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Abstract: This paper complements the existing studies of Bora flow properties in the Vipava valley
with the study of Bora turbulence in a lower region of the troposphere. The turbulence characteristics
of Bora flow were derived from high resolution Doppler wind lidar measurements during eight Bora
wind episodes that occurred in November and December 2019. Based on the vertical profiles of
wind velocity, from 80 to 180 m above the valley floor, the turbulence intensity related to all three
spatial directions and the along-wind integral length scales related to three velocity components
were evaluated and compared to the approximations given in international standards. The resulting
turbulence characteristics of Bora flow in a deep mountain valley exhibited interesting behaviour,
differing from the one expected and suggested by standards. The intensity of turbulence during Bora
episodes was found to be quite strong, especially regarding the expected values for that particular
category of terrain. The specific relationship between along-wind, lateral and vertical intensity
was evaluated as well. The scales of turbulence in the along-wind direction were found to vary
widely between different Bora episodes and were rather different from the approximations given
by standards, with the most significant deviations observed for the along-wind length scale of the
vertical velocity component. Finally, the periodicity of flow structures above the valley was assessed,
yielding a wide range of possible periods between 1 and 10 min, thus confirming some of the
previous observations from the studies of Bora in the Vipava valley.

Keywords: Doppler wind lidar; Bora wind; turbulence intensity; complex terrain; turbulence integral
length scale

1. Introduction

Wind field measurements are fundamental for an accurate description of atmospheric
dynamics, and therefore, for the understanding and prediction of weather development [1].
In the lower part of the troposphere, these measurements are important for a wide range
of scientific studies and engineering applications. In the field of wind energy, they are
crucial for the determination of the wind climate and for establishing the power curve of
the wind turbine [2]. Measurements of wind speed and direction are further important
for assessing the air pollution dispersion in the atmosphere [3] and for other studies, such
as for revealing the structure and evolution of atmospheric rotors [4] or for investigating
turbulent transport within a valley [5]. An accurate description of the wind field is vital as
well for more realistic simulations in computational wind engineering (CWE) and related
studies, such as the interactions between air flow and structures on the ground [6]. Wind
characteristics are usually monitored using measurements from meteorological stations,
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where anemometers are used for measuring the wind speed and direction. Although they
provide a high temporal resolution, these types of point measurements are location-wise
sparse, especially in the vertical direction, where the measurements are typically acquired
at a single height of approximately 10 m above the ground (AGL). The vertical spatial
resolution can be improved by the use of radiosondes; however, in Slovenia, a single
radiosonde is launched once per day in Ljubljana only, so wind measurements are sparse
both in time and space.

In order to study the wind field, i.e., the spatial variation of the horizontal and vertical
wind speed, the alternative technique to both anemometer and radiosonde measurements is
remote sensing. Although there are various remote sensing devices and methods [7–9], the
main remote sensing tool used in this study is lidar (acronym of “light detection and ranging”).
Lidar may cover a wide spatial range of the atmosphere and, depending on the type of lidar
and scanning strategy, with a high time resolution. The lidar used for the measurement of
wind field presented in this study is Doppler wind lidar (DWL), whose measurement principle
is, as its name suggests, based on using the Doppler frequency shift of light backscattered
from aerosols [10]. Up until now, DWL has been widely accepted in the wind industry, where
it presents an alternative to traditional mast-based wind sensors [11,12].

A region of Slovenia that is particularly interesting for wind studies is the Vipava
valley (125 m above the sea level). Its surrounding complex orography provides an ideal
setting for various atmospheric phenomena, such as the frequent episodes of Bora wind.
Bora is a strong and gusty downslope wind with a variable frequency and duration, which
generally appears in the presence of a low pressure center over the Adriatic sea or a high
pressure cell over Central Europe, or as a combination of both. Bora is generally observed
on the lee side of the Dinaric Alps along the Adriatic coast, whereas, in Slovenia, it is
the strongest over the ridges of Trnovski gozd, Nanos and the Javorniki plateau, where it
spreads into the Vipava valley. Its severe behaviour may cause damage to structures built in
these regions, as well as affect traffic and pose threats to human safety in general. Mountain-
induced downslope windstorms, such as Bora, are generally accompanied by multiple
atmospheric phenomena, such as breaking gravity waves, hydraulic jumps, atmospheric
rotors, non-stationary flow behaviour and boundary layer separation [13]. Many of these
are associated with strong turbulence, which represents potential hazards to aviation.
Air flow properties and atmospheric structures appearing above the Vipava valley were,
up until now, studied using the ground-based measurements from Mie scattering and
Raman lidar, which use aerosols as traces of air mass motion and cover the tropospheric
region above a ≈200 m height above the valley floor. The airflow in the lower part of
the atmospheric boundary layer (ABL) was regularly monitored at the bottom of the
valley using anemometer point measurements at ≈10 m. Based on these measurements,
the airflow characteristics above and within the Vipava valley were studied and various
atmospheric phenomena were detected, such as hydraulic jump in the Bora flow and
mountain waves above the valley [14–17]. However, there is a gap in the vertical range
of the atmosphere, between 10 and 200 m above the valley floor, which, up until now,
remained uninvestigated.

The main aim of this study was to complement the previous studies of atmospheric
properties above the Vipava valley by obtaining insight into the flow characteristics within
the uninvestigated region of the ABL above the valley. As the modeling of atmospheric
flow and its phenomena, such as Bora, requires an accurate description of the wind, the
study was focused on evaluating the wind profile characteristics during episodes of Bora.
The mean characteristics of the Bora profile were already investigated for a Bora-affected
site in Slovenia and were found to agree well with wind profile laws commonly used in
computational studies [18]. However, its turbulence characteristics, needed for a more
accurate description of severe Bora wind, are not fully investigated and known for Bora-
affected regions in Slovenia, mostly due to the lack of proper measurement tool/setup.
Therefore the aim of this study was to examine the airflow during Bora episodes in detail
by evaluating the turbulence characteristics of the Bora wind profile within the complex
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valley region in Slovenia, which is strongly affected by Bora. For that purpose, Doppler
wind lidar was used as the main tool.

2. Methodology
2.1. Measurement Site and Instrumentation

Wind measurements were acquired at the University of Nova Gorica (UNG) site in
the city Ajdovščina, Slovenia (45◦53′08.0′′N 13◦54′48.4′′E). Measurement site is located
in the Vipava valley (106 m above the sea level), a valley in south-west Slovenia most
strongly affected by Bora. The measurement site is characterized by surrounding complex
orography, as it underlies a mountain range with sharp slopes, hills and escarpments,
whereas the terrain around the measurement site is characterized by regular cover of
buildings (Figure 1a,b).

