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Sea-level variability on planetary time scales (10–100 d) is a prominent 

feature of the Adriatic Sea and an important preconditioner of coastal flooding. 

We characterized its properties in the present climate using the nearly century-

long Bakar tide-gauge record (1929–2021) and mean sea-level pressure from 

ERA5 reanalysis, and assessed projected changes using three regional climate 

model simulations (ALADIN, CCLM, and RACMO). High coherence between sea 

level and mean sea-level pressure in the 10–100 d band justified using mean sea-

level pressure as a proxy for planetary-scale sea level in future climate. Extreme 

planetary-scale episodes were defined as sea-level anomalies ≥ +19 cm (98th 

percentile of Bakar sea level filtered at 10–100 d) and mean sea-level pressure ≤ -

13.5 hPa, separated by at least ten days. In the past period, extreme sea-level 

episodes peaked in the cold season, occurred typically once or twice per year, 

lasted three to six days, and showed no significant century-scale trend in 

intensity, frequency, or duration. Evaluation of regional climate models for the 

period 1971–2000 showed that all models reproduced the observed seasonal cycle 

and episode intensity, while the CCLM and especially RACMO models tended to 

overestimate frequency and duration. Future projections (2039–2068, 2069–2098) 

under RCP4.5 and RCP8.5 indicated no robust changes in episode intensity, 

frequency or duration suggesting that planetary-scale atmospheric forcing over 

the northern Adriatic is unlikely to change substantially in warmer climates. 

Consequently, future flood risk will be governed primarily by mean sea-level rise 

and its superposition with tides and storm surges, rather than by strengthened 

planetary-scale anomalies. 

Keywords: Adriatic Sea, sea level, mean sea-level pressure, planetary-scale 

component, regional climate models, RCP4.5, RCP8.5 

1. Introduction  

Sea-level (SL) variability on timescales of 10–100 d – often referred to in 

the literature as the planetary-scale variability / component – is a prominent 

feature of the Adriatic Sea (Fig. 1) (e.g., Pasarić and Orlić, 2001; Međugorac 

et al., 2025). Up to 30% of the Adriatic’s SL variance occurs at these periods 
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(Pasarić and Orlić, 2001), largely driven by slowly varying mean sea-level 

pressure (MSLP) patterns and associated winds (W10). Studies in the 

Adriatic and wider Mediterranean (e.g., Palumbo and Mazzarella, 1982; 

Tsimplis and Vlahakis, 1994; Pasarić et al., 2000) have shown that MSLP-SL 

coherence is very high at periods above 10 d (~0.1 cpd), with SL fluctuations 

often exceeding the isostatic response (up to -1.7 cm/hPa). This translates 

into oscillations of several tens of centimeters, with SL variations reaching 

up to 70 cm in the northern Adriatic (Pasarić and Orlić, 1992). 

Changes in MSLP and W10 on 10–100 d timescales are usually linked to 

the passage of planetary Rossby waves over the Mediterranean (Penzar et 

al., 1980; Orlić, 1983; Pasarić and Orlić, 1992; Pasarić et al., 2000). Their 

activity is most pronounced during the cold part of the year, when they are 

visible as waveforms in the 500-hPa geopotential height (Z500) field, with 

wavelengths of 6000–8000 km, generally propagating eastward with 

maximum speeds of ~8 m/s, though they can also be stationary or retrograde. 

Under barotropic conditions, common in winter, these mid-tropospheric 

disturbances are reflected at the surface and become evident in MSLP and 

W10, thereby inducing corresponding SL variability. This relationship holds 

statistically (Pasarić, 2000), but may not apply in individual cases when the 

atmosphere is baroclinic or when other low-frequency processes, such as 

thermohaline variability, influence the planetary-scale component – as shown 

for certain extreme SL events at the Bakar station (Međugorac et al., 2025). 

The planetary-scale component is important because it preconditions 

extreme coastal events (e.g., Pasarić and Orlić, 2001; Ferrarin et al., 2021; 

Ferrarin et al, 2022). It modulates the baseline SL on which shorter-term 

processes – high-frequency oscillations (T < ~10 h), tides (T ~12 and ~24 h), 

storm surges (~10 h < T < 10 d), and seiches – are superimposed. Many of the 

most severe Adriatic flood events have occurred when a long-lasting low-

pressure system had already elevated SL, allowing subsequent storm surges 

and tides to breach flood thresholds more easily (Međugorac et al., 2025). For 

example, the extreme events of 24 December 1958, 1 December 2012, and 8 

December 2020 were all preconditioned by baseline SL anomalies exceeding 

25 cm. Statistical analysis of the Adriatic’s SL (Šepić et al., 2022) confirmed 

that the largest positive extremes typically result from multi-scale 

superposition: a synoptic-scale component coinciding with high tide, 

superimposed on a raised baseline due to planetary-scale variability. 

