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Abstract: An investigation of extreme precipitation cases in the northern Adriatic area is dis-
cussed in this paper. The criterion chosen for an extreme event recognition is a measured daily
precipitation amount exceeding 100 mm day”. In the 1991-2000 period, 18 extreme precipita-
tion events were observed at six meteorological stations in the northern Adriatic and its hin-
terland. The analysis shows that heavy precipitation occurs most frequently during the autumn
season, although it can develop during the other seasons as well.

The large-scale examination performed indicates that heavy precipitation events in the northern
Adriatic typically occur under the influence of a deep upper-level trough over western Eu-
rope, associated with a low south of the Alps, as shown by the calculated mean charts. This
kind of synoptic structure generates a southerly warm and moist low-level flow over the Adri-
atic Sea, favouring precipitation formation which, in case of larger-scale conditional and po-
tential instability, can lead to intense precipitation events.

Two cases of particular interest were chosen for the mesoscale analysis. In the first case, on 25
December 2000, intense precipitation was both stratiform and convective, while in the second
case, on 16/17 September 2000, it was mainly convective. The case studies show that the speci-
fic northern Adriatic orography with steep coastal mountain ridges played a major role both in
generating prefrontal orogenic precipitation and in intensifying frontal precipitation. In such
an unstably stratified environment, the lifting of moist air over the barrier was accompanied by
deep convection development in some places.

Key words: extreme precipitation, meteorological features, northern Adriatic

Sazetak: U ovom radu proucavaju se slucajevi ekstremne oborine na podrucju sjevernog Ja-
drana. Kao kriterij za ekstremnu oborinsku situaciju uzeta je dnevna koli¢ina oborine veca od
100 mm dan". U razdoblju 1991.-2000. na Sest meteoroloskih postaja na sjevernom Jadranuiu
njegovom zaledu izdvojeno je 18 ekstremnih situacija. Analiza pokazuje da su situacije
ekstremne oborine naj¢esce u jesen, premda se mogu dogoditi i u drugo vrijeme.

Proucavanje sinoptickih situacija pokazuje da se intenzivna oborina na sjevernom Jadranu ti-
pi¢no javlja pod utjecajem duboke visinske doline nad zapadnom Europom i ciklone juZzno od
Alpa. Izracunate srednje karte to jasno pokazuju. U spomenutim sinopti¢kim okolnostima na
Jadranu se javlja toplo i vlazno strujanje juznih smjerova, koje u slu¢aju nestabilne stratifikaci-
je na Sirem podrucju moze dovesti do pojave ekstremne oborine.

Dvije posebne ekstremne situacije odabrane su za mezoskalnu analizu. U situaciji 25. prosinca
2000. intenzivna oborina bila je i stratiformnog i konvektivnog porijekla, dok je 16/17. rujna
2000. uglavnom konvektivna. Analiza pokazuje da specifi¢na orografija sjevernog Jadrana sa
strmim obalnim planinama ima vaznu ulogu u razvoju predfrontalne orografske, ali i u po-
jacavanju frontalne oborine. Podizanje vlazne zra¢ne mase preko planinske prepreke dovelo
je na nekim mjestima do razvoja jakih konvektivnih procesa.

Kljucne rijeci: ekstremne oborine, meteoroloski ¢imbenici, sjeverni Jadran
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1. INTRODUCTION

Short-term heavy precipitation can strongly
influence the normal life of people, cause traf-
fic disruption, water supply problems, flash
flooding, material damage and, in the worst
case, human casualties. Intense precipitation
is common on the SE slopes of the Alps. One
of the climatic maxima of yearly precipitation
(1971-1990) is found in Gorski kotar, Croatia,
close to the northern Adriatic, as shown by
Frei and Schir (1998).

Investigations of heavy precipitation events
over the southern (Buzzi and Foschini, 2000)
and south-eastern Alps (Vrhovec et al., 2001)
have shown that several large-scale and
mesoscale features are important for the oc-
currence of an extreme precipitation event.
Those are: 1. a deep upper-level trough ex-
tending southwards from Scandinavia to the
Mediterranean, often followed by a cyclone
development in the Mediterranean (near
Genoa), 2. a low-level southerly air flow over
the Mediterranean and a pre-frontal, very
moist, south-easterly flow located over the
Adriatic, 3. the steep mountain ridges of the
south-eastern Alps and the Dinaric Mountains
responsible for conditional instability release.

