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Abstract
Flooding of the Adriatic coastline is predominantly caused by storm surges induced by winds from the south-eastern sector. This
phenomenon in Venice is known as acqua alta. We present a study of wind fields favouring storm-surge setups in the Adriatic,
including their characteristics in the present climate and their expected characteristics in future scenarios. Analysis is based on (i)
measured sea levels in Venice and Bakar (1984–2014), (ii) near-surface wind fromERA5 reanalysis, and (iii) simulations of wind
fields with three regional climate models (ALADIN52, RCA4, and RegCM4) forced with several global models (CNRM-CM,
MPI-ESM-MR/LR, HadGEM2-ES, EC-EARTH, and IPSL-CM5). For future climates, we considered two scenarios (RCP4.5
and RCP8.5) and two future periods (2041–2070 and 2071–2100) with respect to the historical 1971–2000 period. It was found
that the probability that the frequency, intensity, annual cycle, and spatial structure of the wind inducing the Adriatic storm surges
will change in future climates is small. The result is robust and consistent according to all considered criteria—it does not depend
on the analysed regional climate models, boundary conditions, climate scenarios, or future time interval.

1 Introduction

The Adriatic is the Mediterranean sub-basin surrounded by
mountains. Its elongated shape, shallow closed end (< 50
m), and surrounding orography support atmospheric fields
that give rise to storm surges that occasionally flood the coast-
line. Flooding occurs mostly in late autumn and during winter
when the Mediterranean cyclones travel over the Adriatic,
inducing an air pressure gradient and southeasterly wind
(Sirocco). Both the meteorological forcings act in the same

sense—they cause water to accumulate at the closed end of
the basin, endangering many coastal cities (Robinson et al.
1973; Trigo and Davies 2002). The most vulnerable city is
Venice, a city of great historical and cultural heritage, situated
at the end of the longest Sirocco fetch and lying on the low-
level ground. Significant effort has been engaged in order to
model and predict storm-surge induced coastal flooding in the
Adriatic, with the focus on the Venice lagoon (e.g. Bajo et al.
2007; Bajo and Umgiesser 2010; Bajo et al. 2019). However,
cities south of Venice can also be considerably endangered by
high water regimes. In the last 15 years, several intense events
occurred, affecting the eastern coast in particular. At the
Croatian station Bakar, operating since 1929, the absolute
sea-level maximum was repeatedly surpassed on 1
December 2008, 23 and 25 December 2009, 1 December
2012, 29 October 2018, and 13 November 2019. On these
occasions, the sea level surpassed the highest level ever ob-
served previously at this station (Međugorac et al. 2015, 2016;
AMGI 2018). The increasing number of eastern Adriatic
floods in the last decades has motivated researchers to exam-
ine meteorological conditions under which storm surges de-
velop with distinct impact along one of the two opposite
coasts (Međugorac et al. 2018). Under certain atmospheric
conditions, a cross-basin sea-level slope (i.e. transverse sea-
level slope, TSLS) is established, which results in stronger
flooding of a particular coastline. The study, based on a 31-
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year-long series (1984–2014) of sea level (Bakar and Venice)
and atmospheric fields (ERA-Interim, Dee et al. 2011), clas-
sified storm surges according to their TSLSs: O type (ordinary
type of storm surges with a usual TSLS),W type (storm surges
with a strong westward slope), and E type (storm surges with
an eastward slope). The W type of storm surge is induced by
the wind field with Bora (north-easterly wind) over the north-
ern part of the Adriatic and uniform Sirocco above the rest of
the basin. The E type is caused by deeper Mediterranean cy-
clones shifted to the north, accompanied by wind fields with
the following features: a pronounced cross-basin (i.e. trans-
verse, T) component towards the eastern shore and a shear of
along-basin (i.e. longitudinal, L) component with higher ve-
locities at the eastern coastline.

In addition to storm surges, several other sea-level process-
es may support the Adriatic floods and their role depends on
their amplitude and phase relative to the storm surge. Tide,
pre-existing seiche, and low-frequency (planetary) sea-level
variability can considerably raise the height of water if they
constructively overlap with the storm surge (Pasarić and Orlić
2001). Amplitudes of all of the involved processes are small in
comparison with the basin depth, and their nonlinear interac-
tions are negligible (Vilibić et al. 2017).

The tide in the Adriatic is of a mixed type and traditionally
modelled as a superposition of seven major constituents (K1,
O1, P1, K2, S2, M2, and N2; Janeković and Kuzmić 2005).
The tidal range increases towards the shallow north end,
where it comes to approximately 150 cm.

The Adriatic oscillates at several eigenmodes, where the low-
est three are at periods of 21.2 h, 10.7 h, and 6.7 h (Cerovečki
et al. 1997; Raicich et al. 1999). The first mode (21.2 h) is the
most energetic and the most studied one. It is generated by wind
transients—when Sirocco suddenly ceases or switches to Bora.
The seiche amplitude increases along the main axis of the basin,
reaching its maximum in front of Venice where it can surpass
50 cm (Godin and Trotti 1975). Due to a very long decay period
(3.2 ± 0.5 days, Cerovečki et al. 1997), once triggered, it can last
for days and take part in upcoming events by mitigating or
reinforcing the newly induced storm surge.

The planetary sea-level component is a process that takes
place on longer temporal scales, over periods of 10–100 days.
This component is dominantly controlled by atmospheric
planetary waves, which are prominent in middle and upper
layers of the troposphere (Orlić 1983). Planetary waves are
seen as waveforms on the 500-hPa geopotential with wave-
lengths of 6000 to 8000 km. They are most energetic during
the cold season when atmosphere is barotropic (Pasarić and
Orlić 1992). In these conditions, a disturbance from the mid-
dle troposphere is observed undistorted in sea-surface air pres-
sure. This is true in a statistical sense, but it may not be valid in
individual cases when the atmosphere is baroclinic or when
other low-frequency processes, like thermohaline variability,
may have impact on the planetary sea-level component. The

low-frequency air pressure and the related wind forcing can
induce changes of sea level up to 70 cm in the northern
Adriatic (Pasarić and Orlić 1992; Pasarić et al. 2000). The
planetary sea-level variability provides strong and days-long
preconditions for flooding; it is not the dominant part, but is
the ever-present component of the Adriatic coastal floods
(Pasarić and Orlić 2001).

