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A summertime near-ground velocity profile of the Bora wind
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Abstract. While effects of the atmospheric boundary layer flow on engineering infrastructure are more or
less known, some local transient winds create difficulties for structures, traffic and human activities. Hence,
further research is required to fully elucidate flow characteristics of some of those very unique local winds.
In this study, important characteristics of observed vertical velocity profiles along the main wind direction
for the gusty Bora wind blowing along the eastern Adriatic coast are presented. Commonly used empirical
power-law and the logarithmic-law profiles are compared against unique 3-level high-frequency Bora
measurements. The experimental data agree well with the power-law and logarithmic-law approximations.
An interesting feature observed is a decrease in the power-law exponent and aecrodynamic surface roughness
length, and an increase in friction velocity with increasing Bora wind velocity. This indicates an urban-like
velocity profile for smaller wind velocities and rural-like velocity profile for larger wind velocities, which is
due to a stronger increase in absolute velocity at each of the heights observed as compared to the respective
velocity gradient (difference in average velocity among two different heights). The trends observed are
similar during both the day and night. The thermal stratification is near neutral due to a strong mechanical
mixing. The differences in aerodynamic surface roughness length are negligible for different time averaging
periods when using the median. For the friction velocity, the arithmetic mean proved to be independent of
the time record length, while for the power-law exponent both the arithmetic mean and the median are not
influenced by the time averaging period. Another issue is a large difference in aerodynamic surface
roughness length when calculating using the arithmetic mean and the median. This indicates that the more
robust median is a more suitable parameter to determine the aerodynamic surface roughness length than the
arithmetic mean value. Variations in velocity profiles at the same site during different wind periods are
interesting because, in the engineering community, it has been commonly accepted that the aerodynamic
characteristics at a particular site remain the same during various wind regimes.

Keywords: Bora; wvelocity profile; aerodynamic surface roughness length; friction velocity;
logarithmic-law; power-law; field measurements

1. Introduction

While the effects of the classical atmospheric boundary layer (ABL) flow on engineering
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infrastructure, traffic and human activities are well-known, characteristics of some very unique
local winds still need to be fully described. An example is the gusty Bora wind blowing along the
eastern Adriatic coast, which significantly influences local wind energy yield, fatigue of wind
energy structures and the agriculture and optimal functioning of transportation networks (e.g.,
Kozmar et al 2012a,b). Previous meteorological and geophysical studies have provided
background on the physics and meso-scale features of the Bora (Jurcec 1981, Smith 1987,
Grubisi¢ 2004, Grisogono and Belusi¢ 2009); however further work is required to fully determine
Bora micro-scale characteristics in a form usable for engineers.

In general, the Bora is a very strong, usually dry and always gusty wind that blows from the
northeast across the coastal mountain ranges on the eastern coast of the Adriatic Sea, from Trieste
to Dubrovnik and further south (e.g., Yoshino 1976, Makjani¢ 1978, Baji¢ 1988, 1989, Tutis 1988,
Vuceti¢ 1991, Belus$i¢ and Klai¢ 2004, 2006). Known for its spatiotemporal variability, the Bora is
more common in winter when it can last from several hours up to several days (e.g., Jurec 1981,
Poje 1992, Enger and Grisogono 1998, Jeromel et al. 2009). Its mean velocity, usually not less
than 5, and often surpassing even 30 m/s, is less significant than its gusts that can reach velocities
up to three or even five times the average (e.g., Petkovsek 1987, Belusi¢ and Klai¢ 2004, 2006,
Grisogono and Belusi¢ 2009, Vecenaj et al. 2010, Belusi¢ et al. 2013). There is no precise and/or
strict definition of Bora, primarily due to its extreme spatial variability along the eastern Adriatic
coast (e.g., Poje 1992, Horvath et al. 2009, Vecenaj et al. 2012). However, its basic characteristics
mentioned above make every time series of horizontal wind recorded at the coast with azimuth
from the first quadrant, blowing at least for three hours with mean wind speed > 5 m/s and its
standard deviation comparable to the mean, to be considered as a potential Bora event.

