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This paper presents a way of defining the speed of the strongest gusts
in days with long-lasting, relatively strong wind at the Split-Marjan meteo-
rological station. The gusts have been defined on the basis of the maximal
mean hourly values of wind speed on the same day at the Split-Marjan loca-
tion. The relations derived are of a strictly local character while the method-
ology used to define them could be used generally. This methodology is suit-
able for the development of a meteorological background to support Croatian
standards in designing overhead power-transmission lines.
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1. Introduction

Croatia has been developing a wind load meteorological background to
support Croatian standards. Wind impact is one of the major loads affecting
buildings and other constructions, among which the most affected are the
power-transmission pylons of the electrical energy network which can be se-
riously damaged by wind, resulting in serious collateral damage in different
areas. Croatia has to harmonise its standards with European standards and
one of its biggest problems is that there is an insufficient number of locations
with long-term continuous measurements of wind direction and speed aver-
aged to 10-minute intervals. Namely, the pre-drafts of European standards
(ENV 1991.2.4, 1995; CENELEC/TC 11 (SEC) 40, 1997) recommend the use
of 10-minute averaged wind speed in the calculation of many parameters. In
Croatia, such data are available from 21 locations, for periods longer than
three but shorter than ten years. They have been used as the basis for the de-
velopment of a meteorological background for Croatian standards. However,
within this project, for the estimation of locally expected maximal wind
speeds, it has been decided to also use wind speed and direction averaged
over hourly periods. Hourly averaged data for longer periods are available at
another 24 locations and they are particularly useful to achieve better terri-
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torial coverage of the Croatian area observed. Up to the present, based on the
example of data from the Novalja meteorological station, the relation of wind
speeds averaged at different intervals has been analysed (Baji} and Pero{,
2001). Further investigations of such relations (for all available locations)
have been suggested as well as the division of Croatian territory on the basis
of similar relations.

This paper presents a direct application of hourly averaged wind speed
data (instead of the recommended 10-minute average) for defining the maxi-
mal local instantaneous wind speed (wind gust). Such application has been
researched on the example of hourly data from the Adriatic location of Split-
Marjan, where some of the strongest Croatian gusts had been measured.

In Croatia, the strongest gusts are usually witnessed on the Adriatic
coast during bura or jugo. A lot of research has been done on these two
winds, both to investigate their origin and for statistical purposes (Kora~in,
1982, Tro{i}, 1983; Baji}, 1989; Vu~eti}, 1993; Jur~ec et al., 1996; Ivan~an-
Picek and Vu~eti}, 1996; Brzovi}, 1997; Tuti{, and Ivan~an-Picek, 1991). In
weather situations with bura or jugo, gusts are not always of the same inten-
sity nor of the same frequency and the wind force usually results in substan-
tial material damage on those days when strong wind blows over longer peri-
ods (Jur~ec and Vuki~evi}, 1996). It is therefore important to know the
persistency of strong wind (Poje, 1992). To define the wind conditions at the
Split-Marjan location that might jeopardise the power-transmission lines, an
analysis has been made of the wind speed data for one day in each month
when two kinds of maximal monthly speeds were identified for the same
month. These are the maximal monthly mean hourly wind speed and the
maximal monthly instantaneous wind speed. The relationship of these two
maximal speeds has been analysed. The analysis has been performed by a
methodology derived from the methodology for defining gusts based on mean
ten-minute wind speeds as recommended by the pre-draft of European stan-
dards for building European power-transmission lines. The simplest form of
the relations has been applied to get a first insight into the local gust charac-
teristics and computations.

Generally, in attempting to define the local characteristics of gusts in de-
tail, many kinds of analyses have been applied so far. For instance, for an Ar-
gentinean location, gusts have been computed for different averaging inter-
vals, their variation with height and the time of year has been analysed, the
general form of the vertical wind profile and its dependence on stability con-
ditions have been analysed and compared with those of typical episodes of se-
vere winds (Labraga, 1994). One of the newest physically based parameteri-
sation schemes for the computation of wind gusts has been implemented in a
numerical Canadian regional climate model (Goyette et al, 2003). A para-
meterisation scheme has been developed in order to use the quantities avail-
able at each model time step, including the wind gust computation for each of
these time steps. There have been many attempts to relate wind gusts to
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mean wind speeds averaged over different time scales, and even to mean
daily wind speeds (Weggel, 1999, Jungo et al., 2002). Statistically based pre-
diction methods for gusts are used more often than numerical ones (Connor
et al., 2003).