The meteorologically driven components of the Adriatic
floods may be subject to the impact of climate change. An
important question is how expected changes in climate will
be reflected in the dominating process, i.e. the storm surge, or
more specifically on the atmospheric disturbances controlling
it. Few studies have already addressed some aspects of this
question, although some of them had mainly methodological
goals. Marcos et al. (2011) showed that the frequency and
magnitude of storm surges in the Mediterranean Sea will de-
crease in the twenty-first century (assuming climate scenarios
A2, A1B, and B1). Lionello et al. (2012b) found that there is no
evidence for more extreme storm surges under future scenarios
(B2 and A2). Mel et al. (2013) showed that under the moderate
emission scenario (RCP4.5) albeit with certain modified statis-
tics, the frequency of storm surges will not change. Denamiel
et al. (2020) found that under conditions of changed climate
(RCP4.5 and RCP8.5), twelve storm-surge events observed
during 1979–2019 would achieve a lower intensity. However,
these results were obtained using a single oceanographic model
(HAMSON, HYPSE, or NEMO) forced with a single combi-
nation of atmospheric regional–global climate model
(ARPEGE-v3, RegCM, EC-Earth, IPSL) and thus are easily
biassed and not subjected to statistical evaluation. Evidently,
there is a need for comprehensive study of storm surges under
future scenarios based on an ensemble of simulations produced
with various climate models taking boundary and initial condi-
tions from different sources. The established connection be-
tween atmospheric forcing and storm surges (Međugorac
et al. 2018) provides means to evaluate properties of storm
surges in the Adriatic by analysing results of atmospheric
models, which are more readily available than simulations by
using oceanographic models. Considering wind as the driving
force, this studywill focus on properties of the wind fields only.

Risk from storm surges will likely increase in the future due
to the rise of the mean sea level, which is expected to be 40–60
cm worldwide by the end of the twenty-first century (IPCC
2013). Therefore, properties of storminess in upcoming de-
cades are a major environmental concern for the Adriatic
coastal cities. Important questions are whether the conditions
favouring flooding will be more frequent, with what intensity
and ultimately which type of conditions will prevail—the one
inducing stronger sea-level setup at the eastern coast (E type)
or on the opposite side of the Adriatic (W type).

The goals of this study are (i) to evaluate performance of
selected regional climate models in reproduction of the wind
regimes which generate and control the Adriatic storm surges
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and (ii) to investigate the impact of climate change on these
wind regimes. Analysis was conducted using sea-level mea-
surements in Venice and Bakar, using simulations of three
CORDEX (Jacob et al. 2014; Kotlarski et al. 2014; Ruti et al.
2016) regional climate models (RCMs) forced with several
CMIP5 (Taylor et al. 2012) global climate models (GCMs),
and considering two future representative concentration path-
ways (RCP, Moss et al. 2010). In this study, we extend into the
future the relationship between storm surges in the Adriatic and
their meteorological conditions during the past 31-year period.

The strategy adopted is as follows. Sea level measured at
the two northern Adriatic stations and ERA5 reanalysis fields
were used to define the detection algorithms that successfully
recognised wind structures responsible for the highest storm
surges established in the northern Adriatic. The constructed
algorithms were then applied to simulations with RCMs in
evaluation, historical, and future periods. Performance of the
applied RCMs was assessed by comparing statistical proper-
ties of the extracted sea-level episodes and the extracted wind
episodes. The impact of climate change on wind fields asso-
ciated with the Adriatic storm surges was determined by com-
paring the intensity, frequency, seasonal cycle, and type of the
wind fields in historical and future periods.

This paper is organised as follows. In Sect. 2, we describe
datasets of meteorological simulations and measured sea lev-
el, as well as the applied statistical methods. The analysis
strategy, adjustment of numerical algorithms, and definitions
of wind and sea-level episodes and their types are given in
Sect. 3. The results are presented in Sect. 4 and discussed in
Sect. 5. We conclude with a brief summary and recommenda-
tions for future studies in Sect. 6.

2 Datasets and statistical methods

The data analysis is based onmeasured sea levels at tide gauge
stations in Venice (Punta della Salute) and Bakar (northern
Adriatic), and simulated near-surface wind fields were used
(Table 1).

Detided sea levels were obtained by subtracting the tidal
signal from the total sea level. The tide was calculated using
the T_tide tool (Pawlowicz et al. 2002) considering seven
major constituents important in the Adriatic (K1, O1, P1,
K2, S2, M2) in the period of 1984–2014.

Wind was analysed using four different datasets: ERA5 re-
analysis (C3S 2017; Hersbach and Dee 2016; Hersbach et al.
2018; Hersbach et al. 2019) and simulations of three RCMs—
ALADIN52 (Colin et al. 2010), RCA4 (Samuelsson et al. 2011),
and RegCM4 (Giorgi et al. 2012). The three RCMswere chosen
due to availability of subdaily fields. Wind fields from ERA5,
with spatial resolution approximately 30 km above the Adriatic,
were resampled to 6-h intervals, as well as the RCM winds, for
all simulations, to achieve the same temporal resolution for all

datasets. The spatial resolution of the data produced with RCMs
was 12.5 km. RCA4 and RegCM4 simulations were carried out
according to the EURO-CORDEX protocol (Jacob et al. 2014;
Kotlarski et al. 2014), while simulations with ALADIN52 were
done via the Med-CORDEX protocol (Ruti et al. 2016). The
main difference between the analysed RCM simulations was in
domain size: the whole of Europe in EURO-CORDEX and the
broader Mediterranean area in Med-CORDEX. Initial and
boundary conditions for simulations with three RCMs were tak-
en from CMIP5 global models (Taylor et al. 2012): (1) CNRM-
CM, (2) MPI-ESM-MR/LR, (3) HadGEM2-ES, (4) EC-
EARTH, and (5) IPSL-CM5. For ALADIN52, only simulations
forced with global model (1) were available. For RCA4, simu-
lations with global models (1)–(5) were available, while for
RegCM4, simulations with global models (1)–(4) were avail-
able. Wind fields were analysed according to their availability:
a time interval of 1971–2070 for RegCM4 and 1971–2099/2100
for the other two models. Simulations until the year 2000 were
carried out using observed greenhouse gas concentrations, while
those after 2000 were performed using two climate scenarios:
RCP4.5 and RCP8.5 (Moss et al. 2010).

