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1Department of Geophysics, Faculty of Science, University of Zagreb, Zagreb, Croatia
2CNRM-GAME, Meteo-France/CNRS URA 1357, Toulouse Cedex, France
3Meteorological and Hydrological Service, Zagreb, Croatia

Correspondence to:M. T. Prtenjak (telisman@gfz.hr)

Received: 9 November 2013 – Revised: 17 February 2014 – Accepted: 23 February 2014 – Published: 14 April 2014

Abstract. The northeastern (NE) Adriatic in the northern
Mediterranean is the area with (i) the highest frequency of
thunderstorms in Croatia, and (ii) frequent appearances of
sea breeze (SB) along the coast. This study investigates the
impact of the combined large-scale wind (associated with
particular synoptic conditions) and the SB on the moist con-
vection development over the NE Adriatic. The four selected
cases were (i) chosen on the basis of a daytime moist convec-
tion; (ii) supplemented by one of the dominant large-scale
winds with seaward (NE, NW) and landward (SW, SE) di-
rections and (iii) simulated by WRF numerical model.

The near-surface wind patterns consisted of SBs along the
coastline, generated a narrow eastward-moving convergence
zone (CZ) along the area if the large-scale wind was less
than 9 m s−1 (below 500 hPa). Apart from the low-level CZ,
the advection of large-scale wind influenced the lifetime and
movement of the initial Cb cells. While the local front col-
lision with the NE wind advection caused the thunderstorm
to propagate southward, the CZ and fronts interaction deter-
mined the afternoon northwestward storm movement against
the NW large-scale wind. Due to particular synoptic back-
ground, the thunderstorm event in SE case was the shortest
with only a minor impact on the SB. While the origins and
locations of storm cells were completely controlled by the
low-level CZ and the upward advection of low-level mois-
ture at the SB front, the most typical convective case with
SW warm-wet wind only partially supported the SB–Cb in-
teraction.

Keywords. Meteorology and atmospheric dynamics (con-
vective processes; mesoscale meteorology; precipitation)

1 Introduction

The initiation and evolution of deep convection highly de-
pends on topography and both the synoptic and mesoscale
conditions (e.g. Cotton et al., 2011; Wang et al., 2013). If the
synoptic forcing is weak, the development of local circula-
tions dominates, for example, sea/land breeze (SB/LB), slope
winds and valley winds. Then, the interaction between the
local fronts could easily be a cause of deep convection (e.g.
Pozo et al., 2006; Qian, 2008) if they are supported by the
favourable mid-tropospheric conditions (e.g. Barthlott et al.,
2006; van Zomeren and van Delden, 2007; Sow et al., 2011).
The convection is often observed during the collision of two
SB fronts (e.g. Nicholls et al., 1991; Crook, 2001) or the gust
front and an SB front (e.g. Wilson and Megenhardt, 1997)
when the merging of the fronts affects the intensity of thun-
derstorms and the amount of convective precipitation. For ex-
ample, studying Hectors over the Tiwi Islands near the north-
ern Australian coast, Carbone et al. (2000) and Crook (2001)
reported the dominance of the interaction of gust fronts and
an SB front in 80 % of all recorded cases. Only 20 % of
the observed thunderstorms were initiated by the collision
of the SB fronts coming from the south and the north coast
of the island. Numerical experiments by Saito et al. (2001)
showed that topography characteristics such as height and
surface area of the island determined the merger time of the
clouds and the intensity of convection. Some studies revealed
that storms could occasionally form on horizontal convective
rolls (Kingsmill, 1995; Fovell, 2005). They interact with the
SB front simultaneously causing thermally induced gravity
waves that can favour or suppress the formation of new con-
vection (Stechmann and Majda, 2009). Because of the wind
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shear, one side of the pre-existing convection can be more
favourable for the formation of new convection cells or sys-
tems than the other side.

The principal characteristics of the gust front (e.g.
Wakimoto, 1982; Cotton et al., 2011) and SB front (e.g.
Kingsmill, 1995; Prtenjak et al., 2006; Miao et al., 2009)
are very similar because they both belong to gravity cur-
rents (Simpson, 1997). Identified by large updraughts, the
gust or SB front bounds the current that consists of a body
of high-density (and cold) air. The other main features are a
nose of the current, an elevated head and a turbulent wake
behind the head. Although both fronts have similar heights
within the boundary layer ranging from 0.5 to 2 km, they dif-
fer in intensity, speed and lifetime. Unlike the upward verti-
cal velocities within the SB front, where they can be up to
2 m s−1, the updraughts within gust fronts are stronger and
can reach 20 m s−1 (Cotton et al., 2011). The life span of a
SB front is associated with the diurnal heating cycle of the at-
mosphere (i.e.∼ 10 h), while the gust front is a much shorter
lived phenomenon linked with the lifetime of cumulonimbus
(Cb), which can survive for just less than 1 h.

Many years of intensive research on the impact of SB oc-
currences on single-cell and multi-cell thunderstorms have
been performed in Florida. The location and longevity of
thunderstorms as well as the total amount of precipitation
were controlled by the areal extent, magnitude and depth of
the low-level convergence (Wilson and Megenhardt, 1997;
Shepherd et al., 2001) caused by the SBs. The convergence
appeared approximately 90 min before the detection of con-
vective clouds on radar images (Ulanski and Garstang, 1978).
Usually, a narrow zone of very high convective available po-
tential energy (CAPE) occurred due to enhanced turbulent
heat fluxes, and convection began within a few kilometres be-
tween the two SB fronts causing moisture advection upward
(Nicholls et al., 1991). Above the two SB fronts, intense con-
vective cells near the centre of convergence also developed.
It was noted that while one cell usually died, the other be-
came stronger and could start 1 or 2 new cells. Secondary
cell development and rainfall production were highly influ-
enced by the 850–500 hPa moisture content (Shepherd et al.,
2001). Typical orders of magnitudes of both updraughts and
downdraughts in Florida’s storms exceeded 10 m s−1 (Yuter
and Houze Jr., 1995).

In Europe, the Mediterranean is one of the most active
convective areas (e.g. Christian et al., 2003), and a variety
of observational (e.g. van Delden, 2001; Manzato, 2007; Str-
elec Mahovíc and Zeiner, 2009; Azorin-Molina et al., 2009)
and modelling (e.g. Rakovec et al., 2004; Belušić et al., 2007;
Belušíc and Strelec Mahović, 2009; Mastrangelo et al., 2011;
Barthlott and Kirshbaum, 2013) studies have been conducted
to examine many individual convective events or their cli-
matology. For example, Kolios and Feidas (2010) found that
the formation of mesoscale convective systems was strongly
correlated with orography, where convection initiation is
favoured by thermal forcing over land and orographic lifting,

but with some differences in size, duration and diurnal varia-
tions compared with those in the tropics or the USA. The pre-
ferred areas of convective systems were along the northern
coasts of the Mediterranean basin with “hot spots” in the Gulf
of Genoa and the Adriatic Sea. Recently, Mikuš et al. (2012)
analysed the available lightning data above Croatia detecting
402 thunderstorm days in the warm parts of the 2006–2009
period. The study showed that the northeastern (NE) Adri-
atic (Fig. 1), particularly the Istrian peninsula, has the high-
est annual number of days with thunderstorms in Croatia.
The results were very similar to those for the nearby Friuli
Venezia Giulia plain squeezed between the Adriatic Sea and
the Julian and Carnic Alps (Manzato, 2007; Manzato, 2012).
The typical synoptic conditions were (i) low pressure forma-
tions that took up to 72 % out of a total 251 events for NE
Adriatic, and (ii) almost non-gradient (NG) surface pressure
field which accounted for 21 % of the total thunderstorm day
number. On 82 % of all days with convective activity, three
dominant wind regimes above the NE Adriatic were observed
on a large scale: from the SW (46 %), NE (18 %) and NW
(18 %) directions. Babić et al. (2012) analysed the relation-
ship between Cb clouds and SB over the Istrian peninsula in
the period of 1997–2006. The results have revealed that in
at least 51 % of daytime Cb occurrences, SB develops along
the coast. This geographical area regularly experiences SB
on 50 % of all summer days on average according to the cli-
matological studies (e.g. Prtenjak and Grisogono, 2007).

