Ann. Geophys., 28, 15363 2010 ~ "*

www.ann-geophys.net/28/155/2010/ G An n_ales
© Author(s) 2010. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Characteristics of the near-surface turbulence during a bora event

Z. Vetenaj, D. Belisic, and B. Grisogono
Department of Geophysics, Faculty of Science, University of Zagreb, Zagreb, Croatia

Received: 30 March 2009 — Revised: 5 October 2009 — Accepted: 6 January 2010 — Published: 19 January 2010

Abstract. During a bora event, the turbulence is strongly de- meteorological community and significant amount of effort
veloped in the lee of the Dinaric Alps at the eastern Adri- is invested in downslope windstorms studies.

atic coast. In order to study its properties, a 3-D ultra- Besides more pleasant airflows at the northeastern Adri-
sonic anemometer operating at 4 Hz sampling frequency waatic coast, such as sea and land breezes (e.g. Prtenjak et al.,
placed in the town of Senj at 13 m above ground. The strond2008), there are two other, more vigorous wind types; sirocco
bora case that occurred on 7 January and lasted till 11 Jar(e.g. Pasagi et al., 2007) and bora (e.g. dec, 1981). Bora
uary 2006 is analyzed here. This data set is used for evalugiocally bura) is a downslope windstorm that blows from
tion of the turbulent kinetic energy, TKE, and its dissipation the northeastern quadrant in the lee of the coastal mountains
rate,e. The computation of is performed using the inertial when the relatively cold northeasterly flow impinges on the
dissipation method. The empirical length scale parameter foDinaric Alps (e.g. Yoshino, 1976; Poje, 1992). The most fre-
this event is estimated with respecttand TKE. Some con- quent occurrence of bora is during the winter season with du-
siderations about defining turbulent perturbations of the boraation from several hours to several days (e.g. Jeromel et al.,
wind velocity are also pointed out. 2009). It possesses a wide spectrum of average wind speeds,
and due to strong gustiness the speed maxima may surpass
60ms 1 (e.g. Belic and Klat, 2006).

There is a large body of work on bora trying to explain
its nature. The most recognized explanation can be found
in Smith (1987). He pointed out the hydraulic behaviour of
the mean bora flow. However, the turbulent characteristics of
bora remain relatively unexplored. There are few papers in
. . , the literature regarding this subject. B&luet al. (2006) ana-
D_ownslope W|nd_storm§ oceur at d|f[er?nt locations wqud- lyzed bora from the data measured in the coastal town of Sen;
W'd,e' as fouqd n e.gO!afsso.n andAgustsson (200?) N with a cup anemometer at 1 Hz sampling frequency. They
their brief review regarding this subject. They mention the ¢, that the magnitude of high frequency variance (periods
Bgulder W|nQStorms |niwesterly flow in North Amer!ca, less than 1 min), representing the turbulence, is closely re-
wmdsto.rms in Norway in westerly flow, Greenland W'r?d' lated to the mean wind speed magnitude. This indicates that
storms In both westerly a_md easterly flow, downslope V\_"nd'the near-surface turbulence is primarily generated locally by
storms in southerly flow in the Alps, as well as bora wind- ¢ ion and wind shear. Conversely, at lower frequencies, i.e.
storms n northeasterly ﬂO\.N over the D'T‘a”c Alps. Although periods roughly between 1 and 10 min, a pulsating variability
these W|nds share some similar dynamical patterns,.they alsgppears that is of non-local origin (B&ia et al., 2004, 2006,
greatly differ due to the phenomena such as breaking gravynn7y.
ity waves, hydraulic ju_mps, atmos_p_heric rotors, gap Jets, Turbulent kinetic energy (TKE) is one of the most impor-
boundary-lz_;\yer separation, flow splitting and non-statloqarytant variables in micrometeorology because it is a measure
flow behaviour (e.g. Gohm et al., 2008). Due to possible ¢y inensity of turbulence. During a bora event, due to its

severity these winds represent one of the biggest weath&gy \amics and the consequent flow severity, the turbulence

threats to vegetation, infrastructure, traffic and lives. There~IS strongly developed in the lee of the mountain. Eu

fore, there is a great and continuous interest in the broadeénd KlaE (2006) calculated TKE at Senj and Vratnik Pass
from the 4 Hz data measured with ultrasonic anemometers

. and found that the values of TKE can surpass 303kg
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46 1500 the second part; is first estimated using inertial dissipation
method (IDM) for the 4 h strongest bora interval within the 4
day episode. The significance of those estimations is evalu-
ated by comparing and TKE over the entire bora episode.