The statistical significance of differences between future and
present wind characteristics was determined by using the
Wilcoxon–Mann–Whitney rank-sum test (WMW, Fisz 1963).
This is a non-parametric statistical test used for variables without
normal distributions. The information obtained with the WMW
test was supplemented with the probability density function
(PDF)–based climate change measure PCC = 1-PSS, where PSS
is the Perkins skill score (Perkins et al. 2007). PSS is a probability
density function–based measure, defined by the relation

PSS ¼ ∑
n

1
min Zh; Zp

� �
; ð1Þ

where n is the number of bins used to calculate the PDF of a
simulation, and Zh and Zp are the frequency of values in a given
bin for a historical period and for a projection, respectively.
This metric measures similarity between two PDFs, i.e. mea-
sures common area between the two distributions. If the two
PDFs negligibly overlap (i.e. they are clearly distinct), then the
Perkins skill score is close to zero and PCC is close to one
(BelušićVozila et al. 2019). In this study, we divided PCC into
three categories: small (0 ≤ PCC < 0.3), moderate (0.3 ≤ PCC <
0.6), and high (0.6 ≤ PCC ≤ 1.0) probability of climate change.

3 Formulation of algorithms for the extraction
of flood episodes

The first step in the analysis was to create algorithms that would
extract from the meteorological database those meteorological
situations that are truly responsible for the observed floods. For
this purpose, it was necessary to consider wind fields that are
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known to reliably reproduce flow patterns above the Adriatic.
We used ERA5 reanalysis, a dataset that replaced ERA-Interim,
which, despite a rough resolution in the Adriatic region (ap-
proximately 80 km), successfully represents circulation with
exceptional temporal correlation (Menendez et al. 2014;
Dutour Sikirić et al. 2015; Belušić et al. 2018). However,
ERA5 reanalysis is significantly improved with respect to
ERA-Interim: the ERA5 winds show much better agreement
with satellite-based wind field observations (Belmonte Rivas
and Stoffelen 2019) and provide large improvement in storm
surge modelling (Dullaart et al. 2020). Moreover, ERA5 suc-
cessfully detects extreme storm-surge events in the northern
Adriatic in terms of sea-level height (Porcu et al. 2020). The
higher resolution meteorological forcing dataset is important in
the Adriatic, where small spatial changes in wind (e.g. the pres-
ence of Sirocco shear in the middle Adriatic or Bora over the
northernmost part of the Adriatic) are manifested in significant-
ly different sea-level responses (E or W type of storm surges;
Međugorac et al. 2018).

After the extracting algorithms had been adjusted on ERA5
wind data, the identical procedures were applied to RCM simu-
lations forced by the ERA-Interim reanalysis. In this section, we
describe methods used to define: (i) exceptional episodes detect-
ed in sea level (sea-level episodes), (ii) exceptional episodes
detected from the wind data (wind episodes), and (iii) classified
wind episodes (according to the type of flood they cause).

3.1 Extraction of sea-level episodes

Intense sea-level episodes in the northern Adriatic, during the
1984–2014 interval, were singled out using detided sea levels

recorded at tide gauge stations in Bakar and Venice. The two
serieswere reduced to the same reference level by subtracting 31-
year means from the measurements and taking into account the
respective long-term trends. The sea-level trend observed from
data measured by the tide gauge is controlled by using processes
of different origins. These are changes in direct atmospheric pro-
cesses (i.e. air pressure and wind), steric changes related to ther-
mohaline processes, and changes of water mass and vertical land
movements. To analyse changes in the occurrence and intensity
of extreme storm surges over time, we remove the sea-level trend
that is induced by using the later three processes, but retain the
part due to direct atmospheric forcing. The method and trend
analysis are described in more detail in the Appendix. Once the
trends of non-meteorological origin were removed from the
detided sea levels, exceptional storm surges in the northern
Adriatic were identified following the approach introduced in
Međugorac et al. (2018). Individual storm surge events were
defined as every occurrence of the residual (detided and
detrended) sea level (Zr) exceeding a given threshold, at least
at one of the stations. The threshold imposed was the 99.95
percentile of the data from both stations (71.84 cm).
Subsequent sea levels exceeding the threshold were grouped in
one episode with the maximum value taken to represent the
episode. Independent episodes were defined as those separated
by at least 36 h.

3.2 Extraction of wind episodes

For a definition of intense wind episodes, here, using ERA5
reanalysis and later RCM simulations, conditions on wind
speed, duration, and direction were imposed. An episode

Table 1 Sea-level series and wind fields from different datasets. The
first column shows used data: measured sea level and wind from
reanalysis and simulations carried out with three regional climate

models forced with different global climate models. Data are available
for intervals listed in columns 2–4, while temporal and spatial resolution
of the data series are given in the last two columns

Data/models Measurements/reanalysis/
evaluation

Historical period Projections
CP4.5/RCP8.5

Temporal
resolutions (hour)

Spatial resolution
(km)

Sea level (Venice/Bakar) 1984–2014 1

ERA5 1984–2014 3 ~30

ALADIN52 CNRM-CM5 1984–2012 1971–2000 2041–2100 3 12.5

RCA4

CNRM-CM5 2041–2100

MPI-ESM-LR 2041–2099

HadGEM2-ES 1984–2010 1970–2005 2041–2099 6 12.5

EC-EARTH 2041–2100

IPSL-CM5 2041–2100

RegCM4

CNRM-CM5

MPI-ESM-MR 1984–2014 1970–2005 2041–2070 3 12.5

HadGEM2-ES

EC-EARTH
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was declared intense if the wind field over the Adriatic had the
following characteristics: wind from the SE quadrant includ-
ing a small section of the SW quadrant over 70% of the basin,
with an average speed exceeding 10.5 m/s for more than 6 h
(Fig. 1, right). Consecutive values were grouped in one epi-
sode with a speed that corresponds to the maximum value,
where separate events were considered those that were at least
24 h apart. The above criteria were set following the principle
that the two datasets, episodes extracted directly from the sea-
level data (sea-level episodes) and episodes extracted directly
from the wind fields (wind episodes), optimally overlap (Fig.
1, left). More specifically, the parameters were adjusted to
obtain the maximum ratio of realised episodes (wind episodes
that resulted with extreme sea levels) to unrealised (wind ep-
isodes that were not observed in sea level) and nonattributed
episodes (episodes of extreme sea level that were not identi-
fied by the wind field algorithm).

Behaviour of the episodes’ ratio to possible wind velocity
and wind duration thresholds was examined by using a sensi-
tivity analysis, as shown in Fig. 2. Several combinations of
velocity and its duration proved to be optimal for definition of
storm surge–related wind episodes. However, the best
result—high ratio of episodes and minimum number of
nonattributed sea-level events—was achieved for wind veloc-
ity higher than 10.5 m/s that lasted more than 6 h.