The synoptic situation associated with the long lasting Bora is characterized by a persistent
cyclone over the Adriatic region and/or a high pressure centre over the Central Europe (e.g., Jurcec
1981, Heimann 2001, Belusi¢ et al. 2013). The cyclone over the sea draws continental air from the
lower troposphere across the coastal mountain ranges. Similarly, the synoptic anticyclone forces
air from the Pannonia Basin and the Central Europe across mountains towards the Adriatic. The
passage of a cold front across the Adriatic can also trigger a short-lasting Bora (e.g., Jur¢ec and
Viskovi¢ 1994). Shallow or deep Boras occur depending on the intensity and evolution of the
cyclogenesis and its synchronization with the upper tropospheric flow (e.g., Grisogono and
Belusi¢ 2009). A shallow Bora develops if the flow remains confined in the lower atmosphere; in
this case synoptic scale inversions usually play significant roles (e.g., Smith 1987).

The seminal works of Klemp and Durran (1987), and Smith (1987), showed independently that
the strong Bora flow can be treated, to a very good approximation, as a nonlinear hydraulic flow,
which also means a lack of significant stratification effects in the area of highest wind speeds.
Namely, the resonance between the flow and underlying terrain is so strong that the wave breaking
diminishes any stratification near the surface where high speeds are obtained (e.g., Grisogono and
Belusi¢ 2009). Depending on the triggering baric system, the Bora can be cyclonic, anticyclonic or
frontal. The cyclonic or ‘dark‘ Bora brings clouds with a high possibility for precipitation, whereas
the anticyclonic or ‘clear’ Bora is related to fair weather (e.g., Jurec and Viskovi¢ 1994).
Spatiotemporal statistical analysis shows that the frequency of Bora occurrence in the eastern
Adriatic decreases from northwest to southeast (e.g., Poje 1992), and its strength weakens seaward
from the shore in a way that it is rarely stormy in the western Adriatic (e.g., Enger and Grisogono
1998).

Bora research intensified with development of advanced measurements and numerical
atmospheric models that caused a change in basic understanding of the triggering mechanism for
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severe Bora. Originally, a ‘katabatic type’ perspective prevailed (e.g., Yoshino 1976, Juréec 1981).
However, a concern with this approach was that simple katabatic flows are usually not capable of
producing continuous mean wind velocities of about 20 m/s, as such wind velocities require large
surface potential temperature deficits. Presently, hydraulic theory of strong to severe Bora with
orographic wave breaking is commonly accepted in the meso-scale dynamics community, at least
for the NE Adriatic coast (Smith 1987, Enger and Grisogono 1998, Grubisi¢ 2004, Grisogono and
Belusi¢ 2009). Downslope windstorm gusts typically exhibit a quasi-periodic behaviour
(Petkovsek 1976, 1982, 1987, Rakovec 1987, Neiman et al. 1988), as Bora pulsations emerge in
periods usually between 3 and 11 minutes (BeluSi¢ et al. 2004, 2006, 2007). Their origin is
non-local, as their presence is not related to any local generating mechanism. The Bora has
historically been more studied in the northern Adriatic, partly due to the complex orography of the
central and southern Adriatic coast. In the north, the incoming flow is less influenced by the
upwind mountains, and there are fewer mountain gaps, coastal valleys and significant estuaries
(e.g., Grisogono and Belusi¢ 2009, Belusi¢ et al. 2013). Downslope winds with similar wind
dynamics to the Croatian Bora are common in other world regions, such as Japan, Russia,
Kurdistan, Iceland, Austria, Rocky Mountains in the Northern America, etc. (e.g., Jurec 1981,
Neiman ef al. 1988, Agustsson and Olafsson 2007, Jackson et al. 2013).

In this study, detailed high-frequency measurements on a meteorological tower close to the city
of Split, Croatia, on the central eastern Adriatic coast, were performed. As the Bora turbulence has
been addressed only recently (VeCenaj ef al. 2010, 2012), but still insufficiently for the central
Adriatic coast (Magjarevi¢ et al. 2011), this study attempted to assess some of the basic properties
of near-surface summertime Bora turbulence. In particular, characteristics of wind velocity vertical
profiles with respect to the commonly employed power-law and logarithmic-law are examined.