Bearing in mind that SB characteristics highly depend
on location and local topographic characteristics, such as
the size of the water surface, the height and slope of the
coastal terrain and the curvature of the coastline (e.g. Miller
et al., 2003; Crosman and Horel, 2010), our knowledge about
the SB impact on the deep convection over the Mediter-
ranean coast is still limited. A convex coastline and in-
creased surface roughness over land can significantly con-
tribute to the low-level (SB) convergence and therefore to the
severe convection, lightning and coastal precipitation. Re-
cently, Heiblum et al. (2011) and Mazón and Pino (2013)
showed that low-level convergence of LB and synoptic winds
close to the coastline as well as the frictional convergence
and high mountainous ridges have significant effects on the
formation of convection and precipitation. Still, most of the
research conducted over the Mediterranean has been focused
on the large, strong events enriched with high amounts of
precipitation and, to a lesser extent, on the meso-γ -scale
storms associated with SB/LB. Thus, the aim here is to in-
vestigate the influence of the combined large-scale wind and
thermally generated winds on individual thunderstorms in
one very convective area, the NE Adriatic.
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Fig. 1. (a)A close-up of the NE Adriatic (dotted rectangle in the up-
per right panel) with topography depicted by contours every 100 m
(for geographical details see the text) between 0 and 1500 m. Cir-
cles represent the positions of measuring sites; hourly meteorolog-
ical (Pazin, Pula-a and Rijeka) and climatological measurements.
The thick solid black line denotes the base of vertical cross-section
(B1B2) shown in later figures and Table 2.(b) The upper right
panel indicates the coarse-grid (A), mid-frame (B) and fine-grid (C)
WRF model domains, respectively. Numbered dot 1 denotes Udine
(46.03◦ N, 13.18◦ E) radio sounding station and dot 2 correspond to
the radio sounding station Zadar (44.10◦ N, 15.35◦ E).

2 Data and methodology

2.1 The area of research

The NE Adriatic area is located on the very northern edge
of the central Mediterranean and consists of a very complex
coastline, a large number of islands and a large peninsula, Is-
tria (Fig. 1a). Surrounded by the shallow sea on three sides,
Istria is characterised by three geographical regions. The
mountainous region is characterised by the northern Trieste
karst andĆićarija (∼ 1100 m high) mountains that stretch to-
ward the mountain of Ǔcka to the east, which is the highest
Istrian peak (1396 m a.g.l. - above ground level). The lower
coastal region is in the west and south of the peninsula (where
Pula airport is placed, see Pula-a in Fig. 1a), and the open low
limestone plateau (where the Pazin station is located) is in
the central part of the peninsula. Along the mainland shore,
the mountain range continues with the mountains of Risn-
jak (∼ 1500 m), Velika Kapela (∼ 1600 m a.g.l.) and Velebit
(∼ 1600 m a.g.l.). The larger islands within the Kvarner Bay
are Krk, Cres, Mali Lošinj and Rab, which form a few nar-
row sea passages, such as the Great Gate (GG), between the
islands of Cres and Istria. The islands of Krk and Cres, along
with the mainland, surround the smaller Rijeka Bay.

2.2 Selected cases and used data

To obtain insight into the spatial and temporal distribution
of SB and Cb interactions, we selected and simulated sev-
eral periods chosen from the Babić et al. (2012) and Mikuš et

al. (2012) data sets. For that purpose we used satellite images
(NOAA 16–18 and Meteosat 7, 8), data about total lightning
discharges from LINET network (Betz et al., 2009), radar
data from Lisca radar station (ARSO –www.meteo.si), radio
sounding data in Udine and Zadar (http://weather.uwyo.edu/)
and near-surface measurements from a standard meteorolog-
ical Croatian network (see positions in Fig. 1a).

The main criterion for selection was a daytime convection,
that is, the existence of Cb cell(s) in satellite images and/or
total lightning during the daytime hours (from 11:00 CET to
21:00 CET) over the NE Adriatic. Accordingly, the measured
rainfall should occur only during the light part of a day. Only
noon/afternoon occurrence of moist convection means also
that SB could be generated along coastlines. A comprehen-
sive inspection allows us to select the cases that contain an
interaction of Cb and SB above Istria supplemented by one
of the dominant large-scale wind types with seaward (NE,
NW) and landward (SW, SE) directions over the NE Adri-
atic. The selected cases are in Table 1.

Although the convective/rainfall pattern never depends
only on the large-scale wind pattern, Mikuš et al. (2012) have
revealed the most typical weather type (i.e. general atmo-
spheric conditions) that appears for each wind regime. The
authors concluded that while the NE wind is usually gen-
erated by the northern side of the cyclones, the NW wind
occurs along the rear side of the cyclone or upper-level
trough. The position of these low pressure centre patterns
is located eastward/northeastward from target area and de-
termines whether it will be the advection of a cold(er) air
above Croatia by NE or NW wind. On the contrary, the
SW (quite frequent) and SE (less frequent) flows are usu-
ally created by a front side of a well-developed cyclone (or
a trough) with the centre over the central Europe and the
Central Mediterranean, respectively. These winds distribute
warm and moisture-rich air over the NE Adriatic/Croatia.
Therefore, a detailed analysis of selected periods and cases
will provide an additional insight in relation to the general
characteristics of the atmospheric conditions obtained by the
climatological analysis in Mikuš et al. (2012).

2.3 Mesoscale model

The research mesoscale version of the non-hydrostatic
Weather and Research Forecasting WRF-ARW model (Ver-
sion 3.3; Skamarock et al., 2008) has been used for the sim-
ulation periods of 36 h (in cases C1–C3, Table 1) and 60 h
(case C4) starting at noon of the previous day to reproduce
chosen cases. The initial and boundary conditions were taken
from the global ECMWF analysis and the lateral boundary
conditions were updated every 6 h. The ECMWF analysis
resolution was not constant: in the four case studies anal-
ysed here, it was T511 (0.351◦ horizontal resolution) before
1 February 2006, and T799 (0.225◦ horizontal resolution) af-
ter. The vegetation and land-use data come from the USGS
24 category data set at a resolution of 30′′. Three domains
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Table 1.Selected simulated WRF cases with the Cb clouds over Istria in which the SB interacts with one of the dominant types of large-scale
(LS) wind (NE, NW, SE, SW). The second column displays the most dominant pressure pattern in general atmospheric conditions. Both the
SB duration and wind speed (WS) were evaluated at the Pula airport site (tip of the Istria peninsula). The measured daily precipitation is for
Pazin (see Fig. 1). Both onset and ending of the thunderstorms were determined on the basis of radar data.

General Dominant Thunderstorm SB duration Max hourly Daily R (mm)
Cases atmospheric LS onset–end onset–end 10 m WS onset–end
(date) conditions wind (CET) (CET) (m s−1) (CET)

Case C1 Rear northern side of NE 10:50–16:00 09:00–19:00 5.1 1.7
9 Jul 2006 cyclone over Black Sea (13:00–14:00)

with almost NG pressure
field over Istria

Case C2 Rear southern side of NW 11:10–16:30 09:00–13:00 4.1 0
8 Aug 2006 cyclone over Pannonian

Plain with relatively weak
surface forcing above Istria

Case C3 Rear southern side of SE 12:40–16:30 09:00–20:00 3.6 9.1
8 Jun 2003 anticyclone over Balkan (13:00–15:00)

Peninsula

Case C4 Front southern side of SW 08:50–18:50 09:00–20:00 3.1 0.5
6 Jul 2009 cyclone over (11:00–13:00)

7 Jul 2009
western/central Europe

00:00–07:10; – 5.1 5.5
08:40–17:00 (00:00–24:00)

with a two-way nesting on a Lambert conformal projection
were applied to reproduce the thermodynamic characteristics
over the NE Adriatic. The horizontal resolutions of model
domains were 13.5 km, 4.5 km and 1.5 km (Fig. 1b). The
top of the atmosphere is set at 50 hPa. The vertical domain
was divided by the 81 sigma levels, with the lowest half-
sigma level at∼ 12 m above the ground and with 13 levels in
the lowermost 2 kilometres. The vertical resolution stretches
from the lowest 25 m up to 250 m in the middle and upper
parts of the troposphere. The WRF physics options were kept
the same for all simulations and correspond to the Mellor–
Yamada–Janjić scheme for the planetary boundary layer: a
rapid radiative transfer model and a Dudhia scheme for long-
wave and short-wave radiation, respectively; a Lin micro-
physics scheme with ice, snow and graupel processes; an Eta
surface layer scheme based on Monin–Obukhov theory; and
a five-layer thermal diffusion scheme for soil temperatures.

3 Results and discussion

In Fig. 2, 27 h backward trajectories for three neighbouring
points (S1, S2, and Pazin in Fig. 1a) show four dominant
large-scale wind directions and advection of the air above Is-
tria; from the continent in cases C1 and C2 (see Table 1) and
landward air advection from the Adriatic Sea in the cases
C3 and C4, respectively. The trajectories were calculated by
means of modelled wind fields at a fixed level of 500 hPa at
the largest WRF model domain (1x = 13.5 km). In general,

consecutive parcel positions are relatively close, which, how-
ever, indicates the relatively low modelled wind speeds with
some differences in their dynamics. Thus, while the NE ad-
vection of the air parcel for the case C1 suggests very low
modelled wind speeds (in accordance with radio sounding
data in Fig. 3b), in case C3, the SE wind flow is more uni-
form during the examined period. The other two cases are
characterised by the stronger ambient wind with the opposite
behaviour; the NW wind in case C2 is getting slower as the
air approaches Istria and in case C4, the SW large-scale flow
gradually accelerates toward peninsula.

