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Abstract:  In this study, we investigate small-scale characteristics and spatial variability of severe Bora flow in the 
wider Zadar area with the objective of identifying reasons for the “Zadar calm”. A detailed analysis of several severe 
Bora events that occurred in the winter-spring 2004/5 season is undertaken, during which a new sodar system was 
deployed at the Zadar-Zemunik airport, which provided continuous vertical soundings from 40 to 700 m MSL at the 
temporal resolution of 10 minutes. The Zadar sodar data reveals a significant variability in the wind speed and direction 
during the severe Bora events. The maximum Bora speeds were observed in the layer between 300 and 500 m MSL, 
while the low-level flow was characterized by weak winds. This observational analysis also includes surface data from 
Zadar and several automatic weather stations located inside the target area, as well as the Zadar - Zemunik radio-
sounding data. Initial simulation results indicate that the Bora flow never fully penetrated to the surface near the coast in 
the Zadar area. The simulation results also suggest that the primary mountain wave could be responsible for low-level 
flow separation over the steep terrain, leading to weak surface winds over Zadar, downstream of Velebit.          
 
Keywords: Bora flow, sodar, flow separation, mesoscale variability  

 
1. INTRODUCTION  

 
Each winter several damaging bora storms hit the coastal region and islands of Croatia strongly affecting 

road transport safety and life in general. The most severe Bora is found beneath the southern slopes of 
Velebit, where complex orography is an important factor causing great horizontal and vertical wind speed 
variability over a relatively small area (e.g. Grubišić, 2004; Belušić and Bencetić-Klaić, 2006). One of the 
most pronounced spatial variabilities of Bora is present in the Zadar region. 

Zadar is situated on the eastern coast of the 
Adriatic Sea in the region of northern Dalmatia 
(Fig.1). Due to the vicinity of the southern end of 
Velebit–the 145 km long coastal mountain range 
that forms part of the Dinaric Alps–the area less 
than 20 km inland from Zadar is known for high 
frequency of severe Bora. In contrast, in the city 
of Zadar, Bora is considerably less frequent and 
weaker compared to its surroundings. Knowledge 
of the space-time variability of Bora flow and its 
strong shear and turbulence in the wider Zadar 
area is very important for traffic safety, in 
particular of the air traffic at the nearby Zadar-
Zemunik airport.  
 

 
Figure 1: Location of the broader Zadar area. Letter codes designate stations mentioned in the text: ZD – Zadar, ZZ – 
Zadar-Zemunik, OB – Obrovac, PB – Pag bridge, SR – Sv. Rok tunnel.  

 
 The existing statistical analyses highlight Zadar as the meteorological station with remarkably low wind 

speeds in comparison to the nearby locations. This is well illustrated by the maximum measured wind speeds 
in the broader Zadar area during the special observation period in winter 2003/2004. That winter 10 
anemometers were placed along the highway connecting the Sv. Rok tunnel (600 m MSL) and Zadar (5 m 
MSL). Relative frequency of Bora varied between 40-50% on the upper slopes (terrain heights above 200 m 
MSL) and 20-30% along the flat area closer to the Zadar station. Measured 10-min averaged wind speeds on 
the Velebit slopes reached up to 30 ms-1 with gusts up to 45 ms-1. During the same time period, the measured 
maxima at the Zadar station were 12 ms-1 for the 10-min averaged wind speed and 27 ms-1 for wind gusts.  



In this study, we investigate small-scale characteristics and spatial variability of severe Bora flow in the 
wider Zadar area with the specific objective of identifying physical mechanisms behind the “Zadar calm”. 

 
2. BORA OBSERVATIONS 
 

A detailed analysis of one Bora event that occurred in the winter-spring 2004/5 season is undertaken, 
during which a new sodar system was deployed at ZZ. The observational analysis includes surface data from 
three automatic weather stations available inside the target area. Figure 2 shows the time series of surface 
wind speeds and direction for the period 18 to 22 December 2004 from available surface sites (ZD, OB and 
PB), which are indicated in Fig.1. 

 

 
 
Figure 2: Time series of the 10-minute wind speed (thick solid line), wind gusts (thin solid line) and direction (doted 
line) from automatic weather stations at Obrovac (OB), Pag bridge (PB) and Zadar (ZD) for the period 18-22 December 
2004. 

    
Two Bora outbreaks, marked by a rapid increase of wind speed, occured during this period. The first 

Bora period started in the morning hours of 18 December 2004 and lasted almost 24 hours. After a short 
break, the Bora started again in the early morning of 20 December 2004. Winds were strongest at OB and PB 
(observed gusts exceeding 35 ms-1), which are located at the southern end of Velebit and are directly affected 
by the Bora flow. The downstream station ZD observed significantly weaker Bora winds (maximum gust 16 
ms-1).  

