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Abstract. The diurnal evolution of the sea/land breeze SLB along the northeastern Adriatic coast has also been a
hodographs over the northeastern Adriatic coast has beesubject of several studies that used both the numerical (Ni-
examined for several episodes, each lasting a few days. Ais et al., 2005; Prtenjak et al., 2006) and the climatolog-
limited set of observations, as well as the results of a threeical methods (OrE et al., 1988; Lukic, 1989; Heimann,
dimensional nonhydrostatic mesoscale model are studied bg2001; Pandic and Likso, 2005; Prtenjak and Grisogono,
applying a rotary-component method. This revealed a spatia007). Both approaches revealed some orographycally in-
distribution of the clockwise versus anti-clockwise rotation duced characteristics of the wind-field.

of the wind vectors for the sea/land breeze events. An ap- The northeastern Adriatic coast represents an example of
plication of the rotary-component method to the results ofy very indented shoreline with numerous islands and long
additional numel’ical SenSitiVity tests ShOWed that the Coastahnd h|gh Coasta| mountain ranges_ Th|s area covers the |s-
topography height considerably influences both the shape ofja peninsula, the mainland and the Kvarner Bay (Fig. 1).
the wind hodographs and the sense of wind rotation. Therhe |stria peninsula is surrounded by the sea on three sides.
method also displayed which areas are under a strong influpild and wavy relief shapes rise up towards the central part
ence of the 24-h topographic forcing and which areas show &f the peninsula, to reach their highest point in the northeast,
large wind consistency. A further analysis of the 24-h mod- g the mountain massifs @‘iéarija and Wka. Wka moun-
eled wind hodographs at several selected stations has beggin has quite a few valleys and crossways; it stretches over
performed, thus revealing the hodograph shapes and the regqe total length of 20 km, with the highest peak of 1396 m.
sons for them. Pula-airport (1) is placed at the tip of peninsula near Pula,

Keywords_ Meteoro'ogy and atmospheric dynamics the Iargest town of Istria. At the foot of the mountain of
(Mesoscale meteorology; Ocean-atmosphere interactions) Ucka, the town of Opatija (2) is situated on the western side

Oceanography: genera' (Numerica' mode”ng) of the R|Jeka Bay, being the oldest and one of the most popu-
lar tourist resorts at the coast. Rijeka (3) is the largest town in

the whole area positioned between the coast and the moun-
tains of Risnjak and Sizaik. The town of Malinska (4) is lo-
cated on the eastern side of Rijeka Bay, on the island of Krk

in the Kvarner Bay. Krk is the largest island in the Adriatic

The seal/land breeze (SLB) is a coastal mesoscale featur; . . .
ea with an area of approximately 410%and the highest
commonly observed throughout the world. Up to now, many . .
elevation of 569 m above sea level (m.s.l.). Kvarner Bay, it-

studies analyzed various aspects of the sea breeze (SB) SySélf, stretches from Opatija in the northwest to the island of

tem at different locations, resulting in a considerable amountlsz,ag in the south and encompasses, besides Krk, the islands
of SLB-related knowledge (e.g. Simpson, 1994; Grisogonoof Cres, L&inj and Rab, which are ih the immedif,:lte vicin-

e_t al., 1998; Miller et al., 2003). These studies empha—ity. The town of Senj (5) is the second largest coastal town
sized the SLB as a very complex phenomenon, encompass-

; : : . in the selected region. It is situated between the sea and the
ing the nonlinear interactions on several scales, from nfeso-

. Lo . . slopes of V. Kapela and Velebit mountainsi(600 m above
to micro-scale. Likewise, the mean diurnal behavior of the .
m.s.l.) near the Vratnik pass. Due to complex topography,

Correspondence tayl. T. Prtenjak many channels can be found in the Kvarner Bay; we will
(telisman@irb.hr) point out only a few: Great Gate, which separates the island

1 Introduction
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Fig. 1. Outer model domair(a) and inner model domaiitb)
also indicated by the square in (a). The measuring sites ar
1=Pula-airport$=44°54' N, A=13°55 E); 2=Opatija $=45"20"N,
A=1419 E), 3=Rijeka ¢=45°20'N, A=14°27 E), 4=Malinska
(¢=45°7'N, 1=14°32 E) and 5=Senj ¢=450' N, 1=14°54 E).

