was considered to be a major factor in the creation of this structure.

Research interest is often directed towards the turbulence structures in a realistic setting
over very rough surfaces, such as densely built cities in our living environment. Roughness
elements are expected to intensify the turbulence (Grimmond and Oke 1999) and induce
large-scale turbulence structures (in the bottom-up mechanism). For the ABL, the extent of
the effect of rough surfaces is still under investigation. Based on a few high-quality studies of
turbulence over cities, Roth (2000) argued that the roughness sublayer (the layer influenced
by length scales associated with the roughness) extends to about 2.5–3 times the height of
buildings for neutral conditions. In the downstream region of a large obstructing body (in
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the wake region), perturbations to mean flow and turbulence may reach higher levels. Park
et al. (2015) investigated turbulent flow in a densely built-up area of Seoul, South Korea,
using a large-eddy simulation (LES) model. Such models can handle the high Re flows by
parametrizing the subgrid-scale turbulence. The vertical velocity variance in the selected area
has a maximum value at z (vertical direction) ≈ 130 m, slightly above the average height of
upstream buildings, and keeps still large values above z ≈ 230 m. It is also supposed that
higher roughness elements cause larger structures (Feigenwinter and Vogt 2005).

Even in the case of the flow over rough surfaces, the top-down mechanism considers the
predominance of the dynamics in the outer layer (the upper part of the boundary layer) to
produce turbulence throughout the boundary layer. Inagaki et al. (2017) carried out LES of
a developing neutral boundary layer over a realistic building geometry of the Tokyo Area,
Japan, and showed the existence of very large streaky structures extending over the boundary
layer, which follow outer-layer scaling with a relevant length scale of the boundary-layer
thickness. In a suburban area (Newsom et al. 2008) and an urban area (Yagi et al. 2017),
streaky structures are frequently observed by the Doppler lidar. This remote sensor can
detect the horizontal flow pattern in the ABL.

In the actual situation, the ABL sometimes has a structure that evolves in time. The mixed
layer, in which turbulence is convectively driven in unstable conditions, reaches its maximum
depth in the late afternoon (Stull 1988). Even under neutral conditions, the top-down influence
of the varying conditions in the diurnal to synoptic scale on the occurrence of large-scale
turbulence structures is a subject for study. As the airflow passes over the upstream area of
different surface characteristics, surface inhomogeneities and topographic features become
important factors for the varying conditions.

In addition to the simulations, comprehensive observations are needed to examine the
real situation. However, classifying the mechanisms may be difficult using ABL observation
data. Moreover, bottom-up and top-down mechanisms can simultaneously operate to create
large-scale turbulence structures. The preference for one mechanism or another may also
depend on the height of concern. To date, observational studies using in situ sensors have
been usually confined to the lower levels in the ABL. Wang and Zheng (2016) analysed field
observation data in the ASL and confirmed the existence of VLSMs. Even in this case, they
supported the view that the evolution of VLSMs cannot be fully attributed to a bottom-up
mechanism alone and other mechanisms, including a top-down mechanism, also probably
play a role. For the study of the generation process of large-scale structures, observations up
to the higher levels in the ABL are also expected.

The primary concern of this study is the occurrence conditions of large-scale turbulence
structures and the mechanism of their generation in the near-neutral ABL downwind from
the rough surfaces of a city. The “neutral” condition is defined as the condition under which
the shear production of turbulence is much larger than the buoyant production (e.g. Stull
1988). Observations were conducted in cold and windy periods to focus on the situation of
near-neutral stability. As most laboratory experiments and simulations have been conducted
in neutral conditions, observational results can be compared with other results.
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2 Observations and Data

2.1 Period and Location of Observations

Observations were carried out in the winter and early spring season of 2012–2013, and in
the winter of 2016 at the Ujigawa Open Laboratory of the Disaster Prevention Research
Institute, Kyoto University, Kyoto, Japan (34.9° N, 135.7° E). Kyoto is a large city in the
main island of Honshu and lies south of the sea (≈ 50 km). The laboratory is located at the
southernmost portion of the urban and suburban areas that extend over approximately 14 km
in the north–south direction (Fig. 1).

Kyoto has only a few tall buildings. The observation site in the suburbs of the city is
surrounded by low-rise buildings and structures. For the northern area of 4 km (north–south
direction) × 2 km (east–west), including the site (Fig. 1), the average fraction of the plan
surface area covered by the roughness elements (λp) is 0.20 and the average height of the
elements (zH ) is 9.8 m. These values were calculated from the digital surface model elevation
data in a three-dimensional geospatial dataset (Kokusai Kogyo Co., Ltd., Tokyo, Japan). The

5 km

N

Ujigawa
Open
Laboratory

Fig. 1 Map of Kyoto City (this refers to maps drawn by the Geographical Information Authority of Japan).
The contour lines represent 100-m elevation intervals. The location of the observation site (Ujigawa Open
Laboratory) is shown by a red circle. The areas with buildings and structures in the city and nearby towns are
depicted in brown. Parameters for roughness elements were calculated for the area enclosed by the dashed
rectangle. The north direction (N) and a distance of 5 km are shown on the right of the map. The dotted sector
from the site indicates the typical range of the mean wind direction for the analysed cases
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packing density of roughness elements (λp) is comparatively low in the normal range (0.1–
0.6) for cities (Grimmond and Oke 1999). In order to classify the landscape of the site, a
local climate zone (LCZ) system (Stewart and Oke 2012) can be used. A class of LCZ 8
(large low-rise built type) is suitable for the rectangular area in Fig. 1. The aerodynamic
roughness length (z0), which is another measure of the roughness, will be obtained from the
observations (Sect. 3.1).