An occasional mesoscale cyclonic vortex
formed in the northern Adriatic (Ivancan-
Picek and Tutis, 1996) can also be of great im-
portance because of its possible influence on
rainfall amount and intensity.

This paper explores extreme precipitation
cases in the northern Adriatic area. A case is
considered extreme when there is over 100
mm day’ of measured precipitation, affecting
both society and the economy. Estimations
based on long-time series of annual precipita-
tion maxima have shown that, at the northern
Adriatic weather stations, the return period
for the occurrence of an extreme daily rainfall
amount exceeding 100 mm day" is about 10
years or more (Gaji¢-Capka and Capka,
1997). According to these estimations, among
the 18 observed precipitation events, 11 can be
expected to occur even more frequently than
once in 10 years, meaning that, statistically,
they are not rare events. Six precipitation
cases can be considered to be rare events with
a return period greater than 10-20 years. One
case belongs to the rather rare phenomenon
of return period T>50 years.

The goal of this paper is to present the meteo-
rological features and causes of extreme precip-
itation in the northern Adriatic. The focus is on
the investigation of the large-scale forcing and
the mesoscale structure, i.e. the ingredients
(Doswell I1T et al., 1996) of heavy precipitation.

During the 10-year period (1991-2000), 18 ex-
treme precipitation events exceeding 100 mm
day' were observed at the six available meteo-
rological stations in the northern Adriatic.
On two occasions, over 200 mm day” were
recorded.

Two specific cases have been chosen for a de-
tailed analysis intended to reveal the large-
scale and mesoscale weather features likely to
be responsible for the extremity of the 24-
hour rainfall. A large-scale analysis of synop-
tic systems was made using model data from
the European Centre for Medium-Range
Weather Forecasts (hereinafter ECMWF),
while the mesoscale analysis was based on the
ALADIN (Aire Limitee Adaptation Dy-
namique development InterNational) forecast
model and on HRID (High Resolution Isen-
tropic Diagnosis). The capability of the
ALADIN model to predict heavy precipita-
tion events over the eastern side of the Alps
during MAP (Mesoscale Alpine Program) was
verified by comparing the HRID vertical time
cross-sections based on radio-sounding measu-
rements and the ALADIN/LACE prognostic
Temps (Ivancan-Picek et al., 2003). Therefore,
the present study is concerned mainly with the
analysis of meteorological fields rather than
with the evaluation of model performances.

The paper is organized as follows. Section 2
contains a description of the data and methods
used for diagnosing events. Section 3 presents
the large-scale features responsible for the ap-
pearance of extreme precipitation on the
northern Adriatic area. Two cases are dis-
cussed in section 4, the intent being to empha-
size the mesoscale features and the differences
from average large-scale characteristics. Sec-
tion 5 concludes the paper.

2. DATA AND ANALYSIS METHODS

The data used in this analysis of extreme pre-

cipitation in the northern Adriatic are:

a) climatological data from six meteorological
stations in the northern Adriatic and its hin-
terland (Gospié, Mali Losinj, Parg, Rijeka,
Senj and Zavizan),
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b) hourly time series of air pressure, air tem-
perature, relative humidity and precipita-
tion amount,

c) analysis data from the ECMWF,

d) ALADIN/HRVS operational model data,
as well as vertical time cross-sections pro-
duced by HRID.

The climatological data consist of a 10-year
(1991-2000) daily precipitation amount time
series. The ECMWF analysis data of geopo-
tential height, temperature, wind and relative
humidity have been provided for 00 UTC, at
standard pressure levels (1000 and 500 hPa).
The horizontal model resolution is a 1° lati-
tude-longitude grid covering the area of Eu-
rope (35°N-70°N and 15°W-30°E). ALADIN
hydrostatic limited-area model simulation re-
sults have been used for analysing the
mesostructure of the total precipitation
amount, surface wind and CAPE (Convective
Available Potential Energy). A domain of in-
tegration covers the area around Croatia
(42°N-47°N and 13°E-20°E). The horizontal
conformal Lambert grid has a grid size of 8
km. Interpretation of the HRID vertical time
cross-sections is based on the physical proper-
ties of a number of thermodynamic and stabi-
lity parameters in saturated and unsaturated
air, which, superimposed, reveal many

mesoscale features (frontogenesis, convection,
etc.) within large-scale atmospheric systems
(Glasnovié et al., 1994).