Additional black dots in (a) represent other meteorological and cli-
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Fig. 2. Model predicted surface wind field at 10m at 17:00 local
standard time on 20 June 2000 above Istria and Kvarner Bay from
Prtenjak et al. (2006). The wind vectors are given at a horizontal
resolution of 3km, with a reference vector drawn near the upper
right-hand corner. Black dots correspond to the automatic meteoro-
logical stations (numbers 1-5 in Fig. 1).

nomena e.g. the mesoscale eddies inside the Rijeka Bay and
convergence zones above Istria and the island of Krk. The
surface wind field is significantly canalized through Velebit
Channel and also between Istria and the island of Cres,
through Great Gate (Fig. 2). Mesoscale eddies evolved in-
side the Rijeka Bay during 24 h as a result of topographic
forcing. During the day, both the anabatic flow and the well
developed SB that are caused by the coastal geometry and the
terrain height resulted in the afternoon anticyclonic vortex in-
side the shallow stable marine boundary layer (Fig. 2). The

fhight-time cyclonic eddy developed due to katabatic flow

from the surrounding mountains (not shown). Above lstria,
the daytime merged SBs formed the convergence zone that
moved eastward. Over the island of Krk, there is another

matological stations located in the area. Topography contours aré)rogrz-ip-hically-induced convergence zone (Fig- 2). .
plotted every 100 m between at 0m and 1700m. The contours of As it is well known, the usual sense of wind rotation on
0m, 400m, 800 m and 1200 m are labeled as 0.0, 0.4, 0.8, 1.2, rethe Northern Hemisphere is clockwise (CW) due to the Cori-

spectively. See text for geographical details.

olis force (Haurwitz, 1947). Still, the anti-clockwise (ACW)
wind rotation was reported for many stations around the
world (e.g. Alpert et al., 1984; Kusuda and Abe, 1989; Steyn

of Cres from Istria; Velebit Channel, which lies between the and Kallos, 1992; Simpson, 1996). According to Kusuda and
island of Krk and the mainland; and Senj Gate south fromAlpert (1983), the ACW rotation is possible only in the pres-

the island of Krk.
A numerical three-dimensional SLB simulation (18—-20

ence of a complex topography near the shore. The dynamical
analysis made by Kusuda and Alpert (1983) and Steyn and

June 2000) for the northeastern Adriatic coast (Prtenjak eKallos (1992) showed that the wind rotation is controlled by
al., 2006) revealed the formation of several small-scale phethe balance of forces in the horizontal momentum equation.
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Along the very complex northern Croatian coast, the inves-2 Methods and data
tigation of the observed winds for Malinska and Senj also
indicated the ACW rotation (e.g. Otliet al., 1988; Prtenjak, 2.1 Rotary-component method
2003; Prtenjak and Grisogono, 2007). ©#t al. (1988) pre- . . ) ,
sumed that the ACW pattern of diurnal breezes at Senj staR0tary analysis of vector time series (e.g. of the horizontal
tion is connected with the alongshore pressure gradient. In ¥Nd, V=u.i+u, j) aims to separate the vector at a specific
recent study by Prtenjak and Grisogono (2007) the observelfourier frequency into two circular components, one rotat-
wind hodographs have been examined for ten locations alon§!d CW and the other one rotating ACW. The method is es-
the northeastern Adriatic coast: two stations with ACW wind Pecially suitable in situations when, due to the Earth's ro-
rotation were detected out of ten observed hodographs, i.d2tion, asymmetric behavior at certagfrequenues could be
with a relative frequency of 0.2. Alpert et al. (1984) have €XPected. Letu,, uyw)=(Axw, Ayo)e™" be the Fourier
considered the relative frequency of ACW rotation as a func-COMPonent of a real, vector time series at a particular fre-
tion of latitude on the basis of numerous observations andlUeNcyw. Then, omittingy in the indices, we have (Gonella,
have compared it to the results of a simple analytical the-1972):
ory. From the complex shapes of the observed hodographg ;. iy
the first-order ellipses have been extracted by applying the
harmonic analysis. Best agreement with the data has been .
obtained when performing analytical modeling under the fol-€'? [(u+| + [u_|) cos2rwt + 6)
lowing assumptions: (1) amplitudes of thermal forces in both . ; 5
horizontal directions are equal, (2) different phase shifts be- ] = -] sinrer + 9)] '
tween the thermal forces in the full regien—18C°, 180°> . ;
follow constant probability distribution, and (3) friction is Wherequ:Aerf ' Ay" u-=Ax—i-Ay, 9:1/?Arg(u+~u_),
equal to the angular speed of the Earth's rotation. The resultd=1/2Ar8(u-i-), i=y/=1, and the overline denotes the
imply that the relative frequency of ACW rotation in temper- COMPI€X conjugate. The superposition of two circular mo-
ate latitudes typically falls between 0.3 and 0.4. Of course,lions (CW with radiuge..|, ACW with radiugu _|) results in
particular values may be found outside these limits, due tdn€ Overall elliptical motion. The ellipse axes are:| + [u—|
the specifics of the coastline shape, topographic features arﬁf‘d| lu+| = lu—|I, while the orientation of Major axisis given
friction processes, but the basic control of the Coriolis forcePY € I lu+| <lu—| (lu+|> lu_), the ellipse is traced in
apparently favors the above-mentioned range. the CW (ACW) direction, whilgu.| = |u_]| results in the
The present study investigates the spatial distribution ofPurely rectilinear back and forth motion. The variance (or the
locations with CW versus ACW behavior of the local wind k|net|02 energg) at the considered frequency is proportional
vectors. Such spatial distribution will reveal parts of the to,l”+| +lu—|°. Thus, the overall CV\_/ (ACW) mot|on.|m-
coast that are under significant topographic influence, thu®!ies that the CW (ACW) component is more energetic than
showing other locations with prevailing ACW rotation that the ACW (CW)one. _ ,
are still unknown. For this purpose, the rotary-component We are interested primarily in the SLB signal which should