2. Methodology

While the approximation of the vertical profile of wind velocity by using the empirical
power-law has been rarely used in the recent meteorological studies (because of the lack of explicit
buoyancy effects in such formulations), it still remains pertinent in the field of wind engineering
and environmental aerodynamics. This approach was originally suggested by Hellman (1916) as

_ o
u, [ z—d 1)
u, Zref_d

ref

where u, represents time averaged mean wind velocity in the downwind x-direction at the height
z, Ugs 1s the corresponding time-averaged mean wind velocity at the reference height z.p, d is
displacement height, and a is power-law exponent dependent on local terrain roughness,
atmospheric stability and the time averaging interval. Dyrbye and Hansen (1997) indicated that a
power-law solution can be used to represent the velocity profiles throughout an entire depth of the
ABL up to several hundreds of meters. On the other hand, within the inertial sub-layer (also called
the Prandtl constant-flux layer), which can extend up to approximately 100 m height (e.g., Garratt
1992, Holmes 2007), the logarithmic-law represents well the average wind velocity profile.
Unlike the power-law, which does not have a term to take into account the effects of the thermal
stratification on the velocity profile, the logarithmic-law has that option included. Stull (1988)
provided the logarithmic-law with the thermal stability correction i as
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Here, u, is friction velocity (also known as shear velocity), x is von Karman constant with the
value used here equal to 0.41 (Hogstrom 1988, Stull 1988), z, is aerodynamic surface roughness
length, L is Obukhov length and w is an empirical function of z and L. In general, for some
engineering application in the lower ABL up to 100 m height, the logarithmic-law with the thermal
stability correction can be more appropriate to use than the power-law. This is for example the case
for air pollution dispersion and dilution problems taking place at low wind velocities, as in those
situations the thermally-induced turbulence starts to dominate the mechanically-generated
turbulence.

Thermal stratification is commonly described with the dimensionless parameter ¢, (also called a
stability parameter, e.g., Stull, 1988) calculated using the expression

z
C—Z 3)

Positive ¢ implies a statically stable stratification, negative { implies a statically unstable
stratification and { equal to zero implies statically neutral stratification. Since a typical Bora
surface layer is almost always near a neutral stratification, as will be shown later in this study, it
makes sense to proceed with such simple relations as (1) and (2) even though horizontal
homogeneity is often violated for Bora flows. Typical values of terrain parameters zo, d and a are
reported in Table 1.

Aerodynamic surface roughness length zy and displacement height d are reported as indicated in
the international standard ESDU85020 (1985), while the power-law exponent « is calculated using
the expression by Counihan (1975)

a =0.0961(log zy) + 0.016(log z,)? +0.24 (4)

The power-law is commonly used in wind power assessment where wind at a certain height
needs to be estimated from wind observations from another height. Although the wind profile of
the ABL is logarithmic near surface (e.g., Stull 1988), and is best approximated with the
logarithmic wind profile that accounts for certain surface roughness and atmospheric stability, the
wind power-law is often used as a substitute when surface roughness or stability information data
are not available. In general, an increase in terrain urbanization results in increased values of a, z,
and u, .

3. Data collection and instruments

The measurements considered in this study were carried out from April 2010 through June
2011 at the meteorological tower on the Pometeno brdo in the hinterland of Split, Croatia, which is
on the lee side of the central Dinaric Alps (Fig. 1).
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Table 1 Typical values of terrain parameters z, and d reported in ESDU85020 (1985) and a calculated from

Eq. (4
Terrain description zo (m) d (m) a(-)
City centres 0.7 15 to 25 0.23
Forests
Small towns
Suburbs of large towns and cities 0.3 5to 10 0.19

Wooded country (many trees)
Outskirts of small towns
Villages

Countryside with many hedges, some trees 0.1 Oto2 0.16
and some buildings
Open level country with few trees and hedges 0.03 0 013

and isolated buildings; typical farmland

Fairly level grass plains with isolated trees 0.01 0 0.11
Very rough sea in extreme storms

(once in every 50 years extreme)

Flat areas with short grass and no obstructions
Runway area of airports

Rough sea in annual extreme storms

Snow covered farmland

Flat desert or arid areas 0.001 0 0.10
Inland lakes in extreme storms

0.003 0 0.10

CROATIA

(a) (b)