3.1 Case with the NE large-scale wind (case C1)

In case C1 (9 July 2006), the NE Adriatic (together with
the large portion of the European continent) was under the
influence of an almost NG high-pressure field at the sur-
face, with high pressure centres residing over NE Europe and
the mid-Atlantic (Fig. 3a). The combination of a high pres-
sure centre over NE Europe and a very weak low over the
Black Sea led to a generally NE large-scale flow over the
Adriatic area and Croatia in the lower troposphere. In the
upper levels an interesting feature was a pronounced diflu-
ence over the Alpine region and further towards eastern Eu-
rope. According to the radio sounding at Zadar (see Fig. 1b)
at 00:00 UTC, the NE flow with speeds less than 10 m s−1

dominated in most of the troposphere (Fig. 3b). The convec-
tive potential is given by the indices of instability at Zadar
and Udine; CAPE > 600 J kg−1 at both stations, and with
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Fig. 2. Depicted are 27 h three-dimensional backward trajecto-
ries arriving at the three nearby points (grey dots Pazin, S1, S2
in Fig. 1a) in Istria at 16:00 CET for four examined cases: on
9 July 2006, (case C1; green), 8 August 2006 (case C2; orange),
8 June 2003 (case C3; blue) and 7 July 2009 (case C4; violet). The
trajectories were calculated at 13.5 km horizontal resolution within
the largest model domain at 500 hPa level and arrows represent par-
cel positions for every hour.

convective inhibition (CIN) of∼ −150 J kg−1. Although the
bulk Richardson number (BRN) is relatively small in Zadar
(∼ 38; Fig. 3b), it is large in Udine (> 1400) indicating lit-
tle shear, strong buoyancy and possible multi-cell convective
storms on this part of the Adriatic coast. Over the NE Adri-
atic, the daytime convective storm occurred with the lifetime
of 5 h. The Istrian Cb clouds gave (i) a small amount of pre-
cipitation in Pazin (Table 1) and (ii) total lightning discharges
that made a narrow strip of 60 km flashes (Fig. 3c) along the
peninsula. Surface measurements reveal two characteristics:
relatively long-lasting onshore flows along the Istrian coast
(see Appendix A) and the convergence zone that looms in
the middle of the peninsula (Fig. 3d).

In Fig. 4, the simulated composite reflectivity is accompa-
nied by the near-surface wind field in the smallest model do-
main showing the SB and thunderstorm system (mesoscale)
evolution over Istria. Apart from the modelled field, the radar
images (ARSO –www.meteo.si) offer a qualitative compar-
ison for this case regarding the development and movement
of the thunderstorm. Additionally, the thermodynamic char-
acteristics of the SB and convection are summarised quanti-
tatively in Tables 2 and 3, respectively. Since the SB system
can be described on several spatial scales (SB circulation, SB
flow and SB front), the four widely used measures of the hor-
izontal and vertical length scales and the horizontal and verti-
cal wind speed scales (Crosman and Horel, 2010) were used

here (shown in Table 2) to describe the SB intensity. The pa-
rameters related to SB characteristics are determined during
10:00–12:00 CET while they are still largely undisturbed.

The model generated convective activities directly above
the mountainous ridge along the NE part of the penin-
sula (Fig. 4a). However, although the location was gener-
ally in good agreement with the corresponding observed data
(Fig. 4e); the model showed a somewhat earlier development
of the Cb cells (by 1 h). During the next hours, due to the
dominance of the NE large-scale wind, both the modelled
(Fig. 4b, c) and the observed radar echoes (Fig. 4f, g) form a
long line along the peninsula corresponding to the total light-
ning discharges in Fig. 3c. The evolution of the convection
is still slightly faster in the measurements compared to the
model, and thus, it decays 1 h later than in the observations,
after 16:00 CET (Fig. 4d, h).

Simultaneously, the near-surface wind data showed the
formation of the SB flow, apparently starting at 08:00 CET
and reaching a maximum about 13:00 CET (Figs. 4 and A1),
which is in accordance with the measurements (in Fig. 3d).
From 10:00 to 12:00 CET, the onshore SB flow and the cor-
responding SB front are located approximately 10–15 km in-
land of the western peninsula coast (Fig. 4). A large part
of the peninsula is under the influence of the low-level NE
to easterly wind (supported by the ambient NE wind) that
forms a horizontal convergence zone with the shallow on-
shore NW to westerly flow. The effect of the opposite ambi-
ent wind here is a relatively slow penetration of the western
SB inland. The SB is in a form that corresponds to the grav-
ity current (e.g. Simpson, 1997) and has the maximum speed
of the SB up to 5 m s−1 (Table 2), the height of the SB front
to approximately 1800 m and the SB body (i.e. depth of on-
shore flows) up to 800 m (not shown). At the very narrow
SB front, the largest updraughts among cases, reach approx-
imately 1 m s−1 (in the range of 1–2 km a.g.l. Table 2) before
colliding with the deep convection. Additionally, the slow in-
land penetration of the western SB front also coincides with
the results of a recent study above the same geographical re-
gion where the SB development within a moderate bora wind
environment was investigated (i.e. NE wind, Prtenjak et al.,
2010).

The surface temperature difference between the interior of
the peninsula and sea surface did not exceed 3 K (not shown),
with a large temperature gradient (across the SB front) occur-
ring at the narrow convergence zone. The same area can be
easily recognised by the maximum CAPE (∼ 2000 J kg−1)

values, where the CAPE gathers due to the heat and moisture
surface fluxes during the SB inland penetration close to the
front (Fig. 5a). The same was found in Florida (e.g. Wilson
and Megenhardt, 1997), where deep convection resulted
from a significant low-level convergence within the thin con-
vergence zone (up to 3 km wide in C-band radar images)
that was followed by a large CAPE. The maximum CAPE
values here correspond to a lower lifting condensation level
(LCL ∼ 1000 m, Table 3) and a lower level of free convection

www.ann-geophys.net/32/401/2014/ Ann. Geophys., 32, 401–420, 2014
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Fig. 3. Case C1, 9 July 2006:(a) surface pressure distribution (white lines) and geopotential of 500 hPa pressure level (filled areas) at
00:00 UTC (i.e. 01:00 CET) (source:http://www.wetterzentrale.de/topkarten/fsreaeur.html). (b) Radio sounding profiles plotted on a skew T-
log p diagram in combination with convective indices in Zadar (44.10◦ N, 15.35◦ E) at 00:00 UTC (i.e. 01:00 CET);(c) lightning distribution
from 13 to 14:00 CET from LINET network (Betz et al., 2009). The coloured crosses indicate the detection of lightning within one hour:
purple (< 3 min), red (10–3 min), orange (20–10 min), yellow (30–20 min), green (40–30 min), light blue (50–40 min) and blue (> 50 min);
(d) the measured 10 m wind vectors (m s−1) and 2 m air temperatures (◦C) at 14:00 CET (measuring sites in Fig. 1a).

Table 2.Sea breeze (SB) characteristics and thermodynamical variables from the model averaged in time (for period of 10:00–12:00 CET),
over the Istria peninsula for four selected cases. Parameters were defined along the vertical cross-section (B1B2) shown in Fig. 1. In the
table, abbreviations represent max SB speed = maximum wind speed in the western onshore flow usually between 200 and 300 m a.g.l, SBF:
sea breeze front and low-level MFC: moisture flux convergence (e.g. Eq. 5 in Banacos and Schultz, 2005). Inland penetration of the SB and
SBF height are determined by the position of the SBF updraft. A negative divergence (∂u/∂x + ∂v/∂y < 0) in the table means maximum
horizontal convergence value associated with SBF.

Parameters in vertical cross section Case C1 Case C2 Case C3 Case C4
(10:00–12:00 CET) 9 Jul 2006 8 Aug 2006 8 Jun 2003 6 Jul 2009

max SB speed (m s−1) 4.1 5.0 3.8 5.0
SB inland penetration (km) at 11:00 CET 11 13.5 15 14.7
SBF height (m) 1800 1266 1400 1200
SBF updraft (cm s−1) 93 50 73 62
Divergence× 10−3 (s−1) across SBF −1.3 −0.8 −0.8 −1.0
low-levelq in SB (g kg−1) 13.1 12.8 15.1 14.3
MFC at SBF× 10−3 (g kg−1 s−1) 18.3 11.7 12.5 17.1

Ann. Geophys., 32, 401–420, 2014 www.ann-geophys.net/32/401/2014/
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Table 3.Thermodynamical variables over the Istria peninsula for four selected cases. In the table, abbreviations represent: CAPE: convective
available potential energy, CIN: convective inhibition, LCL: lifting condensation level, LFC: level of free convection. Max CAPE, max CIN,
LCL and LFC are calculated for the parcel in each grid point with maximum equivalent2 below 3000 m a.g.l. Hourly maximum values of
max CAPE, max CIN and hourly minimum values of LCL and LFC were averaged between 10:00 and 14:00 CET. From vertically averaged
mixing ratio (q; g kg−1) and air temperature (T ; ◦ C) in the layer of 850–500 hPa, hourly maximumq andT values (over the peninsula)
were averaged in time, between 10:00 and 14:00 CET.