method (Gonella, 1972) is applied to the simulated surfacé?ccur around the 24-h period and usually lasts only a few

wind fields that are obtained by the three-dimensional non-days: Thus, the analysis described above is applied to the 24-

hydrostatic numerical model for several real SLB cases (ad! harmonics that are extracted from both wind components
in Nitis et al., 2005, and Prtenjak et al., 2006). The caseSeparately by a least-squares fitting. Recalling that the vari-

that occurred on 18—20 June 2000, presented in Prtenjak &"Ce Of vector time series is simply the sum of component
al. (2006), is examined in more detail. To obtain some confi-variances, the goodness of fit is determined as the quotient of

dence in the model performance, the same method is applie@e variance described by the fit and the total variance. In the

to winds that were observed at five meteorological stations ¢ase of a scalar time series this quotient equals the correlation

In order to analyze the cause of the wind rotation in moreC0€fficient squared, so we retain the same name here.
detail, the rotary-component method is also applied to the 1he shortness of the analyzed interval is overcome by us-
results of sensitivity tests, where the terrain variations are"d @ Set of SLB episodes. The time series related to sev-

removed as in Prtenjak et al. (2006). Finally, an additional®@ SLB episodes for a fixed geographic location may be

analysis of the modeled wind hodographs at several selectefonsidered as independent realizations of a stochastic pro-

positions has been performed in order to examine the small€SS: For this case Gonella (1972) developed several use-
scale local effects. ful quantities describing the average behavior of wind el-

lipses «-> denotes the averaging over episodes): The pos-
itive, S;.=(ju4|?), and negative S_=(|u_|?), rotary spec-
tra give the average variance contained in the CW and ACW
rotary component, respectively. The coefficient of stability,

|(u+u_)|/(S+S_)l/2, measures the “coherence” between

— u+62mwl + u_e—Zma)t _

www.ann-geophys.net/26/1711/2008/ Ann. Geophys., 26, 1I7124-2008
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produced by the energy- and water-budget equations (Sand-
vik, 1998). The surface temperature is calculated by a
heat balance equation using a Newton iteration technique.

Table 1. Simulations performed in the present study.