Fig. 1 (a) The geographic position of the Pometeno brdo (43°36'28.9"N, 16°28'37.4"E, 618 m ASL),
Croatia. The Adriatic sea is to the west and south. Lower left corner the geographic position of
Croatia in Europe. (b) Anemometer setup on the meteorological tower at the Pometeno brdo (from
Magjarevic¢ 2011), the sensors used in this study are indicated (two circles and a working man)
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The exact geographical coordinates of the measurement site are 43°3628.9"N and 16°28'37.4"E
with the highest peak 618 m above the mean sea level. Three velocity components (east, north and
vertical) and ultrasonic temperature were measured using Windmaster Pro ultrasonic anemometers
(Gill Instruments) with the sampling frequency of 5 Hz. Anemometers were mounted on a 60 m
high meteorological tower at three height levels, i.e., at 10, 20 and 40 m. As the height difference
between the highest and the lowest measuring points is fairly small, i.e., 30 m, in this study it is
considered that in this near-surface range the wind direction does not change significantly with
height due to an intense mixing of the flow (the average wind direction change through those 30 m
is about + 5°). However, the angle between the near-surface and geostrophic wind far away from
the ground can reach as high as 35° (e.g., Grisogono 2011) due to the Coriolis force and other
effects that need to be taken into account for measurements at heights significantly greater than the
one used in this study. Moreover, three measuring heights are considered to be sufficient to capture
near-ground velocity profiles with satisfactory accuracy, whereas the main scope of this work is to
determine trends in changing power-law coefficient, friction velocity, and aerodynamic surface
roughness length profiles with regard to the mean wind velocity rather than to attempt to improve
fitting methodology. Additionally, typical meteorological surface layer measurements for nearly
neutral static (i.e., thermal) stability conditions usually comprise only one or two levels (e.g., Stull
1988, Likso and Pandzi¢ 2011). Each anemometer was mounted on one end of the 2 m long
aluminium boom, whose other end was fixed to the tower so that the anemometers were facing the
main Bora wind direction. In this way, the influence of the tower on measurements of the Bora
flows was avoided. Anemometers were connected to a Campbell Scientific data logger CR1000
and the whole system was solar powered.

An isolated summer Bora event, which lasted from 24 to 27 July 2010 in total duration of 62
hours (Magjarevi¢ et al. 2011), is considered in this study. In this episode the wind was relatively
strong and long lasting, with mean hourly velocities larger than 15 m/s.

Due to the potential applicability of the power- and logarithmic-law for Bora wind profiles, a
suitable coordinate system is the one with the x-axis aligned along the mean wind direction. As the
mean wind direction at 10 m height is =54°, at 20 m it is =51° and at 40 m it is ~43°, linearly
interpolated mean wind direction at 25 m height (the centre between 10 m and 40 m) is 49°
(Ve€enaj 2012). Therefore, the original data for the two horizontal velocity components are rotated
for 221° counter clockwise. Fig. 2 shows the original data for all three velocity components in the
new coordinate system with x-axis aligned along the mean Bora direction.

For the calculation of time averaged wind velocity, the moving average is used. To test the
sensitivity of results to the choice of the length of the moving average, moving averages with
different averaging periods are applied. For this Bora episode, there are strong indications that
quasi-periodic pulsations occur at the period of about 8 min (Belusi¢ et al. 2007, Horvath et al.
2012, Vecenaj 2012). Also, Magjarevi¢ et al. (2011) used methodology from Vecenaj et al. (2012)
and found that the period of 17 min represents a suitable turbulence averaging scale (scale which
separates turbulence at small scales from the mean flows at large scales) for this Bora episode.
Therefore, scales of 8 and 17 min arise as the natural choice for the above mentioned test. In
addition to these two dynamically relevant scales, one shorter (5 min) and one longer (20 min)
scales are included to encompass the most relevant Bora related scales.

The choice for the shorter averaging scale is motivated by Belusi¢ et al. (2006, 2007), who
found that Bora pulsations, i.e. quasi-periodic contribution to the total wind gustiness, might occur
at periods roughly between 3 and 11 min. On the other hand, the choice for the longer averaging
scale is motivated by Magjarevi¢ et al. (2011), who found that the uncertainty for their 17-min
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scale amounts +3 min. While there is some arbitrariness in the choice of these two additional
scales, the important point is that they encompass the two dynamically relevant scales. The
obtained data, which for certain moving average in x-direction consisted of three time series of
time averaged wind velocities (one time series for each height), each having more than 10° data
points, were then used to verify the applicability of the power- and logarithmic-law to the Bora
wind.