A wind episode was declared realised if it occurred 26 h
before/after a sea-level episode. This interval was deter-
mined after testing a larger set of possible values. For each
wind episode, corresponding sea-level contributions to sea-
level extremes in Venice and Bakar were estimated. The
planetary component (Zlp) was determined by applying a
low-pass digital filter with the half-power point at 10 days,
while the synoptic contribution (Zr-Zlp) was defined as the
variability of sea level when the planetary component was
removed from the residual sea level. The high-frequency
(synoptic) component encompassed of storm surge and
seiche activity, if previously generated. Values of the two
sea-level contributions (Zlp and Zr-Zlp) were taken at the

moment when the residual sea level reached its maximum
but not later than 12 h after the wind maximum, thus taking
into account the response time of sea level to atmospheric
forcing (Orlić et al. 1994).

For each event, it was estimated whether it was affected by
a previously generated seiche, which could also impact the
height of the sea level. The presence of a pre-existing seiche
was determined subjectively—by visual inspection of Zr, it
was established whether it had exhibited sudden changes
within a short period (up to 3 days) before the main peak with
apparent oscillations afterwards.

3.3 Classification of wind episodes

The extracted wind fields were classified according to their
specific effect on the sea level. This is relevant because subtle
changes in the wind field generate notably different sea-level
responses along the two coastlines, thereby dictating their

Fig. 1 Left: schematic representation of the procedure for the extraction
of wind episodes. Episodes were sorted into three categories—realised
(observed in both wind and sea-level data), unrealised (observed only in
wind data), and nonattributed (observed only in sea-level data). The

procedure was based on optimal overlap of the two datasets, which re-
sulted in the conditions shown on the right. Right: allowed wind direc-
tions over at least 70% of the basin surface (S) with a minimum velocity
of 10.5 m/s (w) that lasted more than 6 h (T)
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exposure to flooding (Međugorac et al. 2018). For the past
period, classification was performed using the related cross-
basin sea-level slope (TSLS), defined as the difference be-
tween the residual sea levels in Venice and Bakar. However,
to be able to determine chances of occurrence of storm surges
of a certain type in a future climate, based on wind field only,
it was necessary to use some other method that would identify
the three wind types (W, O, or E). Wind field patterns respon-
sible for the W, O, and E types of storm surges were defined
using sea-level episodes and ERA5 fields, following the ap-
proach described in Međugorac et al. (2018). Specifically,
meteorological backgrounds of each event were identified
considering that the current sea state is a reflection of previous
atmospheric conditions and taking into account the response
time of the sea to synoptic wind forcing, which is about 6 h in
the northern Adriatic (Orlić et al. 1994). Thus, the wind fields
responsible for storm surges were chosen as those available at
least 4 h before the sea level reached its maximum. The con-
straint of 4 h was obtained experimentally since literature is
not extensive on this subject. Then, sea-level episodes and the
background wind fields were divided into three categories
according to the observed cross-basin sea-level slope: the W
and E types were defined as those whose slope deviates from
the mean value for more than one standard deviation, while
the rest were declared as the O type. For the three storm-surge
types, composite wind fields were constructed. The three
mean fields were then used as patterns in the detecting phase
during which wind fields from the RCM simulations (histor-
ical and projections) were classified into one of the character-
istic patterns by searching for the minimum Euclidean dis-
tance between the established patterns and the given wind
field, taking into account only nodes above the Adriatic.

4 Results

4.1 Overview of extracted episodes

According to the proposed procedures, we extracted 39 sea-
level and 61 wind episodes in the 1984–2014 interval. The set
of wind episodes consisted of 28 realised and 33 unrealised
events, extracted from the ERA5 wind field with the help of
mareographic data (Fig. 1, left).

It is not surprising that all wind episodes do not manifest as
extreme sea levels because the formation of the latter is not a
result of the current atmospheric situation alone but also of the
preceding atmospheric conditions and the state of the underlying
sea. Considering features of the extracted events (Fig. 3), it is
evident that, in the realised episodes, wind was generally higher
and lasted longer. In addition, the effect of the wind field was
superimposed on sea-level variations that are controlled by using
processes at different temporal and spatial scales. Therefore, ex-
treme sea levels emerged in episodes where the water level was

already elevated due to atmospheric forcing on a planetary scale
(high Zlp, which was over 30 cm in more than a quarter of all
cases). In addition to this, on some occasions, seiche oscillations
were already active (marked by crosses in Fig. 3), and depending
on relative phases, they further raised or lowered the sea level
generated by direct atmospheric forcing. Alternately, almost all
of the nonattributed sea-level events were related to small-
amplitude wind acting over considerably raised sea level due
to planetary processes or oscillations of previously triggered
seiches (example in the Supplementary Materials, Fig. S1).

To ascertain that we extracted wind fields that generate sea-
level response as observed in the independently extracted ep-
isodes of sea level, we compared relative histograms of TSLS
for the wind and the sea-level episodes (Fig. 4). It is possible,
given the range of permitted wind directions (Fig. 1, right),
that we have eliminated certain structures of wind fields that
appear above the basin but are relevant for our analysis, and
vice versa. The two distributions are similar with the sea-level
slopes distributed about the same averages and with similar
standard deviations. The differences appear in the presence/
absence of certain values—in the wind-based episodes, large
positive slopes (approximately 50 cm) are not present, while
negative slopes (sea level higher in Bakar) are more frequent.

The background wind fields (Fig. 5) for the three types of
storm surges (Fig. 4, left) were used as patterns for classifica-
tion of RCM fields. The W-type pattern (Fig. 5a) strongly
accumulates water near the north-western coastline. It is
characterised by almost uniform Sirocco above the middle
and south Adriatic, while easterly wind dominates over the
northernmost part of the basin. The highest wind velocities
develop during this type. The O-type pattern (Fig. 5b) causes
the ordinary type of storm surges, i.e. those with average
TSLS.With respect to the previous pattern, this field is rotated
to the east. The E-type wind field (Fig. 5c) causes an equal
response of sea level along the two coastlines or somewhat
stronger near the eastern shore. This field features (i) a notable
T component towards the east above the entire basin, (ii) min-
imum velocity near the north-western coastline, and (iii) max-
imum velocities closer to the eastern shore.

The classification of events based on the three wind field pat-
terns shown in Fig. 5,when comparedwith direct classification by
the TSLS (Fig. 4, left), proved to be rather skillful. It attributed
59% of wind fields, associated with 39 sea-level episodes, to the
same type as the direct method. Distribution between the types
was as expected—most were categorised as O type (61.5%),
while the rest were recognised as W (23.1%) or E type (15.4%).
The distribution is very close to that obtained by using the direct
method: 69.2% (O type), 15.4% (W type), and 15.4% (E type).