Case Date interval Topography height  Islands . L . :

pograpny heid The soil humidity is parameterized according to Deardorff
ATl 18-20 June 2000 Real Yes (1978), and the prognostic equation for the specific humidity
A-T2 18-20 June 2000 Real No is solved without condensation processes. The sea surface

A-T3  18-20June2000  Terminatedat10m  Yes  temperature is constant throughout the simulation. The tur-

(B;*E 6285_82e7theur:Eelr9199999 ';‘:Z'l \\((eess bulent diffusion terms, related to calculating the TKE, are
DT1  25-27 June 2001 Real Yes treated via a simplified higher-order closure scheme (Mous-

siopoulos 1994; Kunz and Moussiopoulos, 1995). The mix-
ing length is given by Blackadar (1962).

2.3 Data
the ellipses. It equals one if the ellipses from all realizations
are equally oriented and have one and the same eccentricitylere, a well-studied interval (the &1 case), as in Prtenjak
Opposite, a zero value means that there is no correspondenés al. (2006), covering 18—20 June 2000 is further analyzed,
at all. Mean orientation is given by/]ZArg((u+u_)). The  as are three additional multi-day episodes: 25-27 June 1999
rotary coeﬁicient(S_—S+)/(S++S_), measures the degree as the BT1 case, 6-8 September 1999 as th& Ccase and
of polarization, while its sign indicates (on average) the di- 25-27 June 2001 as the Tl case (see Table 1). According

rection in which the ellipses are traced. to the surface and the upper-level analyzed meteorological
fields over Europe, throughout the intervals examined only a
2.2 Model overview and application weak synoptic forcing is present over the northeastern Adri-

atic coast. Under such sunny and dry weather conditions (a

A description of the three-dimensional nonhydrostatic Weak diurnal pressure variation, cloudines$/10 and land-
mesoscale meteorological model MEMO6 that is used inSéatemperature difference greater th&@)3a complex SLB
this work may be found in Moussiopoulos (1994), Kunz and development is inevitable. The chosen periods are character-
Moussiopoulos (1995), Klaiet al. (2002), Nitis et al. (2005), ized by relatively low cloudiness, with absolutely no precip-
Prtenjak et al. (2006). The model is widely utilized for sim- itation, and, therefore, only a minor influence of the moist
ulations of coastal flows (e.g. Sandvik, 1998; Soriano etProcesses on the mesoscale wind field is expected in our
al., 2001; Caballero and Lavagnini, 2002) where it showedcases. To assess the effects that topography exerts on the
an ability to successfully reproduce various mesoscale phetesoscale wind field, besides theTA simulation two sen-
nomena (e.g. Kldi et al., 2002; Prtenjak et al., 2006). Sitivity tests are also performed. According to the preceding
In the present work, the model domain has two cou-humerical results (Prtenjak et al., 2006), as described briefly
pled horizontal grids; the inner grid (18200 kn? with in the Introduction, a natural choice was to examine the in-
Ax=Ay=1km) is nested into the outer one (24240 kn? fluence of islands and topography height on the wind field
with Ax=Ay=2km), Fig. 1. The chosen resolution of 1km in more detail. Therefore, in the first test (F2) the islands
is fine enough to resolve a phenomenon such as SLB thaire replaced by sea surface, while in the second teSt3A
develops on the scale of, for example, several tens of kilo-2ll terrain is replaced by a more homogeneous terrain with
meters. It should mostly prevent the overlapping effect be-heights terminated at 10 m.
tween the TKE parametization and the resolved boundary
layer (e.g. Wyngaard, 2004). For higher resolution than 1 km, R
L esults
it will become necessary to use a 3-D turbulence. The mode
top is at 8000 m in both domains. The vertical resolution thatz 1 oyerall comparison
is applied here ranges from 20 m near the surface to 1100 m
toward the top. The initial and the boundary conditions (wind Meteorological stations along the northern Croatian coast
and temperature) are prescribed from the ALADIN/LACE (Fig. 1) with hourly measurements of the near-surface wind
model (e.g. Bubnova et al., 1995; Ivat8khdan and Tudor, are Pula-airport, Opatija, Rijeka, Malinska and Senj. These
2004) at 12km horizontal resolution. The boundary condi-sites, as described in the Introduction, are representative of
tions are updated every 12 h during numerical simulationsvarious geographical features. A number of additional sta-
The land-use data are taken from the Global Land Covetions, both meteorological and climatological (unsigned dots
Database and the topography is derived from the GTOPO3h Fig. 1), are utilized for overall comparison between the
database. Seven land-use types are employed. data and the AT1 results for 19 June 2000 (Fig. 3). A good
The model uses a one-way nesting technique in order tagreement is found between modeled and measured winds
account for all relevant orographic influences on the flowat 14:00 h {speed0.77 andrjr=0.76) and slightly less so at
field. The temperature and moisture at the surface are re21:00 h (spee0.73 andir=0.68). Slight overestimation (at