SL processes in the Adriatic, at different temporal and spatial scales, are 

largely independent due to their relatively small amplitudes compared to the 

basin depth, which makes nonlinear interactions negligible. This 

independence between the dominant components – tides and storm surges, 

and tides and seiches – has been confirmed through empirical studies 

(Cerovečki et al., 1997; Marcos et al., 2009) and numerical experiments 

(Lionello et al., 2005). Owing to this linearity, distinct SL processes, 
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including planetary-scale variability, can be isolated using band-pass 

filtering with appropriate cut-off frequencies and analysed separately. 

Characterizing the properties of this SL variability, its frequencies, 

durations, and amplitudes, is crucial not only for understanding present 

climate conditions but also for assessing future changes. While mean sea-

level rise will undoubtedly increase flood risk (e.g., Weisse et al., 2014; 

Vitousek et al., 2017; Taherkhani et al., 2020), shifts in atmospheric 

circulation may also alter the frequency or intensity of prolonged intervals of 

raised or lowered SL. Recent work has shown that the characteristics of wind 

forcing at synoptic scales (storm surges) are not expected to change 

substantially under future scenarios (RCP4.5 and RCP8.5) by the end of the 

century (Međugorac et al., 2021). However, the future behavior of planetary-

scale forcing remains uncertain. Determining whether planetary-scale 

oscillations will become more frequent, longer-lasting, or more intense is 

therefore vital, as this directly affects the likelihood of compound flood events 

in a changing climate. 

This study examines how the characteristics of the planetary-scale 

component may evolve under future climate scenarios. In this paper we apply 

a three-member set of atmosphere-only regional climate models' (RCM) 

simulations and MSLP fields are used as a proxy to estimate future low-

frequency SL variability. Understanding the properties of the planetary-scale 

component is thus a vital step toward projecting future coastal flood risk in 

the Adriatic region. 

The paper is organized as follows: after the Introduction (Section 1), 

Section 2 describes the data and methods. Section 3 presents the link 

between SL and MSLP, while Section 4 provides an overview of the 

characteristics of extreme low-frequency SL episodes in the past period. 

Section 5 evaluates the regional climate models, while Section 6 compares 

extreme-event characteristics in future and historical climates and discusses 

key methodological choices. Finally, Section 7 summarizes the main 

conclusions. 

2. Sea-level and air-pressure data and methods 

 

The datasets used in this study are summarised in Table 1. Hourly SL 

measurements were obtained from the tide-gauge station at Bakar (TG 

Bakar), located in the northeastern Adriatic (Fig. 1). This record represents 

the longest continuous series of a single oceanographic parameter in Croatia. 

The data are publicly available through the SEANOE database under a CC-

BY-NC license. The record spans December 1929 to December 2021 

(Međugorac et al., 2022; Međugorac et al., 2024), with one major gap of 

approximately ten years during the Second World War and several shorter 
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gaps (lasting up to a few months) prior to 1984 (Međugorac et al., 2022, their 

Fig. 6). SL values are expressed relative to the mean sea level calculated over 

the 18.6-year nodal cycle centered on 1971.5 (1962–1980), based on the 

HVRS71 National Geodetic System (Rožić, 2009). The selection of a single 

tide‐gauge site as representative of the northern Adriatic was considered 

justified because planetary-scale processes occur at a large spatial scale, such 

that one station was sufficient. Šepić et al. (2022) demonstrated that SL 

variability with periods longer than 10 d behaves quasi-uniformly across the 

entire Adriatic basin (their Figs. 10 and 11), supporting this assumption.  

For atmospheric data, two types of MSLP fields were considered over the 

domain shown in Fig. 1: reanalysis and climate simulations. The reanalysis 

dataset consists of hourly values from the ERA5 Global Reanalysis 

(Hersbach et al., 2020), provided on a 0.25° × 0.25° grid (~30 km over the 

Adriatic). These spatial fields are publicly available from the Copernicus 

Marine Service Repository (Table 1; Hersbach et al., 2023). 

Table 1. The first column lists the data used in this study: measured SL, MSLP from reanalysis 

(ERA5), and climate simulations (GCM–RCM chain). Temporal (Δt) and spatial (Δx) resolutions 

are provided in columns 2 and 3, respectively. Data availability is shown in columns 4 and 5. The 

data sources and the relevant literature describing each dataset are provided in the final column. 

Dataset 
Δt 
(h) 

Δx 
(km) 

Measurements / 

Reanalysis / 

Historical 

Projections 
(RCP4.5 / 

RCP8.5) 

Source and 

Literature 

Sea level 1  12/1929–12/2021  

SEANOE, 

https://doi.org/10.1

7882/85171, 

Međugorac et al. 

(2022) 

ERA5 1 ~30 1940–  

CDS (ERA5-single 

levels), 

https://doi.org/10.2

4381/cds.adbb2d4, 

Hersbach et al. 