1000 In addition, the dependence obn the mean streamwise ve-
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g locity componentU, is investigated. Some considerations
E 445l about the characteristics turbulent length scaleare car-

E ried out. Finally, our concluding remarks are summarized in
8 the last section.
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12 13 12 15 16a|titu0de[m] The_3-D wind velocity measurements were performed at
longitude [deg] Senj (44.99N, 14.90 E, 2m above the mean sea level) at
a height of 13 m above ground with the WindMaster ultra-
Fig. 1. The position of the town of Senj (indicated by black square) sonic anemometer (Gill Instruments). The location of Senj is
where the 4 Hz bora wind measurements were performed. The teflghown in Fig. 1. Itis a small town at the northeastern Adriatic
rain height is given every 300 m. coast with buildings in general no higher than a few meters
above the ground. The anemometer was mounted on the roof
of the Senj sea-port captaincy building, several meters from
Individual terms in the TKE budget equation (e.g. Stull, the sea, one of the taller exceptions among the urban facili-
1988) describe physical processes that generate or suppreggs. Concerning the urban influence, Roth (2000) states that
turbulence. One of those terms is the turbulence kinetic enthe shapes of the velocity spectra over different urban sites
ergy dissipation rate;, which describes dissipation of TKE  are in good agreement with the reference rural data. Since
by molecular viscosity into the heat. Information abeut  our analysis is mostly based on power spectra, we find this to
among the other, can provide an insight into the local tur-pe a sufficient guarantee that our analysis is not significantly
bulence strength. This finds a variety of applications, e.g.5ffected by the urban settings of Senj.
turbulence nowcasting at the airports (e.g. Frech, 2007). The anemometer recorded the data with a frequency of
Micro-scale properties of bora and other downslope wind-4 Hz. Aliasing of the unresolved frequencies is a factor that
storms, e.g. turbulence spectra and the consequent paramgright contaminate the spectra (e.g. Moore, 1986). Neverthe-
terization’s refinement for fine-scale modelling, are still sub- |ess, the true sampling frequency of the anemometer is 40 Hz
jects of vigorous research (e.g. Baklanov and Grisogonoand the data are block averaged to the outputting 4 Hz. This
2007; Grisogono and Bedic, 2008). Finding a proper set of is so called “digital prefiltering”, which successfully keeps
mixing length-scales for parameterization of turbulent fluxesaliasing under control (e.g. Kaimal and Finnigan, 1994). The
in numerical models under changes between weakly- anébserved bora episode extends from 7 to 11 January 2006 (a
strongly-stratified boundary-layer conditions appears neces4 day time series). During this period the ECMWF analy-
sary (e.g. Mahrt, 1998; Mauritsen et al., 2007; Gohm etsis shows the presence of a deep and persistent anticyclone
al., 2008; Zilitinkevich et al., 2008; Grisogono and B&dy  above the NE Europe. This anticyclone was already formed
2009). In particular, wave-turbulence interactions in andon 7 January 2006 at 00:00 UTC and remained stationary up
around breaking mountain waves (e.g. strong to severe borajo 10 January 2006 at 00:00 UTC when the cyclone from the
are sensitive to parameterizations and particular values oforth started to repress it. Figure 2 depicts the 00:00UTC
TKE dissipation (e.g. Epifanio and Qian, 2008). All these MSL pressure and the 850, 700 and 500 hPa geopotential
improvements needed for a more faithful turbulence parameheight fields on 9 January 2006. These synoptic conditions
terization in ever-refining models are impossible without aensure a persistent supply of cold air impinging on the Di-
more complete knowledge af. This study deals witte naric Alps; thus the favourable conditions for the develop-
under strong bora conditions on the basis of the high fre-ment of long-lasting downslope wind in the lee are provided
quency turbulence data which has been addressed in sonfe.g. Juéec, 1981; Heimann, 2001).
details only recently (BekEic et al., 2006). A 4 day bora ~ The mean wind direction during this eventi&5°. The
episode recorded in January 2006 is analysed here. A fewoordinate system is rotated in the mean direction and the
preliminary results of this study can be found inCé@aj et  horizontal wind is decomposed into the along (streamwise)
al. (2007, 2009). Until this dataset was produced, no suchand cross (transverse) wind components. Figure 3a depicts
analysis could have been performed for the bora wind. the measured 4 day time series of the streamwise velocity
In the first part of the paper a theoretical background ofcomponent. The grey segment is the strongest 4 h interval in
the estimation of and its parameterization is pointed out. In this event which is chosen for a detailed analysis (Fig. 3b).
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Fig. 2. The ECMWEF analysis fields afa) MSL pressure(b) 850 hPa,(c) 700 hPa andd) 500 hPa geopotential height at 00:00 UTC 9
January 2006.