Ann. Geophys., 26, 1711+24 2008 www.ann-geophys.net/26/1711/2008/
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Fig. 3. The modeled versus measured hourly averaged surface wind speed (left) and wind direction (right) for 19 June 2000 at 14:00 h (top)
and at 21:00 h (bottom). Black diamonds mark the comparison between the model and the data obtained from both automatic meteorological
and climatological stations (signed and unsigned dots in Fig. 1). The corresponding correlation coefficient is also given at each panel. In
order to show exact discrepancies between the measured and modeled directions, wind directions spanning a rahgee§0r@limes

enlarged by 362

21:00h in Fig. 3) is seen for the wind speeds lower thanJune 2000 and midnight of 20 June 2000 at the considered
2ms ! that are generally difficult to model (e.g. Mahrt and sites (Fig. 4). The results for Pula-airport, Rijeka and Ma-
Vickers, 2006; Mahrt, 2007). The reasons may be, for ex-linska show that the surface wind is well described by fit-
ample, the constant sea surface temperature in the model, thimg the 24-h harmonic, the correlation coefficient squared
smoothing of the model terrain, and the parameterization ofanging between 0.5 (Pula-airport) and 0.69 (Rijeka). This
turbulent fluxes during the night in the stable boundary layer,indicates that the diurnal wind regime is the dominating fea-
according to the Monin-Obukhov theory (e.g. Grisogono etture at these stations. The wind in Opatija is still reasonably

al., 2007). well described by the diurnal harmonic, although the corre-
lation coefficient squared of 0.39 suggests the importance of

3.2 Rotary components processes at shorter time scales. In Senj, a portion of the di-
urnal harmonic drops to 0.16, which means that during the

3.2.1 18-20 June 2000 interval examined, the SLB phenomenon is overwhelmed by

) ) ) the additional local and nonlinear processes. The reason can
The method of rotary components is applied first to thepe the dajly varying influence of air flow canalizing inside
hourly wind measurements collected between noon of 18

www.ann-geophys.net/26/1711/2008/ Ann. Geophys., 26, 1I7/124-2008
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Fig. 4. Measured hourly values of the near-surface wind and the corresponding 24-h harmonicg fittedast-west wind component;
black,u, — north-south wind component; grey) at selected stations from noon, 18 June 2000, until midnight, 20 June 2000. The correlation
coefficient squared is indicated in the lower right corner.

the Velebit Channel (Fig. 2) and the development of a borasuch as bora, can contribute to the strengthening of the off-
wind. The SLB climatological study (Prtenjak and Griso- shore flow.

gono, 2007) for Senj revealed somewhat unusual character- Figure 5 shows the ellipses corresponding to the 24-h har-
istics. The SB there is the shortest and the weakest of almonics for the analyzed interval for both the measurements
stations along the northeastern Adriatic coast, achieving thgblack) and the corresponding grid points from the model
maximal strength at 11:00 h local time. Moreover, the SB(A_T1 case, grey). Thus, at Pula-airport and Rijeka pro-
at Senj is twice weaker than the offshore flow, which itself nounced CW rotation exist, while Malinska and Senj are
is not a pure land breeze, since other mesoscale phenomenrgharacterized by a ACW rotation. Opatija is described by the

Ann. Geophys., 26, 1711+24 2008 www.ann-geophys.net/26/1711/2008/



M. T. Prtenjak et al.: Rotation of sea/land breezes along the northeastern Adriatic coast 1717

Opatija

3

2

-

y

u —comp. (ms %)
y

u —comp. (ms ™)
o
T
|
|
|
|
|
|
|
|
|
|
\
|

|
|
[
|
-3 -2 -1 0 1, 2 3
u —comp. (ms ™)