(2020) 

ALADIN 

GCM: CNRM-

CERFACS-CNRM-CM5 

RCM: CNRM-

ALADIN52 

24 ~50 1950–2001 2006-2100 

CDS (CORDEX-

single levels), 

https://doi.org/10.2

4381/cds.bc91edc3, 

Ruti et al. (2016), 

Somot et al. (2018) 

CCLM 

GCM: MPI-M-MPI-

ESM-LR 

RCM: CCLM-CCLM4-8-

18 

24 ~50 1949–2005 2006-2100 

CDS (CORDEX-

single levels), 

https://doi.org/10.2

4381/cds.bc91edc3, 

Ruti et al. (2016), 

Somot et al. (2018) 
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RACMO 

GCM: MOHC-

HadGEM2-ES 

RCM: KNMI-

RACMO22E 

24 ~50 1950–2005 

2006-11/2099 

(RCP4.5) 

2006-2099 

(RCP8.5) 

ESGF database, 

https://esgf-

data.dkrz.de, 

Jacob et al. (2014) 

Climate simulations from the Med-CORDEX (Ruti et al., 2016; Somot et 

al., 2018) and EURO-CORDEX (Jacob et al., 2014) initiatives were also used. 

Daily outputs from the ALADIN, CCLM, and RACMO regional climate 

models on a 0.44° × 0.44° grid (~50 km over the Adriatic) were selected. The 

selection of the models was governed by the conditions to use different GCM 

boundary conditions in each RCM run, the availability of two RCP scenarios 

and availability of daily MSLP fields at the time the study was conducted. All 

spatial fields are publicly available through the CDS and ESGF archives 

(Table 1). 

For climate simulations, three-time intervals were considered: historical 

(1971–2000), near future (2039–2068), and far future (2069–2098). Two 

climate scenarios were analysed: RCP4.5 and RCP8.5. The use of RCP 

scenarios was driven by data availability: the regional climate model 

simulations employed here were produced within the Med-CORDEX and 

EURO-CORDEX frameworks based on the CMIP5 experimental design. At 

the time of the study, CORDEX-CMIP6 simulations over the Mediterranean 

with daily MSLP fields were not yet available for the required GCM–RCM 

combinations, as the CORDEX-CMIP6 downscaling effort remains in 

progress (Katragkou et al., 2024). Importantly, RCP4.5 and SSP2-4.5 target 

the same nominal end-of-century radiative forcing (~4.5 W/m²), as do RCP8.5 

and SSP5-8.5 (~8.5 W/m²) (O'Neill et al., 2016; Riahi et al., 2017). While the 

socioeconomic narratives and individual greenhouse gas trajectories differ 

between the frameworks, the resulting radiative forcing pathways are 

broadly comparable. Since planetary-scale variability (10–100 d) is governed 

by large-scale atmospheric dynamics rather than by the specific greenhouse 

gas mix, results under RCP4.5 and RCP8.5 can be considered representative 

of those expected under SSP2-4.5 and SSP5-8.5. The two scenarios bracket a 

wide range of plausible futures – from intermediate stabilisation to high-end 

forcing – following established practice in CORDEX-based Adriatic studies 

(e.g., Međugorac et al., 2021). Finally, domain-averaged MSLP series from 

both the reanalysis and the climate simulation were obtained by averaging 

daily fields over the domain shown in Fig. 1. 

The main terms used in this study are defined as follows. Planetary-

scale component was defined as the band-pass filtered SL series (lpSL), 

obtained using a Kaiser window with half-power cut-off periods at 10 and 100 

d. To apply filtering, gaps in the SL data were first filled using linear 

interpolation. After filtering, the interpolated segments were removed from 

both the filtered and original series. Only seven data gaps equal to or longer 

than five days, which could impact planetary-scale component, were 
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identified, all occurring before 1984: in 1934, 1936, 1939–1949, 1959, 1980, 

and 1983. Planetary-scale component near these gaps may be affected by 

edge effects; however, no detected extremes were located within 10 d of these 

gaps, which may or may not reflect the influence of the filtering process. The 

MSLP series (which were gap-free) was filtered in the same way to provide 

the corresponding atmospheric forcing in this frequency band (lpMSLP). 

Coherence (Cxy(f); unitless) was calculated (Eq. 1, Fig. 2) using Welch’s 

method (Welch, 1967), as the cross power spectral density between MSLP 

and SL (Pxy(f)), divided by the product of their individual power spectral 

densities (Pxx(f) for MSLP and Pyy(f) for SL): 

𝐶𝑥𝑦(𝑓) =
|𝑃𝑥𝑦(𝑓)|

2

𝑃𝑥𝑥(𝑓)𝑃𝑦𝑦(𝑓)
(1) 

The calculation was implemented using scipy.signal.coherence function 

from the Python SciPy library with default parameters (SciPy 

documentation, 2026). In this function, Pxy(f) is computed as the product of 

the complex conjugate of the Fast Fourier Transform (FFT) of MSLP and the 

FFT of SL. 