4.2 Performance of the RCMs

Strict criteria were applied to validate the three regional cli-
mate models: they were tested in terms of how well they
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reproduce specific meteorological situations using simulations
from the evaluation period (run with initial and boundary con-
ditions imposed from ERA-Interim reanalysis). Quality of the
modelled fields was assessed considering the total number of
extracted wind episodes, as well as the percentage of realised
and nonattributed episodes (Table 2). To compare different
1RCMs, we established (i) the same temporal resolution
(all fields were resampled to a 6-h interval), (ii) the
same spatial resolution (RCM fields were interpolated
to the ERA5 grid), and (iii) a common 27-year period
from 1984 to 2010. It must be stressed that regional
climate models when forced by using the coupled global
climate models do not aim to reproduce the actual

sequence of, for example, daily/subdaily fields, but only
statistics of their variability. However, in the evaluation
setup, when forced by the reanalysis that provided
boundary and initial conditions for RCM simulations,
it is anticipated that models will be able, to some ex-
tent, to reproduce actual meteorological situations.
Hence, this comparison represents a comprehensive test
for the studied RCMs.

Compared with ERA5, the three RCMs yielded a larger
number of episodes (Table 2, column 2). This was expected
and is due to the better resolution of regional climate
models—they develop higher wind velocities and conse-
quently result in a larger number of events that exceed the
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given threshold. ALADIN52 resulted in 43% more events
than ERA5, while the other regional models resulted in two
(RCA4) or four (RegCM4) times more events.

Considering the proportion of realised episodes (Table 2,
column 3), ERA5 expectedly yielded the best result, with
almost every second wind episode being realised as high sea
level. It should be emphasised again that strong wind, al-
though dominantly contributing to sea-level change, is not
the only component of the Adriatic floods. Closer inspection
of Fig. 3. reveals that, for the unrealised events, the synoptic
sea-level components are generally lower than for the realised
ones, but they still overlap over a considerable range of values.
This means that a number of the unrealised wind episodes are
associated with exceptional storm surges but do not intersect
with extreme sea levels because they coincided with a small
planetary contribution. Because magnitudes of the planetary
and the synoptic-scale components are not strongly related, as

indicated by the dispersion of events in Fig. 3, our algorithm is
not able to automatically detect only the realised ones.
Additionally, it is possible that some of the wind fields are
not reproduced properly, which may have reduced the per-
centage of realised episodes.

For regional climate models, the percentage of realised
episodes (Table 2, column 3) is smaller and reflects two facts:
(i) the larger number of wind episodes, due to the better reso-
lution of the regional models, was relative to the constant
number of actually realised (30) episodes in the considered
period and (ii) RCMs do not intend to reproduce actual mete-
orological states. Comparing the percentages of realised and
nonattributed episodes for the three RCMs, it follows that
ALADIN52 is better than the other two. Concerning the fre-
quency of events (Table 2, column 5), ALADIN52 and RCA4
give similar values, between 2.5 and 3.5 episodes per year,
while RegCM4 results in twice as many. Hence, we can state
that ALADIN52 and RCA4 reproduce the Adriatic southerly
wind structures well, while RegCM4 is less skilled in this
matter.

To examine the impact of model resolution on the results,
velocities from RCM for evaluation runs were scaled by the
ERA5/RCM ratio of monthly mean velocities over the 1984–
2010 interval. Monthly mean velocities from ALADIN52
closely agree with ERA5 (not shown). The RCA4 values
agree well in winter, while they deviate in summer.
However, the RegCM4 monthly velocities differ significantly
from the other models, especially during cold season when the
extreme events are most frequent. RegCM4, although with
higher wind speeds than in other two RCMs, followed the
annual cycle comparable to ALADIN52 with distinct summer
minimum and winter maximum in wind speeds. The scaled
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Table 2 Datasets with number of extracted wind episodes in the
evaluation interval (1984–2010). Realised wind episodes are expressed
relative to the total number of wind episodes. Nonattributed sea-level
episodes are expressed in relation to the number of actual sea-level epi-
sodes in the period of 1984–2010 (30 events). The yearly frequency of
extracted wind episodes is given in the last column

Dataset Number of
episodes

Realised
(%)

Nonattributed
(%)

Frequency
(year−1)

ERA5 49 45 27 1.8

ALADIN52 70 30 30 2.6

RCA4 94 16 50 3.5

RegCM4 195 5 67 7.2
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wind fields fromALADIN52 and from RCA4 did not provide
substantially different results than the original fields—the fre-
quency of events became somewhat closer to the ERA5 fre-
quency (2.1 events per year for both models), but the efficien-
cy of the detection algorithm (percentages of the realised and
the nonattributed events) did not improve. However, the
scaled RegCM4 fields yielded a very small number of
flooding episodes (0.30 events per year) and totally failed to
reproduce the actual events (all the extracted episodes were
unrealised). Obviously, this version of the RegCM4 model
and set of simulations have strong limitations when it comes
to storm-surge winds, and this fact should be taken into ac-
count when interpreting results and while planning future
model application over the Adriatic region.

Climate statistics of the both reanalysis and historically
driven RCM can be compared over the common period of
all available input datasets, i.e. 1984–2000. Over this period,
atmosphere-driven RCMs ingested sea-surface temperature
and lateral boundary conditions from the ERA-Interim in the
evaluationmode, and same quantities from the coupled GCMs
in the historical mode. Nevertheless, the concentrations of the
most important greenhouse gases were comparable in both
modes of simulation.With this approach, models show similar
climatology in terms of the frequency and intensity medians.
For models ALADIN52, RCA4, and RegCM4, frequency me-
dians in the evaluation runs are 2, 3, and 7 year−1 respectively,
while the intensity medians are 11.9, 12.5, and 13.1 m/s. At
the same time, in the historical simulations, we find compara-
ble values of 5, 4.2, and 9.5 year−1 for the frequency, and 12.2,
12.3, and 13.4 m/s for the intensity (here, ALADIN52 histor-
ical values are associated with only single GCM, while values
for other two RCMs are averaged over the ensemble of the
GCM forced simulations). In addition, when evaluation runs
are compared with the specific GCM run, the statistically sig-
nificant differences are found in 3 out of 10 comparisons of
the frequency, and only in 2 out of 10 cases when comparing
the intensity.

4.3 Historical vs. future simulations

Here, we present the frequency, intensity, seasonal cycle, and
type of the Adriatic southerly wind episodes (type W/E de-
pending on whether they cause stronger sea-level response
along the western or eastern coastline) in present and future
climates. Two climate scenarios, moderate emission RCP4.5
and strong emission RCP8.5, were examined, as well as two
future intervals—middle (2041–2070) and end (2071–2100)
of the twenty-first century. The present climate estimations
were based on historical simulations with data from 1971–
2000. The analysis was carried out for all episodes together
and then according to the episode types.