Time averaged mean wind velocities in x-direction at three levels were then scaled with time
averaged mean wind velocity in x-direction at 40 m height, and the power-law exponent o was
calculated using a scaled data adjustment to the power-law given in Eq. (1). Since the measuring
site is mostly rocky without any significant vegetation, the displacement height ¢ can be taken to
be zero, as indicated in Table 1. For each time step, there were three data points, one at each height
level, and the power-law coefficient was calculated as the best fit to the power-law for these three
data points. Scaling for the two other levels is not shown because the results are basically the
same.

(a)
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25 26 27 25 25
(célja)y of July 2010 day of July 2010 day of July 2010
__ 10 10 10
@ ) 0
E 0 E 0 E 0
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25 26 27 25 25
day of July 2010 (da)y of July 2010 ((:I?y of July 2010
h i
10 ) 10
0 0 2
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= = =
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day of July 2010 day of July 2010 day of July 2010

Fig. 2 Original data at 10 m height (left), 20 m (middle) and 40 m (right) at the Pometeno brdo tower;
longitudinal (u), lateral (v) and vertical (w) velocity components recorded from July 24 to 27, 2010
shown in the coordinate system with x-axis aligned along the mean Bora direction
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To test whether the logarithmic-law is applicable to the Bora wind, u, and z, were calculated
in two ways, the first by data adjustment to the logarithmic-law, and the second by directly
applying the logarithmic-law to a layer between 10 and 40 m with the value of d here also equal to
zero. The friction velocity can then be calculated from the expression

u, = k(=)
ln(zzj
Z)

where u; and u, represent time averaged mean wind velocities in x-direction at 10 m and 40 m,
respectively. Aerodynamic surface roughness length is given by

)

Zg = 74 exp(— — D in Z_z} (6)

Up—up 7y

As in the power-law adjustment verification, the adjustment to the logarithmic-law is
performed on three data points measured at the same time at different height levels in each step of
the calculation. Using the linear regression method, a straight line was fitted to the particular three
points and from the obtained parameters the corresponding values of u, and z, were calculated.

4. Results and discussion

In this section applicability of the empirical power-law and the logarithmic-law on the Bora
wind velocity profiles is investigated, as well as velocity profile characteristics during the wind
gusts and the lower wind velocity periods. In Tables 2-6 statistical parameters a, u, , and z, are
presented for averaging periods from 5 min to 20 min.

In all tests, the arithmetic mean value for o is 0.169 indicating its robustness in regard to the
data averaging periods deployed. This value is in agreement with the median 0.162 that reflects the
normal-like distribution of the power-law exponent a for different averaging periods. Since field
measurements can last several days and longer, as is the case in this study, the measured data
sometimes drift with time mostly because of natural variations in background flow. Hence, for
those studies the median may be a more suitable parameter than the arithmetic mean to correctly
describe the dominant values. That is also why for longer averaging periods the range between the
minimal and maximal a values decreases. On the other hand, in wind-tunnel experiments the time
records usually do not exceed several minutes and this often results in data being scattered
normally around nearly constant values.

The standard deviation, which defines data variations from the average or expected value (e.g.,
Wilks 1995), with observed values between 0.046 and 0.059, indicates that the data moderately
(around 20%) differs from the average value. The value of the coefficient of determination, r°,
which indicates a goodness of the power-law fit to the measured data, slightly changes for different
averaging periods. In particular, 7 ranges from 0.902 to 0.919 indicating that the power-law
applies well to the Bora surface layer wind velocity profile. The estimated mean a being around
0.17 is close to ESDU85020 (1985) values reported for outskirts of small towns, villages,
countryside with many hedges, some trees and some buildings (Table 1). A summary of the



A summertime near-ground velocity profile of the Bora wind 513

statistics for the u, and z, dependence on the averaging period from 5 to 20 min is given in
Tables 3-6.