2. Data and methodology

Split is situated in the central part of the Eastern Adriatic coast. The
Split-Marjan station (� = 43° 31' N, � = 16° 26' E, HS = 122 m) is located on
the forested Marjan Hill (178 m high), in the western part of the Split Penin-
sula. The largest green surfaces of the entire Split area are on Marjan Hill.
This area is separated from the continental hinterland by the Dinaric moun-
tain ranges of Kozjak (779 m high) and Mosor (1339 m high). The western
part of Mosor and Kozjak, with their hinterland, belongs to the municipality
of Split. The narrow pass of Klis cuts between these two mountains. Because
of the geographical and topographical position of Split, strong bura and jugo
winds are not rare at the Split location (Jur~ec, 1981; Tuti{, and Ivan~an-
Picek, 1991; Jur~ec and Vuki~evi}, 1996).

At the Split-Marjan station, for the period 1958-2000, 288 monthly pairs
were available of maximal monthly instantaneous speeds and maximal
monthly mean hourly wind speeds for the same day of a particular month.
The months in which the maximal monthly gust and the maximal monthly
mean hourly speed did not occur on the same day were not included. As ear-
lier research suggested that bura and jugo should be considered separately
for the purpose of supporting standards (Baji} et al., 2001), the analysis has
been performed on two separate groups of pairs. The first group included
data collected for N-ENE winds and the second included data relating to
E-SSW winds. Among the strong N-ENE winds, the prevailing ones are those
of bura direction, and among the strong E-SSW winds, the prevailing ones
are those of jugo direction (Jur~ec and Vuki~evi}, 1996; Penzar et al., 2001).
In this paper all the winds of N-ENE directions are nominated bura, and all
the winds of E-SSW directions are nominated jugo. A separate investigation
of wind gusts under different weather systems is very common (Jungo et al.,
2002; Choi and Hidayat, 2002).

Thus, wind occurrences were chosen for bura and jugo directions on days
when wind speed, except in the short period of gusts, was on the average rel-
atively high over a longer period, i.e. at least over an hour. The days thus
chosen are days when substantial material damage can be expected due to
the great strength and relatively long duration of strong wind, and this was
the main reason for this research.

For application to the building of electrical power-transmission equip-
ment in Europe, the estimation of wind gusts based on mean ten-minute
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wind speed values has been initially suggested to be processed as follows
(CENELEC/TC 11 (SEC) 40):

Vg = kgVmean (1)

where Vg is the gust speed (m s–1), i.e. the instantaneous maximal wind speed
in a measuring interval (T) of 2 seconds, Vmean is the mean ten-minute wind
speed (m s–1) and kg is the gust factor. The gust factor is defined as:

kg = 1 +
2 28.

ln
z

z0

�

�
��

�

�
��

, (2)

where z (m) is the height above ground and z0 is the roughness length (m),
which depends on terrain characteristics. At the Split-Marjan location, wind
measurements are performed at the usual height above ground, i.e. z = 10 m.
The value of the roughness length, z0, has been taken as 0.3 m, which is the
value defined in most European countries for woodland areas like the Split-
Marjan area observed.

In equation (2), the log wind profile is used to define the gust. The mean
wind speed as a function of height above the ground can be computed by the
logarithmic profile
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where k is the von Karman constant, approximately equal to 0.4; u* is the
friction velocity; z0 is the surface roughness length; and z is the height above
the ground.

The peak gust speed (Vg) at height z is computed using Durst’s statistical
model (Durst, 1960) as follows:

Vg (z) = Vmean(z) + g(T)sn(z), (4)

where T is the averaging period, g(T) is the gust peak factor which is a func-
tion of T and sn(z) = bu* is the root-mean-square value of the longitudinal
fluctuating wind speed at height z, in which b is a terrain dependent coeffi-
cient (Zhou et al., 2002a). For g(T), the Eurocode uses alternatively factors of
3.7 and 3.5. (Zhou et al., 2002b). By including equations (3) and (4) into equa-
tion (1), the following gust factor equation is obtained:

kg =
V

V

g

mean

=1 + g(T)I(z), (5)
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where I(z) is the longitudinal turbulence intensity and I(z) is defined as
(Zhou et al., 2002a):

I(z) =
s n ( )

( )

z

V zmean

. (6)

Equations (4), (5) and (6) indicate that the constant 2.28 in (2) is calcu-
lated as:

2.28 = g(T) bk. (7)

Assuming the applicability of the logarithmic wind profile, Wieringa
(1976) has shown another (statistical) kind of gust factor derivation. A de-
scription of the vertical wind speed profile by power-law is also in use (La-
braga, 1994; Hsu, 2003). The assumed dependence of the power-law exponent
upon atmospheric stability (Davenport, 1965) results in a gust factor defini-
tion as a function of stability, instead of a logarithmic wind profile and a
fixed gust factor value (equation (2)) as suggested in the pre-draft of Euro-
pean standards (CENELEC/TC 11 (SEC) 40). The relationship between the
exponent of the power-law wind profile, friction velocity and the gust factor
has been investigated and is already available for engineering applications
(Hsu, 2003). However, only a revision of the convenience of the wind gust cal-
culation recommended in the pre-draft of European standards (CENELEC/
TC 11 (SEC) 40, 1997) is shown in this paper.