(a) (b) (c)

Figure 1. (a) The measurement site at Ajdovščina (106 m a.s.l.), marked by a red circle, is located in the Vipava valley, and
surrounded by Nanos plateau (1262 m) to the north and Goli vrh (710 m) to the south. Prevailing wind directions of eight
selected wind episodes are marked with different colors and numbers. (b) Cumulative distribution of wind direction during
all selected Bora episodes at the measurement site is represented by the wind rose. (c) Doppler wind lidar was placed at the
10 m height AGL at the measurement site and collected measurements of radial velocity at different heights from 50–230 m
AGL during November and December 2019.

Wind velocity data were collected during a one month period in November and
December 2019 using a pulsed DWL WindMast WP350, manufactured by Leice Transient
Technology [19], whose basic specifications are listed in Table 1. Lidar was placed at
the fixed location outside the UNG building at approximately 10 m height AGL, where
it recorded the radial or line-of-sight (LOS) velocity using a four beams Doppler beam
swinging (DBS) scanning technique. The illustration of scanning technique is shown in
Figure 2. One scanning sequence covered four lines of sights, tilted towards north (0◦), east
(90◦), south (180◦) and west (270◦) direction. In each direction, measurement data were
accumulated for approximately ≈ 0.916 s before it swung to the next direction. Measure-
ments of radial velocity were collected in the vertical range of the lower troposphere from
50 to 230 m above the valley floor; more specifically, for 21 different heights: 50, 55, 60, 65,
70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220 and 230 m.

2.2. Data Analysis

In order to retrieve the three-dimensional wind vector (u, v, w) from radial velocity
measurements, the wind components were deduced from the four last observations as-
suming that flow is homogeneous across the scanning circle for each height range. Two
horizontal and vertical components of wind vector were obtained from the recorded radial
velocity as:

uL =
rE − rW
2 cos θ

, vL =
rN − rS
2 cos θ

, wL =
rN + rS + rE + rW

4 sin θ
, (1)
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where uL is the horizontal east–west velocity component, vL is the horizontal north–south
velocity component, wL is the vertical velocity component and rN , rE, rS, rW are north-tilted,
east-tilted, south-tilted and west-tilted radial wind velocities, respectively. Figure 3 reports
an example of time series of radial velocity measured by lidar and wind vector components,
retrieved using Equation (1). The elevation angle (θ) of the laser beam was equal to 71.38◦

for all measurements. Wind direction α (clockwise from north) was calculated as:

α = α0 for u, v ≥ 0,

α = 180− α0 for u ≥ 0, vs. ≤ 0,

α = 180 + α0 for u, v ≤ 0,

α = 360− α0 for u ≤ 0, vs. ≥ 0,

where α0 = |arctan(uL/vL)|.

Table 1. Technical specifications of the Leice Doppler wind lidar WindMast WP350 [19].

Specifications Parameter

Wavelength 1.5µm Eye-safe

Detection height range 20–350 m

Spatial resolution Software configurable to any 30 heights in the range 20–350 m

Range gate length 30 m (fixed)

Data updating time 1 s–10 min (configurable)

Wind speed range 0 –75 m/s

Wind speed accuracy ≤ 0.1 m/s

Wind direction accuracy < 3◦

(a) (b)

Figure 2. The schematic of Doppler beam swinging scan: (a) visualization of scanning circles at
different heights; (b) visualization of the four laser beams configuration of the lidar with relevant
angles and two coordinate systems, one used by lidar and one used for wind analysis. For better
visibility, just the component of radial velocity in the laser beam 2 direction (rE) and component of
wind vector u in the lidar coordinate system are sketched.
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(a) (b)

(c) (d)

Figure 3. An example of time series of radial velocity at 60 m AGL (a) and derived wind vector
components: uL (b), vL (c) and wL (d), with corresponding mean values equal to (6.40 ± 4.00) m/s,
(−0.41 ± 4.86) m/s and (−0.19 ± 1.26) m/s, for a four-hour period at 3 December 2019.

Following the standard procedure for analyzing turbulence data, wind components
derived in lidar coordinate system (Equation (1)) were rotated into the coordinate system
aligned with mean wind direction (α) for each averaging period equal to 10 min. Wind
vector u with corresponding along-wind (u), lateral (v) and vertical component (w) was
calculated in our case as:

u =

u
v
w

 =

 uL cos ϕ + vL sin ϕ
−uL sin ϕ + vL cos ϕ

wL


where ϕ is the angle of rotation, equal to:

ϕ = 90− α for 0 ≤ α ≤ 90,

ϕ = 450− α for 90 ≤ α ≤ 360.

Turbulence characteristics of the air flow above the Vipava valley were assessed by
means of turbulence intensity and turbulence integral length scale quantities. Turbulence
intensity quantifies the intensity of wind fluctuations and was evaluated for each spatial
direction. The turbulence intensity in the i-th direction (Ii) was calculated as the ratio of
standard deviation of the i-th velocity component (σi) and the mean velocity (U), for each
averaging period and for each measurement height:

Ii =
σi

U
. (2)

Furthermore, by assuming the validity of Taylor’s frozen turbulence hypothesis, the
turbulence integral length scales in the along-wind direction were evaluated by the means
of turbulence integral time scales. In particular, the turbulence integral length scale of the
i-th velocity component in the along-wind (x) direction, Lx

i , was calculated by multiplying
the mean velocity and the turbulence integral time scale (Ti):

Lx
i = Ti ·U. (3)

Turbulence integral time scales were evaluated using the autocorrelation functions Rii for
i-th fluctuating velocity component [20]:
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Ti =
∫ ∞

0
Rii(τ)dτ,

where τ is the incremental time lag. The integration of the autocorrelation function was
performed to the time of the first zero-crossing of the autocorrelation function. It should
be noted that, although the Taylor’s hypothesis was, in general, valid for each wind
episode presented here, for 6 out of 8 wind episodes, there were time intervals in which
that hypothesis was not valid, as the ratio between standard deviation and mean wind
speed exceeded 0.5. The length scales reported in this study serve as a rough estimate
rather than exact values. Finally, in order to detect and characterize periodicity in the flow,
periodograms were calculated using the Lomb–Scargle method [21].