Table 2 Summary statistics for the power-law exponent « for different averaging periods, 7 is the coefficient

of determination
Averaging period
Statistical parameters 5 minutes 8 minutes 17 minutes 20 minutes
Median (-) 0.163 0.163 0.162 0.162
Arithmetic mean (-) 0.169 0.169 0.169 0.169
Min. value (-) 0.000 0.004 0.063 0.069
Max. value (-) 0.436 0.383 0.364 0.351
Standard deviation (-) 0.059 0.053 0.047 0.046
2 () 0.902 0.909 0.918 0.919

Table 3 Summary statistics for Bora friction velocity u, for different averaging periods obtained by the
logarithmic-law adjustment

Averaging period
Statistical parameters

5 min 8 min 17 min 20 min
Median (m/s) 0.696 0.704 0.713 0.716
Arithmetic mean (m/s) 0.684 0.684 0.685 0.686
Min. value (m/s) 0.000 0.005 0.070 0.089
Max. value (m/s) 1.826 1.739 1.568 1.536
Standard deviation (m/s) 0.318 0.306 0.292 0.289
(5 0.910 0.917 0.927 0.929

Table 4 Summary statistics for Bora friction velocity u, for different averaging periods obtained from Eq.

&)
Averaging period
Statistical parameters
5 min 8 min 17 min 20 min

Median (m/s) 0.696 0.704 0.713 0.716
Arithmetic mean (m/s) 0.684 0.684 0.685 0.686
Min. value (m/s) 0.000 0.005 0.070 0.089
Max. value (m/s) 1.826 1.739 1.568 1.536

Standard deviation (m/s) 0.318 0.306 0.292 0.289
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As reported in Tables 3 and 4, average u, -calculated using the data adjustment to the
logarithmic-law and by applying Eq. (5) are nearly identical and not dependent on the averaging
period, which is most probably due to weak, near neutral, thermal stratification of the lower
troposphere during significant Bora episodes (e.g., Smith 1987, Grisogono and Belusi¢ 2009). In
particular, in all tests the arithmetic mean value for u, calculated both ways is between 0.68 and
0.69 m/s. Therefore, similarly to the power-law exponent, u, can be considered as robust with
respect to the averaging period changes as well. The median u, values around 0.70 m/s agree well
with the u, arithmetic mean indicating the normal-like distribution of the recorded data. As
expected, the range between the minimum and maximum u, values decreases for longer
averaging periods. The standard deviation for u, calculated both ways is between 0.289 m/s and
0.318 m/s (Tables 3 and 4) suggesting a notable, but still acceptable, spread of u, values from
their mean.

Table 5 Summary statistics for Bora aerodynamic surface roughness length z, for different averaging periods
obtained by the logarithmic-law adjustment

Averaging period
Statistical parameters
5 min 8 min 17 min 20 min

Median (m) 0.038 0.038 0.037 0.037
Arithmetic mean (m) 0.113 0.103 0.092 0.090
Min. value (m) 0.000 0.000 0.000 0.000
Max. value (m) 1.680 1.400 1.218 1.045
Standard deviation (m) 0.180 0.158 0.135 0.130
7 (-) 0.910 0.917 0.927 0.929

Table 6 Summary statistics for Bora aerodynamic surface roughness length z, for different averaging periods
obtained from Eq. (6)

Averaging period
Statistical parameters
5 min 8 min 17 min 20 min
Median (m) 0.042 0.041 0.041 0.041
Arithmetic mean (m) 0.119 0.109 0.097 0.095
Min. value (m) 0.000 0.000 0.000 0.000
Max. value (m) 1.890 1.381 1.212 1.044

Standard deviation (m) 0.190 0.163 0.139 0.134
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While a and u, appear to be independent of the averaging period, slight differences are
noticed for z,. In particular, the average z, is from 0.090 m to 0.113 m when using the
logarithmic-law adjustment and from 0.095 m to 0.119 m when calculating using Eq. (6) (Tables 5
and 6). A rather high standard deviation between 0.130 m and 0.190 m indicates high data
dispersion, but a large /* between 0.910 and 0.929 still indicates that the logarithmic-law
describes the data satisfactory. In addition, the observed arithmetic mean values for z, are
roughly double the median values indicating a data distribution which is far from being normal
(i.e., non-Gaussian). This indicates that the more robust median, which remains nearly the same
for all averaging periods, is a more suitable parameter to determine the aerodynamic surface
roughness length than the arithmetic mean value. Therefore, to visualize the data distribution
during the 62 hours of measurements, the recorded number of samples for a, ', u, and z is
reported in Fig. 3. As the trends observed are nearly the same for all averaging periods investigated
in this study, results are reported for the averaging time 17 min only. In addition, trends observed
for u, and z, are nearly the same for two procedures applied, i.e. logarithmic-law adjustment and
calculation using Eqgs. (5) and (6).