It is well known that bura and jugo gusts in Croatia are among the stron-
gest gusts in Europe (Heimann, 2001). Strong gusts have been assumed to
characterise the daily weather conditions which significantly affect the val-
ues of the individual mean hourly wind speeds during the whole day and not
only the value of the mean ten-minute speed at the time of the gust. Because
of this assumption, and because there are no ten-minute data available for
many locations in Croatia, the recommended equation (1) has been modified
and the following modification has been tested:

Vg = kgVMAX , (8)

where kg is the same parameter value as in equation (2), VMAX is the maxi-
mal mean hourly speed for a particular month and Vg is the expected maxi-
mal gust on the same day.

3. Results

The first step in the analysis of the measured gusts and the maximal
mean hourly wind speeds was the analysis of their averaged values (AG and
AV, respectively). Each pair of maximal measured monthly instantaneous
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speed (G) and maximal monthly mean hourly wind speed (VMAX ) for the same
day was grouped in one of the predefined classes. The classes were deter-
mined on the basis of the values of VMAX . The VMAX classes and the speed
range have been defined in such a way that each particular VMAX speed class
corresponds to the adequate wind strength class of the Beaufort scale. For
each class, all VMAX values have been averaged (the result of averaging is the
AV value), as well as all the »associated« G values (the result of averaging is
the AG value).

The analysis of the average measured gusts (AG) and the average maxi-
mal mean hourly wind speeds (AV) per maximal mean hourly speed class has
shown that a relative (AG/AV) difference is remarkable during bura and
jugo. However, their absolute difference (AG–AV) is also remarkable – the
difference is considerably greater in the case of bura than in the case of jugo
(Tables 1 and 2). For particular wind speed classes, the average gust and av-
erage maximal mean hourly wind speed ratio (AG/AV) showed to be, on the
average, higher by about 20% for bura than for jugo. The absolute difference
(AG–AV) in the particular speed classes reaches a maximum average of 16.5
m s–1 for bura and 11.2 m s–1 for jugo.

The values of the maximal monthly gusts estimated on the basis of equa-
tion (8) have been compared with the measured maximal monthly gusts. It
has been established that this equation should be further modified for all
maximal mean hourly wind speed classes, for both bura and jugo. The modi-
fication of equation (8) has been carried out for all wind speed classes. All
equations, derived individually for every maximal mean hourly wind speed
class, have the following form:

Vg = kgVMAX +C (9)

where C is the constant, which is different for each particular wind speed
class and for the same wind speed class in the case of bura and jugo (Tables 1
and 2).

Constant C represents the mean difference between the individual mea-
sured wind gusts in the particular speed class considered and the associated
wind gusts calculated by using equation (8). In the bura and jugo cases, con-
stant C values differ substantially from speed class to speed class. Its values
are much greater in the case of bura than in the case of jugo, which indicates
that during bura a short-lasting gust speed is much higher than the highest
mean hourly speed characterising the same day. For bura, positive constant
C values have been established for all speed classes, except for the strong
storm class, which is the only case when the gust speed is slightly lower than
the one calculated by equation (8). For jugo, the values of the mean hourly
speeds in the strong storm category have not been established at the Split-
Marjan location and when using equation (8) the gust speed values are over-
estimated already for the very strong wind class and also for the stronger
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wind classes. Therefore, constant C values in (9) are negative for the speed
classes mentioned.

For the period 1958–2000, at the Split-Marjan location observed, a per-
centage (n) is presented of the cases which have been modelled (using equa-
tion (9)) as substantially lower, i.e. at least 5 m s–1 lower than the corre-
sponding measured wind gusts (Tables 1 and 2). The percentage of theo-
retical gusts that have been underestimated compared with the measured
gusts is mainly below 10% per particular speed class. By accepting such cor-
respondence of theoretical and measured wind gust speeds we have only ini-
tially and roughly validated these experimentally derived relations. Namely,
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Table 2. Same as Table 1, but for jugo.

class range
(m s–1)

N
mean values con-

stant C
n

AG AV AG/AV AG–AV

wind of medium intensity
8.0–10.7

2 17.1 10.2 1.7 6.9 0.3 0

strong wind
10.8–13.8

16 21.7 12.8 1.7 8.9 0.5 13

very strong wind
13.9–17.1

46 25.0 15.6 1.6 9.4 –0.8 7

gale
17.2–20.7

46 30.0 18.8 1.6 11.2 –1.0 7

storm
20.8–24.4

18 31.6 22.1 1.4 9.5 –4.9 11

Table 1. The means of the maximal hourly values of measured wind speed (AV; m s–1), measured

wind gusts (AG; m s–1), AG/AV ratio and AG–AV difference, and the constant C value (m s–1) in

the gust equation (9), per particular speed class, with N cases of bura of which in n per cent of

cases (%) the calculated gust was considerably weaker than the measured one. Split-Marjan,