The data series of daily precipitation amounts
exceeding 100 mm have been collected for 10
years at the available six stations in the area of
interest. In the 10-year period 1991-2000,
there were 18 occasions when over 100 mm
day" were recorded (Tab. 1). The most intense
daily precipitation event (226.7 mm) was ob-
served at the Parg station on 6 September
1998. The relative monthly frequency of daily
precipitation amounts greater than 100 mm in
the northern Adriatic is shown in Figure 1. Ex-
treme daily precipitation occurs from August
till December and also in May, and is most fre-
quent in September and October with a maxi-
mum of 39% in October. As it can be seen,
heavy precipitation events tend to be most fre-
quent in autumn because the Adriatic Sea is
still quite warm from the summer heating,
thereby ensuring low static stability in the
overlying moist air, while the onset of autumn
increases the chances of strong synoptic for-
cing. A similar situation can be found in the
western Mediterranean during the fall
(Doswell I1T et al., 1998).

The mean geopotential height fields in the Eu-
ropean area, estimated on the basis of record-

Table 1. Daily precipitation amount R exceeding 100 mm for the 10-year period 1991-2000 in the northern

Adriatic area, 18 dates.

Tablica 1. Dnevna koli¢ina oborine R veca od 100 mm, u 10-godi$njem razdoblju 1991.-2000. na sjevernom

Jadranu, 18 datuma.

Year Month Day R (mm) Station
1991 11 20 132.1 Rijeka
1992 10 18 117.9 Parg
1992 10 22 106.9 Zavizan
1993 9 5 106.0 M. Losinj
1993 9 26 116.4 Zavizan
1993 10 22 121.0 Rijeka
1994 8 26 122.1 Zavizan
1994 10 29 101.5 Parg
1995 5 13 100.8 Rijeka
1995 8 29 131.4 Parg
1995 10 31 126.8 M. Losinj
1996 9 13 123.1 Senj
1998 9 6 226.7 Parg
1998 9 13 100.5 Gospic
1998 10 19 200.0 Rijeka
2000 9 17 175.2 Senj
2000 10 1 126.1 Rijeka
2000 12 26 1554 Zavizan
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Figure 1. Relative monthly frequency of daily pre-
cipitation amounts greater than 100 mm, based on
18 separated dates.

Slika 1. Relativne cestine po mjesecima dnevne
koli¢ine oborine veée od 100 mm, izra¢unate na
temelju 18 izdvojenih datuma.

ed episodes, are assumed to present a charac-
teristic large-scale weather situation favouring
extreme precipitation occurrence. These mean
fields (Zypan) are calculated using the follow-
ing expression

18
ZMEAN((Daﬂ” p) =IISZZI((07A” p) (1)
i=1

where the index i represents the ECMWF
geopotential height data for a single precipita-
tion episode (Z;), ¢ is latitude, A longitude and
p pressure level (1000 or 500 hPa). At every
grid point, at a single pressure level, 18 geopo-
tential height values have been averaged in or-
der to estimate the mean value of geopotential
height, representing the most common value.
An average of 18 geopotential fields provides
a useful insight in the general large-scale situa-
tion, because the fields are more or less simi-
lar. In most cases there is a deep trough or cy-
clone in the upper levels over western Europe
and a low-level cyclone over the western
Mediterranean and central Europe.

In addition, two extreme precipitation cases
have been selected as primary cases of parti-
cular interest. These are:

e 25 December 2000, Zavizan (1594 m a.s.l.),
155.4 mm day™

® 16/17 September 2000, Senj (26 m a.s.l.),
175.2 mm day™

These two cases have been chosen for study
because they involve diverse characteristics: 1.
In both cases, as shown, the 24-hour measured
precipitation accumulation exceeds 150 mm,
which is comparable with the mean monthly

amount, and is of great meteorological and
economic importance because of its amount
and intensity; 2. There are differences in the
spatial and time distribution of precipitation
between these two cases; 3. The large-scale
weather situation in September shows greater
difference than that in December when com-
pared with the average large-scale situation
presented as the 18-case average shown in
Section 3.