Time units are given in local standard time (LST) which is (@
an hour ahead of UTC.

3 Theoretical background

3.1 Inertial dissipation method

01/08/06 01/09/06 01/10/06

In order to evaluate the TKE dissipation ratéDM provided time (date)

by the Kolmogorov’s 1941 hypothesis can be employed (e.g. (b) ‘ — ‘

Tennekes and Lumely, 1972). It requires the validity of 30 I

the Taylor’'s hypothesis on frozen turbulence (TH), which is T; 20 ﬂ MMMW m % m

needed for the transformation from time (frequengy,to E, )

space (wavenumber) domain. The criterion for the validity s 10 MMMMW

of TH is oy < 0.5M, whereM is the mean horizontal wind 0 1

speed andy is the standard deviation (e.g. Stull, 1988). 20-00 21:00 22:00 2300
According to Kolmogorov, the power spectrum follows the time [h]

—5/3 law in the inertial subrange:
Fig. 3. (2)A 4 day raw 4 Hz data time series (from 7 to 11 January
1) 2006) of the streamwise wind component measured in Senj, with
the 1 h mean superimposedb) The strongest 4 h interval (grey

) ) . area in Fig. 3a) chosen for the detailed analysis with the 10 min
where the usual units are valid but neglected in Eq. (1) formean superimposed.

simplicity (e.g. Albertson et al., 1997).

2
log[ S, (k)] = —glogk+log (ae /3)
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(a)

turbulent eddies (a proportionality constant is absorbefl in

15

for convenience). By comparing TKE variations with those
- ‘?: of ¢ and using Eq. (3), one can obtain an insight into the ro-
e K ; L
?_j 100 bustness and consistency of thestimation.
o 05 5
w0 s

e 4 Results
0.1
0 4.1 Analysis of the strongest bora interval
0.01 0.1 1 001 01 1
f [Hz] f[Hz]

In order to evaluate, we used the IDM method discussed
Fig. 4. (a) The ratio between the transversand streamwise ve- ~ Préviously. This method assumes the existence of the iner-
locity spectra (grey marks) and between the verticaind stream-  tial subrange which is characterized by local isotropy. Thus,
wise u velocity spectra (black marks) showing the approach to thea test of the local isotropy is performed on our bora wind
4/3 ratio required by local isotropy (horizontal solid line), gbjia data. The strongest bora 4 h interval of the 4 day time se-
log-log representation of (thin solid line),v (thin dashed line) and  ries is chosen (Fig. 2b) and the streamwiSg) ( the trans-
w (thin dashed-dotted line) velocity power spectrum densities foryerse §,) and the vertical{,,) velocity spectra as functions
the strongest 4 h bora interval. The black thick dashed line is thepf frequency are calculated using the fast Fourier transform
—5/3 slope. The _andw spectra hav_e been reduced by a factor of (FFT). The spectra were smoothed by block averaging spec-
4 and 10, respectively, for presentation. tral amplitudes using 56 windows with 50% overlap. Each
window contained 1024 data points. Figure 4a shows that
the §, to S, ratio (grey marks) approximately reaches the
theoretical value of 4/3 fof > 0.8 Hz, while S,, to S, ratio
(black marks) reaches 4/3 only at the end of the frequency
5 /o band (which is the Nyquist frequency of 2Hz). This sug-
2| f /3Su f) gests that an inertial subrange may exist within the frequency
== (2) limits measured by the sonic anemometer 13 m above the
ground. Piper and Lundquist (2004) found similar result in
their data (shown in their Fig. 1). Figure 4b shows a log-
log representation of, (solid line), S, (dashed line) and,,