Considering the wind frequency for the three models in the
present climate (Fig. 6, left), it is evident that there are

differences in the model’s own climatology. In RegCM4 sim-
ulations, episodes occur twice as often and with a much wider
range of values. Models ALADIN52 and RCA4 are consistent
and range from 3 to 6 events per year, while the frequency in
RegCM4 ranges between 6 and 12. Simulations with initial
and boundary conditions from the global model HadGEM2-
ES differ from the rest of the set in most cases. Visual com-
parison of the present and future periods suggests minor dif-
ferences between these climates. This was examined with the
WMW test, which was applied to test the significance of the
obtained differences—seven simulations, carried out with
ALADIN52 and RCA4 (mostly for the end of the twenty-
first century), deviated significantly from those in the present
climate. An additional check was made through the climate
change score PCC (PCC = 1-PSS, where PSS is the Perkins
skill score), available in the Supplementary Materials
(Table S1). On the basis of this statistical measure, a small
(< 0.3) or moderate (0.3–0.50) probability for a change of
wind frequency may be expected. These results suggest an
increase in the number of events. However, if we consider that
our dataset is large (32 projections) and that only a small
percentage of simulations (22%) exhibited a significant
change, then we can expect only minor variations in the num-
ber of intense wind episodes, under both scenarios, at the end
of the twenty-first century.

Figure 7 shows spatial averages of wind velocities during
extracted episodes. The models ALADIN52 and RCA4 gen-
erally give very close values, slightly more than 12 m/s, while
RegCM4 exceeds this amount by less than 10%. Velocity
ranges in RegCM4 simulations are wider than in the other
two models, which is true for all of the studied intervals. In
the future climate, wind velocities will not change significant-
ly regardless of the future climate scenario. The WMW test
showed that only two projections deviate from the present
climate: RCA4 suggests a slight decrease, while RegCM4
indicates an increase of values. Hence, we can state that the
wind velocity of intense episodes that favour flooding of the
Adriatic coastlines will not change significantly in the future
climate regardless of the scenario or time interval. This was
confirmed by the corresponding PCC, whose values were low
and did not exceed 0.18 (Table S2 in the Supplementary
Materials).

Seasonal cycles in the number of southerly wind episodes
in all simulations (Fig. 8) follow the expected pattern—the
majority of events occur in the cold season when the passage
of Mediterranean cyclones is frequent over the Adriatic. The
most active month commonly falls between November and
February. Amplitudes of the annual cycle are comparable in
most simulations, and only those forced with the HadGEM1-
ES global model diverge in some cases. Visual inspection of
amplitudes and phases of the seasonal cycle does not give an
indication of any change. Additionally, there are no obvious
differences between the climate scenarios, nor between the
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two future intervals. Here, formal testing was not done due to
the small number of episodes in some months, but it is also
unlikely that variations of the seasonal cycle would be signif-
icant considering the results for the other wind features.

Changes in the spatial structure of the wind fields that are
responsible for extreme storm-surge events can be examined
by studying characteristics of the wind field types that were
identified in Sect. 3.3. Redistribution among the types would
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indicate a change of large spatial scale because different wind
structures above the Adriatic are induced by cyclones of dif-
ferent intensity and position above the Mediterranean region
(Međugorac et al. 2018). Distribution of the wind field types
obtained from RCM simulations for the present-day climate is
as expected—most episodes were classified as an ordinary
type of wind field (~ 45%), while the rest were categorised,
almost equally, as E or W type. Runs performed with RCA4
(IPSL-CM5) and RegCM4 (HadGEM2-ES) yielded the three
wind types in similar proportions. This confirms that the se-
lected regional climate models, ALADIN52, RCA4, and
RegCM4, are skilled in reproduction of southerly wind fields
over the Adriatic. Since the marginal wind types induce spe-
cific sea-level responses in the Adriatic, which in turn dictate
which coastline will be more exposed to flooding, only results
for W and E types will be given.

Presently, the frequency of the two marginal types (W and
E) is similar, with slightly higher values for the W type (Figs.
9 and 10, left). All three models are in agreement on this, with
RegCM4 giving higher frequencies for both wind types. The
W and E events occur approximately 1–2 times a year (almost
three times a year in the case of RegCM4). Furthermore, fre-
quency distributions for the middle and the end of the twenty-
first century (Figs. 9 and 10, middle and right panel) are sim-
ilar to those in the present climate, and there are no indications
that the number of one type will increase on account of the
other. According to the WMW test, the difference between
future and present climates, for the W type of wind fields, is
significant in only two simulations. These suggest more fre-
quent flooding of the western coast in the future. A similar
result was obtained for E-type fields—only one simulation
implies a significant increase in the frequency of floods along

the eastern coast (by one episode per year). Hence, only a
small percentage of realisations (6% in the case of the W
and 3% in the case of the E type) suggest a significant change.
Analysis of PCC gives similar results. Values of PCC are
smaller than 0.30, except in two simulations of the W field
and two of the E field, where PCC does not exceed 0.37
(Tables S3 and S4 in the Supplementary Materials). Thus,
the probability that, in a future climate, the frequency of
flood-favouring wind fields will change is small, for W- as
well as for E-type wind field.

Changes in the intensity of theW and E types of wind fields
were also examined (Figs. 11 and 12). In the present climate,
the two wind types have similar spatially averaged velocities
of approximately 12.4 m/s. For RegCM4, velocity medians
are slightly higher (13.8 m/s) with much wider distributions of
magnitudes (the velocity exceeds 22 m/s in some cases). For
the future climate (middle and right panels of Figs. 11 and 12),
there is no evidence that the types might intensify or weaken.
Only one simulation for each type (in both cases, it is
RegCM4 forced with CNRM-CM5) gives a significant in-
crease of velocity. Corresponding values of PCC are low (in
two runs for W type and one run for E type, PCC ≥ 0.30),
suggesting a low probability of increasing/decreasing wind
velocity for both types of wind field (Tables S5 and S6 in
the Supplementary Materials).

5 Discussion

Central point in the analysis was to create the algorithm which
would detect extreme sea-level events on the basis of hourly
wind fields from ERA5 reanalysis. The algorithm was tested
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against the observed sea-level events in the northern Adriatic.
More than 70% of actual events were detected. However, 54%
of the extracted wind episodes were not realised.
Nevertheless, we may consider the algorithm fairly efficient,

having in mind that we are detecting only the major contribu-
tion, which acts simultaneously with the other processes.