In this place, a northerly wind is optimum for the measurement of the flow over the city.
For the area in Fig. 1, the ratio of the total frontal area of the roughness elements, which face
north, to the plan surface area is 0.12. This value of the frontal area index (λf ) is also low
considering the lower limit (0.05) of real cities (Grimmond and Oke 1999).

2.2 Equipment

The site has a meteorological tower 55-m tall. Observations of turbulence in the surface layer
were carried out using sonic anemometer–thermometers (DA-600, Kaijo Co., Tokyo, Japan)
(hereafter simply referred to as sonic anemometers). Horizontal axes for wind measurements
were configured in the front part of the probe (TR-61A) to reduce the influence of the
structural supports or transducers. Two sonic anemometers were set up on the tower at 25-m
and 40-m levels with their probes facing northward. Only cases with a deviation of the mean
wind direction less than 60° from true north were typically used. In this span of the direction,
roughly flat surfaces continue for more than 3 km northwards from the site (Fig. 1). This
probe orientation is also suitable for the observations of winter seasonal winds, which blow
from the north. One vertical and two horizontal velocity components with the sonic virtual
temperature were sampled every 0.1 s. The sonic virtual temperature slightly depends on
water vapour pressure. In the following analysis, the effect of water vapour was neglected
because the air temperature and humidity during the observations were low.

In January and February 2016, a Doppler lidar unit (WINDCUBE WLS-7, Leosphere,
Orsay, France) was also used for observation of the wind in the lower ABL (cf. Cañadillas
et al. 2011). This instrument measures the Doppler shift of laser radiation backscattered by
particles in the air approximately every second for each beam direction and obtains three-
dimensional wind components from conical scanning with four azimuth angles over a height
range of 40–220m (20-m intervals). From the observations, real-time acquisition and 10-min
average data are stored. Specifications of the Doppler lidar are summarized in Table 1.

A verification test of the same type of Doppler lidar was performed by Gottschall and
Courtney (2010). They reported satisfactory results for the average data. In Gottschall and

Table 1 Specifications of the Doppler lidar

Item Specification

Height range 40–220 m

Range resolution 20 m

Beam geometry 4 inclined beams at 15°

Data sampling rate 1 Hz

Output data (main items) Real-time acquisition (three velocity components)
10-min average (wind speed, wind direction, vertical component of the wind
vector)
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Courtney (2010), the lidar error was defined as the wind speed measured by the Doppler lidar
minus the reference wind speed measured by the cup anemometer on the meteorological
mast. The standard deviations of the lidar error at five heights (40 m, 60 m, 80 m, 100 m,
116 m) were smaller than 0.1 m s−1. However, it should be noted that wind fluctuations
are not adequately represented in the original real-time observation data (Cañadillas et al.
2011; Yoshida et al. 2018). For example, Cañadillas et al. (2011) pointed out that the power
spectrum for the wind speed from the Doppler lidar measurements presents a signal increase
compared to the power spectrum from the sonic anemometer measurements at frequencies
between 0.004 and 0.2 Hz.

Additionally, for the measurements over the ABL, radiosondes (RS-11G, Meisei Electric
Co., Ltd., Gunma, Japan) were launched five times during the daytime on 2 and 3 February
2016. The radiosondes transmitted data for air temperature, relative humidity, and global
position every second (corresponding to height intervals of several metres). Wind speed,
wind direction, and air pressure were immediately calculated from the received signals.

2.3 Data Preparation

For the analysis of turbulence structures, near-neutral cases were selected. The surface-layer
scaling parameter, which is the ratio of the observation height z to the scaling (Obukhov)
length L, was used for the stability criterion

z/L = −
(
g/T

)(
w′T ′)

u3∗/kz
,

where g is the acceleration due to gravity, T is the air temperature, w is the vertical velocity
component of wind (positive upwards), u∗ is the friction velocity, and k (= 0.4) is the von
Kármán constant (cf. Stull 1988). The overbar denotes the mean component, and the prime
denotes the fluctuation component (from the mean). The covariancew′T ′ represents the eddy
flux of heat. The friction velocity is a velocity scale and defined to represent the effect of
wind stress τ ,

τ = ρu2∗

where ρ is the air density. The magnitude of τ can be estimated according to τ = − ρu′w′
(the Reynolds shear stress), where u is the velocity component in themeanwind direction (the
streamwise velocity component). In the above, it is assumed that stress and velocity vectors
are aligned in the same direction, and ρu′w′ is the eddy flux of streamwise momentum. The
scaling parameter z/L is nearly equivalent to the flux Richardson number (Rf ), which is the
ratio of the buoyant production term to the shear production term in the budget equation of
turbulence kinetic energy. The sign of z/L relates to static stability: negative implies unstable,
and positive implies stable (Stull 1988).

At this site, eddy fluxes were measured by a sonic anemometer and mean temperature (T )
was evaluated by a quartz thermometer (sensor TS-709, Ogasawara Keiki Co., Ltd., Tokyo,
Japan) on the tower. The stability was usually evaluated using the data obtained at the 40-m
level. For observations in 2016, the data at 25 m were used owing to the incorrect response
of the 40-m sonic anemometer during this period.

The mean wind vector may not be situated in the horizontal plane by the effects of surface
roughness elements. Therefore, for the analysis of flux, which is sensitive to the choice of the
reference frame, the u velocity component was taken in the three-dimensional mean wind
direction. The w component was then taken in the upward direction normal to the mean wind
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direction. In a right-handed coordinate system, the lateral velocity component (v) is taken in
the direction normal to the directions of the u and w components.

For the survey of the whole dataset, recorded data were divided into 30-min data segments
(hereafter referred to as parts).An analysis of time-averaged statisticswas applied to each part.
The mean wind direction, mean u (u), values of covariance, u∗, T , and z/L were calculated.
Each observational case was defined as a series of measurements during 210 min (seven
parts), in which the surface layer was near-neutral. Such a long period is adopted for the
detection of many turbulence structures. Stability parameters in the range of −0.2 < z/L
< 0.2 were considered to be near neutral. When near-neutral situations continued longer
than 210 min, the period with the smallest summation of |z/L| was selected. As described in
Sect. 3.2, turbulence data during 1 day, in which the stability was sometimes near neutral,
were used for the examination of diurnal variation.