Episodes of extreme high planetary-scale variability (HIGH-lpSL) were 

defined as time intervals during which lpSL exceeded a predefined threshold 

(as illustrated in an example in Fig. 3). Consecutive values above the 

threshold were considered part of the same episode. To ensure independence 

between events, a minimum separation of ten days was enforced. For 

example, if lpSL briefly dipped below the threshold between two exceedances 

occurring within a ten-day window, only the highest peak was retained, and 

others within ±10 days were excluded. The threshold for HIGH-lpSL was set 

at +19 cm, corresponding to approximately the 98th percentile of lpSL 

calculated at TG Bakar over the period 1929–2021. This choice aimed to 

isolate the most intense anomalies while maintaining a sufficient sample size 

for robust statistical analysis. Corresponding episodes of extreme low 

lpMSLP (LOW-lpMSLP) were defined as periods when lpMSLP fell below -

13.5 hPa. This threshold was derived from the empirical lpSL–lpMSLP 

relationship (Fig. 2), ensuring consistency between lpSL extremes and their 

atmospheric forcing. Both thresholds were selected based on data 

characteristics at TG Bakar. Figure 3b shows extreme lpSL and lpMSLP 

episodes (filled areas) during the northern Adriatic flood of December 2020. 

For most of the period shown, the lpSL series mirrored the lpMSLP series, 

and both exceeded their respective thresholds during the extreme event on 8 

December 2020. 
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Figure 1. Map of the Adriatic Sea showing the location of the TG Bakar (blue star). The area 

used for averaging MSLP is indicated by a rectangle. Grids of MSLP series, coming from 

different sources and at different spatial resolution, are indicated with different markers / colors. 

The inset in the lower-left corner shows the position of the Adriatic Sea within the 

Mediterranean Sea. 

The characteristics of episodes examined in this study were their 

intensity, frequency and duration. Intensity was defined as the maximum 

(cm) or minimum (hPa) value reached during the episode (see Fig. 3b). 

Frequency (events per year) was defined as the number of episodes occurring 

within a given year. Duration (days) was defined as the length of time during 

which the variable remained above or below the chosen threshold. 

 Model performance was evaluated using two statistical tests. 

Differences in the seasonal distribution of episode onsets (DJF, MAM, JJA, 

SON) between ERA5 and the RCMs were assessed using a chi-square test 

(Wilks, 2019) applied to a 2×4 contingency table of seasonal onset counts. 

The null hypothesis states that both datasets share identical seasonal onset 

proportions. Differences in the distributions of episode intensity, frequency, 

and duration were evaluated using the two-sample Kolmogorov–Smirnov test 
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(Wilks, 2019), which compares empirical cumulative distribution functions to 

determine whether two samples originate from the same underlying 

distribution. In both tests, episode onsets were treated as statistically 

independent, as individual episodes were separated by more than 10 days. 

Results were considered statistically significant at the 95% confidence level 

(α = 0.05). 

3. Coherence between sea level and mean sea-level pressure 

Figure 2 shows the coherence between SL and MSLP in the northern 

Adriatic, calculated separately for the four seasons. Across all seasons, high 

coherence values are observed at periods longer than about two days, 

indicating a strong and consistent relationship between SL and MSLP at 

synoptic to planetary time scales. Two regions of particularly high coherence 

are evident: one between 2 and 3 d during summer (JJA), and another on 

longer time scales (periods exceeding about 6 d) during the colder part of the 

year (SON and DJF). The strongest coherence occurs at planetary scales 

during autumn (SON), at periods close to 10 d. This pattern reflects the 

dominant influence of large-scale atmospheric-pressure variations on SL 

fluctuations through the inverse barometer effect and basin-wide setup. 

Seasonal differences at planetary scales are evident, with higher coherence 

in the colder part of the year, indicating stronger coupling between 

atmospheric and oceanic variability during these periods. At shorter periods 

(less than about two days), coherence values decrease, suggesting that 

smaller-scale processes such as seiches, storm surges, and tides play an 

increasingly important role in SL variability, while the direct influence of air 

pressure becomes less significant. 

Figure 2. Coherence between hourly SLs at TG Bakar and hourly ERA5 MSLPs averaged over 

the area shown in Fig. 1 (black rectangle). The abscissa is linearly scaled up to 0.1 cpd, then 

logarithmically beyond (due to better visibility of low-frequency processes). Vertical lines mark 

(left to right) periods of 100 d, 10 d, and 9 h – boundaries between long-term, planetary-scale, 

synoptic and high-frequency processes (e.g., Međugorac et al., 2025). Coherence is shown for 

1984–2021 due to longer data gaps in earlier SL records. 
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As shown in Fig. 2, coherence between SL and MSLP increases 

markedly at planetary time scales, underscoring the dominant role of large-

scale atmospheric-pressure variability in driving long-period SL fluctuations. 

To better characterise this relationship, Fig. 3a focuses specifically on these 

long-period variations, comparing lpSL and lpMSLP. The least-squares 

linear regression and Pearson correlation coefficient indicate a strong 

physical link between MSLP and SL variations at these timescales (R² = 

0.69; significantly different from zero at the 99% confidence level). The 

observed SL response (-1.41 cm/hPa) exceeds the ideal inverse barometer 

value (-1 cm/hPa), which theoretical studies suggest should apply at these 

timescales in the Mediterranean (Vilibić et al., 2017 and references therein). 