The other reason for choosing these two events
was the availability of the ALADIN/HRvVS
fields for mesoscale analysis.

3. LARGE-SCALE STRUCTURES

Figure 2 illustrates the mean charts of 500 and
1000 hPa geopotential heights for 18 extreme
precipitation episodes over the northern Adria-
tic during the period 1991-2000, with daily
precipitation amounts greater than 100 mm.
The mean geopotential height fields for the
European area have been calculated on the
basis of the ECMWF analysis data as de-
scribed in Section 2.

Figure 2a shows the 500hPa mean geopoten-
tial height, indicating the influence of a deep
trough over western and north-western Eu-
rope, extending from Scandinavia to the Ibe-
rian Peninsula, on heavy precipitation events.
The trough axis is tilted in a SW-NE direction
causing SW winds over the northern Adriatic.
The south-western upper-level flow at the
front side of a trough advects warm air
throughout the troposphere over the Mediter-
ranean and Adriatic area, while the north-
western flow at the rear side of the trough ad-
vects colder air over western Europe. This
kind of upper-level structure is favourable for
maintaining a cyclone over north-western Eu-
rope and for starting cyclogenetic processes
over the Mediterranean in the lee of the Alps.

The mean charts show that heavy precipita-
tion is mainly associated with a low south of
the Alps. A surface low-pressure area, corre-
sponding to a 1000 hPa geopotential height
(Fig. 2b), extends to the north, over central
Europe. It must be emphasized, that the mean
low-level chart shows a well known cut-off
process associated with the Alpine lee cyclo-
genesis connected to a somewhat deeper but
more extensive cyclonic field over central and
northern Europe. A similar mean pressure
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Figure 2. Mean geopotential height fields (Zygan) in gpdam: a) at 500 hPa level, every 4 gpdam and b) at
1000 hPa level, every 1 gpdam, according to ECMWF analysis data.

Slika 2. Srednje polje geopotencijalnih visina (Zypan) U gpdam na: a) 500 hPa plohi svakih 4 gpdam i b) 1000
hPa plohi svakih 1 gpdam, prema ECMWF analizi.
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distribution is characteristic for severe jugo
wind (Juréec and Vukicevic, 1996). The large-
scale cyclonic circulation westward of Croatia
causes a rather stationary southerly and south-
westerly surface flow over the Mediterranean
and the Adriatic Sea. In these synoptic cir-
cumstances, prefrontal warm and moist air is
advected to the northern Adriatic, almost per-
pendicular to the steep mountain ridges of the
SE Alps and the Dinaric Mountains. The di-
rect orographically forced lifting of warm and
moist air initiates thermodynamic processes of
cloud and precipitation formation, and can, in
case of larger-scale conditional and potential
instability, lead to intense precipitation events.

4. CASE STUDIES
4.1. The case of 25 December 2000

The case was connected to a deep trough that
was located over western and north-western
Europe on 25 December, 00 UTC, with the
axis tilted in a SW-NE direction (Fig. 3a). The
upper-level SW winds, at 500 hPa level, were
quite strong, as clearly seen from the strong
gradients of geopotential, and rather constant
over the northern Adriatic area for more than
40 hours. A large surface low-pressure area
was formed over the Atlantic, extending over
the Gulf of Biskai towards the Mediterranean
and central Europe (Fig. 3b). Two low-pres-
sure centres are visible, one over the Atlantic
and another over the Gulf of Lyon. The latter
was connected to the development of the
Mediterranean cyclone slowly moving east-
wards to the Gulf of Genoa during 25 Decem-
ber and weakening a bit. An associated warm
front passed the Adriatic during the day and
was followed by a weak cold front that reached
the northern Adriatic later in the night. Over
the eastern Mediterranean there was a high-
pressure field. In these synoptic circumstances,
strong southerly winds, known as jugo, were
blowing in the area, before and after the warm
front passage, advecting warm and moist air
throughout the low troposphere. The pre-
frontal S wind in the warm sector was blocked
by the Dinaric barrier and stratiform precipita-
tion was observed over the whole windward
coastal side of the mountains. Precipitation
was the most intense in the northern Adriatic,
particularly in the mountainous region around
the Zavizan weather station where an embed-
ded convection developed with thunderstorms

and showers. The 24-hour precipitation col-
lected in the form of rain and snow during 25
December in Zavizan was 155.4 mm.