Stability of the flow in the ABL beyond the surface layer is evaluated using the gradient
Richardson number Ri,

Ri =
(
g/θ

)(
∂θ/∂z

)

(
∂U/∂z

)2 ,

where θ is the potential temperature, and U is the wind speed. The components in Ri can be
measured by the radiosonde. This parameter represents the relative importance of buoyancy
and shear in producing turbulence (cf. Kaimal and Finnigan 1994).

2.4 Data Analysis Method ofWavelet Transform

To extract the specific structures from the turbulence data, an integral wavelet transform (cf.
Kronland-Martinet et al. 1987) was applied to the time series, e.g. x(t), where t is time. The
wavelet transform T (a,b) with a scale parameter a and a translation parameter b is calculated
as follows

T (a, b) =
(
1

a

) +∞∫

−∞
�

(
t − b

a

)∗
x(t)dt,

where �(t) is an analysing wavelet. The asterisk denotes the complex conjugate of the
function. The scale parameter a alters the length and amplitude of the wavelet, and the
translation parameter b sets the location of the wavelet.

The value of the wavelet transform depends on the shape of the analysing wavelet. As in
previous studies on the turbulence in the ABL (Gao and Li 1993; Chen and Hu 2003), the
Mexican hat wavelet function was employed. This function is given by

�(t) = (
1 − t2

)
exp

(−t2/2
)
,

which is well localized in both time and frequency with a smooth and symmetrical shape.
The wavelet transform can detect intermittent variations in the time series. As will be seen
in Sect. 3.1, the above function is suitable for the extraction of turbulence structures, which
show the gradual change of the velocity component. The time scale defined by 2a was used
for sorting turbulence structures according to their scale.
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Additionally, for the examination of the representative scale of structures, the wavelet
variance spectrumW (a) (Mahrt 1991; Collineau and Brunet 1993) was calculated as follows

W (a) =
+∞∫

−∞
|T (a, b)|2db.

In this study, the wavelet variance was examined up to the time scale of 352 s, which is
sufficient to detect large turbulence structures. As will be seen in the next section, in contrast
to the power spectrumusing the Fourier transform, thewavelet variance spectrum can indicate
a clear maximum. This difference probably derives from the high resolution of the wavelet
spectrum in the range of low frequency (large time scale).

3 Results and Discussion

3.1 Turbulence in the Near-Neutral Surface Layer

General features of the turbulence structures in the near-neutral surface layer at this site are
investigated in this subsection.

After the inspection of all the sonic anemometer data during December 2012 to March
2013, 30 near-neutral cases were obtained and are referred to here as cases 1–30 (Table 2).
The synoptic weather map by the Japan Meteorological Agency (JMA) was examined for
the observation days. A winter pressure pattern, in which high pressure lies to the west of
Japan, or the eastward movement of a low pressure system was seen on most days. Average
values of wind speed, friction velocity (u∗), and the surface-layer scaling parameter (z/L)
for each case were evaluated at the 40-m level (Table 2). The ranges of the wind speed and
friction velocity were 3–9 m s−1 and 0.2–0.8 m s−1, respectively. A logarithmic wind profile,
u(z) = (u∗/k) ln(z/z0), was assumed to calculate the roughness length z0 from the mean u
and the friction velocity. The values of z0 in the range of 0.1–1.7 m were obtained from the
30 cases. These values are not dependent on the wind direction. The average value of z0 was
0.7 m, with large variability among cases, which is comparable to typical values for natural
woodland surfaces (cf. Garratt 1994).

To investigate the turbulence properties in the surface layer, normalized velocity standard
deviations of wind were examined. These deviations are used for the estimation of turbulence
intensities and defined as

Ai = σi/u∗(i = u, v, w),

where σ is the standard deviation of the velocity component (Roth 2000). For this analysis,
a three-dimensional coordinate transformation was applied to the wind components. The
ranges of Au, Av, and Aw at the 40-m level were 2.1–3.1, 1.8–3.0, and 1.3–1.9 for the 30
cases. These values are slightly larger than the representative values of 2.32 ± 0.16, 1.81
± 0.20, and 1.25 ± 0.07, respectively, for neutral stability at zs/zH > 2.5 from the selected
urban studies (Roth 2000), where zs is the height of the sensor above ground. In this study
zs/zH = 4.1. As the rural reference data are very similar to the above urban averages, with
differences of less than 10% (Roth 2000), the roughness elements surrounding this site have
some effect on the intensity of turbulence.
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Table 2 Average values of wind speed, friction velocity (u∗), and surface-layer scaling parameter (z/L) at 40 m
for the observation cases

Case Date Time
(LST)

Horizontal
wind speed
(m s−1)

Friction
velocity,
u* (m s−1)

z/L Peak time scale of
wavelet variance
spectrum (u, 40 m) (s)