Parameters in horizontal Case C1 Case C2 Case C3
Case C4

cross sections (10:00–14:00 CET) 9 Jul 2006 8 Aug 2006 8 Jun 2003 6 Jul 2009 7 Jul 2009

max CAPE (J kg−1) 1780 1260 3332 2063 2699
max CIN (J kg−1) 29 66 78 63 79
LCL (m) 1060 793 746 432 277
LFC (m) 1133 820 908 477 356
Averaged maxq (g kg−1) between 850 and 500 hPa 6.2 4.7 4.3 6.4 6.8
Averaged maxT (◦C) between 850 and 500 hPa 1.7 −1.2 2.8 2.3 1.6

(LFC∼ 1100 m). In the western SB, a low-level mixing ra-
tio (q) is approximately 13 g kg−1 (Fig. 5b, Table 2) which
corresponds to rh∼ 70 % along the peninsula. The vertically
averagedq in the critical layer between 850and 500 hPa (ac-
cording to the e.g. Shepherd et al., 2001; Barthlott et al.,
2006) is in the range of 3–7 g kg−1, as shown in Table 3.
Theseq values correspond to rh values that are in general
higher than 50 % (Fig. 5c). In accordance with the described
atmospheric conditions, the CAPE and low-levelq values
are somewhat less than reported as favourable conditions for
convective activity over a low-mountain range in SW Ger-
many (CAPE∼ 2500 J kg−1 and low-levelq ∼ 18 g kg−1 in
Barthlott et al., 2006). Nevertheless, Shepherd et al. (2001)
argued that at least 60 % relative humidity in the Florida
lower troposphere was favourable enough for thunderstorm
development, which corresponds to the results shown here.

The initial Cb development occurred over the mountain
ridges (Fig. 4), where the main cause of their origin was the
larger air lifting along the slopes and well-disposed atmo-
spheric humidity in the mid-troposphere. The Cb cells prop-
agated toward the downslope side providing the rapid de-
velopment of new convective cells over the peninsula. Two
features were very important for the significant development
of the thunderstorm: (i) cloud advection by the NE ambi-
ent wind and (ii) the existence of the low-level convergence
zone. From 10:00 to 12:00 CET, the initial cells over the
mountains were advected by the NE wind to the SW, po-
sitioning them to the leeward side of the mountain range
relatively close to the NW part of the surface convergence
zone. In this area, during their mature phase (at 11:00 CET,
Fig. 4b), the downdraught outflows from the convective cells
collide with an SB front along the convergence zone, ele-
vate humid air from SB and make secondary cells along the
NW part of peninsula. Cells were usually separated by dis-
tances of∼ 10 km. Kingsmill (1995) noted that a certain dis-
tance between the gust fronts and SB fronts must exist for
the strongest convergence and convective development. He

suggested an optimal extent of approximately 7 km on either
side of the initial boundary contact point for this distance.

With the cell creation above the convergence zone, the
forced propagation mechanism of the storm’s movement
along the convergence zone toward the south is established.
According to Cotton et al. (2011), forced propagation means
the sustained regeneration of a convective storm by an ex-
ternal forcing mechanism, such as the SB fronts and conver-
gence zone here. In the early afternoon, fed by western SB,
the new cells started to bud and the explosive development
over the centre of the peninsula occurred (Fig. 4c, g). Dur-
ing this stage close to Pazin, the cloud-top height is approxi-
mately 8 km, with updraughts that reach 11 m s−1 at approx-
imately 5 km aloft. The downdraughts were asymmetric on
the side opposite to the SB at first (in Fig. 5d∼ 1.8 m s−1).
The downdraughts (up to 3.3 m s−1 at 850 hPa level in next
hour) created two relatively large pools of cold air (of ap-
proximately 2–3◦C) beneath the cloud bases that affected the
separation from their origin within the SB front (not shown).
After 14:00 CET, the convective activities were in the decay
stage followed by the significant changes in the near-surface
wind (and therefore the SB flow), temperature and humidity
over the peninsula.

3.2 Case with the NW large-scale wind (case C2)

In this case, the NE Adriatic was mostly affected by the rear
side of the eastward moving cyclone, while the western Adri-
atic coast was under the influence of the cyclone that simulta-
neously developed in the Bay of Genoa (Fig. 6a). Due to the
Genoa cyclone, the synoptic set-up in this case differs from
the previous one, causing more pronounced pressure gradi-
ents over the area of interest. Since the NE Adriatic was at the
rear side of the upper-level trough, along the eastern Adri-
atic (i.e. in Udine and Zadar), the pre-storm environmental
wind was predominantly from the NW direction with speeds
mostly below 10 m s−1 in the first 6 km of the troposphere
(Fig. 6b). While above the Udine station at 00:00 UTC, the
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Fig. 4. (a–d) Diurnal evolution of the modelled near-surface wind
(in m s−1, at 10 m a.g.l.) associated with the maximum simulated
equivalent radar reflectivity factor (dBZ) on 9 July 2006 at(a)
10:00 CET,(b) 11:00 CET,(c) 14:00 CET and(d) 16:00 CET. Wind
vectors are depicted on every second grid point (reference length
in the upper right corner-hand corner). The thick black solid line
in (a) indicates the position of the main convergence zone.(e–h)
Radar reflectivity factor (dBZ) in radar images (source: ARSO –
www.meteo.si) on 9 July 2006 at(e) 11:00 CET,(f) 12:30 CET,(g)
13:30 CET and(h) at 14:30 CET. The radar reflectivity is given with
a 3 dBZ interval.

large potential energy for the convection was present in the
convective indices (CAPE∼ 900 J kg−1, CIN∼ −87 J kg−1,
and BRN > 50), in Zadar and later in the day along the
coast, these magnitudes were significantly decreased (with
e.g. CAPE < 200 J kg−1 at both stations). Still, the convec-
tion over the NE Adriatic is confirmed by the clouds over
the mountaintops in the noon satellite image revealing si-
multaneously the nearly straight line of midday clouds over
the peninsula (not shown). This cloudy line was associated
with the early afternoon lightning distribution, visible as a
v-stripe shape in Fig. 6c. The v-stripe corresponds to the sur-
face convergence of the relatively rare surface wind measure-
ments (Fig. 6d). Despite the deep moist convection, there is
no recorded precipitation in Pazin (Table 1).

(a)      (b) 

        
(c)                                                                    (d) 

 

 
Fig. 5. Horizontal distributions on 9 July 2006 of(a) the CAPE
(J kg−1) at 10:00 CET that represents the potential for deep convec-
tion; (b) the low-level humidity mixing ratio (g kg−1) at 13:00 CET;
(c) the averaged relative humidity (%) in the layer between 850 hPa
and 500 hPa at 12:00 CET;(d) vertical cross-section (B1B2) (in
Fig. 1a) of the potential temperature (while lines), humidity mix-
ing ratio (filled areas) and wind vectors at 13:00 CET.

At 10:00 CET, the SB developed on the shores of the
peninsula according to both measurements (Fig. A1) and the
model (Fig. 7a). In some areas, such as the Gulf of Trieste
and along the western Istrian coast, the SB system over-
lapped with the ambient wind causing the advection of the
sea air inland (Fig. 7a, b). The SE coast, however, was in-
fluenced by the less organised weak wind regime that was
difficult to simulate precisely enough. Until 13:00 CET, the
SB intrusion over land is sporadically greater than 40 km in
the northern part of the peninsula and decreases to the south.
The main convergence zone was strongly curved in space as
a result of the western and SE onshore flow collision. Due
to the overlap in directions between the large-scale wind and
SB flow, the SB front strength is decreased in terms of the
surface convergence (Table 2), SB front height and updraft
speeds. If a deeper SB penetration and larger horizontal SB
wind speeds (Fig. 7a, b) were not accompanied by greater
vertical velocities at the SB front and by vertical SB dimen-
sions (Table 2), SB systems were defined as weak(er). There-
fore, this case represents thunderstorm case supported by the
weak(est) SB event.

The life span of a thunderstorm event (Fig. 7) is approx-
imately 6 h starting at approximately 11:00 CET and decay-
ing at 16:30 CET, with a slight delay (by 1 h) in the model.
Around noon (Fig. 7a, e), the daytime radar images show two
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Fig. 6. Case C2, 8 August 2006:(a) surface and 500 hPa pressure distribution at 00:00 UTC (= 01:00 CET);(b) radio sounding profiles
plotted on a skew T-log p diagram in combination with convective indices in Zadar (44.10◦ N/15.35◦ E) station at 00:00 UTC (= 01:00 CET);
(c) lightning distribution from 13:00 to 14:00 CET from LINET network (Betz et al., 2009). The coloured crosses indicate the detection of
lightning, same as in Fig. 2c;(d) the measured 10 m wind vectors (m s−1) and 2 m air temperatures (◦C) at 14:00 CET (measuring sites in
Fig. 1a).

independent regions of significant convective activity (that
are partially reproduced by the model): a mountainous area
to the north and a prominent convex part of the SE Istrian
coast. A blocking effect of the northern mountains resulted
in a significant uplift of the NW flow that triggered the ther-
mal convection over the elevated (Učka) area. Although the
model limitations unfortunately did not allow a perfect repro-
duction of all Cb cells, it seems that the surface convergence,
augmented by the curved part of the coastline, initiated the
SE storm cell.