During the winter-spring 2004/5 season, a new Scientec MFAS sodar system was deployed at the Zadar 
airport (ZZ) (Jeričević et al., 2005). The Zadar sodar provides continuous vertical soundings in the range 
from 40 to 700 m MSL at the temporal resolution of 10 minutes and the vertical resolution of 20 m. The 
availability of these continuous high-resolution wind profiles allows us to examine mesoscale variability at 
very short temporal scales. Due to the limitations of the sodar system and its vertical reach, we focus here on 
the analysis of data obtained between 50 and 500 m MSL. Figure 3 reveals significant temporal variability of 
the lower tropospheric winds at ZZ observed on 20 December 2004, during the second severe Bora event 
described above. The maximum Bora speeds were observed above 300 m MSL, while the low-level flow 
was, for the most part, characterized by weak winds. This observational analysis is in agreement with the 
surface data from ZD. 

The sodar also provides continuous measurement of vertical motions (Fig.3). The magnitude of the 
vertical wind variability (± 6 ms-1) was clearly related to the strength of the Bora and its direction. The 
temporal variability of the vertical wind velocities evidences the existence of wave flow and turbulent 
mixing in the layers above 200 m by the alternation of patches of upward and downward motions.  
 
3. VERTICAL FLOW STRUCTURE 
 

Since there is no observational data available to describe the vertical flow structure over the entire target 
area, we use the 2 km dynamical adaptation of ALADIN/HR hydrostatic model simulation runs carried out at 
8 km resolution, the same approach used in some other recent Bora case studies (e.g. Brzović, 1999; Ivatek-
Šahdan and Tudor, 2004). In Fig. 4, shown are the wind field at the surface and in the vertical cross-section 



passing over Zadar and the southern tip of Velebit. The surface wind field reveals a band of strong flow at 
the base of Velebit extending farthest offshore in the central portion of the range. Around the southern tip of 
Velebit, the strong lee-side flow is confined to the immediate lee as further downwind the flow gets 
decelerated, giving rise to the surface wind minimum over the Zadar area - the so called “Zadar calm”.  
 

 

 
Figure 3: Time-height diagrams of wind speed (ms-1) and wind vectors (top) and the vertical velocity (ms-1; bottom) 
derived from the Zadar-Zemunik sodar data during 20 December 2004. 
 

The vertical cross-section of wind and potential temperature (Fig.4) shows a steeply amplified gravity 
wave above the Velebit lee slope. As a result of the pressure gradient due to descending isentropes, the flow 
accelerates across the ridge and forms a jet in the immediate lee. Further downwind from the base of the 
mountain, the jet separates from the surface and is found in the layer between 500 and 1000 m MSL some 50 
km downstream. This flow separation is accompanied by the upward displacement of isentropes over the 
coastal terrain and offshore islands resulting in the local surface flow deceleration under the elevated jet. In 
agreement with the surface measurements, the Bora jet does not reach the surface at the coast near ZD.  

The model results also suggest that the primary wave could be responsible for low-level flow separation 
over the steep terrain, leading to the strong Bora flow “lifting off” the ground. Local near surface wind speed 
minimum and the strongest bora flow above it are in a good agreement with the sodar measurements in ZZ. 



Similar Bora flow separation was detected to occur near Senj, in the lee of the northern part of the Dinaric 
Alps in the numerical study of Gohm and Mayr (2005).  
  

 
Figure 4: 10-m wind and vertical cross-section of wind and potential temperature (2K) for the ALADIN/HR 2 km 
dynamical adaptation for 09 UTC 20 December 2004 forecast. The arrows represent the direction of the horizontal 
wind, and the shaded areas correspond to the wind speed (ms-1). Black line in the left panel represents the base of the 
vertical cross-section shown to the right.  
 
4. CONCLUSIONS 
 

In this study, we investigate small-scale characteristics and spatial variability of the severe Bora flow in 
the wider Zadar area with the specific objective of identifying reasons for the “Zadar calm”. The analysis 
reveals a significant variability of the wind speed and direction during the severe Bora event examined. The 
maximum Bora speeds above Zadar were observed between 300 and 500 m MSL, while the low-level flow 
was characterized by weak winds. The temporal variability of measured vertical velocities gives evidence of 
of waves and turbulent mixing in the layers above 200 m MSL by the alternating patches of upward and 
downward motions. Initial simulation results indicate that the Bora flow never fully penetrated to the surface 
near the coast in the Zadar area. The simulation results also suggest that the primary mountain wave could be 
responsible for low-level flow separation over the steep terrain, leading to weak surface winds over Zadar, 
downstream of Velebit. As the physical processes in the real atmosphere are clearly more complex than their 
representation in a hydrostatic model such as the ALADIN, high-resolution simulations with the NRL 
COMAPS model will be performed to identify physical mechanisms causing this lee-side flow separation.   
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