Global
maximum

Local
maximum

1 21 December
2012

1930–2300 4.5 0.33 0.05 64

2 22 December
2012

1630–2000 5.5 0.43 0.06 – 36

3 26 December
2012

0630–1000 6.2 0.53 − 0.05 40

4 26 December
2012

1800–2130 3.5 0.38 − 0.03 204+ 56

5 6 January 2013 1800–2130 3.7 0.24 0.04 84

6 9 January 2013 1630–2000 5.0 0.42 0.07 32 128+

7 17 January
2013

1730–2100 3.8 0.38 − 0.02 228+

8 18 January
2013

0430–0800 4.7 0.46 − 0.02 28 60, 292+

9 20 January
2013

1600–1930 4.1 0.42 − 0.04 – 164+

10 22 January
2013

1600–1930 5.2 0.44 0.02 80

11 26 January
2013

1730–2100 4.6 0.49 − 0.02 100+

12 3 February
2013

0130–0500 4.7 0.45 0.03 – 64

13 5 February
2013

0430–0800 4.6 0.38 0.02 52 160+

14 5 February
2013

1500–1830 5.2 0.47 − 0.12 224+ 40

15 6 February
2013

0130–0500 3.3 0.31 0.01 – 60, 164+

16 8 February
2013

0300–0630 5.9 0.54 − 0.03 96 300+

17 16 February
2013

0200–0530 7.0 0.51 0.01 36 92

18 19 February
2013

0230–0600 5.9 0.55 0.03 92

19 19 February
2013

1630–2000 3.8 0.36 − 0.08 100+

20 20 February
2013

1700–2030 4.5 0.47 0.03 68

21 27 February
2013

0100–0430 3.6 0.30 − 0.06 52 280+
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Table 2 (continued)

Case Date Time
(LST)

Horizontal
wind speed
(m s−1)

Friction
velocity,
u* (m s−1)

z/L Peak time scale of
wavelet variance
spectrum (u, 40 m) (s)

Global
maximum

Local
maximum

22 1–2 March
2013

2200–0130 7.9 0.72 0.01 76

23 3 March 2013 1600–1930 5.7 0.54 − 0.04 152+

24 10 March 2013 1730–2100 5.8 0.59 − 0.01 156+

25 13 March 2013 2000–2330 9.1 0.72 − 0.02 108+ 292+

26 14 March 2013 0330–0700 8.3 0.78 0.00 72

27 14 March 2013 1700–2030 5.0 0.46 − 0.05 108+ 340

28 16 March 2013 1900–2230 6.0 0.50 0.04 120+ 28, 308

29 21 March 2013 0430–0800 5.7 0.54 − 0.01 – 80

30 23 March 2013 0530–0900 4.7 0.45 − 0.10 96

The time scale of the peak in the wavelet variance spectrum for the u component at 40 m is also shown. Dashes
(–) denote cases when the wavelet variance increases at large time scales
+ Peak of the wavelet variance spectrum within the large-scale range (100–300 s)

As an example of turbulence data, Fig. 2 shows the time series of u and w velocity
components measured by the sonic anemometers at the 25-m and 40-m levels during 1800–
1830 local standard time (LST, which is UTC + 9 h) on 26 December 2012 (part 1 in
case 4). This represents typical large-scale turbulence structures: strong wind events with a
time scale of 100–200 s are recognized in the small-scale fluctuations of the u component.
A corresponding change to the u component is sometimes found in the w component. For
example, in advance of a strong wind event at 1804 LST, a region of upward velocity was
observed at both heights.
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Fig. 2 Time series of u (black) and w (red) velocity components as measured by sonic anemometers for part 1
(1800–1830 LST) of the observation case during 1800–2130 on 26 December 2012. The time scale for 200 s
is also shown
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Fig. 3 Power spectra for the u (a) and w (b) velocity components in the observation case during 1800–2130
LST on 26 December 2012. Frequency ( f )-weighted power spectra for the u and w components (Pu and
Pw, respectively) for each part were normalized with respect to u*

2 and represented as a function of non-
dimensional frequency n (= f z/u). These spectra were then averaged over parts 1 to 7. The scatter in spectral
estimates was reduced by smoothing with a frequency window after Kaimal and Finnigan (1994)

Frequency (f )-weighted power spectra for the u and w velocity components of case 4 are
shown in Fig. 3 as a function of non-dimensional frequency n (= f z/u). A three-dimensional
coordinate transformation was applied to the wind components. Spectral peaks are located
at approximately 0.1 and 0.4 for the u and w components, respectively. This is similar to the
previous results for the velocity spectra in a surface layer under neutral stability (e.g. Kaimal
and Finnigan 1994). Roth (2000) pointed out that the peak frequency for the w spectrum in
an urban area is systematically lower than the rural reference. Partly because of the large
scatter in the original spectra, the effect of the roughness elements is not discernible for all
cases observed at this site.

A wavelet transform was applied to the series of the streamwise velocity component (u)
at each level. For this analysis, the u component was taken in the direction of the mean
wind at the 40-m level and in the horizontal plane. This procedure makes it possible to
detect the change of the wind in one direction. Fluctuations normalized with respect to the
standard deviation in each part were used, taking into consideration the gradual change in
wind conditions. Moreover, block averaging of every 20 data points was applied to diminish
fine-scale variations, and the average values were then connected over the seven parts.

Figure 4 shows an example of wavelet variance spectra for the u velocity components
observed at the two levels in case 4 (1800–2130 LST, 26 December 2012). These spectra

Fig. 4 Wavelet variance spectra
for the u velocity component as a
function of the time scale
(observation case during
1800–2130 LST on 26 December
2012)
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indicate that peaks are located at the time scales of 80 and 196 s for the 25-m level, and
56 and 204 s for the 40-m level. Strong wind events as in Fig. 2 contributed the spectral
peaks in the large time scale of more than 100 s. For all cases, wavelet variance spectra
for the u component at 40 m were examined (Table 2). In the table, the global maximum
is the largest value in the spectrum, while the local maximum is larger than the values of
only the neighbouring points. Since the local maximum coexists with the larger values in
the spectrum, multiple peaks can be present. In the cases denoted by a dash (–), the wavelet
variance kept increasing in the region of the large time-scale (i.e., no global maximum was
found). In these cases, very large velocity variations exist in the turbulent flow.