T‘U) FI'(/) 1
£ = %
= g OF-——-——- N7f ——————
S £ M
o | o
LI) (|) -1 |
57 ! 5> |
| |
-2 | -2 i
[ [
-3 : -3 1
-3 -2 -1 0 1, 2 3 -3 -2 -1 0 1, 2 3
u —comp. (ms ) u —comp. (ms ™)
3Malinska
2

y
|
=

u —comp. (ms %)
o
T
|
|
|
\
{
YA
N
v

|

/’
i
\
|
i

-3 -2 -1 0 1, 2 3
u —comp. (ms ™)

Fig. 5. The 24-h wind ellipses for the selected stations and the corresponding grid points from the inner domain during 18-20 June 2000
(A_T1 case): measurements (black) and model (grey). The arrow indicates sense of rotation of the wind vectors (omitted in case of highly

polarized ellipses, e.g. for Opatija and Senj). The dashed line represents the orientation of the local coastline. The exception is Pula-airport,
which is situated at the tip of Istria peninsula with the nearest coastline being 10 km away.

highly polarized ellipse. In general, comparison between thdinska is the model correlation coefficient squared somewhat
measured and modeled diurnal 24-h harmonics — concernintpwer (-2=0.33), opposite to the measured 24-h harmonic.
the length of the ellipse axes — shows reasonable agreemerRresumably, the model is not able to fully capture all the mea-
The correlation coefficient squared for the modeled 24-h harsured wind variations that are caused by the local effects (e.qg.
monic is generally higher than for the measured one, rangingdpuilding effects especially around the measurement site and
from 0.67 at Pula-airport to 0.86 at Opatija. Only in Ma- the coastline irregularities — since Malinska station is placed

www.ann-geophys.net/26/1711/2008/ Ann. Geophys., 26, 1I7/124-2008
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= -o3 northern Croatian coast are characterized by the CW rota-
= tion. Interesting enough, these results agree with the find-
ings of Alpert et al. (1984), who found that in temperate lati-
tudes one-third of an area may typically be expected to have
hodographs characterized by ACW rotation.
The sensitivity test AT2 shows topographical and geo-
graphical effects on the spatial distribution of both the CW
and ACW rotation of the 24-h harmonic (Fig. 7). In general,

the correlation coefficient squared is higher at the majority of
the grid points (especially in the hinterland) as compared to
Fig. 6. Axes of ellipses corresponding to the fitted diurnal harmon- the A-T1 case. This suggests that the wind blows more regu-
ics of the surface wind for the A1 case; outer domain (top), inner larly during 24 h between land and sea, since the sea surface
domain (bottom). The correlation coefficient squared (indicating is more homogeneous in the P2 case. According to Prten-
the percentage of variance explained by the harmonic) is depictefak et al. (2006), in this test some dynamical forms, such as
in a gray scale. While blue ellipses exhibit the clockwise rotation, mesoscale eddies in the Rijeka Bay, disappeared. The ab-
the red ones show the anti-clockwise rotation. sence of islands prevented a modification of the SB from the
Kvarner Bay. This resulted in a stronger daytime easterly on-
shore flow as compared to the Pl case. It retarded more
in a small bay). Some of the observed variability may alsoefficiently a daytime eastward movement of both the westerly
have to do with other things, such as ill selected ObservatiorBB and the convergence zone a|ong the peninsu|a_ Therefore,
locations and poorly located sensors. due to overall changes in the wind field, the Istria peninsula
Next, the rotary components of the surface wind are cal-and Risnjak, as well as a large portion of the Kvarner Bay
culated for the AT1 case simulation at every grid point, thus represent the areas with significant prevailing ACW rotation.
revealing the spatial distribution of the wind rotation. Fig- Pula-airport is in the area of CW rotation, while the ACW
ure 6 depicts the 24-h wind ellipses and their sense of rotarotary motion around Senj still exists. Opatija and Rijeka are
tion for grid points at which the total variance explained by in the area where ACW and CW rotations interchange. In the
the 24-h harmonic is not less than 0.3. At first glance, we carcase of flat topography (A 3), the very marked CW rotation
observe several CW and ACW rotation regions. The coastakxists everywhere without exception (not shown). The coast-
areas with the pronounced ACW rotation are the NW part ofline orientation itself has a smaller impact on the sense of
the Istria peninsula, the area betwe@itarija and Risnjak the wind rotation, in comparison to the terrain that changes
mountains, the larger western part of the island of Krk, asthe wind veering considerably. Still, there is a correlation
well as the western part of the island of Cres and the mainbetween the effects of the terrain and the coastline orienta-
land near Velebit Channel (Fig. 6, top). Other parts of thetion, since the terrain follows the coast. This result confirms
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(below). The arrow indicates the sense of rotation of wind vectors and the dashed line the orientation of the local coastline. The exception is
Pula-airport, which is situated at the tip of Istria peninsula with the nearest coastline being 10 km away.