1958–2000.

class range
(m s–1)

N
mean values con-

stant C
n

AG AV AG/AV AG–AV

wind of medium intensity
8.0–10.7

5 19.8 9.9 2.0 9.9 3.4 0

strong wind
10.8–13.8

37 23.8 12.7 1.9 11.1 2.9 3

very strong wind
13.9–17.1

46 27.4 15.4 1.8 12.0 2.0 11

gale
17.2–20.7

41 32.6 18.8 1.7 13.8 1.6 7

storm
20.8–24.4

26 37.6 22.6 1.7 15.0 0.3 12

violent storm
24.5–28.4

5 44.2 27.7 1.6 16.5 –1.4 0



further research at more locations on the Adriatic will make it possible to de-
fine the currently chosen threshold (5 m s–1 for all wind speed classes) more
accurately for particular speed classes. Figures 1 and 2 present, separately
for bura and jugo, per speed class, the measured and calculated wind gusts
and the ratio (R) between the measured wind gusts and the corresponding
maximal hourly means of the measured wind speed used to calculate the gust
speeds. In each class, the cases are arranged on the basis of the values of the
calculated gust speeds (in ascending order). Measured gusts stronger by 5 m
s–1 or more than the calculated ones have been additionally marked by »+«.
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Figure 1. The speed of the measured (G) and modelled (Vg) gusts and the ratio between the
measured gust and the maximal hourly mean (VMAX) of measured wind speed (R=G/VMAX) during
bura. Measured gusts which were stronger by 5 m s–1 or more than the calculated ones are
marked with a plus (+). Split-Marjan, 1958–2000.



4. Discussion and conclusion

The Split-Marjan location is the first Croatian location for which a mod-
elling of wind gust speed has been made by modified forms of the model rec-
ommended by the pre-draft of European standards for application in the de-
signing of power-transmission systems. European standards allow for natio-
nal modifications if they are necessary because of the specific natural or
other conditions of particular countries. In this case, we tried to develop a
modification which would allow the modified forms to remain as similar to
the recommended pre-draft of standards as possible. The results of this effort
have shown the modifications were usable, resulting in an acceptable presen-
tation of the meteorological background to Croatian standards in designing
overhead power-transmission lines.

Both steps of the modification developed proved usable. In the first step,
the mean ten-minute wind speed data input in the pre-draft of the European
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Figure 2. Same as Figure 1, but for jugo.



standard model was replaced by a mean hourly data input, because of the
availability of long-term hourly averaged data for a large part of the Croatian
territory. Long-term data provide an insight in the climatological character-
istics of the location observed. Therefore, in the few cases where the derived
relations for Split-Marjan proved unsuitable (20 cases marked by »+« in Fig-
ures 1 and 2), they point at a cluster of cases which have to be taken as lo-
cally exceptional and rare but possible. These cases can be categorised as ex-
ceptional due to their small amount in the data cluster observed which, in
turn, represents rather rare occurrences. For Croatian locations where only
shorter-term gust series and ten-minute wind data are available it is not pos-
sible to single out locally exceptional gusts reliably enough.

The constants introduced in the second step of the modification have
made it possible to define more reliably the gust speeds at the Split-Marjan
location. The constants, and therefore the modified models, are only locally
applicable but it can be assumed that this experimental way of defining a
connection between the maximal mean hourly speed on a particular day and
the strongest wind gust on the same day can be generally applied to the terri-
tory on the Croatian side of the Adriatic.

In further wind gust investigations some other forms of relationship be-
tween gust speed and mean hourly speed will be investigated for the Split-
Marjan location. The intention is to find a universally applicable form of
wind gust calculation.
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Odre|ivanje udara vjetra pomo}u srednjih satnih brzina

Lidija Cvitan

Rad prikazuje jedan na~in definiranja brzine najja~ih udara vjetra u danima u
kojima i dugotrajno pu{e relativno jak vjetar na meteorolo{koj postaji Split-Marjan.
Udari su definirani na temelju maksimalnih srednjih satnih vrijednosti brzine vjetra
iz istog dana na lokaciji Split-Marjana. Izvedene relacije su izrazito lokalnog karak-
tera, a primijenjena metoda njihovog odre|ivanja bi se mogla op}enito primijeniti.
Metoda je prikladna za izradu meteorolo{ke podloge za potrebe hrvatskih norma u
gradnji dalekovoda.

Klju~ne rije~i: udar vjetra, srednja satna brzina vjetra, europske norme, hrvatske norme
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