It is important to note that TG Bakar is not located near a river mouth; 

therefore, local density variations are expected to be small. As shown by 

Pasarić et al. (2000), the enhanced response at these frequencies in the 

northern Adriatic is largely, though not entirely, explained by wind forcing. 

At these periods, wind contributes substantial energy and is associated with 

the same large-scale atmospheric patterns (atmospheric planetary waves). 

This wind is ageostrophic (in the coastal northern Adriatic region) and acts 

in the same sense as MSLP changes, thereby amplifying the SL response. 

The strong correlation between lpSL and lpMSLP at TG Bakar suggests that 

analysing lpMSLP alone, without accounting for wind, adequately represents 

the associated lpSL changes. 

Figure 3. (a) Scatter plot of lpMSLP (ERA5, averaged over the black triangle in Fig. 1) against 

lpSL at TG Bakar, for 1984–2021 only, due to gaps in earlier SL records. (b) A HIGH-lpSL 

episode (dark grey shading) and the corresponding LOW-lpMSLP episode (grey shading) during 

the Adriatic flood of 8 December 2020. Thresholds used to define extreme episodes are shown as 

dashed horizontal lines.  
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4. Characteristics of extreme planetary-scale episodes in the current 

climate 

The annual distribution of extremely high episodes of SL on planetary 

scales (HIGH-lpSL), expressed through their intensity and number, is shown 

in Fig. 4. The results reveal a clear seasonal pattern, with the highest 

occurrence and intensity of events during the colder part of the year, while 

the warmer seasons display fewer and generally weaker episodes. This 

distribution reflects stronger large-scale atmospheric forcing and more 

frequent low-pressure systems over the Adriatic during the colder part of the 

year, consistent with enhanced cyclonic activity in the wider Mediterranean 

region (Horvath et al., 2008; Flaounas et al., 2022). 

Figure 4. Annual distribution of extreme planetary-scale component episodes (HIGH-lpSL): 

their intensities (magenta boxplots) and number of events (grey bars). 

It should be emphasized that the distribution of extremely high total SL 

(i.e. flooding events) follows the presented pattern only toward the end of the 

year (not shown), coinciding with the Sirocco (southeasterly) wind season in 

late autumn and early winter. Although lpSL does not reach its largest 

amplitudes during this period (these occur earlier in the year), it appears 

most frequently and, combined with the seasonally elevated mean SL 

(Međugorac et al., 2005; their Fig. A1), creates favorable conditions for 

flooding in the northern Adriatic. In contrast, while HIGH-lpSL are frequent 

and strong at the beginning of the year, they coincide with a seasonally lower 

mean SL, which does not favour the development of flooding events. During 

this period, however, the large lpSL amplitudes, in their negative phase, act 

together with the low mean SL to produce extremely low total SL along the 

eastern Adriatic coast (Šepić et al., 2022). 

The long-term evolution of HIGH-lpSL is shown in Fig. 5. The temporal 

distribution of events shows substantial interannual variability but no 

pronounced long-term trend in either intensity or duration (trends are not 

significantly different from zero at the 95% confidence level). The most 

intense events, exceeding 30 cm, occurred sporadically throughout the record, 
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with somewhat more frequent occurrences after 2010. Episode durations 

typically range from 3 to 6 d, with occasional events lasting more than 10 d. 

The frequency of HIGH-lpSL events remains stable (trend not significantly 

different from zero at the 95% confidence level), with typically 1–2 events per 

year.  This suggests that the occurrence of extreme planetary-scale SL 

episodes has not changed significantly over the past century at TG Bakar. 

Whether this conclusion applies to other locations in the Adriatic remains 

uncertain. At the large temporal scales considered here, the SL response is 

generally coherent along the basin. For example, Orlić (1983) showed that SL 

variability at timescales of 10–100 d exhibits a similar temporal evolution 

over a one-year period at three stations along the Adriatic (Rovinj, Split and 

Bar). Pasarić et al. (2000) further demonstrated that, although these 

disturbances are basin-wide, substantial along-basin gradients can 

occasionally occur: during the most energetic event analysed, differences of 9 

hPa in lpMSLP and 17 cm in lpSL were observed between Bakar and 

Dubrovnik. More recently, Šepić et al. (2022) confirmed that at 10–100 d 

timescales the Adriatic (from Venice to Dubrovnik) responds in phase, with 

amplitudes slightly increasing toward the north. Therefore, it is reasonable 

to hypothesise that our conclusion, based on Bakar SL data, may apply to the 

entire Adriatic. However, this assumption would need to be confirmed 

through analysis of additional stations. 

Figure 5. Temporal distribution of extreme planetary-scale component episodes (HIGH-lpSL): 

(a) intensity, expressed as the maximum SL reached during each episode; (b) frequency, 

expressed as the number of episodes per year; (c) episode duration. Periods with missing SL data 

are indicated in red.  