The ALADIN/HRvV8 mesoscale model cor-
rectly predicted the 24-hour precipitation ac-
cumulation around Zavizan and in the hinter-
land of Rijeka, but to some extent overesti-
mated the amounts that appeared in some
areas, particularly on the Istrian Peninsula
(Fig. 4a and 4b). When compared to measured
data, the 24-hour precipitation forecast under-
estimated the amounts on the lee side of the
coastal mountains. The overall spatial distri-
bution of precipitation in the northern Adria-
tic area of interest was qualitatively good and
accurately predicted.

The HRID vertical time cross-sections (Fig. 5)
present the 48-hour ALADIN/HRVS forecast
for Zavizan on 25 and 26 December 2000. It is
clearly seen in Figure 5a that during 25 De-
cember and in the first few hours of 26 De-
cember relative humidity was above 90% in a
layer up to 6 km, and, at specific times, up to
the height of almost 8 km. High relative hu-
midity and low LCL (Lifting Condensation
Level) suggest the presence of a deep strati-
form cloud layer during the whole day with
embedded thunderstorms after 12 UTC (T-
storms were particularly recorded around
noon and at night). Besides a deep convection
development, convectively unstable areas are
also shown in Figure 5b, with partly closed
cores of equipotential isotherms in the middle
troposphere, while high specific humidity sug-
gests very moist air favourable to intense pre-
cipitation. A sudden decrease in relative and
specific humidity between 00 and 06 UTC on
26 December shows precipitation weakening
after frontal passage. Hourly time series of
measured precipitation at Zavizan are not
available in winter because of technical rea-
sons, so that temporal changes in precipitation
unfortunately can not be verified. However,
from observers reports it can be concluded
that precipitation lasted the whole day, and
was strong by the end of the day. In Figure 5,
the time-changes in the vertical distribution of
both temperature and equipotential tempera-
ture present physical processes connected to
the passage of a warm front, in the forenoon
of 25 December, and of a cold front in the
night to 26 December. The warm frontal zone
corresponds to equipotential isentropes in-
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Figure 3. Geopotential height fields in gpdam: a) at 500 hPa level, every 4 gpdam and b) at 1000 hPa level,
every 2 gpdam, 25 December 2000, 00 UTC, according to ECMWEF analysis.

Slika 3. Geopotencijalne visine izobarnih ploha u gpdam na: a) 500 hPa svakih 4 gpdam i b) 1000 hPa svakih
2 gpdam, 25.12.2000. 00 UTC, prema ECMWF analizi.
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Figure 4. 24-hour total accumulation of precipitation (rain and snow) in mm for the period from 06 UTC on
25 December till 06 UTC on 26 December 2000: a) ALADIN/HRVS forecast (white: no precipitation, shades
of violet and blue: <10 mm, shades of green and yellow: 10-30 mm, every 5 mm, shades of brown and red:
30-80 mm, every 10 mm, pink: 80-100-150 mm and black: 150-200 mm), b) measured precipitation (northern

Adriatic).

Slika 4. 24-satna prostorna raspodjela oborine u mm (tekuca i kruta), akumulirane u razdoblju od 06 UTC
25.12. do 06 UTC 26.12.2000.: a) prognoza modela ALADIN/HRVS (bijelo: nema oborine, nijanse ljubicaste i
plave: <10 mm, nijanse zelene i Zuto: 10-30 mm uz korak 5 mm, nijanse smede i crvene: 30-80 mm uz korak
10 mm, roze: 80-100-150 mm, te crno: 150-200 mm), b) izmjerena oborina (sjeverni Jadran).

clined downward with a simultaneous corre-
sponding temperature increase during warm
air advection, while the cold frontal zone is
characterised by opposite but more rapid
processes. A weak temporal crowding of verti-
cally rising isolines indicates that the cold
front was not very strong with regard to the
temperature gradient but the flow conver-
gence within the frontal zone very probably
helped lifting the prefrontal unstable air and
intensified precipitation.

The ALADIN/HRvVS surface charts of the
wind field and CAPE at 18 UTC on 25 De-
cember and 00 UTC on 26 December 2000 are
shown in Figures 6a and 6b. These two charts
present the mesoscale weather features which
probably contributed to precipitation intensi-
fication.