Using TH and Eq. (1) can be evaluated from (e.g. Cham-
pagne etal., 1977):

U o

whereS, (f) is the spectrum and is the Kolmogorov con-

SteX]t for(;[_he veIoBcity ﬁolmpclr;esrg. dCh 1978 (dashed-dotted line) from the 4 h interval. There is an indica-

ccording to atrf: Ie orl ( ) an d Fa]mpa.gne ( f)’hation of the—5/3 behaviour of spectra outside and nearby the
strong statement of local isotropy and the existence of t ?nertial subrange, as revealed from the comparison with the
inertial subrange are given by the 4/3 ratios of spectra o _5/3 slope line

tr;e trans_verseu()_t% streamwseitb()Hand the Vel’thEﬂ:(J) tt% Regardless of whether the inertial subrange exists within
streamwise:() wind component. However, several authors the current frequency limits (Fig. 4a), the IDM is applied

(e.9. Champagne, 1978; Mestayer, 1982) show that 618 to our data due to the extension of th&/3 law discussed

law for the s_treamW|s<_a component spectru_m can often bee jn Sect. 3.1. The standard deviation of the total wind speed
tended outside of the inertial subrange. This fact will be use

S ) or the chosen 4 h interval isy=0.35M, so the application
as a justification for the data analysis presented here. of TH is justified. The Kolmogorov constant=0.53 (e.g

Champagne, 1978; Oncley et al., 1996; Piper and Lundquist,
2004) is used in Eqg. (2). Only streamwise velocity compo-
ghent perturbations are used for computingsing IDM over

fhe frequency band that best corresponds to-tB£ slope.

For this intervalU=15.1ms?, ¢=1.22nfs 3.

3.2 Parameterization ofe

In many atmospheric models “local closure” technigues ar
used for turbulence parameterization. Starting from the loca
one-and-a-half-order closure,can be parameterized using
the mean value of TKE (e.g. Mellor and Yamada, 1974):
3
. E 12 3) The purpose of this section is to gain an insight into the evo-
A lution of TKE ande in time as well as in their relationship.
. Also, we investigate the dependencesobn U and esti-
where TKES, (u’2+v/2+w/2) andu’, v’ andw’ are the tur- - mate A over the entire bora episode. In order to define the
bulent perturbations of the streamwise, transverse and vertibora near-surface turbulent perturbations for the TKE calcu-
cal velocity components, respectively, while overbars repreation, it is important to find the scale that delimits the turbu-
sent a suitable averaging. The parametds the empirical  lence from the mean and/or mesoscale flow. This is not al-
length scale that is closely related to the size of dissipatingvays straightforward, particularly in the complex flow such

4.2 Analysis of the entire bora episode

&
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Fig. 6. (a) The scatter plot of,, obtained by subtracting the 1 min
moving average from the entire bora episode,i¥s The solid line
represents the Eq. (4a) f{b) The power coefficients from (a), for
different moving averages subtracted from the entire bora episode.