In Table 2, the peak of the wavelet variance spectrum within the time-scale range of
100–300 s is indicated by a plus mark ( +). In the present analysis, this range is defined as
indicating a “large-scale” turbulence structure, as used in Horiguchi et al. (2014). A spectral
peak located in this range indicates that large-scale turbulence structures predominantly exist
in the time series of the u velocity component. As shown in Table 2, the spectral peak in the
large-scale range (100–300 s) is not always found. Case 3 (0630–1000 LST, 26 December
2012) is an example, in which a global maximum of the spectrum is located at the time
scale of 40 s. The spectrum for the u component at 40 m exhibits a global maximum in the
large-scale range for 10 cases and a local maximum in this range for 8 cases. Because both
global and local maxima are found in case 25, single or multiple peaks in the large-scale
range can be found for 17 cases in total.

We observe the turbulence structures in a flow of the mean wind speed, which pass over a
fixed point of the site. In the global maximum cases, the standard deviation of u (σ u) is small
compared with the mean u (u): σ u < 0.32 u for these cases. The spatial scale of the large-scale
turbulence structures can be estimated from the time scale of the peak in the wavelet variance
spectrum. The time scales of the spectral peaks (100–228 s) for the global maximum cases
convert into the spatial scales in the range of 380–1,150 m from the average values of u at
the 40-m level in each case (3.4–9.0 m s −1). More specifically, the maximum spatial scale
of the predominant turbulence structures is of the same order of magnitude as the maximum
depth of the ABL over the land surface in the daytime (cf. Arya 2001).

As mentioned above, a predominance of large-scale turbulence structures is not always
observed. Upwind surface characteristics affect the turbulent flow in this place. However, we
could not find the dependence of turbulence structures on the wind direction. We examined
other factors. First, properties of the wavelet variance spectrum in relation to the deviations
from the (strictly) neutral stability were investigated. In many cases (13 cases), a global max-
imum or a local maximum in the large-scale range is found under slightly unstable conditions
(z/L < 0). This indicates that a stability shift towards unstable conditions is favourable for
the emergence of large-scale turbulence structures. A similar result was obtained from an
analysis of the turbulence data measured at the 200-m height on a meteorological tower in
Tsukuba City, Japan (Horiguchi et al. 2014).

Another noteworthy feature of the cases in which a global maximum was found in the
large-scale range is the observation time in the day. The beginning times of these cases were
during the late afternoon to early evening (1500–2000 LST). Here, normal diurnal changes
in the stability condition should also be taken into consideration. In the early morning and
the period from late afternoon to early evening, the stability in the ABL is likely to be near
neutral. As expected, the observation time for 30 near-neutral cases was confined to before
1000 LST or after 1500 LST. Even so, because all global maximum cases occurred in the
afternoon, the predominance of large-scale turbulence structures is possibly related to the
diurnal evolution of the ABL. In fine weather, the depth of the ABL (mixed layer) usually
increases in the daytime until late afternoon (cf. Stull 1988). Although observations in this
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studywere conducted during the cold season, some growth of theABL in depth and variations
of its structure are likely to occur. The turbulence situation in the ABL may also change
during the course of a day. In connection with the evolution of the ABL, the predominance
of large-scale turbulence structures is observed in many types of synoptic pressure pattern.

This study suggests that top-down influence causes large-scale turbulence structures. This
means that large contributions are made by the surrounding conditions, including the stability
and vertical structure of the ABL.

3.2 Diurnal Variation of theWind Speed and Turbulence Structures in the Boundary
Layer

To further study the overall impact of large-scale turbulence structures and examine their
links to diurnal changes in the ABL, Doppler lidar and radiosonde observations were carried
out. This subsection describes the investigation of a specific day, 3 February 2016. On this
day, a winter pressure pattern of Japan was seen in the synoptic weather map by the JMA,
and stronger wind speeds were observed at the site in Kyoto.

3.2.1 Diurnal Variation of the Wind Speed in the Boundary Layer

Figure 5 shows themeanwind direction, surface-layer scaling parameter (z/L), friction veloc-
ity (u∗), and mean of the streamwise velocity component (u) at the 25-m level for 30-min
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Fig. 5 Mean wind direction, surface-layer scaling parameter (z/L), friction velocity (u∗), and mean of the
streamwise velocity component (u) at 25 m for 30-min data segments on 3 February 2016. Blanks for z/L and
u∗ are when u′w′ is positive or z/L is out of range. Subcases in the afternoon are shown by dashed lines
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data segments (parts) on 3 February 2016. Visual observations at this site showed the weather
to be cloudy in the morning and fine in the afternoon. The maximum surface air temperature,
as obtained from 10-min averages measured by the same instrument as on the tower, was
8.2 °C. On this day, the stability in the surface layer was sometimes near neutral (|z/L|< 0.2)
(Fig. 5).

Inspection of Fig. 5 shows that southerly winds were accompanied by stable or near-
neutral situations in the early morning. Unstable or near-neutral situations were present after
0800 LST (more frequently near neutral in the afternoon), and the wind direction changed
to northerly after 1030 LST. From 1830 LST, stable conditions returned. The friction veloc-
ity, which is related to the magnitude of downward momentum flux, gradually increased
and reached a maximum in the afternoon (1430–1500 LST). Wind speed (the u component)
also increased in the afternoon and peaked (u = 5.1 m s−1) at 1430–1500 and 1630–1700
LST. High wind speed continued until evening. The wind speed in the surface layer usu-
ally increases after sunrise and attains a maximum in the afternoon, which is explained by
momentum transfer due to convective mixing (Crawford and Hudson 1973). At this site, the
increase of wind speed in the afternoon is known frommonthly mean data from the windmill
anemometers at 25-m, 40-m, and 55-m levels on the tower. Even in the cold season of Febru-
ary, this tendency is evident. The 1-h average wind speed of 2.6 m s−1 during 0900–1000
LST at 25 m increases up to 4.4 m s−1 during 1500–1600 LST, which is based on the data
from the year 2005 to 2015. Jiménez et al. (2016) analysed wind observations taken at a
tower and showed higher winds in the daytime near the surface for all seasons. Some type of
turbulent mixing contributes to the vertical transfer of momentum in winter.