2.3. Data Collection

There are three prevailing winds in the Vipava valley: the southeast (SE) wind, which
is typically mild, the northeast (NE) wind, which corresponds to Bora and the southwest
(SW) wind, which usually occur when Bora weakens [14]. Wind episodes were selected
from the set of DWL data following the first main criterion, where the mean wind speed
at 80 m AGL (taken as reference height) should be greater than 5.5 m/s. That value was
chosen based on extrapolation of the minimal value of wind speed, which characterizes
Bora at 10 m AGL [22] to a height of 80 m by the means of logarithmic wind speed law.
As one of the research aims was to study the turbulence characteristics of Bora flow, 8
wind episodes were finally identified and selected for later analysis, based on prevailing
wind directions and/or the synoptic situation at that time [23], which are related to Bora
appearance in the Vipava valley. Their mean wind speed characteristics are summarized in
Table 2 for four different heights AGL. Height profiles of the mean wind speed are reported
in Figure 4 for each Bora episode analyzed in this study. Prevailing wind directions are
drawn in Figure 1a, which, according to long term wind studies in the Vipava valley, agree
with two main Bora wind directions, NE and SE [22]. Detailed report on wind direction
is given in Figure A1 of Appendix A, where the cumulative wind speed for the heights
between 80 and 180 m and direction distributions are presented in the form of wind rose
for each wind episode presented in this paper.

Figure 4. Height profiles of the mean wind speed for eight Bora wind episodes, marked by their
ordinal numbers.

As, during November and December 2019, there were no collocated measurements
of wind speed at the measurement site at the bottom height level (at 10 m AGL), the
wind speed data were taken from the nearest location in the valley, provided by DARS
Motorway Company [24]. These data are given just as a reference of the near-ground wind
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speed and do not reflect the real situation at the measurement site, as they are acquired
at the location outside of the urbanization and further off of the mountain ridges, in the
center of the Vipava valley. As the temperature was measured at only one height (at 10 m
AGL), atmospheric stability at the site could not be retrieved. However, we consider the
atmosphere to be near-neutrally stratified, as this was already shown to be the common
case during Bora [18,25].

Table 2. Selected wind episodes at Ajdovščina during November 2019 and December 2019 and their characteristics. Mean
wind speed and standard deviation values of selected wind episodes, calculated from 10 to min averaged DWL wind speed
data at four different heights AGL, are given along with the wind speed data at 10 m AGL, calculated from 15 to min
averaged wind speed data provided by DARS anemometer measurements.

Episode Date CET Time Duration Wind Speed at Different Heights above the Ground (m/s)
(hh:mm) (h) 10 m 80 m 110 m 140 m 180 m

1 26 November 2019 10:13–12:03 1.83 2.89 ± 0.49 / 10.11 ± 5.13 10.39 ± 4.21 9.91 ± 3.82
2 12:50–15:40 2.83 2.86 ± 0.91 9.21 ± 3.05 8.86 ± 2.73 7.91 ± 2.72 6.78 ± 3.00

3 3 December 2019 8:49–12:49 4 4.80 ± 1.48 8.55 ± 3.50 8.92 ± 3.65 9.12 ± 3.87 9.19 ± 4.07
4 13:48–16:08 2.33 4.04 ± 0.84 6.07 ± 2.60 6.23 ± 2.72 6.23 ± 2.91 6.22 ± 3.08

5 4 December 2019 8:49–13:49 5 7.12 ± 2.92 14.88 ± 4.55 15.07 ± 4.34 14.80 ± 4.46 14.50 ± 5.47

6 11 December 2019 8:25–15:55 7.5 5.00 ± 1.54 12.04 ± 4.53 12.39 ± 4.50 13.21 ± 5.69 14.44 ± 7.26

7 12 December 2019 10:18–13:08 2.83 2.95 ± 0.89 16.34 ± 3.24 17.26 ± 3.00 17.78 ± 3.02 17.63 ± 3.73
8 13:45–15:05 1.33 2.64 ± 1.08 14.28 ± 2.76 15.38 ± 2.62 16.05 ± 2.45 16.66 ± 2.48

The upstream terrain orography for a 4 km horizontal distance along the prevailing
wind direction is reported in Figure 5a for all selected wind episodes. It can be seen that
terrain along the prevailing wind direction has the steepest slopes during wind episodes 1,
2, 6, 7 and 8, whereas there are less steep slopes for the wind episodes 3 and 5. The terrain
along the prevailing wind direction of episode 4 has the lowest elevations, the smallest
slant and is the least abrupt compared to other cases. In order to quantify the complexity
of terrain by means of orography, the index of rugosity was used [18,26]. The magnitude of
aforementioned index indicates the degree of complexity, i.e., the greater value indicates
the more complex terrain. The index of rugosity with respect to prevailing wind direction
of selected wind episodes is reported in Figure 5b.

(a) (b)

Figure 5. (a) Upstream terrain elevation profiles along the prevailing wind direction towards the measurement site for
selected wind episodes. (b) The complexity of terrain with regard to prevailing wind directions of selected wind episodes,
expressed by the index of rugosity [26].

2.4. Data Quality

DWL data quality can be quantified in terms of the signal-to-noise ratio (SNR), which
is a measure of the relative strength of the backscattered Doppler signal over the inherent
background noise. For the lidar used in this study, 6 dB is typically chosen as the lower
limit for the accepted uncertainty in the measurements. Lower values of SNR are generally
associated with clean air, i.e., the low concentrations of aerosols in the atmosphere [27],
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which is common during Bora episodes in the Vipava valley. In this study, more than
95% of measured SNR values were found to be above the lower limit (see, for example,
Figure 6a). Considering the distribution of data obtained with SNR < 6 dB, reported here
in Figure 6b, and considering the possible impact of data obtained with SNR < 6 dB on
results and conclusions, we limit the investigation of the flow properties to 8 different
heights from 110 to 180 m AGL for Bora episode 1 and to 11 different heights between 80
and 180 m for all other episodes.

(a) (b)

Figure 6. (a) Time series of signal-to-noise ratio (SNR) values measured for different heights above
the lidar (hAL) for the measurements taken on 4 December 2019. The line at 70 m, which distinguishes
two parts at the THI plot, is due to system design and does not affect the wind retrieval. (b) Fraction
of wind speed data points with SNR values lower than 6 dB at each measurement height during a
Bora episode, calculated with respect to all data points at the corresponding height.

The accuracy and calibration test for DWL used in this study was performed in 2019,
just before it was deployed to Slovenia, at the flat terrain site near the village of Georgsfeld,
Germany. The quality control procedure showed that the instrument does not introduce
significant contribution to data inaccuracy [28]. Although the measurement site in the
Vipava valley is characterized by flat-like terrain, the incoming wind is affected by the
surrounding complex orography, as well as by topographical features, such as buildings,
houses and trees, which may consequentially affect the accuracy of DBS measurements.
Furthermore, as the flow interacting with complex topography may become horizontally
non-uniform, the horizontal homogeneity assumption used for each DBS measurement
sequence may be violated. Other sources that may contribute to errors in measurements
are related to the flow turbulence. As the radial velocity ascribed to a certain height (center
of a range gate) is, in fact, a spatially weighted average in a volume along the line of sight,
the uncertainties in measured radial velocity are expected in the case of high turbulent
wind fluctuations in the sampled volume [29].