Case C2 is characterised by the lowest CAPE and the low-
est near-surface humidity compared to the other cases (Ta-
bles 2 and 3). Nevertheless, the mid-tropospheric humid-
ity over the peninsula was consistently high (Fig. 8b), sat-
isfying the favourable conditions for thunderstorm develop-
ment (Shepherd et al., 2001). The horizontally tilted zone of
maximum CAPE in Fig. 8a was determined by the horizon-
tally tilted zone of narrow low-level convergence (Fig. 7a)

and corresponds to the cloud line in the satellite image (not
shown). At 13:00 CET, both the model and the observa-
tions showed several storm cells developing (Fig. 7b and f).
Apart from the storm cell intensification over the mountain
of Učka, in the middle of the peninsula, convective cells oc-
curred above a convergence zone. The thunderstorm outflow
collision of sporadic cells with the SB fronts along the con-
vergence zone produced new, stronger convection over the
larger part of peninsula; the convection is visible as a v-stripe
(Fig. 7c and g) where the high reflectivity areas correspond
to the highest density lightning areas (Fig. 6c). The down-
draughts spread out downwind rapidly creating a cold pool
of drier and colder air (up to 4◦C colder) from the high lev-
els that destroyed the suitable conditions for the SB mainte-
nance. The interaction between the gust front and SB front
was also the main mechanism responsible for the afternoon
occurrence of new storm cells in the NW of the peninsula
(Fig. 7d and h). According to the path of convective cells

www.ann-geophys.net/32/401/2014/ Ann. Geophys., 32, 401–420, 2014



410 G. Poljak et al.: Wind patterns associated with the development of daytime thunderstorms

 

(

(a

(e) 

(c) 

a) 

                  (f)      

 

            (g)

(d) 

(b) 

 
 (h) 

 

 

 

Fig. 7. (a–d) Diurnal evolution of the modelled near-surface wind
(in m s−1, at 10 m a.g.l.) associated with the maximum simulated
equivalent radar reflectivity factor (dBZ) on 8 August 2006 at(a)
12:00 CET,(b) 13:00 CET,(c) 14:00 CET and(d) 16:00 CET. Wind
vectors are depicted in every second grid point (reference length
in the upper right corner-hand corner). The thick black solid line
in (a) indicates the position of the main convergence zone.(e–h)
Radar reflectivity factor (dBZ) in radar images (source: ARSO –
www.meteo.si) on 8 August 2006 at(e) 11:10 CET,(f) 13:00 CET,
(g) 13:50 CET and(h) at 15:30 CET. The radar reflectivity is given
with a 3 dBZ interval.

spreading, this is a case where the gust front-SB front inter-
actions overcome the effect of large-scale NW wind advec-
tion on convective clouds. Over the Bay of Rijeka, storms
dissipated quickly when they moved over the sea due to the
increased stability. The total rainfall was slightly higher than
the estimated radar value; however, the location and distri-
bution of rainfall was generally tied to the convergence zone
in both the model (Fig. 8c) and measurements (Fig. 8d). The
lower mixing ratio that existed in the colder air (compared
to the case C1) still produced unstable convergent SB up-
draughts. Consequently, the three-dimensional overshooting
uplifts sporadically exceed 11 m s−1 (at 4 km aloft) with the
cloud-top at 9.5 km that made case C2 the most intense thun-
derstorm case.

 37
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Figure 8. Horizontal distributions on 8 August 2006 of (a) the CAPE (J kg-1) at 12 CET that 8 

represents the potential for deep convection; (b) the averaged relative humidity (%) in the 9 

layer between 850 hPa and 500 hPa at 13 CET; (c) total precipitation (mm) from 13-14 CET 10 
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Fig. 8. Horizontal distributions on 8 August 2006 of(a) the CAPE
(J kg−1) at 12:00 CET that represents the potential for deep con-
vection;(b) the averaged relative humidity (%) in the layer between
850 hPa and 500 hPa at 13:00 CET;(c) total precipitation (mm) from
13:00 to 14:00 CET total precipitation in past 1 h;(d) rainfall rate at
13:40 CET (source: ARSO –www.meteo.si).

3.3 Cases with onshore large-scale wind
(cases C3 and C4)

On 8 June 2003 (C3 case), a high-pressure field with weak
surface pressure gradients was situated over the NE Adri-
atic (Fig. 9a), being a part of a large anticyclone with centre
over the central Europe. In the vertical, high-pressure field
was stretching all the way up to 200 hPa, making the flow
at the NE Adriatic region generally SE to southern through-
out the troposphere (Fig. 9b). Speeds were less than 7 m s−1

below 10 km, and above 600 hPa level to the tropopause the
winds were very persistent with small directional changes,
less than 50◦. A shallow elevated cyclone over Sardinia also
supported these flow directions over the Adriatic. Similar to
the case C1, diffluent flow in Fig. 9a, with very weak pres-
sure gradients also in the upper levels, can be observed over
the central Europe region. At 00:00 UTC, the sounding in
Zadar shows a prominent maximum in temperature at about
900 hPa (Fig. 9b). As a consequence of the warming in the
daytime, soundings at noon at both locations show a con-
ditionally very unstable atmosphere with large CAPE values
∼ (900–1300 J kg−1), with CIN ∼ ((−50)–(−80) J kg−1) and
BRN in the range of 103 (Zadar) and 858 (in Udine). Thun-
derstorm characteristics (e.g. lightning flashes) for this par-
ticular case are displayed in Fig. 9c, with Cb formation and
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Fig. 9.Case C3, 8 June 2003:(a) surface and 500 hPa pressure distribution at 00:00 UTC (i.e. 01:00 CET);(b) radio sounding profiles plotted
on a skew T-log p diagram in combination with convective indices in Zadar (44.10◦ N, 15.35◦ E) station at 00:00 UTC (i.e. 01:00 CET);
(c) cloud-to-ground lightning distribution (crosses), from 13:00 to 14:00 CET and radar echo (blue areas); source: ARSO –www.meteo.
si (Slovenian Environment Agency). The coloured crosses indicate the detection of lightning: yellow (< 10 min) – orange (> 50 min);(d)
measured 10 m wind vectors (m s−1) and 2 m air temperatures (◦C) at 14:00 CET (measuring sites in Fig. 1a).

precipitation occurring in the middle of the peninsula (Ta-
ble 1). The NE Adriatic coast was influenced by the undis-
turbed SB flow with speeds up to 4.5 m s−1 that are observed
in the measurements (Fig. 9d) and confirmed by the model
(Appendix A).

The last chosen case (C4 case) belongs to the most fre-
quent convective weather type, in nearly 50 % of all ob-
served cases associated with deep moist convection in the
NE Adriatic (Mikuš et al., 2012). It is characterised by the
approaching of a large deep cyclone from the NW over west-
ern Europe with formed low in the Bay of Genoa (Fig. 10a).
These low pressure formations were destroying the existed
NG weather type over the NE Adriatic on 6 July 2006. They
caused a rotation of large-scale wind direction from NE to
SW that contributed to the significant moisture intrusion over
the land. According to the soundings in Zadar, Fig. 10b, the
SW to WSW wind dominated in the whole troposphere and
gradually strengthened from midday 6 July (to∼ 8 m s−1)

to midday 7 July (to∼ 18 m s−1) below 400 hPa. The front
(connected with this low) has become quite intense produc-
ing strong and relatively long-lasting convection (Table 1)
and severe weather over much of the NE Adriatic. In the
morning hours on 7 July hail was reported over the Pula air-
port. While convective indices (Fig. 10b) confirmed convec-
tion over the area of interest, SB and its characteristics were
less obvious over the peninsula (Fig. A1). According to the
surface measurements, while the SB was blowing inland over
Istria during 6 July (similarly to case C3; not shown), the rel-
atively uniform landward flow in Fig. 10c does not present a
developed SB (if at all) over the peninsula on 7 July, which
will be discussed in the following sections. This synoptic set-
up, associated with the SB–Cb phenomena that occurred up-
stream of the approaching trough under the influence of mod-
erate SW flow, is quite typical in the western Mediterranean
as well (Barthlott and Kirshbaum, 2013).
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Fig. 10. Case C4, 7 July 2009:(a) surface and 500 hPa pressure
distribution at 00:00 UTC (i.e. 01:00 CET);(b) radio sounding pro-
files plotted on a skew T-log p diagram in combination with con-
vective indices in Zadar (44.10◦ N, 15.35◦ E) station at 00:00 UTC
(i.e. 01:00 CET);(c) measured 10 m wind vectors (m s−1) and 2 m
air temperatures (◦C) at 14:00 CET (measuring sites in Fig. 1a).
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Fig. 11. (a, b)Diurnal evolution of the modelled near-surface wind
(in m s−1, at 10 m a.g.l.) associated with the maximum simulated
equivalent radar reflectivity factor (dBZ) on 8 June 2003 at(a)
13:00 CET and(b) 14:00 CET. The every second wind vector is
depicted with reference vectors near the upper right-hand corner
and the thick black solid line in(a) indicates the position of the
main convergence zone.(c, d) Radar reflectivity factor (dBZ) in
radar images (source: ARSO –www.meteo.si) on 8 June 2003 at
(c) 12:50 CET and(d) 14:00 CET. The radar reflectivity is given
with a 3 dBZ interval.