Figure 6 shows the 10-min averages of wind speed in the lower ABL observed by a
Doppler lidar. The wind speed gradually increased from the late morning. At the highest
level (220 m), average wind speed increased to more than 4 m s−1 during 1230–1240 LST
and high wind speed continued afterwards. In the afternoon, further strong winds over the
deep layer were sometimes observed. Abrupt intensification of wind speed at around 1430
LST occurred simultaneously at all observation levels. Based on the same average data, wind
directions at almost all levels were northerly from 1020 LST until the late evening. On this
day, the Doppler lidar observations showed that a maximum speed of 8.9 m s−1 was attained
during 1440–1450 LST at the 200-m level. The occurrence interval of further intensification,
which was derived from the local maxima of wind speed at 220 m, was 30 to 50 min in the
period 1200–1700 LST.
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Fig. 6 Wind speed in 10-min averages, as observed by a Doppler lidar on 3 February 2016

123



Large-Scale Turbulence Structures in the Atmospheric Boundary Layer…

0.4
1.2
2
2.8
3.6
4.4
5.2
6
6.8
7.6
8.4
9.2
10
10.8

0
20
40
60
80

100
120
140
160
180
200
220

0000 0400 0800 1200 1600 2000 2400
Time (LST)

H
ei

gh
t (

m
)

Horizontal
wind speed

(ms-1)

10 Feb. 2016

Fig. 7 Wind speed in 10-min averages, as observed by a Doppler lidar on 10 February 2016

The increase of wind speed in the afternoon and the intermittent occurrence of further
intensification over the deep layer in the lower ABL were found also on other days by the
Doppler lidar. For example, Fig. 7 shows the wind speed in 10-min averages observed on
10 February 2016. The weather was mostly fine in the daytime. The wind was westerly or
northerly, and the stability was usually near neutral or unstable until the evening. On this day,
high wind speed continued in the afternoon and attained a maximum value of 10.7 m s−1

during 1640–1650 LST at the 200-m level. In addition, further strong winds over the deep
layer were frequently observed in the afternoon also on 10 February 2016. The occurrence
interval derived in the above manner is 20 to 50 min in the period 1200–1700 LST.

The Doppler lidar also measures the vertical component of the wind vector. In addition
to the wind speed, the standard deviation of the vertical components every 10 min was
examined from the averaged data. This value represents the vertical fluctuations of the airflow,
which induce turbulent mixing. On 3 February 2016, the standard deviation increased after
approximately 1000 LST prior to the increase of wind speed. The maximum value was
1.1 m s−1 during 1250–1300 LST at the 200-m level. This result reflects the early evolution
of the turbulence situation in the ABL, which was also seen on 10 February 2016.

Figure 8 shows the vertical profiles of wind speed, which were observed by radiosondes.
The profiles are shown with the vertical axis referenced to the height above mean sea level
(the altitude of the Ujigawa Open Laboratory is 11 m). At heights below 1 km, wind speed
increased in the afternoon. For example, at around the 200-m height, wind speed increased
from 1.4 m s−1 at 1200 LST to 4.1 m s−1 at 1400 LST. This change corresponds to the
increase of wind speed in the afternoon over the layer observed by the Doppler lidar (Fig. 6).
The radiosonde can observe the wind up to the higher level. Unlike the decrease of wind
speeds in the daytime at upper levels (several hundred metres in height) on an averaged basis
(Crawford and Hudson 1973; Mahrt 1981), wind speeds in the present case (winter seasonal
winds) increased in the afternoon over the whole layer below 1 km.

As air density is derived from air pressure and temperature, horizontal momentum can
be calculated from the radiosonde observations. From the surface to a height of 1 km, the
average momentum of 2.8 kg m−2 s−1 (per unit volume) changed to 6.8 kg m−2 s−1 in
the period 1200–1400 LST. In contrast, at greater heights, strong winds were experienced
from the morning. For the layer from 1.0 to 1.9 km, the average momentum was 12.1, 8.6,
and 9.2 kg m−2 s−1 at 0900, 1030, and 1200 LST, respectively. Large values of momentum
continued (10.6 and 8.0 kgm−2 s−1 at 1400 and 1600 LST, respectively) in the afternoon. For
all radiosonde observations, wind directions at heights above 400 m were almost northerly
up to the height of 2 km.
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Fig. 8 Vertical profiles of wind speed observed by radiosondes on 3 February 2016. The profiles are shown
with the vertical axis referenced to the height above mean sea level

The above observations suggest that the increase of wind speed in the afternoon is related
to the evolution of the ABL. Radiosondes also observed the vertical profiles of air temper-
ature. The profiles of potential temperature (θ ) (from air temperature and pressure) for all
observations of 0900–1600 LST show a layer of small vertical gradients, the depth of which
was around 2 km (Fig. 9). This layer was presumably a residual of the convective mixed layer
induced by the cold air outbreaks from the north over the Sea of Japan (cf. Lenschow et al.
1980).

In spite of the similar profiles for all observations, the approximate depth of thewell-mixed
layer changed from 1.9 or 2.0 km in the morning and at noon to 2.3 km in the afternoon
(Fig. 9). Moreover, the vertical gradient of potential temperature also changed. To ascertain
this aspect, average potential temperatures from the 1.0-km to 1.9-km height were compared
with those from the surface to the 1.0 km height. The potential temperature increment of
1.7 K at 0900 and 1.4 K at 1030 LST in the upper layer decreased to 0.8 K at 1200, 0.7 K at
1400, and 1.0 K at 1600 LST. A well-mixed layer definitely developed towards afternoon. As
seen above, the observational results of wind speed and temperature by radiosondes indicate
the diurnal evolution of the ABL.