After the warm front passage, accompanied
by stratiform precipitation, the northern Adria-
tic was located in the warm sector of the
slowly-moving Genoa cyclone. In those cir-
cumstances (Fig. 6a), a strong jugo wind was
blowing, maintaining a south direction for
over 12 hours. The strong flow of warm and

moist air from the Adriatic Sea was blocked
and lifted by the Dinaric ridges, particularly
the Velebit Mountain directed NW-SE. The
lifting of moist air led to a conditional instabi-
lity release and the development of deep con-
vection in the unstable stratified environment,
causing intense convective precipitation. This
is indicated by high CAPE values, over 1200
Jkg', in the vicinity of ZaviZan, around 18
UTC and later. Such or higher values of
CAPE appear when the weather is very unsta-
ble with frequent thunderstorms (Brzovic,
1995). Due to the specific topography and
canalisation effects of the Rijeka Bay, a small-
scale convergence developed, causing an addi-
tional increase in vertical velocity and thus in-
tensifying precipitation. At 18 UTC, a weak
mesoscale cold front can be seen as a conver-
gence line extending from Istra to Italy. A se-
condary frontal convergence line was being
generated ahead of it, due to wind direction
change from south to west under the canalisa-
tion and deflection influence of the Apennine
orography on somewhat colder eastward-ad-
vancing air. In Figures 6a and 6b, these two
mesoscale fronts are clearly seen as streaks of
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Figure 5. HRID composite vertical time cross-sections: a) temperature (°C, blue solid lines), relative humidi-
ty (%, shaded: yellow 60-70%, green 70-90%, red >90% ) and LCL height (black dotted line); b) equipoten-
tial temperature (K, solid red lines), specific humidity (gkg, blue dashed lines) and convectively unstable
areas (shaded green) for Zavizan, on 25 and 26 December 2000.

Slika 5. HRID vremenski vertikalni presjeci: a) temperature (°C, plave linije) i relativne vlaznosti (%, Zuto:
60-70%, zelene nijanse: 70-90%, crveno: >90%), te visina LCL-a (crna tockasta linija); b) ekvivalentne po-
tencijalne temperature (K, crvene linije) i specifi¢ne vlaznosti (gkg', plave isprekidane linije), te konvektivno

nestabilna podrudja (zeleno) za Zavizan 25. i 26.12. 2000.

higher CAPE values across the Adriatic and,
particularly in the wind field, as distinct con-
vergence lines surrounding divergence area
(canalisation effect) at 00 UTC on 26 Decem-
ber (Fig. 6b). The fronts also affected precipi-
tation intensity at ZaviZan in the night to 26
December, additionally lifting moist air. After
frontal passage the wind was weak and
changed to westerly.

4.2. The case of 16/17 September 2000

Compared to the case of 25 December, this case
showed both large-scale and mesoscale diffe-
rences. However, among other similarities, con-
vective precipitation was found in both cases.

The upper-level situation, shown in Figure 7a,
was characterized by a deep cyclone over
north-western Europe and an upper-level
ridge, tilted eastward, over the Mediterranean
and central Europe. The westerly winds over
the northern Adriatic caused by weak gra-
dients were maintaining direction for over 40
hours and slightly strengthening as the trough
was moving eastward. At low levels, at 00
UTC on 16 September (Fig. 7b), a deep east-
ward-moving cyclone was located over the
Northern Sea, extending to central Europe,
while a large anticyclone was stationary over
eastern Europe. The low-pressure centre
weakened slowly as it moved deeper into the
continent in the next 24 hours. An associated