In cases C3 (Fig. 11) and C4 (Fig. 12), the southerly ambi-
ent winds are mostly onshore, which could produce a much
deeper inland SB intrusion (Miller et al., 2003). In the model,
the western SB is very well developed, with penetrations of
35 km inland in the early afternoon that occur almost uni-
formly along the peninsula (see Figs. 11b, 12b). The SE
part of Istria is marked by the weak SB in C3 and almost
ill-defined in C4 (with many local convergence zones), still
forming the interior convergence zone along the peninsula.
In addition to the afternoon deepest intrusion of the western
SB over land (Table 2), the onshore ambient wind determined
the width of the SB front and (lower) vertical updraft along
it.

The lifetime of C3 stormy event along the peninsula is rel-
atively short according to both the model and the radar data
(Fig. 11); from 12:40 CET to 15:00 CET with its culmina-
tion at approximately 13:30 CET. The comparison between
the modelled and measured radar reflectivity revealed a rela-
tively correct daytime evolution and duration of the modelled
event; however, the spatial coverage is underestimated by the
model during the maximum phase of thunderstorm event.

Among the cases (Table 3), the CAPE in C3 along the con-
vergence zone had the largest values (∼ 3000 J kg−1) and,
consequently, the lower LFC and LCL which means in order
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Fig. 12. (a, b)Diurnal evolution of the modelled near-surface wind
(in m s−1, at 10 m a.g.l.) associated with the maximum simulated
equivalent radar reflectivity factor (dBZ) on 6 July 2009 at(a)
11:00 CET and(b) 14:00 CET. The every second wind vector is
depicted with reference vectors near the upper right-hand corner
and the thick black solid line in(a) indicates the position of the
main convergence zone.(c, d) Radar reflectivity factor (dBZ) in
radar images (source: ARSO –www.meteo.si) on 6 July 2009 at(c)
10:50 CET and(d) 14:00 CET. The radar reflectivity is given with a
3 dBZ interval.

to trigger convection a faster uplift is required. The largest
modelled CAPE is consistent with the potential for the con-
vection observed for the radio sounding data in this case
as well. The spatial distribution of CAPE along the penin-
sula (not shown) is similar to that in case C1 (Fig. 5a), still
with smaller differences. In case C1, the convergence in the
wind field and larger CAPE are in the southern part of the
peninsula. In contrast, in C3, a stronger merging of the near-
surface wind is in the NW part of the peninsula (Fig. 11a)
producing higher CAPE (and consequently the Cb cell). The
main reason is the divergence of the onshore flow due to the
concave coastline in the Gulf of Trieste and increased surface
roughness over the land.

While the model reproduced the observed highest low-
level humidity in case C3 (Tables 2 and A1), it simultane-
ously revealed a significant decrease in the moisture above
the boundary layer (PBL) height (Figs. 13a, b). The verti-
cally averaged (850–500 hPa) rh values mostly in the range
of 20–40 % indicated a relatively dry atmosphere aloft. In
such an atmospheric environment, the SW to westerly sur-
face flow favours only the development of sporadic convec-
tion above the convergence zone, as shown in Fig. 11. In this
case, the enhanced low-level humidity (q ∼ 15–16 g kg−1)

close to the SB front position and associated overshooting

updraft (with speeds greater than 11 m s−1) over the conver-
gence zone resulted in several short-lived single Cb cells in
the model. However, despite the existence of downdraughts
and cold pools of air (at approximately 1–2◦C) beneath the
cloud base, the influence of cells on the thermodynamic fields
was only minor. The intensity of the precipitation was rather
rare and sporadic over the peninsula (not shown).

According to the model, the main driving mechanism for
deep convection initiation and maintenance in case C3 was
(i) the lower-tropospheric shear along the convergence zone
and (ii) the humidity advection by the SB front. The latter el-
evates both the amount and the depth of humidity in the mid-
troposphere very locally in the presence of mid-level subsi-
dence (due to high pressure environment). The dry air en-
trainment could reduce cloud buoyancy by evaporating wa-
ter (Sherwood et al., 2010). Although the model underesti-
mated the thunderstorm intensity, compared with the other
cases, case C3 also had the shortest duration and the smallest
spatial dimensions according to the radar images. Bearing in
mind that convective development needs three main ingredi-
ents: moisture, instability and lift (Doswell III, 1987), in this
case, one of the ingredients, namely mid-tropospheric mois-
ture, seems to be below average amount for strong stormy
events (Table 3). Since instability was present (according to
the instability indices derived from the radio soundings and
confirmed by the model) and lift is provided primary by the
low-level wind convergence and by the orography of Istria, it
can be presumed that under-average mid-tropospheric mois-
ture is compensated by the SB mechanism advecting humid
air from the sea in the lowest layers.

Weak storm intensity in C3 provokes the question: how
much is C3 really a typical thunderstorm case for the NE
Adriatic? Mikuš et al. (2012) stressed that the SW wind
regime on the front side of low pressure systems domi-
nated in lightning climatology as atmospheric background
for thunderstorms. They defined a thunderstorm day as a day
with at least 10 lightning strokes per hour (regardless of time
of day) across the NE Adriatic. As daytime Cb development
is the focus here, we performed the additional (re)analysis of
weather types and wind regimes based on the same method-
ology as in Mikuš et al. (2012). Accordingly, we have se-
lected 100 days with daytime Cb and/or only daytime light-
ning (see Sect. 2.2) in the warm period from 2000 to 2009.
The reanalysis of thunderstorm database showed that when
the potential SB–Cb interaction occurred, NW and NE wind
regimes were almost always products of remote low pressure
systems and were much more frequent as atmospheric con-
ditions (than in Mikuš et al., 2012). This means in∼ 60 % of
SB–Cb days (Fig. 14). In addition, the NE wind usually ad-
vects less cold air from the Black Sea area, and the NW wind
brings much colder air from the Atlantic/north that agrees
to the mid-tropospheric temperatures in Table 3. The situ-
ation is also different regarding the landward wind direc-
tions, where in almost∼ 40 % of all onshore synoptic wind
cases, the formation of high pressure pattern exists above NE
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Figure 13. (a,c) Horizontal distributions of the averaged relative humidity (%) in the layer between 6 
850 hPa and 500 hPa at 14 CET on (a) 8 June 2003 and (c) 6 July 2009; (b,d,e) vertical cross-sections 7 
B1B2 (see in Fig. 1) of the potential temperature (while lines), humidity mixing ratio (filled areas) and 8 
wind vectors at 13 CET on (b) 8 June 2003, (d) 6 July 2009 and (e) 7 July 2009. 9 
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Fig. 13. (a, c)Horizontal distributions of the averaged relative hu-
midity (%) in the layer between 850 hPa and 500 hPa at 14:00 CET
on (a) 8 June 2003 and(c) 6 July 2009;(b, d, e) vertical cross-
section (B1B2) (see in Fig. 1) of the potential temperature (white
lines), humidity mixing ratio (filled areas) and wind vectors at
13:00 CET on(b) 8 June 2003,(d) 6 July 2009 and(e)7 July 2009.

Adriatic. There are several reasons for the reduced number of
the most common SW warm-wet flow in cases with SB–Cb
interaction. First, the Mediterranean cyclones are more fre-
quent during spring and autumn when SBs are less frequent
(Prtenjak and Grisogono, 2007), with significantly lower in-
cidence in summer. Second, the eastward tracks of Mediter-
ranean cyclones (e.g. Horvath et al., 2008) actually mean fur-
ther strengthening of the large-scale flow over the target area
that consequently prevents the SB development over Istria.
This can be seen in the SB evolution in case C4 which de-
spite the warm temperature advection and very favourable
moisture distribution in the unstable flow (the largest mid-
tropospheric humidity and large CAPE; the lowest LCL and
LFC; Table 3 and Fig. 13c–e), the initially formed conver-
gence zone in the late morning (Fig. 12a) rapidly lost its ba-
sic features (shown in cases C1–C3). Due to the overlapping
between the western SB and SW large-scale wind, the con-
vergence zone moved very fast toward the NE of the penin-
sula in the base of the mountains (Fig. 12b). The convective

Fig. 14. A relative proportion of days with particular atmospheric
conditions with daytime thunderstorm occurrence during 2000–
2009 warm seasons over the NE Adriatic for four large-scale flows:
NE, NW, SE, SW generated by the low- and high-pressure systems.

activity existed further due to gust front interactions, and new
convective cells (followed by the rainfall pattern) were quasi-
stationary over the upwind slopes and over the highland area
with cold pool beneath (up to 5◦C colder). Additional in-
crease in synoptic wind speeds disrupted further develop-
ment of local circulations during the afternoon and partic-
ularly on the following day (Fig. 13e).