12  
 MEĐUGORAC AND GÜTTLER: PLANETARY-SCALE SEA-LEVEL VARIABILITY IN THE ADRIATIC SEA 

5. Evaluation of regional climate models 

To assess the skill of RCMs in representing planetary-scale atmospheric 

forcing, we compared the seasonal cycle, intensity, frequency, and duration of 

LOW-lpMSLP episodes simulated by three RCMs (ALADIN, CCLM, and 

RACMO) with ERA5 reanalysis data for the historical period (1971–2000). 

The RCM simulations were taken from historical experiments in which the 

RCMs were driven by the GCMs listed in Table 1. Consequently, the 

evaluated simulations are independent of ERA5, avoiding any potential 

circularity. The results are summarised in Figs. 6 and 7 using bar and violin 

plots. 

Figure 6. Annual distribution of the number of LOW-lpMSLP episodes, calculated from average 

MSLP over the northern Adriatic (domain shown in Fig. 1), based on ERA5 (green) and three 

RCM simulations for the period 1971–2000. 

The seasonal distribution of LOW-lpMSLP episodes, as shown in Fig. 6, 

reveals that all three RCMs reproduced the general seasonal cycle found in 

ERA5, with a pronounced maximum during the extended winter season 

(November–March) and minimal activity in summer. However, RCMs tend to 

overestimate the number of episodes in most winter months, particularly in 

January and February, with RACMO exhibiting the largest positive bias. 

The maximum in November and December is well captured by all RCMs, 

though again with slight overestimation. Spring and autumn episodes were 

absent or rare in ERA5 and were generally well reproduced by the RCMs. 

However, CCLM and RACMO simulated a few spurious events in May, 

August, and September, and all three RCMs generated events in April. 

Despite some overestimation, particularly by RACMO, the seasonal timing of 

events was broadly consistent with ERA5. The chi-square test of 

homogeneity indicated no statistically significant differences in the seasonal 

distribution of LOW-lpMSLP episodes between ERA5 and the three RCMs, 

suggesting that the models are suitable for assessing projected changes in 

seasonal occurrence. 

All RCMs broadly captured the distribution of episode intensity (Fig. 

7a), with median values (~-15 to -17 hPa) closely aligned with the ERA5 



ARTICLE  IN  

PRESS 

 GEOFIZIKA, VOL. 43, NO. 1, 2026, xx–yy                                                                                          13  

 

 

benchmark (~-15 hPa). RACMO exhibited a slightly longer lower tail, 

indicating a few deeper events than those recorded in ERA5. Nonetheless, 

the medians and interquartile ranges were generally consistent across 

datasets, suggesting that the RCMs realistically reproduced the magnitude 

of extreme low-pressure episodes. Episode frequency (Fig. 7b) showed greater 

variability among models. ERA5 exhibited a median of approximately one 

event per year, which was matched by ALADIN. CCLM and RACMO showed 

higher frequencies (medians close to ~2 events per year), with RACMO 

simulating up to five events in some years. These differences may reflect how 

individual models represent the persistence or recurrence of planetary-scale 

patterns, as well as variations in internal model variability due to 

parameterisations. The duration of episodes is shown in Fig. 7c. ERA5 

exhibited relatively short-lived events, typically lasting 2–5 d. ALADIN 

produced a very similar distribution, with a slightly higher median (~5 d), 

while CCLM and RACMO simulated much longer episodes, with upper 

ranges exceeding 15 d. 

Figure 7. Intensity (a), frequency (b), and duration (c) of LOW-lpMSLP episodes, derived from 

average MSLP over the northern Adriatic (domain shown in Fig. 1), based on ERA5 and three 

RCM simulations for the period 1971–2000. Circles denote the median of each distribution, and 

black lines indicate the interquartile range (25th–75th percentile). 

Despite some inter-model variability, the evaluated RCMs demonstrated 

adequate skill in reproducing the key characteristics of LOW-lpMSLP 

episodes in the historical period. All models realistically captured episode 

intensity compared to ERA5, with comparable medians and distributions. 

The Kolmogorov–Smirnov test confirmed agreement for CCLM and RACMO, 

whereas ALADIN showed a statistically significant difference from ERA5 at 

the 5% significance level. Frequency and duration exhibited greater inter-

model spread, with RACMO overestimating both metrics. For frequency, the 

Kolmogorov-Smirnov test indicated statistically significant differences 

between ERA5 and both CCLM and RACMO, while for duration no 

statistically significant differences were detected. Nonetheless, ERA5 values 

were encompassed within the model ranges, generally supporting the 

ensemble’s reliability. These results justify the use of the selected RCMs for 
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analysing future changes in planetary-scale low-pressure events, particularly 

when focusing on relative trends and ensemble-based interpretation. 

6. Properties of low pressure events in future climate scenarios 

To assess the impact of climate change on the occurrence of extreme 

atmospheric planetary-scale events, we analysed the projected intensity, 

frequency, and duration of LOW-lpMSLP episodes over the northern Adriatic 

for two future periods (2039–2068 and 2069–2098) under RCP4.5 and 

RCP8.5 scenarios. Results from three RCMs were compared with the 

historical baseline (1971–2000) (Fig. 8). 