0 0005 001 0015 002 0025 003
f [Hz]
by Bellsic et al. (2006) to be valid for the local bora turbu-
Fig. 5. A lin-log representation of the mean power spectrum of |ence. In order to examine the relationship for different limit
the streamwise velocity component (solid curve) for the entire borascales, moving averages with lengths from 1 min to 1 h have

episode. The vertical lines denote the periods of 10 min (dottedyaen subtracted from the entire 4 day bora episode to deter-
line), 5min (dashed-dotted line) and 1 min (dashed line). Verticalmine the perturbations. Then a power law of the form:
error bar shows the 95% confidence interval. ' ’

oy =a (U)b (4a)

as the bora wind where several scales interact (e.g. 8éubi was fitted to the scatter diagrams @f vs. U for different
2004, Belsic et al., 2007; Gohm et al., 2008; Grisogono moving averages (the fitting procedure is described near the
and Belic, 2009). Hence, we first explore the proper value end of this section). Figure 6a depicts the scatter diagram
of the bora turbulence limit scale using different approacheswith o, obtained by subtracting the 1 min moving average,
The limit is usually defined in terms of spectra, more specif-and the fit whose power coefficiehis 1.025. The values of
ically, by an assumed energy gap at the mesoscale (e.g. Met,, andU were averaged for each hour of the whole 4 day
zger and Holmes, 2008). However, the gap is not presenbora episode. Figure 6b shows the power coeffickeretia-
in a number of situations; hence the difficulty in determin- tive to the moving average length. Expectihgp be 1, it is
ing the scale. Figure 5 depicts thecomponent spectrum clear that the closest value is achieved for the 1 min moving
representing the mean value of spectra calculated from thaverage. Therefore, based on the two approaches above we
16 consecutive bora intervals within the 4 day time serieshave decided to use the 1 min moving average for determina-
that are 6h long. Each spectrum was obtained from FFTtion of the local turbulence perturbations in this bora episode.
and smoothed by block averaging spectral amplitudes using ®ue to similarity with other bora episodes studied by Bé&u
windows with 50% overlap. A window contained 86 400 data et al. (2004, 2006), it seems that this limit scale may be rec-
points. While there is a noticeable energy gap~d0 min ommended for other bora cases.
period, the energy peak appearing at slightly smaller periods The IDM method for the: evaluation presented in Sect. 3
(around 5 min) originates from the non-local quasi-periodicis applied to the entire bora episode. The 1 min running av-
pulsations (Belsic et al., 2004). The pulsations are the man- erage is subtracted from the observed bora episode and the
ifestation of Kelvin-Helmholtz instabilities appearing in the residuals are defined as turbulent perturbations. This newly
approximately 1 km thick layer of strong wind shear above formed bora time series is divided into 96 intervals of 1 h
the bora jet, at heights above 500 m (Bsgtuet al., 2007).  length. For each of the intervals, the possibility of TH imple-
While these features are at the border between waves and tumentation is tested by calculating the criterion required by
bulence, they are not related to local generating mechanism$H. All the intervals satisfy this criterion. As before, spectra
and therefore should not be taken into consideration as thare calculated using FFT, but this time smoothed by block
local turbulence. Since the peak related to pulsations is noaveraging of 14 windows with 50% overlap. Each window
sharp, it appears that the local turbulence clearly occurs onlygontains 1024 data points.
at periods<1min, as in Bel8i¢ et al. (2006). The latter can Figure 7a depicts the time evolution of TKE, andval-
be further substantiated as follows. uated independently. It is seen that the time series closely