3. Turbulence Characteristics of the Flow above the Vipava Valley

Turbulence characteristics of Bora flow were assessed by means of turbulence intensity
in each spatial direction and the along-wind turbulence integral length scales of the flow
related to fluctuations of three velocity components. Due to limitations described in
Section 2.4, and based on the lidar validation tests, some degree of uncertainty is expected
when evaluating these quantities. In particular, the turbulence intensity values obtained
from DWL measurements during validations tests [28] were generally overestimated, but
correlated fairly well to the turbulence intensity obtained from the reference (anemometer)
measurements, with a squared correlation coefficient between 0.64 and 0.72 for heights
above 61 m AGL [28]. The expanded uncertainty (± 2σ) was found to range from 9 to 16%
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for these heights, whereas, below 61 m AGL, it was greater than 25%. As there were no
reference measurements at these heights near the measurement site in the Vipava valley, we
could not evaluate the exact uncertainty in our case, but we expect a similar or larger degree
of uncertainty as in the validations test. Furthermore, due to the calculation procedure
described in Section 2.2 and due to large uncertainties related to the DBS scanning method
when measuring the turbulence in complex terrain [30], the integral turbulence length
scales reported in this study should be taken as a rough approximate.

3.1. Turbulence Intensity

Turbulence intensity components in the along-wind (Iu), lateral (Iv) and vertical
(Iw) direction were calculated for different heights between 80 and 180 m (Section 2.4),
according to Equation (2), for 10-min time periods of selected wind episodes. In the case of
flat, homogeneous terrain, the turbulence intensity is expected to decrease with height. A
general expression, given by Eurocode (EC) [31], that approximates the vertical profile of
(along-wind) turbulence intensity and is often used in CWE models, is given by:

I(EC)
u =

1
ln(h/z0)

, (4)

where z0 is the aerodynamic roughness length (or surface roughness) and h is the height
above the ground. If we assume that the value of z0 varies between 0.3 m and 0.7 m for the
Vipava valley terrain (according to [31,32]), then the along-wind turbulence intensity values
would range up to ≈ 20% for the heights from 80–180 m AGL according to Equation (4).
However, in this study, we have a complex valley environment, as well as a gusty wind, so
the deviations from the profile described by Equation (4) are expected and were observed
in the analyzed wind episodes. At first glance, we observed large values of turbulence
intensity above the Vipava valley during the majority of selected wind episodes. This
observation is presented in Figure 7, which reports the time evolution of the turbulence
intensity components at all measurement heights, wind episode 5 being taken as the
representative example.

During that particular episode (Figure 7), the turbulence intensity was mainly below
45% at the heights between 80 and 180 m, for both the along-wind and lateral component.
The vertical component of the turbulence intensity reached up to a maximum of 17%,
with a mean of around 10%. The mean values of the turbulence intensity at 80 m AGL,
calculated from all time periods of each selected wind episode, were found to range
between 20% and 51% (Figure 8a) for the along-wind component and between 20% and
50% (Figure 8b) for the lateral component, which are both larger than those predicted by
the international standard (Equation (4)). The values of the vertical intensity component
ranged between 6% and 16% (Figure 8c). A detailed report on turbulence intensity values
and their characteristics is given in Table A1 of Appendix B for all eight analyzed episodes
and for four different heights AGL. Their mean and standard deviation values are reported
in Figure 8.

The turbulence intensity changed during the time of each wind episode, with a similar
degree of variations at all heights (between 80 and 180 m) in general. The details are given
in Table A1 of Appendix B, where the variability of turbulence intensity components is
given in terms of the standard deviation. A representative example of the turbulence
intensity time evolution at four different heights is given in Figure 9a for wind episode 5.
Furthermore, we assessed the vertical profiles of turbulence intensity. Figure 9b reports
the turbulence intensity profile in each spatial direction, represented by the mean and
the envelope containing all intensity profiles obtained during wind episode 5. For the
sake of conciseness, the results of other wind episodes were not plotted here, though the
behavior of intensity profiles during all wind episodes was found to be similar; that is, the
turbulence intensity is nearly constant or slightly decreases with the height until a certain
level (in the case shown in Figure 9b, at ≈140 m). Interestingly, after reaching a certain
height, the turbulence intensity in most of the analyzed wind episodes starts to increase
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with the height, which is opposed to our expectations and the relationship described by
Equation (4).

(a) (b)

(c)

Figure 7. Time evolution of turbulence intensity for 21 different heights AGL, in the along-wind (a), lateral (b) and vertical
(c) direction during wind episode 5 on 4 December 2019.

(a) (b) (c)

Figure 8. Mean turbulence intensity values in the along-wind (a), lateral (b) and vertical direction (c), obtained from Doppler
wind lidar measurements at four different heights above the ground, for all eight wind episodes.

Although the turbulence intensity was expected to decrease with respect to the dis-
tance from the ground, there may be atmospheric processes in the higher levels of the ABL
related to the disturbances of the airflow when passing over high mountain barriers, which
surround the valley. Besides that, lower SNR values may contribute to poorer data quality
at those heights (Figure 6b), which then reflects in higher values of turbulence.

From Figure 9a, as well as from previous figures (Figures 7 and 8), it may be observed
that the values of turbulence intensity in the along-wind and lateral direction are com-
parable and considerably larger than those in the vertical direction. Ratios of lateral and
vertical intensity to the along-wind component are reported in Figure 10 for wind episode 5.
Figure 10a reports their time evolution at four different heights, whereas Figure 10b reports
the mean vertical profiles of the aforementioned ratios, along with standard deviation.



Remote Sens. 2021, 13, 4363 11 of 24

(a) (b)

Figure 9. Wind episode 5 on 4 December 2019: (a) time evolution of turbulence intensity components at four different
heights above the ground. Each time segment represents 10 min interval; (b) vertical profiles of turbulence intensity
components during all time intervals, represented by their envelope and mean.

(a) (b)

Figure 10. Wind episode 5 on 4 December 2019: (a) time evolution of lateral (top) and vertical (bottom) turbulence intensity
as a percentage of the along-wind intensity component at four different heights above the ground. Each time segment
represents a 10 min interval; (b) mean vertical profile of the ratio between turbulence intensity components.