The reported results show nearly normal distribution for a and u, , three-modal distribution for
u and the Poisson-like distribution for z,. Moreover, further analysis of synoptic charts recorded
during the measurement indicates that the first peak around 5 m/s corresponds to the ending of the
analysed Bora episode with dying-out of the pressure gradient and respective wind. Two other
peaks in range from 11 m/s to 15 m/s are due to strong Bora pulsations with intermittent switching
between gusts and weaker Bora periods.
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Fig. 3 A recorded number of samples for (a) a, (b) # , (c) u, and (d) zo during the measurement period
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In general, the results show that both the logarithmic-law and the power-law fit the Bora wind
velocity profiles very well, particularly for longer averaging periods. In addition, for this particular
Bora episode, the logarithmic-law and the power-law fit the measured data better when performing
the analysis by using the median rather than using the arithmetic mean wind velocity due to
drifting of zy values during the recording time, as reported in Fig. 4.

The obtained values for z, are in the ESDU85020 (1985) range given for outskirts of small
towns, villages and countryside with many hedges, some trees and some buildings, whereas
smaller medians in comparison to arithmetic mean values indicate slightly more rural terrain
exposure, as given in Table 1.

In order to investigate the dependence of a, u, and z, on the average wind velocity #, the
obtained time series of those four quantities for the averaging period of 17 min are presented in
Fig. 5. Time series for other three averaging periods are similar and are therefore not presented.

This graphical presentation confirms the feature already determined by using statistical
methods (Tables 2-6); the Bora u, values obtained by applying the logarithmic-law adjustment

and from Eq. (5) are nearly the same for all averaging periods used, while z, calculated using the
logarithmic-law fitting differs slightly from the results obtained using Eq. (6). A new interesting
property observed, however, is a decrease in the power-law exponent and aerodynamic surface
roughness length and an increase in friction velocity with increasing Bora wind velocity. This
indicates an urban-like velocity profile for smaller wind velocities and rural-like velocity profile
for larger wind velocities recorded during Bora gusts. Simultaneously with the local minima of the
time averaged Bora mean wind velocity, the corresponding o and z, reach their local maxima,
while the corresponding u, reaches its local minima and vice versa. Similar trends occur both

during the day and night.

10 15 b 1
(z) (mfs) (z) (m/s)

Fig. 4 Vertical velocity profile of the Bora wind; comparison of results measured at the meteorological
tower with the empirical logarithmic- and power-law (a) comparison based on calculation using the
arithmetic mean value, (b) comparison based on calculation using the median value. Legend: star —
measured median/arithmetic mean value during 62 hours of measurement, black solid line —
power-law, black dotted line — logarithmic-law, grey line — adjustment using Egs. (5) and (6)
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Fig. 5 Mean wind velocity averaged over the time scale of 17 min at (a) 40 m, (b) 20 m and (c¢) 10 m
height; (d) power-law exponent a; (e) friction velocity u, obtained using Eq. (5); (f) friction

velocity u, calculated using the logarithmic-law adjustment; (g) aerodynamic surface roughness

length z, calculated from Eq. (6); (h) aerodynamic surface roughness length z, obtained using the
logarithmic-law
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10 (m/s)

U4O-U

Fig. 6 The difference between time averaged mean wind velocity in the downwind x-direction at the
height 40 m and 10 m against time averaged mean wind velocity in the downwind x-direction at
the height 40 m

To further investigate the trends observed in Fig. 5, the relationship between a) the difference in
time averaged mean wind velocities in the downwind x-direction recorded at 40 m and 10 m
against b) absolute time averaged mean wind velocity in the downwind x-direction at 40 m is
shown in Fig. 6. The results show that the difference between the time averaged mean wind
velocities at 40 m and 10 m increases slower than the absolute magnitude of time averaged mean
wind velocity in the downwind x-direction at 10 m and 40 m, which can be clearly observed in Fig.
6. Direct application of this trend to Egs. (1), (5) and (6) yields the observation reported in Fig. 5,
i.e. a decrease of a and z, as well as an increase of u, with increasing wind velocity.