Figure 8. Intensity (a), frequency (b), and duration (c) of LOW-lpMSLP episodes, calculated 

from averaged MSLP over the northern Adriatic (domain shown in Fig. 1), for three RCMs in the 

historical period and future periods under RCP4.5 and RCP8.5 (hatched halves of violins) 

scenarios. Circles denote the median of each distribution, and black lines indicate the 

interquartile range (25th–75th percentile). 

No robust trend emerged in event intensity (Fig. 8a). All models 

exhibited variability across time periods and scenarios, but without a clear or 

consistent increase or decrease. For most models, median values remained 

stable between the historical and future periods. While ALADIN and 

RACMO suggested a modest reduction in the most extreme values (shorter 

lower tail) under both scenarios and in both future periods, this shift 

remained within the interquartile range. Overall, model consensus suggests 
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that the intensity of LOW-lpMSLP may not change substantially under 

future climate conditions. 

Projections of episode frequency (Fig. 8b) revealed a wider spread among 

models. ALADIN showed minimal change under both scenarios and across 

both future periods. CCLM indicated a modest increase in the upper tail, 

suggesting a potential rise in the number of events under both scenarios. 

RACMO projected the most pronounced changes, with the lower tail of its 

distribution suggesting fewer events per year by 2098 under RCP8.5, despite 

stable median values. However, the substantial overlap in interquartile 

ranges with the historical baseline highlights significant internal variability 

and potential model-specific sensitivities. 

The projected duration of LOW-lpMSLP episodes (Fig. 8c) showed only 

minor changes in median values, with most events remaining in the 2–5 d 

range. ALADIN exhibited slightly lower medians in both near and far future 

periods across both scenarios, along with a longer upper tail. CCLM and 

RACMO tended to simulate similar or shorter durations in the future, with 

medians remaining unchanged relative to the historical period. Overall, 

these results suggest that the duration of LOW-lpMSLP episodes may 

decrease slightly or remain stable under future climate conditions. 

The seasonal distribution (not shown) of LOW-lpMSLP events under 

future scenarios exhibits a pronounced and persistent modulation in both 

frequency and intensity across all RCMs. The largest number of events 

consistently occurs during the cold season (October–April), while events are 

rare or absent during late spring and summer (May–September). A similar 

seasonal pattern is evident in event intensity: the strongest amplitudes occur 

during the cold months, whereas summer events, when present, are 

generally weaker. This seasonal structure remains largely unchanged 

between the near and far future periods and under both RCP4.5 and RCP8.5 

scenarios. Among the models, CCLM and RACMO generally simulate a 

higher number of events and somewhat stronger intensities compared to 

ALADIN, although the overall seasonal pattern is consistent across all three 

RCMs. 

The use of MSLP as a proxy for future SL variability was justified by 

both physical coherence and practical considerations. First, MSLP and SL 

variability exhibited strong coherence at time scales 10–100 d (Fig. 2), 

ensuring that the dominant atmospheric forcing mechanisms can be robustly 

represented. Second, atmospheric RCM simulations were far more widely 

available, standardized, and systematically archived than regional ocean or 

SL-focused climate simulations. Large coordinated initiatives such as EURO-

CORDEX (Jacob et al., 2014) and Med-CORDEX (Ruti et al., 2016; Somot et 

al., 2018) have produced extensive ensembles of atmospheric RCM outputs 

across multiple models, boundary conditions, and climate scenarios. In 
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contrast, long, scenario-based regional ocean simulations remain limited and 

inconsistent across modelling groups, and regional SL projections generally 

rely on downscaling and on combining multiple contributions rather than on 

fully resolved high-resolution regional ocean climate simulations (e.g., 

Hermans et al., 2020; Fox-Kemper et al., 2021). Consequently, relying on 

MSLP allowed the analysis to make use of the limited but methodologically 

consistent set of available atmospheric RCM projections, which would not 

have been possible with regional SL simulations. 

The ensemble used in this study consisted of three intentionally selected 

and mutually independent RCM–GCM pairs. This choice ensured that the 

ensemble captured structural diversity arising from both regional and global 

model formulations. Furthermore, the selection was constrained to 

simulations that extended to the end of the 21st century, provided both 

RCP4.5 and RCP8.5 scenarios, and offered daily MSLP fields, which limited 

the number of models available at the time. The resulting ensemble was 

therefore limited in size but met all methodological criteria necessary for a 

consistent and scenario-complete analysis. Finally, since the climate change 

signal in the results presented were mostly low, no statistical significance 

estimates of the projected differences relative to historical climate were 

provided. 

7. Summary and conclusion 

This study analyzed planetary-scale (10–100 d) SL variability in the 

Adriatic Sea using TG Bakar measurements (1929–2021) and MSLP fields 

from the ERA5 reanalysis and three regional climate model simulations 

(ALADIN, CCLM, and RACMO). Coherence between air pressure and sea 

level, as well as the intensity, frequency, and duration of high planetary-

scale sea-level episodes, were quantified for the past period. Model 

performance was evaluated against ERA5, and future changes under the 

RCP4.5 and RCP8.5 scenarios were assessed to determine whether 

planetary-scale atmospheric forcing – and its role in coastal flooding – may 

change in a warmer climate. 