cold front reached the Alps from NW around
noon on 16 September. A typical orographic
blocking on the northern slopes of the Alps
split the flow of cold air. The flow around the
western part of the Alps initiated weak lee cy-
clogenetic processes, observed in northern
Italy in the second part of a day, while the flow
around the eastern part was observed as a cold
front that reached Croatia from NE, before 00
UTC on 17 September. Most of the time, the
northern Adriatic area was located in the non-
gradient field with low-surface winds and sta-
ble air stratification usual for summer-time
weather. However, as a weak cyclone was
forming, the weather was gradually changing,
instability was increasing and the wind turned to
moderate south-westerly, advecting the moist
air. The blocking-caused convergence of west-
erly flow on the windward slopes of the Dina-
ric mountains was intensified by the cold front
lifting, causing precipitation observed in the
hinterland of the Kvarner Bay and on the
coastal ridges. Particularly, on the Velebit
Mountain, a deep moist convection was trig-
gered around Senj just after midnight, when
thunderstorms with heavy precipitation (rain
showers) were observed. Hourly time series of
precipitation amounts (not shown in the pa-
per) show that intense precipitation lasted for
about four hours with a peak intensity of over
75 mmbh'', possibly causing increased run-off in
the local watershed.
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Figure 6. Surface wind fields (ms™, white: breeze <3.5 ms™, blue: weak 3.5-5.5 ms”, green: moderate 5.5-8.0 ms”,
yellow: moderately strong 8.0-10.8 ms, light brown: strong 10.8-17.2 ms?, dark brown: stormy 17.2-24.5 ms",
red: gale-force >24.5 ms') and CAPE (Jkg', shades of blue: 0-100-250-2000 Jkg"* at every 250 Jkg') at: a) 18
UTC 25 December and b) 00 UTC 26 December 2000, according to the ALADIN/HRVS forecast.

Slika 6. Prizemna polja vjetra (ms™, bijelo: povjetarac <3.5 ms”, plavo: slab 3.5-5.5 ms”, zeleno: umjeren
5.5-8.0 ms™, Zuto: umjereno jak 8.0-10.8 ms™, svijetlo smede: jak 10.8-17.2 ms*, tamno smede: olujni 17.2-24.5
ms”, crveno: orkanski >24.5 ms*) i CAPE-a (Jkg, nijanse plave: 0-100-250-2000 Jkg* uz korak 250 Jkg"') u
terminima: a) 18 UTC 25.12., te b) 00 UTC 26.12.2000., prema prognozi modela ALADIN/HRvS.

The ALADIN/HRvS8 mesoscale model predic-
tion results were satisfactory in terms of spa-
tial distribution (Fig. 8a and 8b) and the tim-
ing of precipitation. However, the amounts
were overestimated in most areas and highly
underestimated in the Senj area. Obviously,
the ALADIN model, at the considered resolu-

tion of 8x8 km, was not capable of accurately
reproducing the intensity of the small-scale wet
convective processes that occurred around
Senj. Generally, it is typical that in situations
dominated by deep convection precipitation
amounts are systematically underforecast
(Romero et al., 2000).
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Figure 7. As in Figure 3, only for 16 September 2000, 00 UTC.
Slika 7. Kao i na slici 3, samo za 16.9.2000., 00 UTC.

30

63



64 Hrvatski meteoroloski ¢asopis — Croatian Meteorological Journal, 41, 2006.

Pracipiatio

30

Base2000/09/16 00LUTC
Valid 2000/09/17 0BUTC

b)

N
s r‘x-:\‘\‘:-"e‘ = L
1-10 10-3030-50 S50—-70 70-100 100-150 >=150 - (mm/24h)

A B & B E B B ERT

Figure 8. As in Figure 4, only for the period from 06 UTC on 16 September till 06 UTC on 17 September

2000.

Slika 8. Kao i na slici 4, samo za razdoblje od 06 UTC 16.9. do 06 UTC 17.9.2000.

The HRID time vertical cross-sections for
Senj on 16 and 17 September are presented in
Figure 9. Preceding the time of the largest pre-
cipitation, between 00 and 06 UTC on 17 Sep-
tember, somewhat colder air was advected in
the upper troposphere (indicated by decreas-
ing isotherms), which additionally labilised the
upper-level air mass. In the lower tropo-
sphere, an increase in specific humidity indi-
cates moist advection accompanied by unsta-
ble stratification shown as closed cores of
equipotential isotherms and convective unsta-
ble areas. The mesoscale cold front reached
the Senj area slightly after 00 UTC on 17 Sep-
tember, which can be concluded from the ra-
pid decrease in temperature and the dense iso-

a) 10 Relativa Hnmidity > 860% (shedad)
Temperaturs (molid lines)
9 LOL {welid-dattad line)

127

b) T

lines of equipotential temperature in the shal-
low surface layer. This stable surface layer cor-
responds to a bura wind layer after frontal pas-
sage. The lifting of unstable air ahead of the
frontal zone formed convective cloudiness and
precipitation, seen as an area of high relative hu-
midity above 90%. The ALADIN/HRvS8 model
predicted convective processes, but they obvi-
ously were not predicted strong enough consi-
dering the heavy precipitation measured in Senj.