To investigate a possible influence of thermal stratification on the observed behaviour of o, u, ,
and zo, the thermal stability parameter was calculated and presented in Fig. 7 along with the fitted
normal distribution. The Obukhov length was calculated using the constant mean measured
ultrasonic temperature; the turbulent heat flux was computed using this temperature. The same
calculations were carried out using the non-constant mean ultrasonic temperature, but since those
results were nearly the same as the results reported in Fig. 7, they are not presented here. Since
these values are all close to zero, they clearly indicate that the observed Bora episode is near to a
neutral thermal stratification.

Possible effects of the thermal stratification on Bora velocity profiles are investigated with
respect to day and night as well. The time history of the stability parameter at all three heights is
reported in Fig. 8.

The experimental results clearly show a moderate variation of the stability parameter during the
day between 0700 and 1900 LST indicating thermally-induced atmospheric motions, while those
variations are rather weak during the night along with the stability parameter close to zero. This is
due to solar heating of the ground surface during the day and corresponding thermally-induced
turbulence. During the night the temperature of the ground and near-ground airflows are nearly the
same with a dominant mechanically-induced turbulence and stability parameter close to zero. At
the end of the observed Bora episode, where smaller wind velocities were recorded, the
atmosphere is thermally unstable with negative { values, as the thermal effects become more
pronounced. It is important to note there is no correlation between those day-to-night trends in the
atmospheric stability (Figs. 8(b)-8(d)) and the trend in the mean wind velocity (Fig. 8(a)). This
further confirms that the atmospheric thermal stratification has no considerable influence on the
observed power-law exponent, friction velocity and aerodynamic surface roughness length trends.
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It needs to be mentioned that the trends observed apply to measurements at a specific site only.
It is thought that large fractions of variability in a, u, and z, are due to the intrinsic unsteadiness
of the Bora at a few meso- and sub-meso scales (Belusi¢ et al. 2007, Grisogono and Belusi¢ 2009,
Vecenaj et al. 2012). However, it remains intriguing that this summertime 3-day Bora episode
spreads through two broad categories of the terrain description of ESDU85020 (1985), having
relatively larger a and/or relatively smaller mean z, than perhaps anticipated in the engineering
communities. Future work is required to fully investigate the behaviour of a, u, and z, in other
locations, different thermal stability conditions and seasons, as well as for different height ranges
of measurement points. Another research avenue shall consider Bora wind-tunnel experiments.

5. Conclusions

A summertime vertical profile of velocity was investigated for the gusty and sometimes
transient Bora wind blowing along the eastern Adriatic coast. A performance of the power-law and
the logarithmic-law is compared against the 3-level velocity measurements carried out at 10 m, 20
m and 40 m height on the meteorological tower near the city of Split, Croatia.

Trends in the power-law exponent a, friction velocity u, and aerodynamic surface roughness
length z, were studied dependent on the Bora average wind velocity. It is established, for the first
time, that the observed profiles of the average wind velocity along the dominant Bora wind
direction agree well with the power-law and logarithmic-law approximations. In addition, the
logarithmic-law and the power-law fit the measured data better when performing the analysis by
using the median rather than using the arithmetic mean wind velocity due to a drifting of mean z,
values during the recording time.

An interesting feature is a decrease in o and z, and an increase in u, with increasing Bora
mean wind velocity, and vice versa. This indicates an urban-like velocity profile for smaller wind
velocities and rural-like velocity profile for larger wind velocities, which is due to a stronger
increase in absolute velocity at each of the heights observed as compared to the respective velocity
gradient (difference in average velocity among two different heights). The trends observed are
similar both during the day and night.

The thermal stratification is near neutral due to strong mechanical mixing. The differences in z,
are negligible for different time averaging periods when using the median; for u, the arithmetic
mean proved to be independent of the time record length, while for o both the arithmetic mean and
the median are not influenced by the time averaging period. Another important issue is a large
difference in z, when calculating using the arithmetic mean and the median. This indicates that the
more robust median is a more suitable parameter to determine the aerodynamic surface roughness
length than the arithmetic mean value.

Variations in velocity profiles at the same site during different wind periods are interesting
because in the engineering community it has been commonly accepted that the aerodynamic
characteristics at a particular site remain the same during various wind regimes. While the trends
observed in this study apply on measurements at a specific site, future work is required to
investigate Bora turbulence characteristics at other locations, during potentially different thermal
stability conditions, seasons, and for different elevations of measurement points.
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