For all wind episodes, the ratio between turbulence intensities was found to be nearly
constant with the height (Figure 9b), as it is often considered for ABL flows [33], with a
slight decrease observed above a certain height (≈140 m). By considering the intensity
ratios to be constant with the height, we evaluated the mean intensity ratios for each
Bora episode separately and reported them in Figure 11, along with the mean of all wind
episodes, as well as in Table 3 in more detail.
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(a) (b)

Figure 11. Grand mean values of (a) lateral and along-wind turbulence intensity ratio and (b) vertical and along-wind
turbulence intensity ratio, expressed as a percentage and obtained for each wind episode from the mean values of intensity
ratios at 11 measurement heights, from 80 to 180 m. Red dotted line denotes the mean of all wind episodes.

Table 3. Grand mean values of lateral/vertical and along-wind turbulence intensity ratio, obtained for each wind episode
from the mean values of intensity ratios at 11 measurement heights, from 80 to 180 m. The ratios are expressed as a
percentage and are presented by their median, mean, standard deviation, minimum and maximum value.

Wind Episode Median Mean σ Min Max Median Mean σ Min Max

1

I v
/

I u
(%

)

82.23 82.73 9.94 54.55 109.03
I w

/
I u

(%
)

26.16 26.17 3.39 19.13 36.77
2 87.44 87.78 10.04 62.34 130.39 24.77 25.11 2.72 19.01 31.98
3 88.19 90.31 14.39 62.58 130.30 34.24 34.48 5.73 22.40 50.22
4 89.78 88.99 16.52 56.23 143.15 33.18 32.22 4.65 19.37 40.78
5 96.22 96.35 9.10 74.85 119.16 31.21 31.29 3.29 22.50 40.01
6 84.49 86.24 14.58 50.41 146.73 28.03 28.92 5.81 18.37 48.96
7 95.72 95.20 11.20 63.83 123.08 28.28 28.02 2.79 19.88 35.06
8 97.19 98.79 10.92 80.75 136.39 29.65 29.89 2.60 23.61 34.62

The cumulative ratio of all wind episodes analyzed in this study may be expressed as:

Iu : Iv : Iw = 1 : 0.9 : 0.3, (5)

which is quite different to those suggested for ABL in [34]:

Iu : Iv : Iw = 1 : 0.75 : 0.5 (6)

and [35]:
Iu : Iv : Iw = 1 : 0.88 : 0.55. (7)

In the case of Bora above the complex terrain of Vipava valley, the along-wind and
lateral turbulence intensity were found to be comparable and larger than approximations
for the ABL given by Equations (6) and (7), whereas the intensity in the vertical turbulence
intensity was found to be much smaller. Furthermore, we compared our results to results
obtained for Bora flow, but at another location (Croatia) [36]. In that case, we obtained a
smaller ratio between the lateral and along-wind turbulence intensity, which was, in their
case, equal to 1 at 40 m AGL. The ratio between the vertical and along-wind turbulence
intensity was smaller for our case, compared to their value of 0.5 at 40 m AGL. Finally,
we investigated if the values of turbulence intensity at heights of above 50 m were related
to underlying terrain complexity, where the terrain complexity was quantified in terms
of orography, as described in Section 2.4. No correlation was found between the oro-
graphic terrain complexity and the intensity of turbulence during analyzed Bora episodes
(Figure 12).
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(a) (b) (c)

Figure 12. Turbulence intensity at 110 m AGL in the along-wind (a), lateral (b) and vertical (c) direction with regard to index
of rugosity for different Bora episodes, labeled by their ordinal number. The index of rugosity represents the orographic
complexity of the 4 km path upstream of the measurement site. Note: data points of wind episodes 7 and 8 overlap.

3.2. Assessment of Turbulence Integral Length Scale

The turbulent length scales of three velocity components in the along-wind direction,
Lx

u, Lx
v and Lx

w, were calculated according to Equation (3), where the corresponding integrals
of correlation functions were approximated using the trapezoidal rule. The mean values
of along-wind turbulent length scales at four different heights are reported in Figure 13
for all wind episodes, while more details are given in Table A2 of Appendix B. At first,
it can be noticed from Figure 13 that the values of along-wind length scales related to
along-wind (Lx

u) and lateral velocity fluctuations (Lx
v) are comparable, whereas the values

of the length-scale of vertical velocity (Lx
w) are significantly larger. Considering all Bora

episodes in this study, we found that the length-scale of vertical velocity increases with
height faster and reaches higher values (up to 180 m) than the other two along-wind length
scales. For better readability, that observation is represented in Figure 14, where the mean
values of along-wind length scales are reported for two central heights, 110 m and 140 m.

The time evolution of along-wind length scales at four different heights is reported in
Figure 15a for wind episode 5, which is used as a representative of all episodes. It reveals
the rough changes in the length scale values during time. The dispersion of the obtained
data is reflected in high standard deviation values. Standard deviation, along with other
turbulence length scales characteristic values (median, mean, standard deviation, minimum
and maximum) obtained at four different heights, is given in Table A2 of Appendix B for
each Bora episode.

(a) (b) (c)

Figure 13. Mean values of along-wind turbulence length scales, obtained from Doppler wind lidar
measurements at four different heights above the ground, for all eight wind episodes (a–c).
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(a) (b)

Figure 14. Mean values of along-wind turbulence length scales, obtained from Doppler wind lidar measurements at 110 m
AGL (a) and 140 m AGL (b) for all eight wind episodes.

(a) (b)

Figure 15. Wind episode 5 on 3 December 2019: (a) time series of along-wind turbulence integral length scales at four
different heights above the ground, obtained from Doppler wind lidar measurements; (b) vertical profiles of turbulence
integral length scales, represented by their envelope and mean, along with Eurocode (EC) and ESDU approximations
denoted by dashed curves.

We further investigated the vertical profiles of the along-wind length scales based on
the obtained wind data at 11 different heights. Usually, turbulence integral length scales in
ABL and their vertical profiles may be approximated by empirical formulas, such as those
found in wind engineering standards Eurocode (EC) [31] and ESDU [37]:

Lx
u = 300 · (h/200.0)0.67+0.05·ln(z0), (8)

Lx
u = 25 · h0.35 · z−0.063

0 Lx
v = Lx

u ·
1
2

(
σv

σu

)3
Lx

w = Lx
u ·

1
2

(
σw

σu

)3
, (9)

where h is the height above the ground, σu, σv, σw are mean standard deviations of the
along-wind, lateral and vertical velocity component, respectively and z0 is the aerodynamic
roughness length. However, there are still quite large uncertainties and difficulties met
in providing an accurate evaluation of such quantities based only on the terrain cate-
gory [38,39]. Figure 15b reports the mean along-wind turbulence length scale profiles and
the envelope containing all of their values obtained during wind episode 3, along with
the approximations given by Equations (8) and (9). Equations (8) and (9) were calculated
by taking the roughness length value equal to 0.3 m and standard deviations obtained
from DWL measurements. For the sake of conciseness, length-scale profiles of other wind
episodes were not plotted here. The observations following on from all analyzed wind
episodes are as follows:
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1. Mean values of Lx
u, Lx

v and Lx
w did not monotonically increase with the height for all

investigated Bora episodes, as suggested by standards (Equations (8) and (9)), but
varied. In most wind episodes, those values both increased and decreased with the
height;

2. Mean Lx
u profile was found to have smaller values than both approximations given

by ESDU and EC;
3. Mean Lx

v profile was found to have larger values than approximated by ESDU;
4. While both Lx

u and Lx
v were found to moderately agree with ESDU, Lx

v showed a
slightly better agreement;

5. Mean Lx
w profile was found to have considerably larger values than those approxi-

mated by ESDU, as well as having larger values than both mean Lx
u and Lx

v .