3.4 Some parameters relationships

In order to analyse the effect of the different synoptic
flows on the SB flow and convective potential over penin-
sula Fig. 15 showed the relationship between kinetic en-
ergy (KE) of the large-scale wind and CAPE (Fig. 15a) as
well as KE of the large-scale wind and low-level conver-
gence across convergence zone (Fig. 15b). Recently Migli-
etta and Rotunno (2009) have shown, that a non-dimensional
number CAPE/speed2 represents the ratio of the control pa-
rameters (still considering idealised conditions) that can dis-
play the effect of the orography on a conditionally unsta-
ble flow. Here four points in the smallest domain (Pazin,
S1, S3 and S4 in Fig. 1a) were chosen since they were al-
most equally distant from the nearest mountain ridge and
for each large-scale direction presented upstream and down-
stream atmospheric conditions. In all simulated days, in ev-
ery hour between 09:00 and 19:00 CET, 1-D profiles of real
cases were used to estimate maximum wind speed (Vm)
(i.e. KE max (= Vm2/2)) in the layer of 850–500 hPa and
maximum CAPE. Their quite regular relationship, shown in
Fig. 15a, reveals that in general, larger KE max decreases
with CAPE and vice versa that could be defined by power
law. However, while this relationship is valid only for the
days with SB–Cb interaction, during the day without SB and
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Figure 15. (a) Relationship between maxima kinetic energy (KE) of the large-scale flow and the 3 
maxima CAPE, calculated for 1-D profiles in four points (Pazin, S1, S3 and S4 in Fig. 1) in the 4 
finest model domain. Each symbol represents relationship for every hour between 09-19 CET for 5 
each day of all four cases (C1-C4). The KE maxima are calculated (= Vm2/2) according to the 6 
maxima horizontal wind speed (Vm) in the layer between 850-500 hPa. A bold dashed line 7 
displays arbitrary boundary between SB and Cb occurrence and only Cb occurrence. (b) 8 
Relationship between Vm above Pazin and low-level divergence calculated along B1B2 vertical 9 
cross-section. Same as in (a) each symbol represents relationship for every hour between 09-19 10 
CET for each day of all four cases (C1-C4) in the smallest domain.  11 
 12 
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Fig. 15. (a)Relationship between maxima kinetic energy (KE) of
the large-scale flow and the maxima CAPE, calculated for 1-D pro-
files in four points (Pazin, S1, S3 and S4 in Fig. 1) in the finest
model domain. Each symbol represents relationship for every hour
between 09:00 and 19:00 CET for each day of all four cases (C1–
C4). The KE maxima are calculated (i.e. Vm2/2) according to the
maxima horizontal wind speed (Vm) in the layer between 850 and
500 hPa. A bold dashed line displays arbitrary boundary between
SB and Cb occurrence and only Cb occurrence.(b) Relationship
between Vm above Pazin and low-level divergence calculated along
B1B2 vertical cross section. As seen in(a) each symbol represents
relationship for every hour between 09:00 and 19:00 CET for each
day of all four cases (C1–C4) in the smallest domain.

only Cb occurrence (7 July 2009) the scattering of this re-
lationship is considerably larger. In fact, dissipation is such
that any significant matching cannot be found. The mod-
elled data (based on four cases) suggest an arbitrary bound-
ary (black dashed line) between these two regimes for the
NE Adriatic; for example, for CAPE larger than 500 J kg−1

(as lower boundary), the maximum large-scale wind speed
smaller than 9 m s−1 below 500 hPa would allow SB occur-
rence and SB–Cb interaction.

Since large-scale wind highly influences the position and
duration of the convergence zone, in Fig. 15b the relationship
between KE max for Pazin (for winds in the range of 850
and 500 hPa level) and the low-level divergence over con-
vergence zone along cross-section B1B2 is displayed. The
horizontal divergence values are of the order of magnitude

about −1× 10−3 s−1 which is in agreement with values
obtained from radar data for initiating surface-based thun-
derstorms (Banacos and Schultz, 2005). The relationship
presents simultaneously the influence of both the synoptic
and mesoscale scales. Although, it is based on a small sam-
ple since lifetime of the convergence zone in the afternoon
hours is mostly over, the existence of the convergence zone
in days with SB–Cb interplay revealed several things. They
are (i) the convergence zone intensity partially depends on
the large-scale wind direction (compare e.g. C1 and C3), (ii)
larger synoptic wind speeds in general indicates smaller in-
tensity of convergence zone, and (iii) the upper boundary for
the large-scale wind speed (above PBL) for the occurrence
of the convergence zone in PBL is less than 9 m s−1.

To investigate influence of the convergence zone further,
one measure called the low-level moisture flux convergence
(MFC; Eq. 5 in Banacos and Schultz, 2005) is used since
it can serve for the short-range forecast of convection along
well-defined surface boundary. It consists of two contribu-
tions showing “moisture pooling” and forced lifting: the hor-
izontal advection of humidity and horizontal divergence term
(multiply by humidity). In Table 2, MFC is calculated along
B1B2 vertical cross section in accordance with its defini-
tion. MFC values associated with the SB front are in the
range of 11 to 19× 10−3 g kg−1 s−1 and they correspond
to those values estimated in the vicinity of convective ini-
tiation in severe-storm observational studies (Banacos and
Schultz, 2005). It was observed that the MFC magnitudes
were greatly affected by the effect of the divergence term
and, accordingly, the highest values are in case C1. Still,
comparing equal values for divergence in cases C2 and C3,
the MFC parameter in C3 confirm potential for the thunder-
storm development due to the largest contribution of low-
level humidity and its advection.

4 Summary and conclusions

The diurnal evolution of four individual summer cases over
the NE Adriatic area was investigated by available measure-
ments and simulated by the WRF model with a focus on (i)
the Cb and SB interplay and (ii) variations in the amount of
convective activity. The selected cases were characterised by
a synoptic-gradient wind from the NE (case C1, 9 July 2006),
NW (case C2, 8 August 2006), SE (case C3, 8 June 2003) and
SW (case C4, 6–7 July 2009). The mesoscale model repro-
duced very satisfactory thermodynamical atmospheric fields
(e.g. Appendix A). Because simulations of the deep convec-
tive events still represent a significant challenge for numer-
ical forecasting (e.g. Weisman et al., 2008; Sherwood et al.,
2010), certain discrepancies found between the model and
observations in the lifetime, intensity and location of the deep
convection characteristics still did not impede deeper analy-
sis.
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In the majority of simulated days (except 7 July 2009),
typical near-surface wind patterns for the Istria region (e.g.
Prtenjak et al., 2006) were reproduced, that is, SBs along
the coastline and eastward-moving convergence zone. Dur-
ing the daytime, the narrow convergence zone formed mostly
as the result of western and southeastern SBs merging along
the peninsula. Each day, storms gained maximum intensity in
the afternoon, thus indicating the importance of diurnal heat-
ing over the peninsula. If deep moist convection was permit-
ted, the western SB was dominant feature in the afternoon.

Among all the cases, case C3 represented the shortest and
weakest thunderstorm event, with the highest low-level mois-
ture, relatively unfavourable mid-tropospheric humidity as-
sociated with the presence of mid-level subsidence (due to
high pressure synoptic background). The origin and the Cb
cell locations were completely controlled by the main elon-
gated convergence zone and by both horizontal low-level
moisture convergence and upward moisture advection by the
SB front. This case, in which middle tropospheric dry layers
inhibit significant deep convection, represents atmospheric
conditions that are still burdened by high uncertainty in the
short-term convective forecast (Banacos and Schultz, 2005).
On the other hand, in the most typical case for the deep con-
vection in the NE Adriatic that is characterised by abundant
moisture in the lower and middle troposphere (case C4), SW
warm-wet wind only partially support SB–Cb interaction.
The reasons are the (i) deepest western SB penetration over
land and/or (ii) further strengthening of the large-scale wind
in time (due to the eastward tracks of the Mediterranean cy-
clones) that lead rapidly to the vanishing of convergence zone
and locking of the moist convection over the highland area
for several hours. This result indicated (and climatological
reanalysis confirmed) that these atmospheric conditions are
present but they are less suitable for the prolonged SB–Cb
interaction.