The relationship between the standard deviation of thefollow each other, which indicates a significant degree of ro-
streamwise velocity component,, and U in the surface  bustness in the estimation. The TKE values in the strongest
layer is usually linear (e.g. Stull, 1988), which was shown part of the bora episode reach 20 JkgFigure 7b shows the
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Fig. 7. (a)Time evolution of TKE (black marks) andevaluated by
IDM (grey marks), andb) time evolution of the empirical length  Fig. 8. Scatter plots ofa) « vs. TKE, (b) TKE vs.T, (c) ¢ vs.Uand
scale parameteA estimated from Eq. (3) during the entire 4 day (d) e vs. u4 for the entire bora episode. Solid lines are fits with
bora episode. the a priori unknown coefficients and b from the relation (4b).
Dashed lines are fits with the a priori known coefficieptrom the
relation (4c).
time evolution ofA estimated from Eq. (3). The mean value
of A during the entire bora episode 4660 m, which indi-
cates the average eddy size at whicls most effective in  the dashed line denotes the fit with the theoretically as-
dissipating TKE at the height of the sensor. signed coefficient;. The correlation coefficient for the
Since TKE is defined as in Eq. (3), aag < U, one can  vs. TKE scatter diagram (Fig. 8a) is relatively high for both
easily show that TKE& (U)2 Therefore, from Eq. (3) itfol-  fits (-*=0.912 for the a priori unknown coefficienisand
b; r?=0.903 for the theoretically assigned coefficignmt,
which indicates a strong relation between the two variables.
_ b While theory requires foe to be proportional to TKE®
y=ax (4b) ; . .
as in Eq. (3), our data suggest thebeing proportional
wherea andb are coefficients while andy represent a cer- to ~TKEL3. The length-scale parametar, calculated as
tain pair of variables. Here we also define theoretical valuegay) ~1, whereq; is the linear coefficient of the dashed fit, is
of b ash,=2, for x = U and y=TKE; andb,=3, forx =U 60.2m. The correlation coefficients for TKE Vg.(Fig. 8b)
andy =e. Likewise, for Eq. (3) by definitio»,=1.5. These ande vs.U (Fig. 8c) for both fits are not as high, but are still
relations (i.e., coefficients) are tested by fitting scatter dia-significant.
grams ofe vs. TKE, TKE vs.U, ande vs. U, using the least In order to compare our results ferwith the similarity
squares method. In order to evaluate properties of an estiestimate, we have calculateg and used the values to nor-
mator (Eq. 4b), 100 different samples containing 80 % ran-malizee as defined e.g. in Piper and Lundquist (2004):
domly chosen data points from a certain scatter diagram are
constructed (the bootstrapping method). Each of these samy, _ khg’ (5)
ples is fitted to obtain the values of coefficientandb for us
the estimator. Finally, we apply the linear regression to cal-
culate the correlation coefficient squaretl, which provides whereuf _ /W2+W2, k is the von Karman’s constant,
the efﬁgacy of the fit. For a comparison with the previous iaken here to be 0.4 (e.g. Albertson et al., 1997), Arig
theoretical values of the coefficiertig the whole procedure e height of the instrument above ground. Since we did not
is repeated, now with a priori assigned power coefficiénts  measure temperature, we can not estimate stability range for
of the estimator: this bora episode. However, it is reasonable to assume neutral
b (4c) to weakly stable surface layer during a strong bora event far
down the mountain lee (e.g. Grisogono and B&u2009).
The corresponding correlation coefficient squared forWyngaard and Cét(1971) expect fo, in the neutral atmo-
Eq. (4c) isrf. The results are shown in Table 1 and Fig. 8.  spheric conditions to be 1. We have fitted the scatter diagram
Figure 8 depicts the scatter diagrams. The solid lineof ¢ vs.u, (Table 1; Fig. 8d) using Eqg. (4c) with the a priori
denotes the fit with a priori unknown coefficients, while assigned coefficieri;=3 and calculated the normalizeds