The turbulence length scales presented in this section have large uncertainties, and the
values should be regarded as rough approximations. This is due to the wind measurement
technique itself (DBS is not the best choice for this purpose) and also due to large differences
between the results of the different length scale calculation methods (autocorrelation
function integral method and auto-power spectral method were used). The autocorrelation
function integral method (Equation (3)) was found to describe our data better than the
auto-power spectral method.

3.3. Periodicity of the Flow above the Vipava Valley

The origin and periodic behavior of Bora flow have been an active research topic
throughout decades [40–42]. In the Vipava valley, the studies of Bora and related structures
appearing in the atmosphere were based on the wind speed measurements at 10 m AGL
and lidar measurements, which covered the vertical extent of the atmosphere above 200 m
above the valley floor. Thus, a vertical region of the atmosphere above the valley between
10 and 200 m remained uninvestigated. In previous studies, a wide range of possible wind
gust periods between 1 and 7 min was identified. For ABL structures, typical oscillation
periods were found to be between 1 and 2 min, whereas, for the structures above the ABL,
they were found to be between 3 and 6 min [22].

In this study, we assessed the periodicity of the flow by calculating the Lomb–Scargle
periodograms of the vertical wind velocity component, obtained by DWL at the 110 m
height AGL, thus representing the higher vertical range of atmosphere, which was not
assessed up until now. Periodograms of the vertical wind speed are reported in Figure 16
for each Bora episode, along with the dominant period between 1 and 10 min. First, we
observed that a number of periods appear in the periodogram of the vertical wind speed
for all Bora episodes. Based on their power, we identified the three most significant ones
for each wind episode (Figure 16). A periodicity of ≈3.5 min was detected during Bora
episodes 3, 4 and 5. These episodes occurred during two consecutive days, which were
characterized by two different prevailing Bora directions in the valley and thus by different
orography. A slightly larger period of ≈4.5 min was detected both in Bora episode 2 and
6, while it also occurred during wind episode 1. Shorter dominant periods of up to 2 min
were detected during wind episodes 7 and 8 (which occurred on the same day) and during
wind episode 1. Finally, multiple periods with comparable power were detected during
wind episode 6, of which, the dominant period of 9 min had the greatest power.



Remote Sens. 2021, 13, 4363 16 of 24

(a) Wind episode 1 (b) Wind episode 2

(c) Wind episode 3 (d) Wind episode 4

(e) Wind episode 5 (f) Wind episode 6

(g) Wind episode 7 (h) Wind episode 8

Figure 16. Periodograms of vertical wind speed, obtained at 110 m AGL for all eight wind episodes. Horizontal black
dashed line represents 0.001 significance level. Dominant periods are given in the legend for each episode.
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4. Conclusions

In this study, the properties of a wind flow over a complex terrain in a Bora-affected region
in SW Slovenia, the Vipava valley, were investigated using Doppler wind lidar measurements.
The measurements of wind velocity were acquired at 21 different height levels in the lower
troposphere, from which, heights between 80 and 180 m were studied, covering a thus far
uninvestigated vertical range of the atmosphere above the valley floor. Based on eight wind
episodes related to Bora that occurred during November and December 2019, the turbulence
characteristics and periodicity of the flow over a complex valley environment were assessed.

The turbulence characteristics of the Bora flow were assessed by evaluating turbulence
intensity values in the along-wind, lateral and vertical direction and by approximating the
along-wind length scales related to all three velocity components. The majority of the analyzed
wind episodes exhibited high levels of turbulence intensity, which were found to be considerably
greater than the standard values for this type of terrain category. The large values of turbulence
intensity may be partly due to the turbulence overestimation by the Doppler wind lidar, but also
due to both the lidar’s scanning method in the complex environment and atmospheric processes
related to the flow passing over a large mountain barrier, which surrounds the valley (such
as flow separation, recirculation and reattachment phenomena). The ratios between different
intensity components were found to differ from the ones suggested by international standards.
Whereas the lateral intensity component was found to be comparable to the along-wind one and
was larger than predicted by the standards, the vertical intensity was found to be considerably
smaller. Based on eight Bora episodes, we found that, in the Vipava valley case, the relationship
between along-wind, lateral and vertical intensity components is best described by the ratio
1:0.9:0.3. Adopting approximations from standards, e.g., for modeling and assessing the effects
of wind on structures, may therefore not be the most accurate choice for the case of Bora in the
complex terrain.

Turbulence length scales in the along-wind direction, related to the velocity fluctuations
in all three directions, were evaluated. It is important to note that the turbulence scales were
reported here in an approximate manner, as considerable uncertainties related to the calculation
procedure and lidar scanning technique were present in their estimation. The turbulence length
scales were found to vary widely between different Bora episodes, with mean values ranging
from approximately 40 to 120 m for the Lx

u and Lx
v, and up to 225 m for Lx

w. The vertical profiles
of all three along-wind length scales were found to differ from those suggested by international
standards ESDU and Eurocode for the terrain category describing the Vipava valley. Whereas
Lx

u and Lx
v were found to be moderately comparable with the ESDU standard, Lx

w showed
considerable disagreement, reaching considerably larger values than the other two along-wind
length scales.

The periodicity of atmospheric flow above the valley was assessed by calculating the
periodograms of the vertical wind velocity component, yielding a range of possible periods
between 1 and 10 min, which agrees with previous results from the studies of atmospheric
flow in the Vipava valley at the heights above 200 m. Further work is required in order to fully
characterize the turbulence during Bora episodes in the valley, as well as in other Bora-affected
regions in Slovenia, such as: a longer measurement campaign, which would include a larger
number of Bora episodes during different seasons; an evaluation of turbulence characteristics
with more appropriate tools/techniques; an assessment of the flow characteristics in the near-
ground range, below currently assessed heights (i.e., below 80 m); an evaluation of turbulence
characteristics with respect to different terrain types and surroundings.
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Appendix A

Wind directions during eight Bora episodes in the Vipava valley are presented here by
wind roses.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure A1. Cumulative wind speed and direction distribution for the heights between 80 and 180 m at measurement site in
Ajdovščina during eight Bora episodes in November and December 2019.
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Appendix B

Values of turbulence intensity and turbulence integral length scales are reported
in Tables A1 and A2, respectively, for selected wind episodes in November-December
2019. Median, arithmetic mean, standard deviation, minimum and maximum values of
turbulence quantities are given for four different heights above the ground: 80, 110, 140
and 180 m.