The ALADIN/HRvS charts (Fig. 10) of the
10-m wind and CAPE at 00 and 06 UTC on 17
September present the surface situation dur-
ing the period of interest. Several mesoscale
weather features are clearly visible, likely to
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Figure 9. As in Figure 5, only for Senj on 16 and 17 September 2000.

Slika 9. Kao i na slici 5, samo za Senj 16. i 17.9.2000.
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influence intense precipitation formation. In
Figure 10a, there is a low-level convergence
line between westerly and northerly winds lo-
cated over the mountainous region of Croatia,
connected to the aforementioned shallow cold
front. In the vicinity of Senj, a strong oro-
graphically-induced small-scale convergence is
visible. Due to these convergences, a strong
convection developed, which is indicated by
the CAPE maximum of over 1500 Jkg' in the
Rijeka Bay. After the cold air break to the
northern Adriatic Sea, two mesocyclonic vor-
tices were formed due to strong horizontal
wind shear. The first one was over the Trieste
Bay and the second one over the Kvarner Bay,
clearly shown in Figure 10b. The latter was

stronger and affected the weather in the Senj
area between 00 and 06 UTC. The lifting of
moist air, caused by cyclonic low-level conver-
gence within the vortex, very probably intensi-
fied the convective precipitation in the area, which
is indicated by high CAPE values favourable for
thunderstorms.

5. CONCLUSION

On the basis of the extreme precipitation
events recorded at the meteorological stations
of the northern Adriatic and its hinterland it
can be concluded that precipitation amounts
exceeding 100 mm day"' are rare phenomena
at some stations (the return period is greater
than 10 years), but over the whole analysed
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Figure 10. As in Figure 6, only for 17 September 2000 at: a) 00 UTC and b) 06 UTC.
Slika 10. Kao i na slici 6, samo za 17.9.2000. u: a) 00 UTC i b) 06 UTC.
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area these amounts are not really statistically
rare (on average 2 cases per one year). Fur-
thermore, heavy precipitation events are most
frequent in the autumn (September and Octo-
ber), when they are caused by the specific
large-scale weather situation and strongly in-
fluenced by mesoscale weather features.

The results of the large-scale analysis based on
the ECMWEF data analysis, show that the re-
sponsibility for extreme precipitation occur-
rence in the northern Adriatic in the period
1991-2000 lies with the Genoa cyclone and the
cyclone over central and northern Europe, as
well as the upper-level trough over north-
western Europe. It can be concluded that the
strength of the Genoa cyclone is not as impor-
tant as its slow movement through some pe-
riod of time. These features were presented in
the mean geopotential height charts at 500
and 1000 hPa levels.

Case studies, performed using the HRID and
ALADIN/HRvV8 mesoscale model forecast
charts, showed that intense precipitation was
formed by the simultaneous influence of seve-
ral mesoscale features and processes. The
frontal influence on extreme precipitation
amounts was indicated, although the precipi-
tation was not mainly frontogenetic. The case
of 25 December indicated both a warm and
cold front influence, and in the second case a
cold front was present. In both cases pre-
frontal moist air was advected by south-west-
erly winds from the sea. Orography seemed to
have a dominant effects in starting wet ther-
modynamic processes, thus enabling pre-
frontal orogenic precipitation and intensifying
frontal precipitation. In a conditionally unsta-
ble environment, the direct mesoscale oro-
graphical lifting of warm moist air, followed
by a convective available potential energy re-
lease, led to deep moist convection and thun-
derstorm development. Orography also pro-
duced a small-scale convergence due to canali-
sation, flow deflection and barrier blocking,
which locally increased vertical velocities and
intensified precipitation. The mesoscale cold
front and cyclonic vortex features observed in
the wind field also contributed to precipitation
intensity, producing strong local convergence
and air lifting.

It is important to emphasize that the
ALADIN/HRvS mesoscale model was capa-
ble of predicting these intense precipitation

events. Despite the fact that the 24-hour pre-
cipitation amounts were generally slightly
overestimated (and underestimated in the
case of strong local convective processes), the
overall spatial distribution and timing of pre-
cipitation was predicted rather well.
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