From all observations described thus far, we can infer that large turbulent mixing and
the resultant transfer of momentum in the daytime extends the high-speed layer at the upper
levels towards the surface. The increase of downward momentum flux in the afternoon was
verified by the sonic anemometer measurements in the surface layer (Fig. 5). The wind speed
at a height near 1 km observed by radiosondes in the afternoon corresponds well to that in
the further intensification in the interval of several tens of minutes observed by the Doppler
lidar. This suggests the sporadic intrusion of a fast-moving upper layer to the lower ABL.

The time scale of the intermittent increase of wind speed (30–50 min on 3 February 2016)
is situated in what is called the gap range. By making a spectral analysis of wind speed,
Van der Hoven (1957) showed that a spectral gap (a region of small power) is centred at
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Fig. 9 Vertical profiles of potential temperature observed by radiosondes on 3 February 2016. The profiles are
shown with the vertical axis referenced to the height above mean sea level

a frequency ranging from 1 to 10 cycles per hour. Larsén et al. (2016) defined four ranges
to cover the full-range spectrum: macroscale, mesoscale, gap range (frequency of about 2
× 10−4 to 2 × 10−3 Hz), and microscale (higher than about 10−3 Hz). In reality, wind
variation with a time-scale in the gap range also exists. For example, Novitskii et al. (2011)
noted that the turbulence characteristics measured in the surface layer of the coastal area
reveal a temporal variability with the typical scale of about 1 h regardless of the atmospheric
stratification.

Under the conditions studied here, the transfer of momentum in the ABL occurred during
the passage of the wind over surfaces in the city. Under near-neutral situations, this process
is attributable to turbulent mixing by wind shear. Certainly, it takes a very long time to obtain
high wind speeds near the surface by convergence of momentum flux. Thus, additional
mechanisms for the wind speed variations are considered. Large-scale turbulent flow behind
the buildings in the upwind area may induce a large momentum transfer (cf. Park et al.
2015). This impact does not change much throughout the day. Because the surface layer
was sometimes unstable in the afternoon, buoyancy effects may be important for the vertical
mixing.

Stability of the flow in the ABL was examined by using the gradient Richardson number
(Ri), which was obtained by the radiosonde observation. Owing to the large variability of
measurement data in the original profiles, average values of wind speed and potential tem-
perature in height intervals of 100 m were used for the calculation of Ri. As can be inferred
from the profiles in Fig. 9, Ri is positive at most heights in the morning, which means stable
conditions. In contrast, at noon and in the afternoon, slightly negative values of Ri (as low as
− 1.3 at noon) were obtained at some heights lower than 1.0 km. This suggests the existence
of local unstable layers in the ABL at those times of the day.
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3.2.2 Variation of Turbulence Structures in the Boundary Layer

To examine variation in the properties of turbulence structures for the duration of periods of
increased wind speed, the data series in the afternoon during 1200–1930 LST on 3 February
2016 was divided into three subcases, each having a period of 150 min (Fig. 5). This period
is shorter than that of the observation case in Sect. 3.1 for the inspection of the change during
the period in the afternoon. The procedure of the wavelet analysis described in Sect. 3.1
was applied to the u velocity component (in the horizontal plane) over five parts, which was
measured by the sonic anemometer at the 25-m level. The average value of u in each subcase
is 2.6, 3.8, and 2.4 m s−1. In subcase 2, the wind speed (u) attains to the maximum on this
day.

In subcase 1 (1200–1430), the wavelet variance spectrum shows a global maximum at the
time scale of 92 s and relatively small variance in the large-scale range of 100–300 s (Fig. 10,
in blue). In subcase 2 (1430–1700), a local maximum is located at 56 s and the wavelet
variance gradually increases as the time scale increases (Fig. 10, in purple). This increase
of variance means the existence of very large velocity variations (cf. Sect. 3.1). During this
period of subcase 2, further intensification of wind speed was observed by a Doppler lidar.
Wavelet variance is also large in the large-scale range. Subsequently, in subcase 3 (1700–
1930), the spectrum indicates a clear peak (global maximum) at 148 s in the large-scale range
(Fig. 10, in brown).

At the centre (200 s) of the large-scale range, the magnitude of the wavelet variance in
each subcase is 0.40, 0.56, and 0.45. The wavelet variance spectra indicate the more frequent
emergence of large-scale turbulence structures in subcases 2 and 3. Regarding the stability
effect (cf. Sect. 3.1), z/L is −0.9 to −0.1 for each part in subcase 2. Even so, these structures
are found also in the early evening, when unstable conditions are almost absent (z/L is −0.1
to 0.8 in subcase 3). As discussed in Sect. 3.1, the predominance of large-scale turbulence
structures is likely related to the evolution of the ABL. Following the development of the
ABL, wind speed near the surface increases. Turbulence structures around the period of
intensification of wind speed at 1430 LST are analysed below.

Measurements of three wind components by the Doppler lidar can illustrate the wind
pattern of the turbulence structure. Figure 11 shows the time–height cross-sections of u and
w velocity components acquired by the Doppler lidar (from the real-time acquisition data)
and the time series of the same components by the sonic anemometer at the 25-m level, which
were observed during 1400–1500 LST. For both instruments, u components were taken in the
horizontal plane and w components were taken in the vertical axis. Moreover, u components
at all measurement levels of the Doppler lidar unit were taken in the same direction as the

Fig. 10 Wavelet variance spectra
for the u velocity component as a
function of the time scale,
obtained for three subcases
during 1200–1430 (blue),
1430–1700 (purple), and
1700–1930 LST (brown) on 3
February 2016
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Fig. 11 u and w velocity components observed by the Doppler lidar (time–height cross-sections) and the sonic
anemometer at 25 m (blue and red plots), obtained during 1400–1500 LST on 3 February 2016. The upper
panel shows the w components, and the lower panel shows the u components

30-min mean wind at the lowest level (40 m). By using this process, a time–height cross-
section indicates the variation of the vertical profile of the wind towards the one direction. In
addition, owing to the apparent energy increase of wind speed fluctuations at high frequencies
(Cañadillas et al. 2011), block averaging every 40 s was applied to the velocity components
acquired by the Doppler lidar. This averaging time was selected from the comparison of
power spectra between the sonic anemometer and Doppler lidar data during 1200–1530 LST.