In the examined cases (C1 and C2) that were characterised
by the offshore large-scale wind, the NE mountain range
accelerated the beginning of convection and influenced its
intensity. A large-scale wind advection in the upper tropo-
sphere and a convergence zone in the lower troposphere had a
decisive impact on the lifetimes and movements of the initial
convective cells that formed over the mountain range. Along
the convergence zone, the merging of SB front and thunder-
storm outflow initiated new Cb cells. In case C1, the super-
position of the SB front-gust front collision with the NE wind
advection caused the thunderstorm to propagate southward.
Despite the offshore moderate NW ambient wind in case C2
and the downwind advection of clouds until noon, the lower
tropospheric interaction of the fronts determined the after-
noon northwestward (opposite) movement of the storm along
the peninsula. From a synoptic perspective, both landward
wind types appears (as a rule) on the back/upper part of the
low pressure systems that are still far enough from the NE
Adriatic allowing the formation of almost NG surface pres-
sure conditions over Istria.

Although presented cases certainly do not permit ful gen-
eralisation, they provide the possibility to form a specific
background picture of the SB–Cb interplay. Favourable cases
were characterised by several characteristics related to a
thermodynamic environment: (i) areas with favourable mid-
tropospheric moisture conditions (averagedq > 4 g kg−1 and
rh no less than 60 %) and/or high levels of low-level mois-
ture in the PBL (q > 12 g kg−1), (iii) large-scale wind speeds
less that 9 m s−1 in the lowermost 6 km, (iv) instability in
the atmosphere described by the CAPE > 500 J kg−1, (v) pos-
itive low-level temperature difference between land and sea
higher than 1.5◦C and (vi) existence of the low-level conver-
gence (order of magnitude of 0.0003 s−1 or more). However,
a further investigation of additional cases and the effects of
other control parameters (e.g. terrain, SST) on the daytime
thunderstorm events associated with SBs would be desirable.
Moreover, to obtain the relationship of main easy-prognostic
meteorological variables with other parameters of instability
would be also useful. Bearing in mind that the position of
the airport station is on the tip of the peninsula, the improved
understanding of this type of weather event would certainly
give a better real-time prediction and justify further work.
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Appendix A

Model verification by the near-surface measurements

Figure A1 shows the 24 h evolution of both the measured and
modelled wind from the smallest domain above Pula airport
site for all four examined cases. For all of them, the model
reproduces the observed daily wind cycle with fairly good
accuracy; particularly the SB onset, SB maximum and the
SB fading (cases C1–C3 in Fig. A1). Diurnal wind variations
in cases C1 and C3 clearly demonstrate the development of
the undisturbed SB systems near the tip of the peninsula. The
wind rotates from a night-time NE direction to the morning
easterly and afternoon SW directions, thus describing all fea-
tures observed in the SB/LB “climatology” for this station
(Prtenjak and Grisogono, 2007). In case C2, the measured
diurnal SB evolution was interrupted by the convective ac-
tivity what was also satisfactorily recreated by the model.
However, the model was less successful in forecasting the
night-time calms and low wind speeds that are usually con-
nected with significantly variable directions. The wind in
this situation is difficult to measure accurately and to simu-
late correctly with the model. This type of model behaviour,
which could arise due to the used parameterisations of the
model and information about the complex terrain character-
istics, has already been observed so far in a large number of
modelling studies (e.g. Žagar et al., 2006; Borge et al., 2008;
Challa et al., 2009; Papanastasiou et al., 2010).

To verify the model ability in the correct simulation of
the chosen periods the statistics for selected cases (here for
C1–C3) is also shown. The statistical evaluation is presented
by a set of widely used statistical parameters (e.g. Borge et
al., 2008) for the same station (Pula airport) in Table A1.
A comparison was performed for the 2 m temperature (T ;
◦C), humidity mixing ratio (q; g kg−1) and relative humidity
(rh; %) and the 10 m wind speed (WS; m s−1) and wind di-
rection (WD; deg). The set of statistical indices consisted of
the mean value, bias, root mean square error (RMSE), mean
absolute error (MAE) and the index of agreement (IOA).
Because the focus was on the daytime Cb and SB interac-
tion over the whole peninsula, the model ability to predict
the mesoscale conditions was also estimated at 14:00 CET
(called total in Table A1) using all available meteorological
and climatological measurements (shown in Fig. 1).

The magnitudes of the statistical indices in Table A1 in-
dicate a model overestimation in time and space regarding
the near-surface wind speed. The best wind speed results
(see total in Table A1) were obtained for case C3 followed
closely by case C1. The best prediction of the near-surface
wind direction (the smallest RMSE and MAE) can be noted
for case C3 as well. In case C2, however, the model was less
successful but still produced MAE values similar to those in,
for example, Borge et al. (2008). The temperature is slightly
but consistently under predicted (the most in case C3) with
RMSEs in the range of 2.2–3.7. While the Pula airport sta-

Fig. A1. Diurnal cycle of wind vectors provided by the measure-
ments (M) from Pula airport site (black) and from the smallest WRF
model domain (grey) for four selected cases (C1; 9 July 2006), (C2;
8 August 2006), (C3; 8 June 2003) and (C4; 7 July 2009) in Table 1.

tion IOA values for temperature are very high (approximately
0.9, at 14:00 CET), the underestimations of the early after-
noon temperature maxima over the peninsula are more pro-
nounced. The same “colder” daytime condition was observed
in sensitivity studies that examined the influence of the PBL
scheme on the mesoscale thermodynamical characteristics
(e.g. Weisman et al., 2008; Borge et al., 2008; Challa et al.,
2009; Hu et al., 2010). Additionally, it was observed that
the MYJ PBL scheme produces colder conditions than those
measured, the humidity is usually overestimated (e.g. Hu et
al., 2010). Although, similar conclusions can be drawn in se-
lected cases, particularly case C1, where the modelled PBL is
somewhat more humid than in reality, the low-level humidity
prediction is very acceptable. The deviations from the mea-
surements in rh are less (RMSE < 17.4) than those by Challa
et al. (2009) (RMSE < 24) and are less forq than those by
Borge et al. (2008) (IOAε (0.41–0.53)). Despite these PBL
scheme limitations, by considering the overall statistics and
the additional sensitivity evaluation of the WRF model for
the SB and Cb interaction, we have found that this model
set-up and these modelled cases are acceptably simulated.
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Table A1. Some statistics for numerical simulations of cases C1 to C3 – mean measured and modelled values, BIAS, root mean square error
(RMSE), mean absolute error (MAE), and the index of agreement (IOA). A comparison was done for 10 m wind speed (WS; m s−1), wind
direction (WD; deg), 2 m temperature (T ; ◦C), humidity mixing ratio (q; g kg−1) and relative humidity (rh; %). For Pula airport, statistical
indices were calculated for the time series of wind and temperature for cases C1–C3. In the table, total represents spatial comparison between
model data and data from stations in Fig. 1 at 14:00 CET in three chosen cases.

ca
se

C
1

Pula airport, 9 Jul 2006 Total, 14:00 CET

WS WD T q rh WS WD T rh
Statistic (m s−1) (◦) (◦C) (g kg−1) (%) (m s−1) (◦) (◦C) (%)

M 2.5 24.8 12.2 63.2 2.9 28.2 54.6
WRF 3.8 24.1 14.1 73.8 3.8 27.1 59.8
BIAS 1.3 −0.7 2.0 10.8 0.9 −1.1 5.2
RMSE 1.2 37.2 2.6 2.1 17.4 1.5 64.3 3.4 15.3
MAE 0.9 18.4 2.3 2.0 16.2 1.2 45.5 4.5 12.7
IOA 0.8 0.9 0.6 0.6 0.7 0.7 0.6

ca
se

C
2

Pula airport, 8 Aug 2006 Total, 14:00 CET

WS WD T q rh WS WD T rh
Statistic (m s−1) (◦) (◦C) (g kg−1) (%) (m s−1) (◦) (◦C) (%)

M 2.0 22 12.3 74.2 3.3 25.7 57.4
WRF 2.6 22.1 12.4 73.2 4.2 23.6 63.5
BIAS 0.6 0.1 0.1 −1.0 0.9 −2.1 6.1
RMSE 1.4 78.7 2.2 1.4 11.0 2.1 80.5 2.7 15.4
MAE 1.2 65.7 1.8 1.2 8.8 1.8 62.5 1.9 12.6
IOA 0.6 0.9 0.6 0.8 0.7 0.6 0.5

ca
se

C
3

Pula airport, 8 Jun 2003 Total, 14:00 CET

WS WD T q rh WS WD T rh
Statistic (m s−1) (◦) (◦C) (g kg−1) (%) (m s−1) (◦) (◦C) (%)

M 1.6 25 14.5 74.7 3.0 29.8 58.7
WRF 2.9 23.9 14.5 76 2.9 26.8 68.5
BIAS 1.3 −1.1 0 1.3 −0.1 −3.0 10.7
RMSE 1.5 32.6 2.7 1.9 15.3 1.1 40.2 3.7 15.1
MAE 1.3 26.0 2.5 1.5 13.2 0.9 32.6 3.3 12.6
IOA 0.6 0.9 0.6 0.7 0.6 0.5 0.5
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