that some coastal parts are highly affected by the height 08.2.2 Average spatial distribution

the coastal terrain and its orientation, since in th@3case

both the coastal geometry and the synoptic conditions hadhe SLB pattern studied here lasts continuously for only a
been kept the same as in theTA case. few days. The shortness of the analyzed interval is over-

come by employing the numerical model on the set of
SLB episodes. Therefore, besides thel A case, the same
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The coefficient of stability for the measurements is large
for all stations, ranging from 0.63 (Senj) to 0.97 (Malinska
and Rijeka) and showing considerable wind consistence for
a 24-h period. For simulated ellipses, the coefficients of sta-
bility depict very similar characteristics. The exception is
Pula-airport with the coefficient of stability of only 0.05 for
the modeled ellipses. Such a low value is due to the peculiar
station location, which is significantly influenced by the con-
vergence zone above Istria and its movement, which is gen-
erally eastward. In the four simulated cases, this site always
displays CW rotation, the ratio between major and minor axis
is similar, but the slope of the major axis varies significantly
(not shown), resulting eventually in the low coefficient of sta-
bility.

In Fig. 9, a wind consistency represented by the coefficient
of stability is depicted as grey filled regions. The sea side
slopes and channels (e.g. Great Gate and Senj Gate), as well
as the western part of Istria peninsula show high wind con-
sistency (the coefficient of stability0.5). In contrast, a part
of Istria and some parts of the island of Krk, which are un-
der significant influence of the convergence zones (Prtenjak
et al., 2006), have a substantial variability due to the zones’
daytime positions. The SW part of the open sea (top panel) is
characterized by both the low variability of the wind and the
ACW rotation. Averaged spatial distribution of the 24-h av-
eraged wind ellipses, which is seen to be similar to th&€1A
case alone, is characterized by several ACW areas: along the
slopes of V. Kapela and Velebit mountain, betwd&&barija
and Risnjak, in the center of the island of Krk, around Ma-
linska, and in some NW parts of the island of Cres. Also, as
in the A T1 case, a large ACW area exists in the hinterland.
Around Senj, the highly polarized ellipses are found, with
Fig. 9. The axes of averaged ellipses for four modeled multi-day the zone of ACW rotation being flanked by the smaller area
intervals, outer domain (top), inner domain (bottom). The stabil- of CW rotation. Opatija and Rijeka are in the CW region. A
ity coefficient (indicating the coherence among eccentricities andlarge part of Istria, including Pula-airport is characterized by

tilts of main axes) is depicted in gray scale. The CW rotation is the CW rotation (see also Fig. 8).
displayed in blue, the ACW rotation in red.
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3.3 Model hodographs on 19 June 2000

approach has been applied to the model outputs fG11B |y the previous section, the overall spatial distribution of the
CT1land DT1 cases. As a final result, average ellipses ofying rotation is obtained, for the first time, by the rotary-
the 24-h harmonics were calculated for both measurementgomponent method. The areas with the prevailing ACW or
and model outputs and the average distribution of CW andcyy rotation are detected, which was not possible from the
ACW regions for four SLB cases is provided. measurements alone. Still, a finer diurnal SLB analysis can
In general, the averaged measured ellipses are _reasonab(gyﬂy be made by examining the whole 24-h wind regimes.
well reproduced by the averaged modeled ones (Fig. 8). Thejence, particular attention is paid to the comparison between
only discrepancy is observed at Opatija in the sense of rothe hodographs obtained for the ™ case on 19 June 2000,
tation. While the model shows the CW rotation, the mea-re|ated to Pula-airport, Opatija, Rijeka and Malinska. The
sured 24-h harmonic there displays the highly polarized el-ajm is to explain the basic local effects influencing the local
lipse with ACW rotation. Note, however, that a highly polar- ying dynamics at the considered stations. Senj is excluded

ized ellipse implies that the sense of rotation is sensitive t0here due to its low correlation coefficient squared related to
small errors. The averaged measured and modeled ellipsgfe 24-n harmonic.