The strong coherence between MSLP and SL at periods 10–100 d 

confirmed that planetary-scale atmospheric pressure dominated planetary-

scale component, reflected in an enhanced inverse barometer response (-1.41 

cm/hPa). The absence of long-term changes in the intensity, frequency, or 

duration of extreme episodes of planetary-scale component suggested climatic 

stationarity of this process over the twentieth and twenty-first centuries, 

despite documented global (Gulev et al., 2021) and regional (Lazoglou et al., 

2024) warming trends. 

In agreement with previous findings of no substantial change in 

synoptic-scale atmospheric forcing over the Adriatic (Međugorac et al., 2021), 
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our results suggest that planetary-scale forcing will also remain largely 

unchanged under future RCP scenarios. This represents a novel contribution, 

as the influence of climate change on planetary-scale processes in the 

Adriatic Sea has so far received no attention. 

The planetary-scale component acts as a baseline modulation of sea 

level, producing prolonged elevated conditions that preconditions major 

floods when combined with other processes. Since the characteristics of its 

atmospheric driver are not projected to intensify in the future, the primary 

driver of increasing coastal flood hazard is expected to be mean sea-level rise 

rather than enhanced planetary-scale forcing. Basin-averaged 

Mediterranean SL is projected to increase by ~10–26 cm by mid-century 

(Galassi and Spada, 2014), while projections for the Adriatic Sea indicate a 

rise of ~3 mm/y by 2050 (Verri et al., 2024). Nevertheless, even unchanged 

planetary-scale forcing, superimposed on a rising mean sea level, will 

increase the probability of compound extreme events. 

Because planetary-scale variability arises from large-scale circulation 

regimes, the reliability of its projection is constrained by how well regional 

climate models and their driving global models reproduce midlatitude Rossby 

wave dynamics. The regional climate models used in this study reproduced 

the observed seasonal cycle and event intensity well but showed a moderate 

spread in duration and frequency, particularly in the RACMO simulation. 

Overall, this study suggests that extreme low-pressure anomalies linked 

to planetary-scale forcing are unlikely to intensify substantially in a warmer 

climate, at least as represented by the analysed three models. 
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SAŽETAK 

Svojstva planetarne komponente vodostaja u Jadranu u 

sadašnjoj i budućoj klimi 

Iva Međugorac i Ivan Güttler 

Varijabilnost razine mora na planetarnoj skali (10 – 100 dana) izražen je proces u 

Jadranskom moru i važan čimbenik koji prethodi obalnim poplavama. U ovom radu 

okarakterizirali smo njezina svojstva u sadašnjoj klimi koristeći gotovo stoljetni niz 

mareografskih mjerenja u Bakru (1929. – 2021.) te tlak na srednjoj razini mora iz 

ERA5 reanalize, a projicirane promjene procijenili smo pomoću triju regionalnih 

klimatskih modela (ALADIN, CCLM, RACMO). Visoka koherenca između razine 

mora i tlaka zraka na srednjoj razini mora u pojasu 10 – 100 dana opravdava 

korištenje atmosferskog tlaka kao zamjene za planetarnu komponentu razine mora u 

budućoj klimi. Ekstremne epizode na planetarnoj skali definirane su kao odstupanja 

razine mora ≥ +19 cm (98. percentil razine mora u Bakru filtrirane u rasponu od 10 – 

100 dana) i prizemnog tlaka zraka ≤ -13,5 hPa, razdvojene najmanje deset dana. U 

proteklom razdoblju extremne epizode razine mora dosezale su maksimum u hladnom 

dijelu godine, javljale se jednom do dva puta godišnje, trajale tri do šest dana i nisu 

pokazale značajan dugoročni trend intenziteta, učestalosti ili trajanja. Simulacije 

regionalnih klimatskih modela za razdoblje 1971. – 2000. Pokazale su da svi modeli 

reproduciraju opaženi sezonski ciklus i intenzitet epizoda, dok su modeli CCLM i 

osobito RACMO imali tendenciju precjenjivanja učestalosti i trajanja događaja. 

Projekcije za buduća razdoblja (2039. – 2068. i 2069. – 2098.) prema scenarijima 

RCP4.5 i RCP8.5 ne ukazuju na postojane promjene u intenzitetu, trajanju ili 

učestalosti epizoda, što sugerira da se prinudno atmosfersko djelovanje na 

planetarnoj skali nad sjevernim Jadranom vjerojatno neće znatnije promijeniti u 

toplijoj klimi. Posljedično, budući rizik od poplava bit će prvenstveno određen 

porastom srednje razine mora te superpozicijom procesa na različitim vremenskim 

skalama, a ne o jačanju planetarnih procesa. 

Ključne riječi: Jadransko more, razina mora, tlak zraka na srednjoj razini mora, 

planetarna komponenta razine mora, regionalni klimatski modeli, RCP4.5, RCP8.5 
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