Considering unrealised episodes, on several occasions,
synoptic sea-level components were considerably high (about
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50 cm), but events were not realised as exceptional sea levels
because amplitudes of concurrent planetary components were
low. On the other hand, on two occasions (nonattributed epi-
sodes Z10 and Z17), the synoptic sea-level component was

extremely high (76 cm and 62 cm, respectively), but the algo-
rithm did not detect these extreme events. Closer inspection
revealed that during these two events, strong wind was blow-
ing, exceeding mean value of 10.50 m/s in several consecutive
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intervals, but from NW or SW direction over the greater por-
tion of the basin.Moreover, episode 17was also influenced by
previously triggered seiche which positively overlapped with
newly induced storm surge and additionally raised sea level.
Evidently, in order to capture all flooding events, a wider
range of wind directions should be taken into account.
However, this brings in greater number of the unrealised
events, so a compromise had to be made to obtain the best
ratio of the realised to unrealised and nonattributed events.

The performance of the wind-based algorithm for detection
of flooding events is further supported by the distribution of
the established sea-level slopes (Fig. 4), which is similar to the
one for the actual sea-level events. The discrepancies may
arise from excluding/allowing certain forms of wind but also
from the way that sea level was associated with every wind
episode. It should be borne in mind that the sea-level peaks
occur after the wind maxima with different time legs. Because
we limited this time interval to a maximum of 12 h, it is
possible that in some wind episodes, we have overestimated/
underestimated the actual sea-level slope.

The analysed regional climate models are not equally suc-
cessful in reproducing flood-threatening wind fields, and here,
ALADIN52 is superior to the other two. Better performance
of ALADIN52 is related in part to the size and location of its
domain: ALADIN52 covers a wider Mediterranean area (as
set in the Med-CORDEX protocol), while the domains of
RCA4 and RegCM4 spread over the whole of Europe (as set
in the EURO-CORDEX protocol). Because the domain size
affects the temporal correlation in circulation patterns, the use
of larger domains may lead to smaller temporal correlations
(Leduc and Laprise 2009), and thus it is understandable that
RCA4 and RegCM4 are generally less efficient in reproducing
the temporal sequence of specific meteorological situations. In
addition, smaller domains allow greater impact of boundary
conditions (Žagar et al. 2013), which can raise the skill of the
RCMwhen forced by the reanalysis with the correct sequence
of the synoptic weather patterns. The relation between domain
size and wind field quality, as discussed here, could have been
tested had the ALADIN52 subdaily fields been available for a
greater domain. However, at the time of writing, only daily
simulations were accessible for the wider European domain
(from the CORDEX database). RegCM4 showed large devi-
ations from the other two models. Comparing the frequencies
based on the original (7.2 year−1) and scaled (0.3 year−1) wind
fields, one can conclude that RegCM4 allows the develop-
ment of a stronger wind than the other two models, but its
simulated duration is shorter. This limitation may come from
the surface friction formulation and planetary boundary layer
scheme implemented in the model, but focused model sensi-
tivity studies are needed to address this issue/problem.

The analysis showed that features of wind episodes
favouring flooding of the northern Adriatic coast probably
will not change in future climates, supported by the results

of all three RCMs. The probability that the frequency, inten-
sity, seasonal cycle, and spatial structure of potentially dan-
gerous wind fields will change in future climates is small.
Simulations obtained by using the three regional climate
models, forced with several different global models, gave
qualitatively the same results. The obtained result does not
depend on the climate scenario, future period, or regional or
global climate model. This is in line with the two previous
studies on the topic (Lionello et al. 2012b; Mel et al. 2013),
although these were based on a single model, so the results
could had been influenced by the outliers or by the selection of
the specific scenario–GCM–RCM chain of assumptions.
Given the well-known wide spread of climate simulations
(IPCC 2013), the conclusions reached now, on the basis of a
number of different criteria, have substantial reliability.
Denamiel et al. (2020) obtained somewhat different results.
Using the pseudo–global warming method on twelve selected
storm surges observed at stations Venice and Trieste during
1979–2019, they obtained a notable decrease of their ampli-
tude under the climate scenarios RCP4.5 and RCP8.5 expect-
ed during 2060–2100. However, the disagreement might
come from the fact that Denamiel et al. (2020) analysed storm
surges related to severe wave storms, and these are, in most
cases, caused by cyclones of different characteristics than
those that generate severe storm surges (Lionello et al. 2012a).

Although extremes in the near-surface temperature and pre-
cipitation amounts over the Mediterranean are expected to
intensify during the twenty-first century, the same RCM–
GCM simulations do not show a clear impact on the near-
surface winds responsible for flooding of the Adriatic coasts.
Numerous studies (e.g. Giorgi and Lionello 2008; Gualdi et al.
2013; Adloff et al. 2015) have shown that the mean sea-level
pressure (MSLP) will increase over large parts of the
Mediterranean, consistent with the shift of trajectories of the
Atlantic cyclones to the north, suggesting an increase of anti-
cyclonic activity. Therefore, we assumed that these changes
would impact the occurrence of the Adriatic southerly wind
episodes that are caused by Mediterranean cyclones. One of
the reasons for the absence of a clear sign of changes in storm-
surge activity may be the seasonal modulation of the climate
change signal. According to Giorgi and Lionello (2008), the
expected MSLP changes over the Mediterranean exhibit a
strong seasonal dependence, and they are most pronounced
during summer. Since Mediterranean cyclones causing ex-
treme storm surges in the Adriatic are mostly generated in late
autumn and winter, it is likely that they are not sensitive to the
abovementioned changes. This topic deserves a detailed anal-
ysis in a future study.

It should be repeatedly stressed that the Adriatic floods are
the result of combined effects of several processes and that we
here analysed the meteorological background of only the
dominant one—storm surge. As presented in Fig. 3, another
important component of floods is the planetary component of
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sea level, which can contribute to these events with more than
40 cm. Closer inspection of the sea level during the wind
episodes revealed that in several cases, difference of the plan-
etary component between Venice and Bakar was considerable
(up to 10 cm). This indicates that some other process, other
than adjustment to planetary atmospheric waves, may have
affected sea level at low frequencies. De Zolt et al. (2006)
reported that in preceding months of the 1966 flood, precipi-
tation over the eastern Alpine and pre-Alpine areas was per-
sistent and intensive, which made surrounding rivers reach
exceptional discharge values. Prolonged intervals of very
large river inflow could reflect on planetary sea-level compo-
nent in an area like the Venice lagoon, but for reliable conclu-
sion, a detailed analysis should be carried out.