are also similar to those in the_Al case (compare Figs. 5

At Pula-airport (Fig. 10a), both measured and modeled
and 8).

wind vectors, which are under the convergence zone’s in-
fluence, rotate in the CW direction. Measurements show
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Fig. 10. Surface wind hodographs for Pula-airp(aj, Opatija(b), Rijeka(c) and Malinska(d) and the corresponding modeled hodographs

on 19 June 2000: measurements (M) and thElAcase are on the left, the test without islandsT(&) and the test with idealized topography

that is lower than 10 m (AT3) are on the right. The wind vectors are directed toward the origin of the coordinate system. The numbers
represent local standard time and the dashed line the orientation of the local coastline. The exception is Pula-airport, which is situated at the
tip of Istria peninsula with the nearest coastline being 10 km away.

easterly wind blowing in the morning and a westerly wind almost 24 h over Pula-airport because the convergence zone
in the afternoon. The modeled wind mimics the measure-develops near the eastern part of Istria, far away from the
ments with the largest difference seen in the afternoon wherstation (Prtenjak et al., 2006).

a southwesterly wind prevails in the’Al case. In the AT2 ) _
test the wind is stronger around the noon and weaker in In Opatija the AT1 hodograph shows the behavior more

the afternoon, as compared to theTA case. During the regular than the measured one (Fig. 10b). Comparing the
nighttime the AT2 test shows only small deviations. The morning wind speed in the A1 case and the A2 one, it
largest difference appears between th&Acase and the is seen that the absence of islands increases the wind speeds.

A_T3 one. In the latter the southwesterly winds blow for The larger speeds cause stronger advection of the cold ma-
rine air that is followed by the lower surface air temperature

www.ann-geophys.net/26/1711/2008/ Ann. Geophys., 26, 1I7/124-2008
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Fig. 10. Continued.

during the day. Due to the smaller land-sea temperature difwind field forms inside the Rijeka Bay (Fig. 2). A superposi-
ference the wind speed decreases¥0% in the afternoon. tion between the eddy and the daytime onshore flow creates
Therefore, the length of the ellipse is smaller in theTA  a more pronounced CW rotation in the ™ wind than in

test as compared with the_AL case (Figs. 6 and 7). An ad- the A T2 test. As for Opatija, the onshore flow in theT®
ditional reason for the overall low wind speed is the absencdest has a larger (by 25%) morning wind speed than in the
of both the canalizing of the air flow and the mesoscale ed-A_T1 case and smaller afternoon values. By removing the to-
dies near Opatija within the Rijeka Bay. The largest differ- pography in the AT3 test the southwesterly SB is enhanced
ence exists between the Pl case and the A3 test, witha by the background wind without a nighttime offshore flow
pronounced CW rotation of the hodograph (Fig. 10b). (Fig. 10c).

In Rijeka, as already observed, both the measured and very Malinska is placed in the area where the prevailing ACW
similar A_T1 hodographs have the CW rotation (Fig. 10c). rotation of the measured and modeled wind exists (Fig. 10d).
The hodograph for the A2 test displays significant dif- This coastal station is influenced by two mesoscale features:
ferences compared to the L case. In the AT1 case the the mesoscale eddy inside the Rijeka Bay and the conver-
daytime mesoscale eddy with the CW rotation in the surfacegence zone above the northeastern part of Krk (Fig. 2). The
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numerical results show that the ACW rotation of the wind in Hydrological Service of the Republic of Croatia and the Meteoro-

the A_T1 case is mostly due to the convergence zone, whicHogical Department of the Croatian Air Traffic Control at Zagreb

is generated east of Malinska. Hence, the morning north-Airport for providing the meteorological data. Comments by anony-

westerly winds are shifted eastward during the afternoon. Inmous reviewers led to notable improvements of the paper.

the AT2 test, since there are no islands, the hodograph de- _ Topical Editor S. Gulev thanks C. Lac and another anonymous

picts the wind rotation above sea surface: first ACW rotation¢€7€€ for their help in evaluating this paper.

and afterwards rather stationary wind behavior. Although the

geometry of the coast is conserved in th&B test, the very  references

low topography £10m) is unable to generate the conver-
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