Table A1. Main characteristics of turbulence intensity in the along-wind, lateral and vertical direction: median, mean,
standard deviation (σ), minimum and maximum values at four different heights are given for eight wind episodes.

Wind Episode Turbulence Quantity Height (m) Median Mean σ Min Max

1

Iu (%)
110 60.91 58.62 6.10 47.47 68.38
140 41.53 42.88 5.30 35.66 53.13
180 39.29 40.15 6.40 32.06 55.20

Iv (%)
110 46.22 44.83 5.51 33.71 52.66
140 34.90 36.05 5.64 31.26 51.76
180 33.64 35.53 7.56 29.14 55.03

Iw (%)
110 13.80 13.37 1.49 10.37 15.26
140 11.79 11.77 1.80 9.64 16.33
180 11.89 11.47 2.09 8.16 16.21

2

Iu (%)

80 33.30 35.25 5.96 27.21 49.37
110 32.07 32.82 7.89 24.37 54.69
140 35.50 37.04 6.71 28.10 51.98
180 50.40 51.04 6.51 38.30 61.85

Iv (%)

80 26.67 28.98 5.56 22.25 43.34
110 28.11 28.47 3.75 23.60 34.91
140 31.37 32.90 4.04 28.38 41.36
180 41.97 43.35 6.47 35.84 56.56

Iw (%)

80 8.30 9.03 1.80 7.14 12.68
110 7.45 8.39 1.82 6.79 12.28
140 8.29 9.10 2.01 7.41 14.97
180 11.52 11.95 2.33 8.69 18.35

3

Iu (%)

80 43.62 45.53 7.52 33.91 63.70
110 46.35 46.03 7.13 34.29 60.40
140 47.43 48.33 8.97 32.91 63.03
180 50.95 51.18 10.19 34.52 68.19

Iv (%)

80 41.69 41.59 6.83 29.56 63.71
110 40.70 41.09 6.03 29.88 54.70
140 41.39 41.98 5.47 31.61 54.57
180 43.47 45.08 6.60 33.93 62.37

Iw (%)

80 15.23 15.32 2.52 10.06 19.55
110 15.75 15.73 2.45 11.34 19.27
140 17.18 16.45 2.74 11.79 19.93
180 17.59 17.37 2.71 12.23 21.72

4

Iu (%)

80 47.30 50.99 13.03 38.96 83.27
110 48.91 52.44 14.21 37.60 86.72
140 52.40 56.85 15.45 39.45 85.27
180 54.89 60.51 14.64 45.22 95.95

Iv (%)

80 43.43 50.03 14.40 35.64 77.66
110 41.37 47.09 14.60 32.45 76.06
140 44.89 46.90 12.64 32.21 65.73
180 49.04 51.08 11.74 35.23 78.93

Iw (%)

80 15.09 16.23 3.29 11.75 22.53
110 16.37 17.00 3.18 13.90 24.56
140 17.44 17.37 3.49 13.91 27.24
180 16.89 17.50 3.40 12.81 24.21
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Table A1. Cont.

Wind Episode Turbulence Quantity Height (m) Median Mean σ Min Max

5

Iu (%)

80 31.12 32.04 5.73 25.92 50.59
110 30.27 30.89 7.15 21.43 54.50
140 31.84 32.58 5.99 23.91 51.88
180 42.01 43.96 9.30 25.32 64.39

Iv (%)

80 29.62 30.69 6.62 22.17 57.75
110 29.23 29.63 5.22 20.93 46.62
140 30.79 30.88 4.49 24.00 40.58
180 39.70 40.66 7.43 27.09 55.80

Iw (%)

80 9.63 9.84 1.56 7.35 13.75
110 9.72 9.89 1.81 6.50 14.47
140 10.08 10.06 1.76 7.06 14.29
180 12.18 12.11 2.04 8.28 17.06

6

Iu (%)

80 42.23 47.17 12.67 30.48 79.37
110 40.23 46.99 15.41 27.17 82.58
140 59.68 58.98 8.74 35.01 77.08
180 70.54 69.22 9.25 37.68 85.04

Iv (%)

80 36.91 42.54 12.79 26.79 76.26
110 32.24 40.72 14.46 23.91 73.33
140 46.37 49.65 12.19 29.16 80.72
180 61.43 60.06 9.78 28.74 77.95

Iw (%)

80 11.62 14.38 5.39 8.34 28.02
110 11.03 14.40 6.18 7.73 29.12
140 14.94 16.56 4.62 9.44 27.21
180 17.84 18.57 3.37 11.01 28.10

7

Iu (%)

80 20.61 20.42 2.69 15.05 24.57
110 18.13 17.95 3.01 11.04 22.25
140 17.61 17.92 3.49 10.86 25.46
180 29.26 27.22 7.92 16.17 38.34

Iv (%)

80 20.75 20.60 3.90 12.11 26.54
110 18.89 17.67 3.25 9.81 21.45
140 16.94 16.63 3.98 9.17 26.40
180 18.02 18.80 4.40 13.01 31.04

Iw (%)

80 6.04 6.14 0.94 3.96 7.53
110 5.42 5.19 0.99 3.12 6.77
140 4.83 4.75 0.85 3.08 6.43
180 5.89 6.01 1.25 4.02 7.64

8

Iu (%)

80 20.09 19.98 2.92 15.82 24.22
110 17.81 17.48 2.89 13.45 20.86
140 15.33 15.64 2.32 11.87 18.57
180 14.72 15.31 2.52 11.84 18.61

Iv (%)

80 19.47 19.60 4.31 13.61 26.89
110 17.59 17.02 3.40 12.00 22.38
140 14.59 16.02 2.87 13.54 20.92
180 13.40 14.59 2.75 10.99 17.99

Iw (%)

80 6.13 5.97 0.90 4.12 6.93
110 5.53 5.22 0.87 3.33 6.12
140 4.81 4.73 0.63 3.49 5.48
180 4.37 4.37 0.49 3.52 4.97
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Table A2. Main characteristics of turbulence integral length scale in the along-wind direction, related to the velocity
fluctuations in all three spatial directions: median, mean, standard deviation (σ), minimum and maximum values at four
different heights are given for eight wind episodes.