lows thate (U)3. All these relations can be written as:

Yr=agx

Ann. Geophys., 28, 15363 2010 www.ann-geophys.net/28/155/2010/
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Table 1. Results of the fitting procedure. Each row contains fitting coefficients for a certain pair of variables addressed in the first column.
These variables are evaluated over the 4 day bora episode. Given are the mean values and standard deviations of the a priori unknow
coefficientsa andb from the relation (4b), and the coefficiastfrom the relation (4c), wherk, is the a priori known theoretical coefficient.

Also, the corresponding correlation coefficients squat?ealndrt2 are shown.

Variables pair a o4 b o) bt a Oay r2 rf

X :U;y:au 0.197 0.015 1.026 0.031 1 0.209 0.001 0.733 0.732
x=TKE; y=¢ 0.027 0.001 1.303 0.024 15 0.0166 0.0001 0.912 0.903
x=U; y=TKE 0.101 0.014 1.873 0.059 2 0.073 0.001 0.656 0.653
x=U; y=¢ 0.0010 0.0002 2.607 0.104 3 0.00030 0.00001 0.682 0.674
X=Ux,Yy=¢ - - - - 3 0.179 0.002 - 0.821

&, =atkh =0.93. This is reasonably close to the expected Following Kaimal and Finnigan (1994), the ideal choice
value of Wyngaard and Cet(1971) and in agreement with of sampling frequency is the one that reveals at least two oc-

the values from Piper and Lundquist (2004), their Fig. 8.

4.3 Comparison with parameterizations in numerical
models

taves of the inertial subrange. With respectitand U in

our measurement setup, that would4&0 Hz. Thus, for a
more detailed study of the bora inertial subrange and more
conclusive results about the bora relatedheasurements of
bora wind with at least 10 Hz sampling frequency are needed

Many current state-of-the-art atmospheric numerical modelsn future.
still use the Blackadar length-scale parameterization, defined Although there was an initial doubt about the existence of

as in e.g. Mellor and Yamada (1974):

A =Ckh[(1+kh /o), (6)

where the constant ~ 5.3 for the neutral boundary layer,

lo= ,Bjoqzdz/}oqdz, the constanB=0.1, 7 is the height
0 0

above ground ang = +/2TKE. We have compiled a hum-

the isotropic inertial subrange within frequencies available
from the data, it is seen that the5/3 slope extends suffi-
ciently towards lower frequencies. Estimationseofising
the inertial dissipation method, IDM, applied to the stream-
wise velocity component and normalized witf, agree well
with previous studies. Application of IDM to the transverse
or vertical velocity component using a modified Kolmogorov
constantpy=4/3a (e.g. Oncley et al., 1996), shows similar

ber of vertical TKE profiles from different bora episodes and values ofs to those derived from the streamwise component.

from two different models: MEMO6 (Mesoscale Model, ver-

The TKE values during the bora episode addressed here

sion 6) mesoscale model, previously used for simulations ofeach 20Jkg!. This is comparable with the values from

several bora events (Bdig and Klat, 2004), and the WRF-

Belusic and Klat (2006). The TKE time series closely fol-

ARW (Weather Research and Forecasting — Advanced Relow the IDM values ofe, which indicates the robustness of
search WRF) model using the Mellor-Yamada-Janjic turbu-thee estimate.

lence parameterization scheme §&aaj et al., 2009).

As expected, both and TKE increase with increasing the

The values ofA were calculated on the basis of these pro- mean streamwise velocity componedt, Our data suggest

files. For each of the considered cases it amounts2bm.

that in this bora episodeis proportional toxTKE™-3, This

The model-based\ obviously underestimates the one de- model explains 91% of vs. TKE variance. The Eq. (4c) fit

rived here from TKE and values. This may imply an in-

to thee vs. TKE scatter diagram with the a priori proposed

adequacy of the Blackadar type of parameterizations for thower coefficienty=1.5, as suggested in Eg. (3), leads to

bora related turbulence.

5 Discussion and conclusions

the length-scale parametarof ~60 m. This value appears
to be larger than those obtained from atmospheric numerical
models, which indicates a possibility for improvements of
turbulence parameterizations in models.

Future work related to the near-surface bora turbulence

Certain properties of the near-surface turbulence related tavill include the analysis of the 4 Hz data for a variety of
the bora downslope windstorm are addressed. For the firdbora episodes, categorized by their nature (type), strength

time, the TKE dissipation rate, during a bora event is es-

and seasonal period. In this way, a comprehensive picture

timated reliably. A typical bora case lasting for a couple of of the bora-related near-surface turbulence will be revealed.
days in the town of Senj that is well-known for the frequent At the same time, new field campaigns with sufficiently high
bora occurrence is presented. The analysis is performed usampling rates should be planned for a more thorough insight

ing 4 Hz wind data.

www.ann-geophys.net/28/155/2010/

into the nature of bora turbulence.
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