In the upper panel of Fig. 11 (w components), regions of upward velocity appear intermit-
tently. Before 1430 LST, the relation between the u and w velocity components is not clear.
For example, any variation corresponding to a large positivew region during 1426–1427 LST
is not detectable in the u components (lower panel of Fig. 11). As is seen from Fig. 6, the
average wind speed abruptly intensified at around 1430 LST and high wind speed continued
until around 1510 LST. In Fig. 11, a region of upward velocity, which extends over the whole
height range, is found for a short time at around 1441 LST. The maximum w component in
the block averages is 1.1 m s−1 at 120 m. A descending area of higher wind speed appears
after the ascending region passed. The maximum downward velocity is 1.8 m s−1 at 200 m,
and the maximum wind speed is 9.5 m s−1 at 220 m. In the surface layer (25 m), a region
of upward velocity and a subsequent event of high wind speed were observed by the sonic
anemometer. The estimated duration of the high-speed region is roughly 60 s; wavelet vari-
ance is large at this time-scale (Fig. 10, subcase 2 in purple). For the period 1430–1500 LST,
the stability was near neutral with a small shift towards unstable conditions (z/L = −0.1).
The wind pattern of the ascending region and descending high-speed area resembles that of
the ejection–sweep structure (cf. Gao et al. 1989), which is thought to occur under a wind
shear condition. This type of wind pattern was also found at another time of the day and
on 10 February 2016. The estimated spatial scale of the high-speed region in this study is
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Fig. 12 Time–height cross-section ofwavelet coefficients for the u velocity component observed by theDoppler
lidar during 1400–1500 LST on 3 February 2016. The time scale for the wavelet transform is 100 s

300 m from the mean u at 25 m. This is considerably large in comparison with the scale of
approximately 50 m at the mean forest height for the (high-speed) sweep region depicted in
Gao et al. (1989).

The sonic virtual temperature in the region of upward velocity (1442 LST) shows a max-
imum excess of 0.6 K from the average of this part. This feature is similar to that of a
plume structure forced by buoyancy (Kaimal and Businger 1970). When the layer is unsta-
bly stratified (under slightly unstable conditions), the air lifted from below is warmer than
surroundings. As proposed by Horiguchi et al. (2014), the interaction of the buoyant region
with the shear-driven structure may induce a larger motion. The influence of stability is likely
related to the favourable conditions for the emergence of large-scale turbulence structures.

After the passage of the turbulence structure at 1441–1443 LST, high-speed areas are
frequently seen in Fig. 11. For the period 1400–1500 LST, large-scale turbulence structures
were extracted using the integral wavelet transform for the u velocity component observed
by the Doppler lidar at each level. Fluctuations normalized with respect to the standard
deviation in a 30-min data segment were used for the analysis. Figure 12 is a time–height
cross-section of wavelet coefficients with a time-scale of 100 s, the lower limit of the scale for
the large-scale turbulence structure in this study. High-speed structures, which are indicated
by warm-colour (red) areas, appear intermittently over the whole period and extend vertically
towards the surface. In order to detect high-speed structures, the arbitrary selected threshold
of 0.5 is applied to the wavelet coefficients at the lowest level (40 m). A total of 13 structures
are found in the period 1400–1500 LST. The wavelet transform analyzes localized variations
of time series data irrespective of their magnitude. Low-amplitude structures existed before
1430 LST, and high-speed areas became clear in the original u components (Fig. 11) after
the intensification of average wind speed. This result indicates that large-scale turbulence
structures and the intensification of average wind speed occur in different processes.

4 Conclusions

Turbulence measurements in the surface layer and intensive observations of the ABL with
various instruments were carried out during cold and windy periods in a Kyoto suburb. The
roughness elements upwind of the site have some effect on the intensity of turbulence.
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Under near-neutral situations, we recognized the frequent occurrence of large-scale tur-
bulence structures with temporal scales of 100–300 s. However, the predominance of these
structures is only sometimes observed in the analysed cases. Possible factors of the occur-
rence of large-scale turbulence structures were examined. First of all, a stability shift towards
unstable conditions was seen to be favourable for the emergence of large-scale turbulence
structures. Next, the predominance of those structures was related to the diurnal evolution
of the ABL. These results suggest a top-down influence for the formation of large-scale
turbulence structures, meaning that surrounding conditions make a large contribution.

The use of a Doppler lidar and radiosondes for the observation of higher levels has allowed
us to obtain an insight into the process related to the diurnal evolution of the wind profile in
the lower ABL: a high-speed layer in the upper levels extends downwards owing to turbulent
mixing by wind shear and other additional mechanisms. Intermittent further intensification
of wind speed was also observed. During the period of high wind speed (afternoon), large-
scale turbulence structures were frequently observed. The wind pattern of these large-scale
structures resembled that of the ejection–sweep structure previously observed under unstable
and near-neutral conditions. Further investigations into the relation between the regions of
strong winds at various scales and the turbulence structures are important subjects.

In this study, we described the characteristics obtained from observations. Having found
that the emergence of large-scale turbulence structures is a prevalent feature of the ABL in
this part of the Kyoto City suburbs, as a next step, we aim to analyze the observation data at
other places to examine its generality.
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