Label Turbulence Quantity Height (m) Median Mean σ Min Max

1

Lx
u (m)

110 27.21 33.37 13.81 18.55 54.69
140 47.95 46.37 18.59 17.89 70.25
180 42.32 40.68 16.60 16.28 62.94

Lx
v (m)

110 27.57 29.30 7.13 19.52 42.50
140 32.76 33.59 7.91 22.54 47.51
180 43.05 46.37 27.91 16.69 112.87

Lx
w (m)

110 35.08 40.19 17.17 24.16 85.02
140 71.65 71.67 13.56 50.34 91.96
180 88.32 89.58 32.29 39.59 145.31

2

Lx
u (m)

80 33.63 53.26 39.07 17.83 145.47
110 33.78 59.64 56.99 21.93 201.03
140 63.22 61.13 36.25 24.31 160.76
180 39.92 50.15 23.42 23.06 91.33

Lx
v (m)

80 23.19 29.25 11.53 16.73 48.41
110 42.63 40.86 12.74 23.49 67.96
140 45.17 51.48 17.83 31.34 89.88
180 57.65 64.29 25.25 33.18 107.74

Lx
w (m)

80 60.27 63.56 26.01 28.87 123.37
110 65.20 82.37 54.57 34.51 257.51
140 79.24 97.81 58.87 34.36 234.22
180 72.65 82.17 51.31 20.73 244.24

3

Lx
u (m)

80 92.54 122.02 83.00 34.24 365.20
110 89.77 111.57 65.96 33.19 300.91
140 77.10 99.92 62.55 37.58 322.51
180 67.76 85.76 59.54 44.69 342.20

Lx
v (m)

80 80.11 96.23 54.85 35.03 240.56
110 90.23 100.94 54.83 45.50 250.42
140 94.20 106.19 50.44 52.12 231.46
180 96.09 121.70 60.77 41.29 280.28

Lx
w (m)

80 92.67 135.35 130.61 47.01 648.41
110 116.97 172.50 169.69 61.40 869.76
140 150.15 200.15 169.65 81.23 870.30
180 162.44 220.75 182.35 99.10 901.32

4

Lx
u (m)

80 60.23 60.03 22.88 26.34 113.62
110 53.81 58.45 19.30 35.46 101.22
140 61.70 62.62 17.87 37.12 96.94
180 69.78 76.20 29.86 38.89 143.38

Lx
v (m)

80 66.99 69.60 32.95 31.81 146.91
110 63.06 75.29 31.49 44.15 139.99
140 74.50 92.98 50.93 36.87 208.35
180 79.85 87.23 49.60 43.28 225.29

Lx
w (m)

80 77.28 79.40 25.84 44.73 125.29
110 104.08 100.36 24.89 54.91 140.82
140 114.88 112.31 34.81 53.46 171.63
180 123.29 119.93 31.44 61.61 162.18
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Table A2. Cont.

Label Turbulence Quantity Height (m) Median Mean σ Min Max

5

Lx
u (m)

80 93.74 98.34 40.78 29.74 187.96
110 72.70 80.69 52.14 27.25 273.98
140 66.59 81.37 46.01 27.12 186.17
180 74.57 86.21 60.68 27.84 324.17

Lx
v (m)

80 54.78 59.81 22.93 30.10 141.43
110 75.26 78.22 30.12 32.33 157.00
140 86.69 97.22 38.55 47.81 195.73
180 84.20 96.66 54.96 41.04 261.64

Lx
w (m)

80 110.40 115.65 37.31 59.78 197.77
110 123.04 130.57 41.89 69.77 289.18
140 134.42 149.25 52.74 91.53 313.54
180 125.94 138.69 73.00 34.10 330.13

6

Lx
u (m)

80 58.42 80.40 63.06 18.24 365.50
110 61.91 78.81 58.92 27.51 343.89
140 40.97 62.99 58.42 25.29 356.09
180 49.40 75.36 63.32 29.89 341.25

Lx
v (m)

80 54.88 72.65 54.31 28.20 286.26
110 60.81 77.79 55.23 28.19 312.24
140 62.08 71.76 48.78 27.44 258.06
180 61.42 73.90 45.18 30.65 246.03

Lx
w (m)

80 86.36 94.84 40.43 39.01 221.49
110 122.62 128.38 50.17 49.33 252.67
140 104.35 114.53 59.70 30.05 301.63
180 103.96 114.96 70.35 33.48 314.81

7

Lx
u (m)

80 62.05 65.59 33.76 27.10 138.49
110 44.91 62.76 37.85 31.87 158.78
140 41.29 48.97 17.51 32.56 94.73
180 40.78 58.52 67.12 26.38 315.58

Lx
v (m)

80 62.62 67.67 27.80 34.90 148.72
110 64.32 77.89 31.66 48.59 140.84
140 77.47 87.24 37.35 41.24 166.82
180 67.99 86.52 56.10 45.16 279.69

Lx
w (m)

80 83.74 109.77 84.48 54.05 398.95
110 83.22 94.14 36.09 54.81 180.29
140 96.53 98.37 30.50 63.02 187.93
180 78.98 105.90 112.47 32.42 518.24

8

Lx
u (m)

80 63.91 79.29 57.46 30.28 204.88
110 50.90 61.55 24.15 36.52 97.82
140 39.60 64.81 48.03 31.51 154.56
180 57.76 75.16 54.87 32.49 203.19

Lx
v (m)

80 50.10 69.17 55.84 39.48 206.17
110 67.25 71.85 17.94 53.91 108.87
140 75.67 91.80 32.78 62.54 152.80
180 100.62 125.20 104.36 55.21 377.60

Lx
w (m)

80 77.07 83.82 33.23 47.56 133.57
110 161.57 198.06 126.50 73.27 429.44
140 179.95 206.12 94.74 95.62 383.66
180 251.85 225.94 102.50 81.45 344.09



Remote Sens. 2021, 13, 4363 23 of 24

References
1. Köpp, F. Doppler Lidar for Atmospheric Remote Sensing and Aircraft Safety Operations. In Laser in der Umweltmeßtechnik/Laser in

Remote Sensing; Springer: Berlin/Heidelberg, Germany, 1994; pp. 150–159.
2. Mortensen, N. Wind measurements for wind energy applications—A review. In Proceedings of the 16th British Wind Energy

Association Conference’, Stirling, Scotland, 15–17 September 1994; pp. 353–360.
3. Zhang, H.; Xu, T.; Zong, Y.; Tang, H.; Liu, X.; Wang, Y. Influence of meteorological conditions on pollutant dispersion in street

canyon. Procedia Eng. 2015, 121, 899–905. [CrossRef]
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