In addition, local seiches and wave setup, both driven by
wind, can substantially affect the water level along the coast-
line. In this study, using hourly sea-level data, the first process
was filtered out (e.g. the period of the first mode of the Bakar
Bay seiches is 20 min). Alternately, using data from stations
placed at sites protected from direct impact by wind waves
(the Bakar station is in the bay sheltered by the chain of
islands, and the Venice station is in the lagoon), we reduced
the contribution of the wave setup (Bowen et al. 1968). To
estimate the exact wave setup effect on the water level, it is
necessary to run a wave model, which is beyond the scope of
this article, but some estimations can still be given and
discussed. The strongest flood ever recorded at the Venice
Punta Salute station occurred on 4 November 1966, when
wind waves in the northern Adriatic were 8-m high; the wave
setup at a location in front of Venice was estimated to be 15%
of the total sea level reached at the site (De Zolt et al. 2006).
No data for the wave setup in the lagoon were provided, but it
can be assumed that the contribution was smaller. If we con-
sider that on this occasion, the wind accumulated water up to
almost 2 m in height at Venice Punta Salute, whereas consid-
erably lower levels were reached during the events that we are
analysing (Fig. 3), it is reasonable to assume that the wave
setup effect in the studied episodes was notably lower than
15% and is incorporated in the synoptic-scale component.

6 Summary and conclusions

In this research, we analysed the impact of climate change on
the wind fields responsible for the Adriatic storm surges. The
dataset consisted of sea levels measured at Venice and Bakar
(1984–2014), the corresponding ERA5 wind fields, and wind
simulations of three CORDEX RCMs (ALADIN52, RCA4,
and RegCM4) forced with several GCMs. For future climate
conditions, we considered two scenarios (RCP4.5 and RCP8.5)
in two 30-year intervals—the middle (2041–2070) and end
(2071–2100) of the twenty-first century. The strategy was to
create algorithms that will reliably extract wind structures that

are responsible for extreme storm surges using measured sea
levels and ERA5 wind fields and then apply the same algo-
rithms to study these structures in climate simulations. The goal
was (i) to evaluate the selected regional climate models in re-
production of southerly wind episodes over the Adriatic and (ii)
to analyse the effect of climate change on these events.

Considering the results for the evaluation period (simulations
forced with ERA-Interim), the models ALADIN52 and RCA4
reproduced well exact meteorological situations, while RegCM4
was less successful. In the present climate conditions (historical
period), the three RCMs followed the expected seasonal cycle—
a larger number of southerly wind structures occurred during the
cold season. For the frequency and intensity of these events,
ALADIN52 and RCA4 gave consistent values, while values
from RegCM4 are somewhat higher and spread over a wider
range of values. Analysis of wind features in the present and
future scenarios revealed that there is a small probability that
climate change will have any effect on this type of event. More
specifically, the frequency, intensity, seasonal cycle, and spatial
structure of the southerly wind in the twenty-first century are
likely to remain the same as those in the current climate. The
study did not find evidence (based on the type of wind fields)
that one coastline, the western or the eastern, will be exposed to
greater risk than it is today. These results are independent of all
the considered criteria—they do not depend on the used model,
regional or global, greenhouse gas scenario, or upcoming time
interval. The conclusion is based on a large ensemble of simu-
lations, which provides it substantial reliability.

The Adriatic floods are the outcome of the combined effect
of several processes on different spatial and temporal scales,
where the storm surges play a dominant role. Here, we exam-
ined meteorological conditions of storm surges only, but to
achieve a full picture of future atmospheric forcing of floods,
it is necessary to study meteorological backgrounds of the
Adriatic-wide seiche and planetary component. This is an ap-
pealing topic for upcoming research. In addition, the presented
type of analysis should be repeated on larger ensembles of
non-hydrostatic and coupled atmosphere–ocean regional cli-
mate simulations, whose development and availability are ex-
pected in the near future.
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Appendix 1. Estimation of sea-level trends
and difference between two locations

Here, we describe the method used to determine non-
atmospherically related sea-level trends in Venice and
Bakar. Generally, different processes can cause changes of
the mean sea level that are recorded at a location by a tide
gauge: direct atmospheric forcing, thermohaline processes,
mass changes, and crustal movements. Here, it was necessary
to separate the sea-level trend caused by direct atmospheric
forcing from that caused by other processes. To do so, we use
the fact that sea-level anomalies, i.e. departures of sea level
from the mean seasonal cycle, are highly correlated with re-
spective anomalies of air pressure (Orlić and Pasarić 2000).
Parameters of linear regression between the two time series
are applied to air pressure anomalies to obtain the sea-level
variability due to direct atmospheric forcing. Once this part is
subtracted from the observed sea-level data, the residual time
series exhibits a trend that is presumably related to the latter
three processes.

The analysis was conducted on time series of monthly
mean values of sea level (zm) and air pressure (pm). These were
used to calculate the mean seasonal cycles of sea level (zs) and
air pressure (ps) as long-term averages of values for each
month and to obtain the respective anomalies (za = zm − zs;
pa = pm−ps). Linear regression between sea-level anomalies
and air pressure anomalies, za = A·pa + ε, where ε is the error
term, yields an adjustment of sea level in the northern Adriatic
(A = − 2.15 cm/hPa at Bakar, A = − 2.07 cm/hPa at Venice,
with correlation coefficient r = 0.84 for Bakar, r = 0.81 for
Venice) that is two times stronger than the inverse barometer
effect. The overshoot is due to wind forcing that acts coher-
ently and in the same sense as the air pressure forcing (Pasarić
et al. 2000). The non-seasonal sea-level variability induced by
air pressure and wind forcing, zp = A·pa, and subsequently the
residual time series, zr = za − zp, that is related to thermohaline
forcing, global mass change, and vertical land movements is
evaluated to determine the trend in sea level that is not im-
posed by the direct atmospheric forcing. Time series of annual
mean sea level, the atmospherically induced sea level, and the
residual part with the respective linear trends (a, ap, ar) are
shown in Fig. 13. The linear trends with their uncertainty
intervals were determined using Bayesian statistics to take
into account autocorrelation within the time series (Orlić
et al. 2018). The sea-level trends are much larger than those
reported for the 1960–2000 interval (Marcos and Tsimplis
2008). They reflect the fact that over the last two decades,
the sea-level rise in the Adriatic and elsewhere in the
Mediterranean has been accelerating (Orlić et al. 2018). The
trend in Venice is more consistent with the values for the
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1993–2015 period (Vignudelli et al. 2019). Furthermore, the
total sea-level rise (a), as well as the rise of the residual sea
level (ar), is much higher in Venice than in Bakar. The differ-
ence can partly be attributed to the land subsidence in Venice
that is still ongoing at a rate of some 1.0 ± 0.7 mm/year (Tosi
et al. 2013). However, a detailed analysis of sea-level trends is
beyond the scope of this study.
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